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ABSTRACT 

12 

Spatial thunderstorm rainfall properties that are generally regarded as 

important in runoff production were studied over a range of basin scales within the 

USDA-ARS Walnut Gulch Experimental Watershed. Various storm geometric 

measures were computed from a fine 100 x 100 m grid via interpolation. 

Multiquadric and kriging interpolation methods were compared yielding similar 

results. The multiquadric method was selected for further interpolation due to its 

ease of application. Regression techniques were then employed to relate storm 

measures to watershed runoff. The spatial portion of storm having comparatively 

higher intensities (> 25 mm/hr) was found to be responsible for much of the runoff. 

The other important factors are storm area and duration. The study did not find 

evidence that the spatial storm location or antecedent watershed wetness influenced 

the runoff response in a consistent fashion. The antecedent channel wetness was 

found to have moderate influence for the largest of the three watersheds 

investigated. 
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INTRODUCTION 
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Rainfall is generally regarded as one of the most important factors influencing 

basin runoff response (Osborn and Hickok, 1968; Osborn and Lane, 1969; Fogel, 

1969; Osborn et al., 1971). Yet, this important variable is poorly understood for 

reasons which range from lack of availability of proper data to errors in data 

collection procedures, and from poor averaging techniques to an under-appreciation 

of rainfall variability in time and space. This fact is also normally held responsible 

for poor performance of rainfall-runoff models (Michaud, 1992) and an impediment 

to their calibration (Gupta and Sorooshian, 1985; Duan et al., 1988). Michaud 

(1992) claimed that about half of the discrepancy between simulated and observed 

flows could be attributed to rainfall sampling errors when gage densities were on the 

order of one gage per 20 km2. In this situation, this study was motivated with the 

premise that a use of maximum available information will lessen the impact of 

rainfall sampling error and render a more realistic representation of rainfall in time 

and space. This representation of rainfall could then be used to recover spatial 

properties of rainfall potentially important in basin response. 

Various spatial storm characteristics considered important in basin response 

include, but are not limited to, areal coverage of storm, its intensities, direction of 
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storm movement (Osborn, 1964), its position within the watershed (Michaud, 1992), 

the extent and intensity of runoff producing core (Koterba, 1986) and the maximum 

15-minute depth of rainfall (Osborn and Lane, 1969). The intent of this study is to 

assess the role of these (or similar) spatial storm properties in the process of runoff 

generation over a range of basin scales. 

1.1 MOTIVATION AND PROBLEM STATEMENT 

Models of rainfall-runoff are persistently in a state of development and 

improvement, yet there is a general agreement that most of these models are 

developed and verified for (and thus applicable to) particular conditions and 

hydrologic regimes. As Loague and Freeze (1985) remarked,"Predictive hydrologic 

modeling is normally carried out on a given catchment using a specific model under 

the supervision of an individual hydrologist". Application of these models in 

conditions different from those in which they were developed often results in 

considerable inconsistencies. Loague and Freeze (1985) tested three models of 

rainfall-runoff and all performed poorly in forecasting runoff. They believed that the 

primary barrier to the application of physically based models lies in the spatial 

variability in rainfall and in near surface hydraulic properties. 

Even application of a model in favorable conditions requires a reliable set of 

parameter values which may not be available and may require a significant length of 
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watershed runoff and state records to estimate them. Troutman (1983) showed that 

rainfall measured at a single point had greater variance than rainfall averaged over 

essentially infinite number of points in an entire basin. This tends to make model-

predicted runoff using the erroneous input too large for large events and too small for 

small events. Even at the very small catchment scale of 4.4 hectares, Faures (1990) 

found significant rainfall variability and subsequent impacts on runoff simulations. 

Similar conclusions were drawn by Michaud (1992) in an application of a physically 

based model on the USDA ARS Walnut Gulch Experimental Watershed. She 

concluded that in Walnut Gulch, KINEROS (Woolhiser et al., 1990), developed 

specifically for the region in question, could not accurately simulate runoff from 

large thunderstorms over entire scale of the watershed (148 km2), even though 

Goodrich (1990) obtained very good model predictions in basins up to 6.3 km2. The 

model provided poor simulations of runoff volumes and peak flows. The two biggest 

problems for this poor simulation were estimating rainfall and predicting infiltration 

(Michaud, 1992). 

The motivation for this study stemmed from the facts about the application of 

the models, mentioned above. Given these problems associated with distributed 

physically based models, it seems justified to rely on the analysis of a long period of 

rainfall and runoff record to gain insight into basin response, without physically-

based, distributed rainfall-runoff model. 
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In a succinct form the problem statement for this study may be narrated as; 

"Given point information of rainfall, assess appropriateness of methods to define a 

realistic representation of rainfall at a reasonable resolution in time and space; and 

then devise ways to recover spatial properties of storm, and assess their potential role 

in basin runoff response". 

1.2 PURPOSE AND OBJECTIVES 

Some of the objectives of this study relate to the recommendations of 

Michaud (1992). She recommended examination of the following: 

1) Estimation of appropriate correlation or semivariogram function for kriging 

technique, 

2) Spatial smoothing of rainfall field, 

3) Temporal smoothing due to moving rainfall cells, 

4) Rainfall interpolation at larger scales, and; 

5) Reconciliation of the view points offered by stream velocity, peak flow to 

volume ratios, and kinematic behavior. 

Topics 2 to 4 are of major concern in this study. Examination of topic 1 was 

limited to exploration and testing of an interpolation technique which would not 

require the estimation of correlation or semivariogram function but still be at least as 
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accurate as the kriging technique. Topic 5 was limited to gaining insights into peak to 

volume ratios. 

Addressing the above mentioned subjects was inevitable, in any case, to 

achieve the main objective of this study, i.e. to derive measures, related to rainfall 

characteristics (including intensity, duration, its distribution in time and space), basin 

properties (including shape, size and antecedent conditions, etc.) and runoff 

components (such as duration, peak flow and volumes) which describe watershed 

response. 

To summarize, the purpose of this study was to: 

1) Devise ways to characterize rainfall spatial properties and their potential role 

in runoff generation over a range of basin scales. 

2) Explore and extend the concepts of basin lag and peak intensity to the three 

dimensional case when a set of spatially distributed rain gages is being 

considered. 

A vast quantity of data available for different basin scales provided an 

opportunity to address the following specific objectives of this research over a range 

of basin scales: 
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1) Evaluate different interpolation schemes so that sparsely located raingage data 

may be used to compute rainfall surfaces over the watershed; 

2) Study effects of rainfall intensity patterns on runoff generation; 

3) Establish rainfall thresholds for runoff generation for different sizes of the 

subwatersheds; 

4) Assess role of storm geometric center, its areal coverage and antecedent 

conditions in runoff generation, 

5) Examine the behavior of simple attenuation measures as a function of basin 

scale; and, 

6) Explore the importance of the storm core in relation to its spatial properties 

and runoff generation. 

1.3 LITERATURE REVIEW 

The literature review pertains to the general rainfall characteristics in the 

study region and related research performed in similar circumstances. One can find 

literature on the development of rainfall and runoff relationships based on 

consideration of only few of the many parameters believed to influence runoff 

response. Specifically, most of the studies were conducted on smaller watersheds. 

Geometrical properties of storm are mostly studied from an statistical point of view 
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in rain gage network design, regional rainfall frequency distributions and in hydraulic 

structure operational studies. 

Almost all runoff from the semiarid rangelands of the Southwestern United 

States results from intense, multicellular convective thunderstorms of short duration 

(Osborn, 1964). Winter precipitation results from frontal storms characterized by 

long duration, low intensity, and large areal coverage (Sellers, 1960). Variability of 

rainfall is an important runoff-influencing factor in this area (Simanton, and Osborn., 

1983). 

Osborn (1964) studied the validity of depth-duration relationships of rainfall 

developed through standard procedures. He concluded that such relationships may be 

misleading when used for runoff design for the semi-arid rangeland regions of the 

southwestern United States. He described many variables which influence the runoff 

including watershed area covered, intensities, antecedent soil and channel moisture 

conditions, direction of storm movement and the distribution of convective cells in 

time and space. No method was, however, discussed to quantify the influence of each 

factor in basin response. An excellent attempt in this direction was made by Eagleson 

and Wang (1985) who studied the catchment wetted area (the fraction of the 

catchment area covered by the storm) in detail. They concluded that there appeared 

to be a critical size of a catchment in a given climate for which the variance of 

stream flow will be amplified due to uncertainty in the wetted area. They also 
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showed how a large catchment in a climate having a broad range of storm sizes could 

produce extreme amplification of coefficient of variation of storm runoff for purely 

geometrical reasons. Their geometrical reasons were only concentrated on the wetted 

area and no other geometrical properties were explicitly considered. An attempt to 

study major storm and watershed related variables was made by Koterba (1986). He 

found that mean storm depth was the best simple predictor of runoff and peak flows. 

He also concluded that runoff was less a function of partial area response and was 

less dependent on the location of the storm core relative to the gaging station. 

Foufoula-Georgiou (1990) studied many geometrical properties in a statistical 

sense, though their treatment was not as intensive as that of Eagleson and Wang 

(1985) and moreover, they only studied regional storms. The data used for study was 

collected by U.S Army Corps of Engineers through rain gages. They examined storm 

shape and orientation, total storm center depth, storm duration, storm areal extent 

and depth-area relationships for extreme rainstorms. Storm totals were used in the 

analysis and variation of these parameters within a storm duration was not observed. 

The storm shapes were defined by fitting an ellipse over the total storm isohyetal 

patterns. No mention of the method adopted for obtaining the storm isohyetal 

patterns was made. They observed that at larger depths the storms tend to be more 

elongated. Although, storm shapes in this sense are not in question in the present 

study, a related measure of areal coverage will be observed. Storm orientation was 
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taken to be the major axis of fitted ellipse for storm shape and it was found to be 

more critical for more elongated shapes. 

Frequency distribution for other parameters were also obtained. A high 

degree of subjectivity was apparent in the definition of these parameters. For 

example, the areal extent was taken to be an area over which the total average depth 

was approximately equal to one-half of the total depth at the storm center. It appears 

that in absence of any agreed definition for these parameters, it is mostly at the 

discretion of the researcher to set these terms. 

In a series of papers Smith and Schreiber (1973,1974) examined the point 

processes of seasonal thunderstorm rainfall with respect to "stochastic properties", 

"rainfall depth probabilities", and "relation of point rainfall to storm areal 

properties". They suggested that point statistics of point rainfall may provide 

important information on the investigation of areal thunderstorm properties, but due 

to scattered nature of thunderstorm cells in the summer rainfall seasons, point 

statistics alone were inadequate to describe rainfall input within even a small area. 

This inadequacy was more apparent when the hydrologic response of a larger area 

was of interest. They argued that point rainfall probability distribution may act as an 

important constraint in the determination of consistent relations for storm depth-area 

and storm center-depth distribution for air-mass thunderstorms. The conclusions 

drawn by the authors serve to supplement the purpose of this study, in the sense that 
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emphasis here is to avoid point statistics and extend the scope of the phenomenon 

spatially. Further they modified the relationship of Woolhiser and Schwalen (I960) 

(using an exponent parameter as a cell center depth dependent shape factor) to 

demonstrate that a dependence of storm maximum depth and storm isohyetal shape 

exists. Fennessey et al. (1986a) carried out a probabilistic analysis of the spatial 

random field of total rainfall depth in an attempt to develop general description of the 

spatial characteristics of summer air-mass thunderstorms in Southeastern Arizona. 

They used total depth of rainfall on individual gages in a noon-to-noon period and 

tested three models of point process rainfall. All the three models were found capable 

of reproducing important spatial feature of thunderstorms. 

For watersheds of areas less than a square mile, Osborn and Lane (1969) 

found total storm depth and the maximum 15 minute rainfall accounted for about 

70% of the variation in predicting runoff volumes and peak flows respectively. 

Simanton and Osborn (1983) analyzed the combined effects of rainfall 

quantity and intensity, and the rainfall energy factor, EI, in the Universal Soil Loss 

Equation (USLE) and developed simple procedures for semiarid rangeland runoff 

volumes. They found that linear regression techniques can be used to estimate runoff 

volumes from small rangeland watersheds. When the same technique was applied to 

relatively larger watersheds, runoff was badly underestimated. This indicated an 

overestimation of channel abstractions for larger watersheds. 
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For channel abstractions, a classical paper by Keppel and Renard (1962) is 

frequently referred to in which they found transmission losses to be a large fraction 

of total onsite runoff, and influenced by factors such as antecedent moisture of the 

channel alluvium, peak discharge at the upstream gaging station, duration of flow, 

width of channel, and the quantity and texture of channel alluvium. In a recent study 

El-Shinnawy (1993) estimated total channel losses to be about 12 to 13 % with 

overbank losses approximately 12% of the total losses. A comprehensive 

mathematical procedure for determination of transmission losses is described by Lane 

(1983). The equations developed for the purpose are dependent on the length of 

channel reach. He illustrated the procedure with an example in which for an inflow 

volume of 50 acre-ft, the outflow volume would be 33.4 acre-ft for a 5-mile reach. 

Author found that if the reach is taken to be 50 miles (with all other conditions being 

held constant), the outflow volume effectively reduces to zero. The fact indirectly 

highlights the importance of storm position relative to the watershed outlet. The 

position of storm directly translates into the length of channel the water must traverse 

through. 

Osborn and Hickok (1968) analyzed variability of rainfall affecting runoff in 

the Walnut Gulch Experimental Watershed regarding variability of seasonal, annual 

and mean seasonal rainfall as well as various rainfall-runoff relations. Summer 

rainfall accounted for 70% of the total rain with 55% of the annual total occurring in 
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the months of July and August. They pointed out that the dominant factor in runoff 

variability on small watersheds was the variability of rainfall. Other factors 

influencing runoff and larger watersheds from this point of view were not examined. 

Hickok and Osborn (1969) described some limitations on estimates of infiltration as a 

basis for predicting watershed runoff. They argued that the very assumption in 

infiltration theory that the input water is divided by soil in two components of surface 

and subsurface flow was invalid because this assumption requires a general 

homogeneity of basin soils and geology which seldom exists. 

It is apparent from the cited literature that many interacting factors complicate 

the rainfall-runoff relationships and conclusions drawn on one set of conditions and at 

a particular scale may not be directly transposable to other conditions and to a 

different scale. Most of the literature reviewed by the author pertains to a limited set 

of data and addressing a particular scale. The distinction in the present study lies in 

an attempt to integrate distributed information in a coherent manner and observe 

rainfall related variables simultaneously over a range of scales. 

1.4 THE WATERSHED AND ITS INSTRUMENTATION 

The Walnut Gulch Experimental Watershed, designed and maintained by the 

Southwest Watershed Research Center (SWRC), Agricultural Research Service 

(ARS), U.S. Department of Agriculture (USDA), is located about 120 kilometers 
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southeast of Tucson, at Tombstone Arizona (Figure 1.1), in rangelands typical of the 

semi-arid southwest United States. It is considered to be representative of mixed 

grass-brush land. Walnut Gulch, after which the watershed is named, is a westward 

draining tributary of the San Pedro river, entering at Fairbank, Arizona (Keppel and 

Renard, 1962). 

Hydrologic research on the 148 km2 watershed began in 1953 (Osborn et ah, 

1963). A dense raingage network distributed throughout the watershed, runoff 

measuring flumes, and a set of weather-stations make it a unique source of rainfall 

and runoff data. From an all-time high of 94 raingages (completed in 1966), 85 

recording raingages (24 hour time scale) are currently maintained in and around the 

watershed. Since the records for some of the gages were incomplete, a total of 91 

gages was used in the present analysis. Figure 1.2a shows the location of raingages 

used in the analysis. A rather small set of 6- and 12- hourly and weekly raingages is 

also operated. This accounts for an average density of one 24-hourly raingage to 

approximately 2 km2. 

The watershed is subdivided into 11 primary subwatersheds of varying size. 

Each of these subwatersheds is equipped with a pre-calibrated critical depth flume for 

runoff measurements. The design of flumes have undergone many changes since the 

initial designs failed during the first season of their operation. As of 1972, porous 

control dikes have been installed upstream of all flumes. The porous dikes proved 
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Figure 1.1 Walnut Gulch Experimental Watershed Location Map 
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effective in preventing asymmetric flow upstream of flume entrance (Smith et al., 

1982). Unless specified otherwise, the word "watershed" throughout this thesis will 

be used to describe the entire Walnut Gulch Experimental Watershed or any of its 

subwatersheds. 

Intensive research is also being conducted through an additional set of 12 

smaller subwatersheds ranging in size from 0.4 to 89 hectares. Additional 

micrometeorological and soil moisture and temperature data are collected at three 

sites within the watershed for varying periods of time. 

1.5 SCOPE OF THE INVESTIGATION 

The aim of this study was to investigate data analysis techniques to better 

understand and describe the spatial storm characteristics so that a more realistic 

representation of rainfall in time and space can be obtained. This improved 

understanding will aid in enhancing our knowledge about watershed response to 

rainfall input at different catchment scales. The study is, however, limited to the 

summer airmass thunderstorms, typical to the area under investigation. Moreover, 

these storms had to occur in the period from 1975 to 1991 and be of a certain 

magnitude and areal extent to qualify for the analysis. The reasons for choosing this 

range of data and magnitude threshold are mentioned in Chapter two. 
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Figure 1.2 Raingage location and watersheds used in the analysis: 
(a) Walnut Gulch Experimental Watershed, (b) Subwatershed 6 delineated 

(c) Subwatershed 11 delineated 
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The watershed in question is generally described as non-urbanized, rangelands 

covered with a mixed brush-grass vegetation, underlain by a deep alluvial fill 

(Koterba, 1986, Renard et al., 1993). The parameters considered include the ones 

describing the geometric properties of storms on an event basis. The antecedent 

storm conditions were limited to an examination of rainfall totals for the 5 preceding 

days. Since, even the 5-day limit was higher than usually considered in such studies 

(Koterba, 1986), no attempt was made to investigate if the antecedent storm effects 

extend beyond 5 days. 

The range of scale of investigation spanned from small to medium. Two 

subwatersheds (subwatersheds 6 (WG6) and 11 (WG11) having areas of 9360 and 

785 hectares respectively) were the focus of study in addition to the entire main 

watershed (WG1, an area of 14800 hectares). A number of stockponds exist in the 

watershed (see Figure 2.4 in Chapter two). These are earthen storm flow detention 

structures placed to capture runoff water for cattle. The drainage area to ponds were 

either completely included or altogether excluded from consideration and no attempt 

was made to incorporate pond detention and attenuation effects. There were three 

reasons for this. First, the pond spillage records are not complete and up-to-date. 

Second, as Koterba (1986) pointed out, ponds contribute (overflow) only rarely, 

thus, the investigation was more focused on the cases in which pond contributing 

regions were considered as non-contributors. Moreover, the preliminary results did 
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not exhibit large differences in "pond inclusive" and "pond exclusive" cases (see 

glossary in Chapter two). 

The major components of runoff considered were volume and peak flow of 

runoff, its time to peak and temporal centroid (see glossary in Chapter two); overland 

flow or channel transmission losses were not explicitly treated. Moreover, no attempt 

was made to separate base flow from the total runoff volume. This approach seems 

reasonable considering the fact that it is generally admitted that there are no ground 

water contributions to surface flows in Walnut Gulch (Osborn and Hickok, 1968; 

Renardetal., 1993). 

1.5.1 Selected subwatersheds 

Two subwatersheds were selected for analysis beside the Walnut Gulch main 

watershed. These included subwatersheds 6 and 11 (Figure 1.2b and c). 

Subwatershed 11 is categorized as small watershed and represents drainage from 

mainly grass dominated land. In this watershed approximately 20% of the area is 

dominated by desert shrub (whitethorn, creosotebush, tarbush) with a crown spread 

of approximately 30% cover and an understory of grasses. The areas contributing 

runoff to two stockponds - pond 216 which is gaged and pond 218 which is ungaged 

- comprise the upper approximate one-fourth of the subwatershed (The contributing 

area of pond 218 is contained entirely within pond 216; see Figure 2.4 in Chapter 
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two). The total contributing area to Pond 216 is approximately 150 hectares, 60 

hectares of which comprise the contributing area to pond 218. 

Subwatershed 6 is the second largest subwatershed after subwatershed 2 and 

drains about 65 % of the upper portion of the watershed (9360 hectares) representing 

a mixed grass-brush land. Approximately 45% of area is covered with oak woodland 

and desert shrubs (white thorn, creosotebush and tarbush) with a crown spread of 

25%. The watershed contains 13 ponds (with two pair of nested ponds) comprising 

an area of about 1207 hectares. This subwatershed was selected for analysis to bridge 

the "scale gap" between the main watershed (148 km2) and the subwatershed 11 

(7.85 km2). 

1.6 ORGANIZATION OF THE THESIS 

The remainder of this thesis is organized as follows. Chapter two describes 

the methods used to address the objectives set out above. A description of numerous 

terms related to rainfall-runoff data structure and geometric parameters employed, is 

presented in the form of a glossary. This is expected to clarify subtle differences in 

similar terms used in different fields. This chapter also elaborates on the way in 

which different specific aspects of the problem were addressed, including a short 

description of computer programs developed to facilitate an understanding of the 
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mechanics for the derivation of storm spatial parameters (a detailed description of 

their operation and the code are placed in Appendix A). 

The necessity and importance of interpolation which arose in Chapter two 

leads directly into Chapter three which is devoted to the interpolation problem. 

Related literature is reviewed in detail. All the major interpolation methods are 

described. Kriging and multiquadric methods are treated in detail. Chapter four 

presents results of the analysis and their interpretation. Relative importance of 

different rainfall characteristics is discussed with special reference to different scales 

to which the analysis was subjected. Chapter five summarizes the achievements of 

the study and concludes with recommended directions for further research. 
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CHAPTER 2 

METHODS 

The primary objective of this chapter is to describe the methodology used to 

address the objectives set out in Chapter one and discuss some strategic decisions and 

preliminary findings. At the onset of the chapter, is given a list of definitions 

followed by brief explanation and mathematical expressions (where required) of 

various terms used in the remainder of the chapter and subsequent description of 

analyses, in the form of a glossary. Specific topics discussed in the rest of the chapter 

include the structure of the ARS data base, data checking and screening methods, the 

role of interpolation, description of analytical methods and variables used, and the 

strategy to handle pond contributing regions, storm antecedent conditions and 

antecedent channel wetness. A short description of computer programs developed for 

the analysis is also given before concluding the chapter. 

2.1 rainfall-runoff descriptors 

A variety of descriptors of the rainfall fields were computed as well as 

variables relating them to runoff. Table 2.1 lists those descriptors and a detailed 

explanation follows in the form of a glossary of terms. This glossary of terms and 

table of variables is being presented as an aid to the subsequent discussion about 
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approach to the problem. All the terms discussed there are presented here in a 

succinct form. These symbols will be used frequently in the statistical description of 

the variables. 

2.1.1 Glossary of terms 

Network rainfall event: A network rainfall event refers to rainfall activity on a set 

of gages which commences after a lapse of at least one hour of no activity of rain 

anywhere on the watershed and continues as long as another "gap" of one hour or 

more of no rainfall activity on the watershed is met. Note that during a network 

rainfall event different number of gages may be reporting rain at different times and 

may contain periods of no rainfall. Moreover, a "set" of gages may even consist of 

only one gage. 

Note: A use of the word "event" will refer to a network rainfall event unless a 

distinction is essential. 

Event starting time: The earliest start time of rainfall on any of the gages 

comprising the event is called event starting time. 
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Event ending time: This is the latest time any of the gages comprising an event 

ceased reporting rain. In other words this is the earliest time after which there was no 

rainfall activity on any of the gages on the network. 

Event duration: The time elapsed in hours and minutes (or in minutes) between the 

event starting time and the event ending time. 

Gage rainfall event: Rainfall activity on a certain gage starting at or after any 

closest event starting time defines the commencement of what is termed a gage 

rainfall event. A gage rainfall event persists until such time the gage last reports rain 

within an event duration. The rainfall is not required to occur continuously during a 

gage rainfall event and thus may contain "gaps" of no rainfall. Clearly, the duration 

of a gage rainfall event may be equal to or less than the network rainfall event 

duration it is contained in. 

Gage rainfall event duration: The difference of time between the start and end of a 

gage rainfall event. Note that we may have one or more spells of no rainfall during 

this duration due to the definition of gage rainfall event. 
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Breakpoint: An instant of time during rainfall when the rainfall intensity at a 

particular gage is assumed to change. In the data base a breakpoint is recorded when 

the recording line on the rain gage chart shows a change in slope. 

Time: Time of the day based on a 24-hour clock; so that, for example, 10:13 AM of 

conventional time is 1013 and 5:41 PM is expressed as 1741. Note that midnight is 

taken to be 2400 of the preceding day and 0000 of the following day. 

Data synchronization and discretization: For the same event, different gages 

differ in terms of their rainfall start time. At least one gage starts reporting rain at the 

event starting time. The remainder of the gages are assumed to be reporting "zero" 

rain until such time when any activity began at other gages. For example assume 

that an event started at 1234 and after a lapse of 7 minutes another gage received 

rain. The first breakpoint of the latter gage, coded as 00, actually becomes 07 for the 

event and, consequently all the following breakpoints get increased by 7 minutes. 

This process of bringing the breakpoints to a common time base is termed "data 

synchronization". 

Moreover, since different gages may have different breakpoints located in 

time, a use of original breakpoints when all the gages are to be used is impossible. 

For this purpose artificial breakpoints are inserted in the data at regular time 
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intervals. Linear temporal interpolation is used to bring data to an equally-spaced 

breakpoints. In this thesis the process of insertion of equally-spaced breakpoints is 

termed as data (temporal) discretization (Figure 2.1). 

Time step: A short time interval (may be from 5 to 15 minutes) to which all the 

rainfall intensity data is discretized. 

Total gage depth of rain: The total depth of rainfall accumulated in a rain gage 

during the entire gage rainfall event expressed in mm. 

Overall gage intensity: The total depth of rain (mm) divided by gage rainfall event 

duration, expressed in mm/hr. 

Step intensity: The depth of rain during a time-step divided by the time-step 

(mm/hr). 

Note : We will simply use the term "intensity" for overall or step intensity, unless a 

distinction is warranted. 

Antecedent precipitation: Any precipitation or portion thereof occurring within 5 

days prior to the start time of the event under consideration. 
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Area of intersection: Area of the antecedent precipitation covered by the storm of 

interest. 

Fraction of the area of intersection: Fractional area of a storm event overlapping 

the antecedent precipitation area. 

Antecedent watershed wetness: Prestorm watershed wetness condition prevailing at 

the time of rainfall event determined on an index of dry, intermediate or wet (see 

section 2.3.2). 

Rectangle of interpolation: A rectangular area just inscribing the boundaries of the 

watershed. This area is determined by fixing the lower left and upper right corners of 

the rectangle. The minimum of easting and northing coordinates of the boundary of 

the watershed define the lower left corner and the maximum of easting and northing 

coordinates of the boundary of the watershed define the upper right corner of the 

rectangle of interpolation (Figure 2.2). 

Grid: An equally spaced network of imaginary parallel lines emanating from the top 

left hand corner of the rectangle of interpolation, running north-south and east-west 

covering the rectangle. 
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Grid node: A point on the grid network where two grid lines either cross or meet 

each other. A rainfall intensity or depth value is predicted (estimated) by the 

interpolator at each grid node, except at those nodes which happen to lie on the right 

or upper boundary of the rectangle of prediction if the grid spacing was such that the 

rectangle of prediction could not be divided evenly by the grid lines. This handicap 

did not affect the subsequent analysis. 

Pixel: A square area surrounded by each grid node having dimensions equal to the 

grid spacing. The value at the grid node estimated by the interpolator is assumed to 

apply over the corresponding pixel. If a grid node happens to fall inside the 

boundary of a watershed, then the entire associated pixel is treated as being inside the 

watershed. 

Rainfall surface: A continuous bivariate function representing rainfall intensities or 

total depths of rain (mm) as a function of location on the watershed. A rainfall 

surface may be conceptually thought of being formed as follows. Consider the 

rectangle of prediction overlain by the grid network. A spatial interpolator has been 

used to predict (estimate) point rainfall intensity (or depth) values at each of the 

nodes of the grid. Next, consider a system of axes defined as being easting and 

northing in the plane of the watershed and a third axis (z) projecting upward defining 
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the value of intensity or depth. Now, if every pixel is raised in the direction of z-axis 

as per its value of intensity or depth, the resulting surface is called the rainfall 

surface (Figure 2.3). 

For the purpose of this study, a rainfall surface for any watershed is 

constituted by the portion of the rainfall surface defined by the pixels having nodes 

inside the watershed. 

Rainfall cell: A projected region bounded on one side by rainfall surface and on the 

other by watershed boundary in the x-y (or North-East) plane. Notice that the only 

difference between rainfall surface and the rainfall cell is that a rainfall surface is not 

bounded at the bottom and theoretically it is only a conceptual presentation, while a 

rainfall cell defines a body in space. The portion of the rainfall cell defined by the 

pixels having nodes inside to a watershed is taken to be the rainfall cell influencing 

the watershed. 

Cell volume: As mentioned earlier a rainfall cell may consist of either intensity or 

depth values. The summation of intensity or depth values for all the pixels 

comprising a rainfall cell is called cell volume. It is calculated as 

n 

E 
i-l 

(2.1) 
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where I is the step-intensity or total depth of rain during a gage rainfall event and n is 

the number of pixels. The term cell volume will generally refer to volume of rainfall 

cell comprising of intensity values (having units of mm/hr). 

Storm core: The portion of rainfall cell defined by pixels comprising of intensity 

(overall or step) values equal to or greater than a certain value forms what is called 

the core of a storm. We have examined two type of cores. The first is the core 

comprised of all the pixels having values equal to or greater than 25 mm/hr. The 

other is the core comprised of pixels having intensity values equal or greater than 50 

mm/hr. We will refer to the first core as core25 and second one as core50 for 

notational purposes. 

Duration of the core: This is the total time during entire storm duration when 

a storm core was present. This parameter does not regard the size of the core, nor is 

it necessary that the core be continuous in time. It is simply a summation of all the 

time steps in which there existed pixels with intensities greater than the specified 

threshold. 
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Areal coverage: The term areal coverage refers to an area of the watershed covered 

by the network rainfall event or storm cores. In case of areal coverage of a network 

rainfall event, the pixels having an intensity of 0.25 mm/hr or greater count towards 

areal coverage. A threshold of 0.25 mm/hr was adopted as it is consistent with the 

raingage measurement resolution. Moreover this threshold proved appropriate during 

experimentation with the interpolator (see Chapter three). Similarly areal coverages 

for two cores are defined by the pixels meeting their respective thresholds. In all 

cases the areal coverage is simply calculated as 

n 

• £ »i (2.2) 
i-l 

where a is the area of "valid" pixel and n is the total number of such pixels. 

Volume of rainfall/core volume: Three approaches were used to find the rainfall 

volume. Two were similar in nature and directly relate to our concept of defining a 

rainfall surface in space using information from all the gages. The third one is 

conventional crude method of uniformly distributing the rainfall from a single 

(usually centrally located) raingage. We describe all of these three methods under this 

heading. 
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The first, is the method of finding cumulative input amount of rainfall for 

every time step during the entire duration of the event. Once the data is synchronized 

and discretized, we subject the intensity values at individual gages to the interpolation 

scheme. A rainfall cell development at every fixed time step is thus obtained. We 

first sum across all the pixels (inside any watershed of interest) to find the volume of 

rainfall for that time step and then find the cumulative summation over all the time 

steps. This is taken to be the volume of rainwater reaching the ground during entire 

event duration. Mathematically a double summation of following kind is employed 

V. • i E t Jfcj A (2.3) 
h-1 1-1 

where s is the number of time steps in which the event duration is discretized, t is the 

time step in hours, A is the area of a pixel in m2 and I is the rainfall intensity on any 

pixel in units of m/hr and n is the total number of pixels in the watershed of interest. 

For all values of I greater than or equal to 25 mm/hr (50 mm/hr), the same equation 

gives the core25 (coreS0) volume. 

Note that for s=l (i.e. when we do not discretize the event duration in time), 

the above equation is not used. This is the case when only the total depths of rain on 

individual gages are considered for finding the rainfall volume. These values are used 

to estimate values at the grid nodes and only one unique rainfall depth surface results 
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with the individual pixels showing predicted depth values for the entire duration. In 

this case, the volume of rainfall is found by the following equation 

n  
v - £ dAA (2.4) 

i-l 

where d is the predicted total event depth at a pixel in meters, A is the area of the 

pixel in m" and n is the total number of pixels falling inside the watershed for which 

the volume estimate is desired. 

Finally the last method employed is the direct determination of rainfall 

volume from a single rain gage without interpolation. In this method, the total depth 

of rainfall on a "central" rain gage is assumed to apply uniformly over entire 

watershed. The volume is thus determined as a product of watershed area and the 

rainfall depth at the central gage. 

Runoff volume: This is the total volume of water (either in units of L or L over the 

watershed) for a runoff event found directly from the data base. 

Peak runoff rate: This is the maximum instantaneous runoff rate occurring during 

the entire duration of the runoff event. This is expressed in mm/hr as it was 

expressed on a per watershed area basis. 
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Time to peak (Rise time): This is the time elapsed, from the start of the runoff to 

the time when the peak runoff rate occurs. 

Temporal centroid of runoff: When the discharge hydrograph of a runoff event is 

expressed in 2-dimensions, then the temporal centroid determines the instant of time 

which divides the runoff volume in two equal halves. In other words at this point the 

discharge hydrograph may be "hinged" in balance with equal masses on both sides. 

The basic equation to determine temporal centroid is 

n  
£ v, tI 

±1 (2.5) T 
C n  

where v is the volume of water discharged during successive n number of hydrograph 

breakpoints and t is the time from the start of runoff to the center of breakpoint. 

Center of gravity (centroid): A unique point for the rainfall cell analogous to center 

of gravity as defined in statics of materials (i.e. a point where the gravitational pull 

of earth is supposed to act). 



49 

xbar: The easting coordinate of the center of gravity in the UTM coordinate system. 

This can be determined numerically as follows 

n 

i-1 
x - P * — (2.6) 

i-1 

where p is the easting coordinate of the respective watershed outlet in the UTM 

coordinate system, x are the easting distances of the nodes from respective watershed 

outlets and I are the respective intensities at n nodes. 

ybar: The northing coordinate of the center of gravity in the UTM coordinate 

system. This can be determined numerically as follows. 

P/'1' 
y . q .  (2.7) 

where q is the northing coordinate of the respective watershed outlet in the UTM 

coordinate system, y are the northing distances of the nodes from respective 

watershed outlets and I are the respective intensities at n nodes. 



zbar: The vertical coordinate of the center of gravity in either depth or intensity 

units. 

50 

n 

z - (2.8) 

where z are the vertical coordinate of the centroid of the rainfall intensity cell and I 

are respective intensities at n nodes. 

Moment arm (a): The perpendicular distance (in units of the coordinate 

measurement) from center of gravity of the rainfall cell to the outlet of the 

watershed. This distance is also refered to as the distance from the outlet (Figure 

2.3). The same holds true for storm cores. 

Moment: A term, analogous to the concept of moment in statics of materials that 

was defined as follows 

(2.9) 
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where M is the first moment of mass of the object determined by a triple integration 

of its "densityMfi at point (x,y,z) w.r.t all the three axes and 'a' is the perpendicular 

arm from the centroid of mass to our point of rotation (i.e. the outlet of the 

watershed). In our case the density fi is analogous to the rainfall intensity or depth 

distributed in x-y-z space by the rainfall interpolator. 

Moment around centroid: Similar to the moment previously defined with the only 

difference being that the moments are taken around the centroid, normalized by the 

total volume of the rainfall cell to get a parameter for the spatial spread of the rainfall 

cell 

x y z 

fffc S(x,y, 2) d x d y d z  
, #  0 0 0  
Mc - (2.10) 

J j ^ * 5  ( x ,  y ,  z )  d x d y d z  
0 0 0 

where c is the distance from the point (x,y,z) to the centroid of the rain cell and all 

other symbols are as defined before. 

Ponds inclusive/exclusive cases: In some of the watersheds, there are livestock 

ponds which hold water during an event from their respective contributing areas 

(Figure 2.4). These areas contributing to the stockponds do not contribute directly to 
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the runoff generated by the watershed unless the ponds are full and overflowing. 

Once, all the ponds are full and overflowing, the entire area of the watershed starts 

contributing to the runoff. It is easy to consider situations when not all the ponds 

were contributing. 

For the purpose of this study two cases are considered. In the first case, it is 

assumed that there were no ponds, thus their contributing areas are included. The 

entire watershed area, as defined by the topographic maps thus contributes from the 

start of the rain. We refer to this case as "ponds inclusive". In the second case, it is 

assumed that ponds do not contribute and thus their respective contributing areas are 

not considered as active parts of watershed boundary. We refer to this case as "ponds 

exclusive". In other words the rainfall cell, rainfall field etc. forming over the pond 

contributing areas were ignored from consideration and computation of geometric 

parameters. 

Standard deviation of intensities: The standard deviation of the intensity values of 

the pixels is computed at every time step. A graphical presentation of standard 

deviations in time is used to observe its variation during the storm. 

Peak pixel intensity: This is the maximum of the pixel intensities occurring during 

the entire duration of the event. When overall storm intensities are being considered 
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(i.e. no temporal discretization is involved) then this parameter is simply the 

maximum of pixel intensities over the entire watershed. When storm is discretized in 

time steps, then this is found by keeping track of the maximum pixel intensity for 

each individual time step. Then the maximum of the intensities for each time step 

determines the peak pixel intensity. This pixel intensity is computed for comparison 

purposes with the intensity measures developed to represent an areal distribution of 

storm. These intensity measures are discussed next. 

The following measures are tested as a means of defining the peak ratios and 

peak rainfall intensity when a rainfall field in space is being considered. All 

definitions hold for the core25 and core50 cases. In these cases every term should, of 

course, be treated in reference to their respective cores. 

Maximum zbar: This is the maximum zbar occurring for any time step during the 

entire duration of the event. 

Mean intensity at maximum zbar time step: At every time step, an arithmetic 

mean of intensity values over all pixels is computed, called the mean intensity. The 

mean intensity occurring at the time step when zbar was maximum is termed as the 
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mean intensity at the maximum zbar time step. Note that this intensity value may not 

necessarily be the maximum of the mean intensities occurring over the entire duration. 

Maximum step-intensity: This is the mean pixel intensity for the time step when the 

maximum cell volume per unit area occurred over the entire event duration. In other 

words, this is the maximum of the mean pixel intensities occurring over all time steps 

for the entire event duration. 

Note: The time to any of the maximum intensity measures described above is simply 

the time elapsed from the event starting time to the middle of the time step in which 

any of the above occurred. For example, if the maximum step-intensity occurred at 

time step 60 to 70 (i.e. during 60 to 70th minute into the storm), then the time to 

maximum step-intensity would be 65 minutes. 

2.1.2 Measures of watershed attenuation 

On the basis of various measures to locate peak intensity in space (as defined 

above) and its time of occurrence, various ratios and lags used in the analysis are 

described below. 

- The ratio of runoff volume to rainfall volume — Vr / Vp 

- The ratio of runoff peak rate to maximum step-intensity = Pr / It 
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- The ratio of runoff peak rate to maximum zbar during storm = Pr / zmBX 

- The ratio of runoff peak rate to mean intensity at maximum zbar step = Pr/Iz 

- The lag between the time of maximum zbar and rise time = Tzmax- Tp 

- The lag between the time of maximum zbar and temporal centroid of runoff = 

Tz - T 

- The lag between the time of maximum mean-intensity and rise time = Tmm - Tp 

- The lag between the time of maximum mean-intensity and temporal centroid of 

runoff = Tmm - Tc 



Table 2.1 Description of terminology 

Svmbol Term Unit? Description / Method of determination 

T s Event start time 24-hr clock time The starting time of earliest reporting gage 

Te Event ending time 24-hr clock time The ending time of latest reporting gage 

de Event duration minutes Time difference between Te and Ts 

dr Gage rainfall event duration minutes Time difference between start and ending times 
of a gage rainfall event 

Ts Time step minutes Experiment 

D Total depth of rain mm From data base 

h Overall gage intensity mm/hr D / d r  

It Step intensity mm/hr Depth of rain in a time step divided by the time step 

As Areal extent of storm hectares Summation of area of all pixels above a threshold 
(see text) 

Ax Area of intersection hectares Area of antecedent precipitation covered by 
storm of interest 

Fx Fraction of the area of intersection % ax/as*ioo 

Za Antecedent depth mm Average of pixel values obtained by interpolation 
of decayed 5-day prior rainfall totals 

v, Cell volume mm/hr (mm) Summation of interpolated values 

l/l 
-J 



Table 2.1 continued .. 

Symbol 

dc 

Ac 

Term 

Duration of storm core 

Areal extent of core 

Rainfall volume 

Core volume 

Runoff volume 

Peak runoff rate 

Units 

minutes 

hectares 

3 
m or mm 

3 
m or mm 

3 
m or mm 

mm/hr or 
m3/hr 

Description / Method of determination 

Number of time steps containing core times the time 
step 
Summation of area of all pixels above a threshold 

From discretized interpolation, depth interpolation 
or single gage (see text) 
From discretized interpolation, depth interpolation 
or single gage 
Data base 

From data base 

Note: Volumes expressed as depth of water are the volumes normalized by the watershed area under consideration 

Tp Time to peak (Rise time) 

Tc Temporal centroid of runoff 

C.G. Center of Gravity of rainfall cell 

x Easting coordinate of C.G. 

y Northing coordinate of C.G. 

"z Vertical coordinate of C.G. 

minutes 

minutes 

meters 

meters 

mm/hr or mm 

From data base 

Numerical method 

Numerical method 

Numerical method 

Numerical method 

Numerical method 

Ln 
OO 



Table 2.1 continued... 

Symbol Term Units 

a Moment arm meters 

M0 Moment mm/hr-m 

Mc Moment around centroid km 

Sd Standard deviation of pixel mm/hr 
intensities 

Is Peak pixel intensity mm/hr 

zmax Maximum z mm/hr or 

Iz Mean intensity at zmax mm/hr 

Imt Maximum step-intensity mm/hr 

Im Mean pixel intensity mm/hr 

Imm Maximum mean-intensity mm/hr 

Tzmax Time to maximum zbar minutes 

Tmm Time to maximum mean intensity minutes 

Description / Method of determination 

From x and y 

Numerical method 

Numerical method 

Standard deviation of pixel intensities for a time step 

Maximum of the pixel intensities occurring during any 
time step 
The maximum of zbar during entire duration 

The mean of the pixel intensities at max zbar step 

Maximum of the step-intensities 

Mean of the pixel intensities 

Maximum of mean pixel intensities 

Time elapsed between start of the event and 
the middle of the time step experiencing the 
maximum of zbars 
Time elapsed between start of the event and 
the middle of the time step experiencing the 
the maximum of mean intensities 



Table 2.1 continued ... 

Symbol Term Units 

Rj^ Rate ratio none 

R^, Rate ratio none 

Lzr Lag minutes 

L^ Lag minutes 

Lsr Lag minutes 

L^ Lag minutes 

Description / Method of determination 

Ratio of peak rate of runoff to maximum zbar 

Ratio of peak rate of runoff to mean intensity at 
maximum zbar time step 

Lag between time to and rise time 

Lag between time to zmax and temporal centroid 
of runoff 

Lag between time to maximum step-intensity and the 
rise time 

Lag between time to maximum step-intensity and 
temporal centroid of runoff 
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2.2 THE DATA 

All data-related matters are complied under this heading in different 

subsections. The general structure of the ARS data base is described. Due to the 

nature of the study, high quality data was required. The data was thus thoroughly 

checked and screened. Moreover, criteria were set for the selection of storms to be 

used in the analysis which helped reduce data to be analyzed to a manageable level. 

2.2.1 The ARS data base 

There are two major portions of the ARS data base. One is for rainfall data 

and the other contains runoff data. Although both rainfall and runoff are recorded on 

a continuous time base, only individual rainfall and runoff events are entered in the 

data base. 

The weighing recording-type raingages are used to record cumulative depth of 

precipitation on a continuous time base. A 24-hour chart completes one rotation in 24 

hours and remains in place for a full week before it is replaced with a fresh chart. 

The gages equipped with such charts are loosely termed 24-hourly rain gages. 

Similarly two other types of chart, namely 6-hourly and weekly charts are also used 

on some of the gages, mainly as an aid in interpretation of start time of events and 

rainfall depths when such information is not easily discernable from 24-hour charts. 

All the 91 gages whose data is used in the analysis, are 24-hourly gages. An hour of 
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time along a 24-hour chart is divided in six parts, while a depth scale across the chart 

is divided in 20 parts. The chart scale, thus reads with a temporal discretization of 10 

minutes and a depth discretization of 0.05 inches. 

If no rain occurs, the line traces the chart horizontally. Whenever this line 

changes slope, a period of rain is said to start. The point where this line changes 

slope is called the starting breakpoint. The clock time (24 hours) when the starting 

breakpoint occurs is called the start time. Whenever the line on the chart changes 

slope (indicating a change in rainfall intensity), a breakpoint is said to have occurred. 

The time (in minutes) elapsed from the starting breakpoint to any of the subsequent 

breakpoints is called the elapsed time. The coded analog chart is then digitized using 

an analog-to-digital converter (Freimund, 1992). Ferimund (1992), citing Chery and 

Kagan (1975) further states that the idealized time/depth resolution of the chart is 

1.25 minutes and 0.25 mm respectively. But due to some physical limitations, the 

practical processing resolution of time/depth is taken to be 5 minutes and 0.50 mm 

respectively. 

In the data base, this breakpoint record is entered for accumulated 

precipitation and rainfall intensity (the difference of accumulated rainfalls divided by 

the difference in respective elapsed times in units of inches per hour) for the interval. 

The breakpoint record is preceded by a header line and a maximum depth table. 

(Refer to Appendix B for a complete format). Event dates are entered in yymmdd 
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(i.e. last two digits of year, two digits of month and then two digits of the day) 

format. Thus, for example August 14, 1982 will read as 820814. This format is 

sometimes used in the text and in some of the illustrations. Estimation codes are also 

included in the header line which indicate if the depth or intensity values were 

estimated. The need to estimate a rainfall depth or intensity arises when there is an 

evidence that there was rain on the gage but because of some reason it could not get 

recorded. These reasons include, for example; clock stoppage or the pen driving 

mechanism malfunctions or the pen simply runs out of ink. These estimation codes 

were heavily relied on in the data screening process. 

Two facts about the data base need be mentioned especially. 1) The 

breakpoint elapsed times as entered in the data base do not correspond to a common 

time base. Thus an elapsed time of 14 minutes on a gage, for example, may be 

different from same amount of elapsed time on another gage, depending on the gage 

rainfall event start time of the two gages, 2) There is no fixed time interval for the 

breakpoints. The breakpoints occur only when the rainfall intensity changes. 

The runoff recording charts, similar to rainfall charts record runoff on a 

continuous time base. A breakpoint is said to have occurred when the discharge 

changes in value. The separation of runoff events is rather simple. A period of no 

flow of one hour or greater separates the runoff events. 
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2.2.2 Data checking 

The purpose of this section is to describe how data sets were checked for 

errors and inconsistencies. The purpose of this exercise was to make sure that only a 

high-quality data be used in the analysis. 

Despite all the storage, digitizing and computational automation, human 

involvement at different stages of data retrieval, interpretation, transformation, 

reduction and coding is substantial. Although extreme care is exercised at all these 

stages, due to this human factor, errors and inconsistencies can always be expected 

(Ferimund, 1992). Fortunately, a header line in both the precipitation and runoff 

records provides enough information necessary for identification of potential date, 

timing and instrumental errors. Precipitation and runoff headers for all the events 

within the period under investigation were sorted chronologically and put together in 

a same file. A manual check was performed on this file for apparent illogical 

occurrences. Specifically, the file was examined to check: 

1) If a runoff event was recorded without any significant rain in a 

reasonably sufficient preceding time; 

2) If there was a considerable rain without any associated runoff ; and, 

3) If only one or two gages reported heavy rain for a long period of time. 

Probable causes of these inconsistencies could include: 

1) The date, time or both were entered incorrectly in the data; 
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2) There was a flash shower on the flume itself which filled its intake and 

thus a runoff event was recorded, though there was none in actuality; 

and, 

3) A certain number of gages was turned off for some reason and 

therefore rainfall was not reported for those gages. 

As far as possible, the errors mentioned above were rectified with the help of 

concerned experts. This step resulted in a relatively clean and more reliable data set, 

which was used in the subsequent analysis. It should be clarified that investigation of 

altogether missing rainfall/runoff data or wrong data entries were not in the scope of 

this data checking exercise. 

2.2.3 Data screening 

As pointed out in the format structure different types of estimates are entered 

in the data and flagged accordingly, if observations are not available. Although, 

estimates are made on the basis of a certain criteria, it was decided to drop those 

precipitation runoff events having estimates exceeding a certain proportion to 

preserve the goal of using only very high quality data. The criteria for screening 

mentioned below was adopted from an earlier data compilation exercise as a result of 

a cooperative agreement between United States Department of Agriculture and the 
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Flood Control District of Maricopa County (Goodrich and Doolen, 1993). According 

to this criteria: 

1) If the total amount of runoff volume estimated equalled or exceeded ten 

percent, the entire precipitation runoff event was dropped from consideration. 

Moreover if any estimates occurred prior to and/or including the peak of the 

runoff, the event was not considered even if the total estimated amount was 

less than 10 percent. 

2) Once a combined precipitation runoff event passed the runoff acceptance 

criteria, it was searched for estimates in the precipitation data. If more than 

10 percent of the gages reporting for a particular event had more than 10% of 

total precipitation depth estimated, the entire precipitation runoff event was 

considered unacceptable and dropped from consideration. 

2.2.4 Data selection 

Once the data was checked and screened for errors and 

inconsistencies, further criterion were considered. The first regarded flume 

instrumentation. There were major structural changes in the intake of flumes in 

December 1971. Specifically porous control dikes were installed to regulate entry of 
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water through the flume throat. These changes proved effective in preventing 

asymmetrical flow through the intake of flume resulting in improved quality of 

runoff measurement. This fact divides the data set in two portions. To be consistent 

and prevent internal measurement bias, it was decided to consider only the later 

portion of data i.e. ranging from 1972 to 1991. 

Starting from 1975 the precipitation record was grouped in events and a 

unique "event number" is assigned to all the gages contributing to that event. These 

event numbers are not present for data prior to 1975. This fact further reduced the 

workable data range from 1975 to 1991 (1991 was the latest year for which the data 

were available at that time, from the data base). 

A total of 2604 events of rainfall occurred in this duration. There were 

several events of negligible depth or a very limited number of gages was reporting 

rain. In was decided to consider only those events having a mean depth of 5 mm or 

more and at least five gages should be reporting rain. This threshold resulted in a 

drastic reduction of potential events. Only 481 events met this criteria. Moreover, as 

Osborn and Lane (1969) and, Osborn and Hickok (1968) pointed out that almost all 

storm runoff on Walnut Gulch results from intense summer storms that occur in the 

months of July, August and the first half of September, the search for storms was 

narrowed down to these three months. This resulted in about 300 storm events to 

analyze. 



For runoff events, all those events which occurred on Flume 1, 6 and 11 (see 

Figure 1.2 in Chapter one) were considered for potential analysis. Several of them 

did not qualify for analysis because of our criteria for not accepting any events 

having a total estimated runoff amount of 10% or more, and also not considering 

those events having any estimates prior to and/or including the peak discharge. Some 

could not be considered because the associated precipitation events were not 

considered. It turned out that few runoff events occurred in months other than July, 

August and September, concurring with the observations of Osborn and Lane (1969). 

However, quite a few resulted from rainfall involving either less than 5 gages or 

having less than 5 mm of average precipitation. These events may be a result of 

shower on the flume and in the vicinity. All those events, however, were not 

included in the analysis. Although a total of 173 runoff events occurred on flume 1, 

186 events on flume 6 and 125 occurred on flume 11; after the above screening 

exercise, we were left with exactly 85 usable runoff events for each flume. As a 

clarifying note, a mere incident of exactly 85 events for each flume should not be 

taken to imply that all three sets of events had identical set of events. In fact, only 32 

events were common to all the flumes. Moreover, the number of events for which 

results are presented in Chapter four may vary slightly for computational reasons, 

which will also be described in the same chapter. 
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2.3 APPROACH 

In this section we describe the method used for the analysis. An overall 

approach is given first, followed by a description of how specific aspects of the 

problem were tackled. 

2.3.1 Overall strategy 

The main analytical approach used in this study centers around continuous 

observation of spatial properties of the rainfall surface and its core, found by using 

spatial interpolator and then using simple statistical tools to ascertain their mutual 

correlation and affects on runoff generation as a function of basin scale. Forward-

selection stepwise multiple linear regression will then be applied to the variables to 

check their relative importance, especially across scales of interest. This procedure is 

based on sequentially introducing the variables into the model one at a time starting 

with the "most important" independent variable. Other variables are then introduced 

sequentially and retained or excluded, based on the amount of variation explained by 

them. The variables entered at an earlier stage are again checked at every step to 

make sure that they are not rendered insignificant or redundant through introduction 

of new variables. The process continues until no variables may be introduced or 

excluded. 
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The overall emphasis in the methodology is on the use of maximum amount 

of available information (as opposed to point rainfall information). This approach, 

though more time consuming in terms of computational efforts, minimizes the 

drawbacks of under- or over-representation of rainfall field when information from a 

single rain gage is considered. Faures (1990) noted that; "Runoff simulations 

performed with data from variable number of recording gages demonstrated that the 

uncertainty in runoff prediction is strongly related to the number of gages used in the 

simulation. In particular, the use of two gages instead of one greatly reduced the 

variability of computed runoff1. Troutman (1983) also showed that the dominating 

factor causing bias in runoff prediction in the presence of space-sampling errors was 

that rainfall measured at a single point or averaged over a small number of points had 

greater variance than rainfall averaged over the essentially infinite number of points 

in an entire basin. This is specially true when the analysis is being applied to 

watersheds larger than very small catchments. For small catchments, however, it is 

normally assumed that the spatial averaging of rainfall is unnecessary (e.g. Dripchak, 

1992). However Faures (1990) found this assumption to be invalid even at the 5 

hectare watershed scale. 

Several spatial storm and watershed characteristics are considered important 

in runoff generation. As noted in Chapter one, Osborn (1964) remarked that the 

variables influencing runoff include; watershed area covered, intensities, antecedent 
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soil and channel moisture conditions, and direction of storm movement. With the 

exception of channel moisture conditions which will not be observed directly, all 

these variables will be examined along with several others as enumerated in the 

glossary. 

Simple ratios of runoff volume-out/rainfall volume-in, runoff peak 

rate/rainfall peak intensity and time delay will be used to measure the attenuating 

effects of catchment. Similar measures have been used in the past. The distinction 

here lies in the manner in which these ratios will be obtained. Point statistics will be 

avoided as mentioned in the literature review (Smith and Shreiber 1973; 1974). 

Moreover, the development of storm in time and space (including its direction of 

motion) could be tracked if a suitable method of representation of rainfall in time and 

space is devised. Note that what is available in the form of data are only point values 

at irregular time intervals (breakpoints). 

Spatial interpolation of rainfall has been used by many researchers more for 

estimating areal averages of rainfall than for finding storm spatial properties. As 

pointed out, a key element in the strategy was to use all the gages on the watershed 

and build a rainfall surface over the entire area for total rainfall depths and as a 

function of time. This would result in a more representative rainfall field over the 

area. The pixels falling inside any watershed would then define the portion of rainfall 
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surface influencing that watershed. Chapter three is devoted to the selection of 

interpolation method and experimentation with the selected interpolator. 

2.3.2 Antecedent moisture conditions/Antecedent channel wetness 

Antecedent moisture conditions refer to the prevailing watershed wetness at 

the time of rainfall. The effects of such conditions on runoff have been studied by 

many. From the literature review on the subject it appeared that there is no single 

criteria for the determination of this parameter. The reason is, obviously, embedded 

inherent complexity of the problem. A high degree of spatial variability in the factors 

usually believed to affect such conditions generally leads to simplifying assumptions 

which the researcher is forced to make. 

Different approaches are used by different researchers even for similar type of 

applications. Koterba (1986), for example, used a limit of 72 hours for the 

observation of antecedent rainfall. He ranked antecedent conditions on an index of 

wet, intermediate or dry based on fraction of area of antecedent rainfall covered by 

the storm in question and the average total antecedent rainfall depth within this area. 

The figures were arbitrarily selected. Moreover, Koterba (1986) came up with a limit 

of 72 hours on the basis of observation of soil moisture drying patterns at a single 

point in the Field. Dripchak (1992), on the other hand, just used total amount of 

rainfall incurring on the watershed from storms which ended within a 48-hour period 
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immediately preceding the event under consideration. No attempt was made to 

correct precipitation totals for decay within 48-hour period. 

James and Burges (1982) pointed out that in models having conceptual water 

storages representing interception, surface runoff, water in the top few inches of the 

soil, etc., the initial values will usually be zero if it did not rain during the preceding 

week. In the Hydrology Guide of the National Engineering Handbook Hydrology, of 

the USDA Soil Conservation Service (1957) , the recommended method of 

estimation of antecedent condition is to obtain total rainfall for five days preceding 

each storm; next, to arrange storms in three groups corresponding to three antecedent 

conditions. It is also pointed out that longer periods such as two weeks, are 

sometimes desirable but the additional work does not always produce additional 

accuracy in the runoff estimates. 

In the light of above, it was decided to follow Koterba's (1986) method with 

some modifications. This seems reasonable given the fact that Koterba's (1986) work 

involved the same watershed and similar conditions (Koterba (1986) was also dealing 

with summer airmass thunderstorms). Koterba's (1986) method (as modified) was 

only used for indexing antecedent conditions on a scale of dry, intermediate and wet. 

Incorporation of antecedent soil moisture conditions in our main objective of finding 

spatial measures was accomplished by using an exponential decay function similar to 



the one suggested by Faures (1990). The following steps explain each of these 

methods. 
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I) Find rainfall totals on all the gages for first, second, third, fourth and fifth 

day prior to the storm and runoff events under consideration. The first day 

prior to the event of interest here means a 24-hour period ending at the event 

start time. Similarly, second, third etc. days are defined. A rainfall event may 

contribute to one or more prior days. If a gage rainfall event duration is 

spread over more than one prior day, its contribution toward either of the 

days is calculated accordingly. 

II) Personal communications with personnel involved in field research (Roger 

Simanton, 1994) in the watershed suggested that most of the water in the first 

few centimeters of soil disappears in about 5 days. Thus with the assumption 

that only 10% of moisture remains in the top few centimeters of soil, the 

coefficient a for the exponential decay function similar to the one suggested 

by Faures (1990), was found. The decay function is 

= <E>0 exp[cct] (2.11) 
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where is the soil moisture remaining in the soil from an initial moisture of 

after a lapse of t hours. Irrespective of the time of occurrence of 

antecedent precipitation, it was assumed that the hours for the decay be 

counted from mid-day of respective "prior" day. For example antecedent 

precipitation on prior day 5 was assumed to decay for 108 hours, that on prior 

day 4 for 84 hours and so on. The coefficient a was thus found to be 

-0.02132 and the equation was backsolved for 4th, 3rd, 2nd and the 1st prior 

day to find the respective decay multiplier. These values are given in 

Table 2.2. 

Table 2.2 Antecedent decay multipliers and classification of antecedent condition 

DAY DECAY 

MULTIPLIER 

FRACTION 

OVERLAP(%) 

DEPTH 

(mm) 

CLASS 

1st 0.77 >85 >0.10 WET 

2nd 0.46 10-85 >0.10 INTERMEDIATE 

3rd 0.28 <10 <0.10 DRY 

4th 0.17 

5th 0.10 
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III) The decay factors as found in step II were applied to antecedent rainfall totals 

found in step I. The decayed values of antecedent rainfall were then summed 

up to find the total decayed rainfall on all the rain gages. Multiquadric 

interpolation was then applied on these values. A mean value of antecedent 

decayed rainfall depth was computed by averaging over all pixels (zB). This 

depth was used as the basis for categorizing watershed wetness as discussed 

next. 

IV) Once the decayed antecedent precipitation totals were obtained for all the 

storms, they were ranked as producing either dry, intermediate or wet 

conditions, similar to Koterba's (1986) classification. The main difference is 

that Koterba (1986) either used the average, total antecedent rainfall depth 

within an area common to antecedent rainfall and the event of interest or the 

individual gage values to index the antecedent condition. For the purposes of 

this study we used the mean depth of decayed rainfall as obtained after 

interpolation. Another difference is that Koterba (1986) used fractional area 

of storm covered by "significant" antecedent rainfall, while we used fractional 

area of storm covered by antecedent rainfall. The criteria for ranking storms 

was, however, the same as given in Table 2.2. The antecedent condition for 
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storms, producing runoff on flume 1, as obtained by this method are given in 

Appendix B. 

Next, we discuss the strategy with which these antecedent watershed wetness 

conditions were integrated into the main program to find spatial parameters for the 

combined field of antecedent watershed wetness and the storms totals. 

I) The decayed antecedent total depths on individual gages were used in the 

interpolation scheme to find rainfall depth values on individual pixels. 

II) The area common to the antecedent precipitation and the storm of interest was 

identified and the rainfall values for the two fields were added pixel to pixel. 

This resulted in a field combined only for the common region. All the spatial 

parameters were computed as before. The fraction of the area of antecedent 

precipitation common to the storm was also calculated and used to identify the 

antecedent condition index as discussed above. 

Note that the treatment of antecedent watershed wetness in this fashion, 

causes the rainfall surface to get incremented in the area of intersection by the 

amount of decayed antecedent rainfall. It amounts to assuming that in the area of 

intersection the rainfall totals were more than the actual rain by an amount equal to 

the decayed antecedent moisture. 

If a runoff event occurs not long after a preceding runoff event, the channel 

wetness caused by the former may impact the gaged runoff total and peaks of the 
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latter. A methodology similar to the treatment of antecedent moisture conditions as 

mentioned above, was used to assess the impact of antecedent channel wetness. 

Runoff totals for five prior days prior were found for every storm event of interest. 

These totals were decayed by the same decay multipliers as already established for 

antecedent moisture (Table 2.2). These decayed values were then summed up to 

define a variable for the antecedent channel wetness. 

2.3.3 Pond contributing regions 

There are 19 livestock ponds in "11, distributed all over the Walnut Gulch 

(Figure 2.4). The areas draining into these ponds will be refered to here as non-

contributing regions. These non-contributing regions range in size from about 30 to 

388 hectares (Table 2.3). Three ponds have non-contributing regions which are 

completely nested within non-contributing regions of other ponds. The non-

contributing region of pond 218 is nested in the non-contributing area of pond 216, 

that of pond 211 is nested in that of pond 212, and that of pond 214 is nested in that 

of pond 209 (Figure 2.4). 

Ponds may spill during an event, depending on the remaining pond storage, 

the volume of rainfall of that event or the preceding rain. If ponds do spill 

substantially, then the non-contributing regions effectively turn into contributing 

regions. In this case such areas should be treated as contributing regions. However 



Table 2.3 Area and distribution of stockponds 

Stockpond Contributing area 
(hectares) 

Watershed (s) 
containing the pond 

201 29.8 1 

202 NA 1 

207 151.36 1,2,5,6,15 

208 103.14 1,2,3 

209 295.08 1,2,3 

210 70.70 1,2,6 

211 30.97 1,2,5,6,15 

212 387.89 1,2,5,6,15 

213 153.59 1,2,6,15 

214 145.43 1,2,3 

215 36.92 1,2,6,10 

216 150.33 1,2,6,8,11 

217 55.22 1,2,6,9 

218 60.50 1,2,6,8,11 

219 45.68 1,2,6,9 

220 60.42 1,2,6,9 

221 60.26 1,2,6,10 

223 48.35 1,2 

226 34.76 1,2,6,15 
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the peak runoff out of the ponds may be substantially attenuated and delayed if any 

substantial pond storage is present. In the current study both the cases were examined 

i.e. analysis was done separately for the scenario in which ponds do not spill and in 

which they do spill. This was simply accomplished by excluding or including the 

"pond pixels" in the analysis respectively. 

2.4 PRACTICAL CONSIDERATION/DECISIONS 

Having settled on the main technical aspects of the problem, the actual coding 

of the methodology required many practical decisions. In this section these decisions 

are outlined with justification. Chapter three specifically treats the issue of 

interpolation, and many practical decisions regarding the selection of interpolator and 

its implementation are taken there. Those decisions are not described under current 

heading. 

2.4.1 Grid Interval and boundary pixels 

Intuitively speaking, the finer the grid, the better the spatial representation of 

the variable in question. However, many practical considerations dictate a limit in 

this direction. The number of nodes to predict increases four-fold with every halving 

of the grid spacing. The number of nodes directly translates into the array dimension 

of the matrix to store. Consequently all the computer operations involving the matrix 
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consume proportionally more time. Moreover, there is a practical limit to the size of 

the matrix which can be stored and operated on. 

Given these considerations a 100-m on a side grid was adopted on a trial 

basis. A crude first-hand test toward its adequacy was performed in the following 

manner. The area comprised of all those pixels falling interior to the boundary of 

each watershed were computed. In computation, every pixel counted was regarded 

as representing an area of one hectare (100 m x 100 m) overlooking the fact that 

pixels at the boundary may not always represent an area of one hectare. The area of 

ten of the twelve watersheds computed this way were within 1% of their "true" 

values (obtained by a recent ortho-photo survey), including Walnut Gulch (Table 

2.4). Promising results here suggested carrying on this 100-m grid to Chapter three 

where it was subjected to more rigorous tests to check its adequacy for reproduction 

of known spatial parameters. More on the subject will thus be discussed in Chapter 

three. 

The nodes near the boundary of the watershed define pixels which are not 

fully contained inside the boundary of the watershed. Alternatively, some nodes 

actually lying outside the boundary define pixels cutting into the watershed boundary. 

The two effects are rather compensatory and can be taken to balance out the loss and 

gain if the grid resolution is sufficiently fine. The exercise of computing area defined 

by interior pixels had provided confidence in this notion (Table 2.4). Moreover, the 



Table 2.4 Watershed area by different methods 

Watershed 
Area (hectares) Percent 

difference Watershed 
Ortho-photo 

based 
Comprising of 
interior pixels 

Percent 
difference 

1 14800 14735 -0.44 

2 11200 11158 -0.38 

3 942 944 0.21 

4 229 228 -0.44 

5 2210 2205 -0.27 

6 9360 9297 -0.67 

7 1360 1363 0.22 

8 1480 1473 -0.47 

9 2390 2324 -2.76 

10 1580 1528 -3.30 

11 785 785 0.00 

15 2370 2367 -0.13 



83 

computer coding for identification of such pixel and their treatment was time 

consuming and laborious. A slight gain in this direction did not seem worth the 

burden of its application, thus it was decided to count on pixels interior to the 

watershed boundary. This decision was associated with the inherent assumption that 

the rainfall process was random enough that the effects of intensity differences within 

discriminating pixels would also be compensatory. 

2.4.2 Time Step 

Michaud (1994, personal communications) suggested a time step of from 5 to 

10 minutes with a slight bias toward a 10-minute time-step. Initial work on 

subwatershed 11 was done with a 5-minute time step. Two observations were made 

resulting in an adoption of a time-step of 10 minutes. First, for some long duration 

storms the time of computations was unbearably excessive due to a large number of 

time steps. Second, there were many instances when latter portions of storms (say 

two thirds of total duration of the event) did not show any substantial activity. An 

increase in the time step resulted in an increased efficiency for both of these aspects. 

This 10-minute time step also happened to concur with the way Koterba (1986) 

defined a storm core. He identified the storm core to be the area where rain fell at 

the rate of 0.25 mm/min for at least ten minutes. Although a higher limit was set for 
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the core intensity (as we will see below), this 10-minute time step was subsequently 

adhered to throughout this study. 

2.4.3 Storm core 

The storm core theoretically refers to that portion of storm which is taken to 

produce runoff. This is generally agreed that storm cores are short-lived as compared 

to total storm duration. The threshold values for its intensity are, however, defined 

differently by different authors. For example , as stated above, Koterba (1986) takes 

the core intensities to be 0.01 in/min (15 mm/hr). Osborn and Lane (1969) take 

runoff producing precipitation to be greater than 0.4 in/hr (10.2 mm/hr). According 

to Osborn (1964), however, in summer, intensities may easily exceed 10 in/hr (254 

mm/hr). Simanton et al. (1973) tested the adequacy of SCS curve number for 

predicting runoff from rangeland watersheds. They selected three intensity classes to 

include the range of observed maximum 15-minute rainfall intensities. The classes 

had values ranging from 0.25 in/hr (6.35 mm/hr) to as high as 4.4 in/hr (112 

mm/hr). Again, it was a matter of personal judgement to use a threshold for the core 

values. The values were ultimately agreed upon in one of the thesis organizational 

meetings. The decision was to observe two cores; one with a threshold of 25 mm/hr 

and other with a threshold of 50 mm/hr. These two values were subsequently used in 

the analysis. 



85 

2.4.4 Units 

Although the data base is primarily in English system of units, the Metric 

system of units was used throughout the analysis. Conversions were performed at 

different stages of data retrieval or reduction as felt appropriate. Refer to Table 2.1 

for specific units of variables involved. 

2.5 PROGRAMS 

A suite of computer programs written in Fortran 77, work in unison, the 

mainstay of which is the program called "momentfast_new.f"; the rest of the 

programs function only as called for by a "shell". 

Available programs were first of all used to fetch rainfall data from the data 

base. Data for all the 91 gages on the watershed for the period under investigation 

(1975 to 1991) were put in a single file. This is the file which was subsequently used 

by the program. The program first looks for the available data for the date and event 

number specified. The data for that event is pulled and simultaneously sorted for the 

rainfall start time on different gages. The data is then synchronized and discretized in 

10-minute time-steps from start to the end of event. Multiquadric interpolation is then 

used at every time step to produce values in the rectangle of interpolation. 

The resultant matrices are then sent to a routine which identifies pixels interior 

to a given watershed. The values for these pixels are then used to compute spatial 
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parameters of the storm. In calculation of the moments (refer to glossary) every pixel 

is assumed to have a uniform "density" and containing a "mass" equal to its intensity 

value. Equation 2.9 is thus solved in a numerical sense. All other relevant parameters 

are calculated with same assumption. For determination of mean and standard 

deviation of the pixel values, they are assumed to represent a "population" and 

calculated accordingly. For each watershed the core calculations are also done. The 

result for each of the 3 watersheds go to their respective output files identified by the 

storm date, event number and the number of individual watershed. Once the time 

steps are exhausted, a summary is appended at the end. This summary includes the 

total volume of rain ( and that of two cores), the maximum 10-minute cell volume 

(and that of two cores) with its time of occurrence and the peak single intensity with 

its time of occurrence. The next storm is then processed. 

Further, modifications were made into this program for finding antecedent 

precipitation and combination parameters. An output file for one of the typical storms 

is given in Appendix B, as an example. 

2.6 concluding remarks 

In this chapter an attempt was made to focus the investigation and put it in a 

meaningful context. The matters related to the data and its limitations were described. 

Criteria for the selection of range of data were mentioned. Scope of the investigation 



was included help interpretation of results in right perspective. Key elements of the 

main strategy and handling of some important factors were summarized, and a 

glossary of rainfall/runoff descriptors involved was compiled. Matters such as choice 

of the interpolator, grid spacing, treatment of non-reporting gages and boundary 

pixels, remaining unresolved in this chapter lead us directly into Chapter three which 

is devoted to such issues. 
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CHAPTER 3 

INTERPOLATION 

This chapter is devoted to the description of interpolation methods and their 

relative performance. There are two reasons for this. First, the decision to use a 

particular interpolation scheme from amongst many came about after an investigation 

of different interpolation methods. In the course of this investigation several 

observations were made and it is thought appropriate to summarize those. Second, the 

generation of gridded data from irregularly located raingages was an important step in 

this study to quantify storm geometric characteristics. Thus, to give the reader an 

insight into the interpolation method used in the analysis, this material is being 

presented. Several decisions for the application of interpolator were made after an 

investigation described in this chapter. 

A brief description about the philosophy and need for interpolation is given. 

All major interpolation methods are described. An attempt is made to touch upon key 

theoretical concepts underlying interpolation methods. The emphasis, however, is on 

the practical aspects of their application and merits and demerits of their usage in 

particular conditions. A comparison of kriging and multiquadric methods is made on 

the basis of cross validation results from real data. The multiquadric method is 

subjected to another test wherein an analytical spread function is used to "produce" 
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data on rain gages. Multiquadric interpolation is then applied on this data to see how 

well it preserves the actual surface defined by the spread function. Four different 

options are tried in this exercise to see which one is most suitable from an application 

point of view. The performance of multiquadric interpolator is also checked at 

arbitrarily selected points (other than the data points). The findings of the chapter are 

enumerated in the end after a discussion of experimental results. 

3.1 what is interpolation/why it is needed ? 

The process by which estimates of a function (which is known at certain 

"points") are produced at any finite number of "un-sampled" locations is known as 

"interpolation". 

The continuous representation of a hydrologic process (analogous to the term 

rainfall surface used in this study) via spatial interpolation permits one to analyze the 

spatial patterns of variation of such process (Tabios and Salas, 1985). Thus, 

interpolation is usually required when one needs to generate gridded data (probably at 

some fine spatial resolution) from sparsely located scattered sampled points. The use 

of interpolation methods for determining areal averages is also common. 

Interpolation is distinct from (but mostly a pre-process to) the "contouring" 

process (Myers, personal communications). Contouring is a process by which 

graphical level curves of a surface of some function are constructed. Contouring 
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begins where interpolation ends. While there will be little difference between 

contouring algorithms, there are a number of interpolation methods/algorithms and 

they will not all produce the same results (Myers, personal communications). This 

distinction is being emphasized because the goal here is not the production of 

graphical level surfaces. Rather, the interpolated data are to be used in subsequent 

analyses. 

Recall from Chapter one that in the Walnut Gulch study area (148 km2), the 

data for 91 gages are available. The average spacing of these gages is approximately 

1.5 km. Rainfall information at a much finer spatial resolution is required to better 

understand and characterize the continuous representation of storm rainfall (intensity 

or depth) phenomenon to address the objective of Finding the influence of this spatial 

structure on watershed response. As part of this process the need arises to minimize 

the introduction of distortion in the actual data. Otherwise the very purpose of 

determination of rainfall field will lose its value. The key lies in minimizing the 

introduction of noise in the data. 

Considering the massive data set (about 1700 gage-years) to be processed, 

there are other considerations in the interpolation selection process; such as ease of 

use and coding, suitability for application to large data sets and its robustness, to 

name a few. The following discussion should, thus, be viewed in the light of above 
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considerations in mind. An attempt is made to choose a good interpolator which best 

meets the conditions mentioned above. 

3.2 INTERPOLATION METHODS 

There are numerous interpolation methods. Selected methods are discussed and 

their theoretical basis is described. Two of the interpolation methods, namely kriging 

and multiquadric are described in detail and a practical evaluation of their 

performance is made. 

3.2.1 Thiessen Polygon 

The classical method of Thiessen (1911) has been popular in the past due to its 

ease of use. But this method has been used more for finding areal averages than 

predicting values at grid nodes. There is hardly any theoretical rigor or mathematical 

basis for this method. It is simply a method for application of "nearest neighbor" 

approach with the logic that the value at the predicted point is simply the value of the 

data location nearest to that point. In other words, there is an area around every 

sampled point such that every point within that area is nearer to that point than any 

other sampled point. If d0j represents the distance between the point of interest o and 

the sample points j, i.e. 
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do1 " XJ)2 * {yo - J-l/2, ,n (3.1) 

then the sample point for which this distance is minimum gets a weight of 1 and all 

other points get a weight of zero (Tabios and Salas, 1985). 

Viewed in perspective, the interpolated surface exhibits sharp discontinuities at these 

areal boundaries. A grid could then be overlaid on the Thiessen surface to determine 

values at grid locations. 

Such a method is obviously not suitable for current investigation because the 

very soul of interpolation, as viewed today, is altogether absent in it. The Thiessen 

method just identifies the area around the sampled points believed to be influenced by 

that sample. If more samples are utilized, the Thiessen interpolation field could 

change drastically. Moreover, due to "jump" discontinuities, such a field is not a 

good representation of actual phenomenon. 

3.2.2 Inverse distance weighting 

This method attempts to treat all sampled data points in the estimation process 

for an unsampled point as opposed to Thiessen method. Data points closer to the 

predicted point influence the estimation more than the points farther away. This is 
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accomplished by assigning weights which are proportioned inversely with the distance 

of each sample from predicted points, so that the prediction is: 

v  -

n i  

1-1 dl 

n 1 

i-1 dj 

(3.2) 

where d1,d2,...,dD are the distances from each of the n sample locations to the point 

being estimated and vj,v2,...,vn are their sample values. 

Although it incorporates the position of the data locations to the point where 

an interpolated value is desired it does not incoiporate information about the position 

of the data locations relative to each other (Myers, personal communications). This 

method may be expected to work satisfactorily with data points distributed fairly 

uniformly. In case of cluster of points, the problem of bias due to data redundancy 

increases. In the absence of any rigorous method built into the mechanics of this 

method to treat this redundancy problem, the inverse distance method is only suitable 

for jobs where a high degree of accuracy is not necessarily desired and fair results in 

relatively short time are desired. 

3.2.3 Trend surface 
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This method is a direct analog to the well-known least-squares regression 

fitting, to a 2-dimensional surface. The idea is to find a surface fitting to the area of 

interest representable by a global equation using either an algebraic or trigonometric 

polynomial function such that the following summation is minimized 

n  
£ (Xj) ]2 (3.3) 
i-l 

where p(x) is a polynomial in the coordinates of x and f(x) the function known at 

points l,2,...,n. 

Setting the derivatives of the above sum to zero generates a set of linear 

equations which determine the unknown coefficients. There is no guarantee that the 

trend surface will necessarily pass through the sampled data points. The polynomials 

are very smooth and thus to fit highly erratic data one must use a high order 

polynomial which typically requires a much larger set of sampled data points. In 

general this method provides information on a regional scale but not very good 

information locally (Myers, personal communications). 

3.2.4 Kriging 

Kriging, as we view it today, is a common name to a set of closely related 

interpolation techniques, associated with the concept of stochastic processes, based on 
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the theory of regionalized variable and random functions (Supachai, 1988). Only a 

general theory of Kriging is described here. 

If a function is distributed in space (as opposed to being at a point or along a 

transect) it is said to be regionalized. In theory, the regionalized variable is considered 

to consist of two parts, a deterministic part, usually referred to as 'drift' or 'trend', 

and a noise or random part. These regionalized variables are considered to be 

correlated by a spatial structure, from point to point. The aim in kriging is to 

determine this spatial structure which, in turn, becomes the basis for predicting the 

values of the phenomenon at any other unsampled points. 

One of the measures, commonly used for determining this spatial structure is 

called a variogram (also known as semi-variogram). The variogram is defined as one 

half the mean squared difference of paired data values as a function of the distance 

between samples: 

where y(h) is the variogram for lag h, N(h) is the number of pairs at lag distance of h 

and v are the observation of phenomenon for the pairs. 

Stationarity is assumed in the distribution of spatial structure i.e. the 

correlation between regionalized variables is assumed to depend on the interdistance 

only and not on their relative position. 

2 N ( h )  
(3.4) 
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The values of this variogram are plotted as a function of distance. This plot is 

called the "variogram of point values" (also known as apparent, experimental or 

discrete variogram). Fitting of the experimental variogram is the next step. The curve 

fitted to the experimental variogram is called the theoretical variogram or the 

variogram curve. Theoretically, the variogram curve should pass through origin. But, 

some factors may cause it to cross the y-axis, some distance above the origin 

(Supachai, 1988). This phenomenon is called the nugget effect. A high nugget value 

represents the variability that is mainly "random" or due to measurement errors which 

can not be accounted for in the spatial structure. The distance at which the variogram 

becomes constant or asymptotic to a certain value is called the range (Figure 3.1). 

The value at which variogram becomes constant or the value of the variogram 

becomes asymptotic to, is known as the "sill". The range theoretically represents the 

region in which spatial correlation exists. In other words, beyond the range the 

random variates are considered essentially independent. 

For determination of variogram curve, there are several models available to 

choose from (Figure 3.2). It is mostly a decision of the user to use a particular model 

and thus for the same data set, different users may use different models. There is no 

definite way to say that one model is necessarily better than the other. 
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Figure 3.2 Variogram models 



The following models are generally used: 

i) Spherical: 

99 

C j [ l . 5  ( r / a ) - 0 . 5  ( r / a ) 3 ] ,  O i  r  z a  

Y(r) = (3.5) 

Q r  >  a 

ii) Gaussian: 

Y ( r >  -  C j l - e x p t - ( r / a ) 2 ]  ] ,  r  i  0  ( 3 . 6 )  

iii) Exponential: 

Y ( r )  -  C j l - e x p  ( - r / a )  ] ,  r  ; >  0  ( 3 . 7 )  

iv) Nugget: 

0 ,  r  -  0  
Y U )  -  ( 3 . 8 )  

C v  r  >  0 

In all of the above models, y(r) is the value of variogram curve at distance 'r\ 

'C,' is the sill and 'a' is a parameter which must be positive (Myers, personal 

communications). Typical curves for all these models are shown in Figure 3.2. 
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The spatial structure between the data points (represented by the variogram 

curve) is applied as the spatial structure between the data points and the predicted 

points through kriging scheme. The following linear combination of a set of data is 

used to predict values at the unsampled points: 

z(Xp) i-1, .  ,  .  , n  (3-9) 
i-1 

where n is the number of data points and X are the kriging weights. 

The weights are obtained by using the minimum variance condition. The 

minimum variance condition can be written in the form of semivariogram to give the 

kriging system 

• Yp, < 3 - 1 0 '  

J-l 

The Lagrange multiplier is then added to accommodate the unbiasedness 

condition forcing the sum of the kriging weights to equal one; 

n 

(3.11) 
i-1 P 

The system, thus becomes 
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n  
E Kj Yu * v - y. 
>1 

p j  (3.12) 

where /x is the Lagrange multiplier which can be written in the matrix form: 

• " 

Yii - - -Y l n  1 ^, pi Ypj 
1 a 

1 a H 
Yni * * * Ynn 1 pn Ypn 

1 1 0 VI 1 

(3.13) 

The coefficients are thus obtained as: 

1 
1
1
 YII- . .Y 1 B  1  

-1 
Ypi 

* 1 » 

• - 1 • 

Yni • • * Ynfl 1 v ' pn 

. U . 1 1 0 1 

(3.14) 

The regionalized variable at point p is then predicted by: 

•\n Pi 
Z(*„) 

(3.15) 

where z are the sampled data values. 
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3.2.5 Multiquadric-biharmonic 

. Multiquadric-biharmonic method was developed by Hardy in 1968, and is 

based on the minimum energy concept of mathematical physics (Supachai, 1988), so 

that the multiquadric coefficients sum to zero. We will describe the structure of 

multiquadric-biharmonic interpolation scheme here (mostly adopted from Supachai, 

1988). 

Every predicted point is affected by all the data points through the introduction 

of a kernel which is the Euclidean distance: 

where F(x,y,z) is the value of phenomenon at point (x,y,z); Xj's, y/s and Zj's are 

coordinates of the data point and p are the multiquadric-biharmonic coefficient. If the 

exponent of the kernel, in 3.16 is changed to "-1/2", the system becomes 

multiquadric-harmonic. A use of term "multiquadric" in subsequent description will 

always mean the multiquadric-biharmonic. The summation of coefficients is forced to 

zero: 

n  1/2 

F { x , y , z )  - Pj E ( X - X j ) 2  * ( y - y J ) 2 * ( z - z J ) 2 ]  
j -1  

1 3 . 1 6 )  

n  

J - l  
E P , - 0  ( 3 . 1 7 )  
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to satisfy the minimum energy condition. Thus, in the matrix form the multiquadric 

system of equations becomes: 

Cm 1 Pi 
» • 

• • 2nn 1 

.1 0 

(3.18) 

where Q is the kernel such that 

[  Uj  -  Xj )  •  (y j  -  V ] )  *  (Z j  -  Z j )  ]  
i 

2 i 2 ( 3 . 1 9 )  

The multiquadric coefficients are thus found 

Pi cir 

nl 

-1 
' ° l u  1 

.  Q  1 F *nn n 
.1 0 0 

( 3 . 2 0 )  

It should be clear that the biggest difference between the solution techniques of 

kriging and multiquadric is that in multiquadric the kernel is the distance and not a 

"function" of the distance as in kriging. 
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3.3 literature review on interpolation 

Several authors have reported on the use of interpolation for many different 

purposes, both for predicting areal averages and point estimates. Both the theoretical 

basis and practical use of one or the other techniques are described. There is a paucity 

of literature, however, on comparison of interpolation methods. Prominent of the few 

exceptions are; Tabios and Salas (1985), who compared the results from all major 

interpolation methods, Supachai (1988) who mainly compared kriging and 

multiquadric interpolation and Shaw and Lynn (1972) who compared bi-cubic spline 

and multiquadric methods. 

Kriging is named after its initiator D.G. Krige, and is often associated with the 

acronym BLUE (Best Linear Unbiased Estimator). Ordinary kriging is "best" because 

it minimizes the variance of the errors; it is "linear" because its estimates are 

weighted linear combinations of the available data; it is "unbiased" since its mean 

residual errors equal zero (Isaaks and Srivastava, 1989). In kriging, the spatial 

variable is considered to consist of two parts; a deterministic part, usually referred to 

as the drift or trend, and a random part. The summation of the two defines the spatial 

variable (Kwaadsteniet, 1990). For determination of the deterministic part it is 

assumed that the variance/covariance structures are constant within a working range 

(the assumption of stationarity). This working range is, of course, determined on the 

basis of available data only. Nevertheless, it serves to supply an approach to achieve 
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the objectives of "BLUE", since, truly speaking, we neither know the variance of 

errors nor the mean residual error, both of which we aim to minimize (Isaaks and 

Srivastava, 1989). Thus, the assumption of stationarity should be given due attention 

on the basis of the phenomenon being considered. Methods to estimate drift are 

presented by Guarascio et al. (1975). 

Hardy (1971) developed the multiquadric method in relation to defining the 

topography of earth surface. The failure of Fourier and polynomial series, with a 

limited number of data points, in defining the surface of topography, led him to 

search a new series which would work reasonably well with few data points. The 

general form of multiquadric surface can be represented by the series 

n  
5 ^  c ,  [ q ( x , , y , , x , y )  ]  - z  { 3 . 2 1 )  
1-1 

in which z is a function of x and y resulting from the summation of a single class of 

quadric surfaces q. The vertical axis of symmetry of each quadric term is located at a 

discrete horizontal position xi( y;. The coefficients Cj, determine the shape of the 

quadric term (Hardy, 1971). 

Two surfaces of prime interest are; (1) the summation of series of circular 

hyperboloids in two sheets 

n 2 
<^[ (xi-x)2*(yJ-y)2*C] 2 - z 

i-1 
( 3 . 2 2 )  
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and (2) the series of circular paraboloids 

n 
]C cj [ (Xj-JOMyj-y) 2+c] -z (3.23) 

Equation 3.22 is used in calculations throughout this thesis with coefficient C 

set to zero. The coefficient C was set to zero after the statement of Supachai (1988) 

that if there is no rigid experimental, mathematical, geometric or physical basis, 

including relativity, time etc.; then C should be set equal to zero. 

The practice in areal integration of rainfall from pointgages has been to regard 

all the available gages equally and base the interpolation on geometrical placement of 

gages. Such methods are unable to assess the legitimacy of available data. A new 

graphical method groups gages of similar statistical properties and identifies probable 

erroneous gages (Pegram and Peg ram, 1993). They basically carried forward the 

scheme of Lee et al. (1974). The method of Lee et al. (1974) results in n equations 

for each of the observations, in terms of multiquadric hyperboloids centered at each 

gage. Pegram and Pegram (1993) integrate the multiquadric surface over a polygon. 

This method is a good extension to multiquadric method if areal averages of the 

phenomenon are of interest. 

Kruizinga and Yperlaan (1978) used both the so-called less sophisticated 

techniques (i.e. nearest neighbor method, the mean of seven surrounding stations and 
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inverse squared distance as applied to seven surrounding stations) and sophisticated 

techniques (i.e. interpolation with optimized weights). They found that the differences 

in performance between techniques were relatively small. In cases with strongly 

varying distances from the stations to the reference points, distance dependence of 

weights became important. 

Tabios and Salas (1985) used thirty years of annual precipitation data from 29 

stations to compare the ability of different interpolation techniques. They used cross 

validation errors at five selected stations for comparison. The values compared, 

included mean and variance of annual precipitation. In both of these, multiquadric did 

better than other techniques. In terms of sums of squares of errors between observed 

and estimated annual precipitation, the coefficient of efficiency and coefficient of 

determination the overall performance of kriging was better. Nevertheless, for all 

practical purposes, considering marginal difference in their performance, both may be 

taken to produce similar results. Optimal and constrained optimal methods also 

produced good results, similar to multiquadric and kriging. 

Creutin and Obled (1982) used a rather different approach for comparison of 

performance of different methods. The methods tested include; the nearest neighbor 

method, arithmetic mean, spline-surface fitting, optimal interpolation, kriging and the 

interpolation based on empirical orthogonal functions (EOF). The multiquadric 

method was not considered. Instead of usual cross validation in which a single point is 
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suppressed at a time and value predicted at that point using other points, they only 

used values at 73 of 99 available stations leaving the other 26 as a test network. The 

data used was also rather distinct in that they used either the storm event (of the order 

of 6 hour duration) or the complete rainfall event (from 2 to 5 days) instead of daily, 

monthly or annual totals normally used in such studies. Twenty of the twenty six pairs 

of observed versus estimated values from the test network were used to find the 

correlation coefficients. The ordering of 81 correlation values for every method 

defined a set of curves which they called efficiency curves. According to these 

curves, kriging, optimal interpolation and spline function did markedly better than the 

other methods tested. For hydrological studies they suggested that the optimal 

interpolation method was suitable and, despite its accuracy the kriging method was 

not worth its computational burden. 

The computational burden in kriging was also the main objection of Supachai 

(1988) who claimed that the preprocessing step of determination of spatial structure of 

the random field takes three times as much the time as in actual processing. Though, 

he came to the conclusion that the accuracy of both multiquadric and kriging methods 

was similar. 

In the context of reducing the time involved in this pre-processing step Lebel 

et al. (1987) developed the idea of the "climatological variogram". The proposed 

climatological variogram is a kind of trade off between extremes of determination of 
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random field structure function at every time step and using a unique covariance 

function for all rainfall events irrespective of season, meteorological conditions and 

rainfall intensity. In their method, a scaled climatological variogram is first 

determined which is time invariant (and accounts for the general pattern of the rainfall 

spatial pattern); then it is modified by a scale factor (which takes care of time 

dependent non-stationarity) to find the climatological variogram. The climatological 

variogram method was applied successfully to get an experimental confirmation of the 

theoretical values of the estimation error variance. To the knowledge of the author no 

other attempt has been made to confirm the applicability of theoretical variogram. It 

appears that once a satisfactory climatological variogram is arrived at for a particular 

region, the process gets grossly simplified but to get such a "satisfactory" 

climatological variogram is itself a matter of experience and time. Tian (1993) 

developed monthly rainfall variograms for the Walnut Gulch Experimental 

Watershed. He used multi-realizations of rainfall measurement to estimate the 

expected values of random variable rather than assuming stationarity. 

Bastin et al. (1984) proposed a procedure for obtaining a set of variograms 

incorporating both seasonal variations and rainfall intensity. For seasonal trends, it 

was proposed to obtain monthly experimental variograms for all the available data. 

The parameters were then fit to these experimental variograms to obtain variogram 

models for different months. To assess the impact of variation of rainfall intensity on 
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the variogram, first the data were partitioned into four seasons. For each season the 

rainfall data were then subdivided into six classes according to their intensity levels. 

The coefficients for variogram model were then computed by a least square fit. The 

resulting charts can be used to find the model parameters for a given rainfall intensity 

in any of the four classified seasons. The procedure is based on the assumption that 

the variogram is time-invariant during a season. 

Barendregt (1987) attempted to simplify the procedure of a maximum 

likelihood (ML) estimator which estimates generalized covariance required in the 

kriging process. He suggested representing data by a series of generalized increments 

which he termed as principal increments. He claimed that it would make the use of 

ML estimator easy because; 1) the maximization of log-likelihood function can be 

reduced from a two-parameter optimization problem to a one-parameter optimization 

problem, 2) the mathematical properties of the ML estimator would be easier to 

study, and 3) the data would be converted into a stationary process. The method could 

be suited to data having indications of linear or quadratic trends. 

Shaw and Lynn (1972) used bi-cubic spline and multiquadric to find areal 

rainfall from mathematically defined gridded data and from real data. The bi-cubic 

spline method was found to be more accurate and time-efficient than the multiquadric 

method if gridded data were used. However, in case of scattered data, as is the case 

with most of the rainfall data, the multiquadric method produced better results in an 
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efficient manner. The authors concluded that for dealing with vast quantities of data 

obtained for short durations, the multiquadric method was ideal. 

From the literature review, it appears that the kriging scheme is constantly in 

state of modification. Yet, there is no satisfactory solution to the spatial structure 

problem (variogram definition). For a beginner, this step could prove frustrating, and 

a lack of experience may lead to inaccurate results. 

3.4 COMPARISON OF KRIGING AND MULTIQUADRIC 

It should be clear by now that kriging and multiquadric are two methods 

based on rigorous mathematical footings as compared to many of the other 

interpolation methods. There is a division among authors as to which one produces 

better results. To check the usefulness, both these schemes were applied to a variety 

of storm data and the results were compared. Three selected examples and their 

comparison are described herein. In this sense, this comparison is mainly about the 

practical use of these methods. For Kriging, a computer package called GEOEAS 

(Englund and Sparks, 1990) was used. 

Real data from three storms occurring over Walnut Gulch Experimental 

Watershed were interpolated by both kriging and multiquadric methods. Cross 

validation techniques are used for comparison of results. In this technique each sample 

point is suppressed, one at a time, and a prediction at the suppressed point is made 
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using the remaining points. The difference between the observed and interpolated 

values is called the residual, or the error of estimation. 

The multiquadric method was subjected to another test wherein an analytical 

spread function was used to create a mathematically defined "synthetic" test surface 

and a difference-check on geometric parameters calculated analytically from the 

synthetic rainfall surface and those calculated numerically from the surface produced 

by multiquadric was used to ascertain how well multiquadric reproduces the original 

surface. 

Since a large number of runs was to be made, many options from a practical 

implementation of multiquadric method were tested. The results facilitated decisions 

on how the multiquadric method could be implemented with ease and still be 

reasonably accurate. 

3.4.1 Experimentation with real data 

Subwatershed 11, with 17 gages in and around it, was selected for assessing 

the performance of interpolators (Figure 1.2). The interpolation was performed on 

overall gage intensities (total depth/storm duration), and temporal discretization was 

not used. The residuals were compared on the basis of various performance criteria. 
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3.4.1.1 Description of selected storms 

The storms selected occurred on July 12, 1973 (designated storm 1), August 

21, 1973 (designated storm 2) and October 7, 1977 (designated storm 3). These three 

storms are selected for presentation from amongst various analyzed because the author 

succeeded in fitting better variogram models to these storms as compared to the 

remaining ones. Further, storms 1 and 2 are fairly high intensity storms and storm 3 

is an extremely low intensity storm. 

All the 17 gages used in the analysis of subwatershed 11 are included. The 

overall storm intensities determined by dividing the depth of rainfall by duration at 

individual gages (mm/hr) are given in Table 3.1 along with their mean and standard 

deviations. Note the variation in storm intensities from gage to gage for the two big 

storms (storms 1 and 2). The values range from as low as 4.8 mm/hr to as high as 62 

mm/hr. Although the mean intensities for storms 1 and 2 are comparable, the standard 

deviations show a significant difference. Storm 3 was a winter storm spread over 

several hours and consequently the storm intensities were very low. Moreover, the 

intensity variation from gage to gage is not as pronounced as in storms 1 and 2. 

3.4.1.2 Variogram models 

In the GEOEAS (Sparks and Englund, 1990) package, one needs a little 

experimentation before arriving at a "reasonable" experimental variogram. One needs 



Table 3.1 The rainfall data 

Cage description Storm intensities' (mm/hr) 

Gage Easting1 (m) Nonhinjr1 (m) Storm 1 Storm 2 Storm 3 

38 594774 3513341 33.0 16.51 1.0 

39 593623 3511128 14.2 17.3 1.3 

44 595013 3511431 17.0 17.8 1.3 

45 594796 3510110 15.2 18.0 1.3 

50 596934 3514712 62.0 37.6 1.0 

51 595671 3512894 27.2 19.8 1.0 

52 596592 3511749 29.2 26.42 1.0 

54 598273 3513779 39.9 35.6 1.5 

55 599978 3513411 8.6 18.5 1.8 

56 598435 3512115 19.6 38.6 1.3 

57 596162 3510580 17.8 19.3 1.5 

60 599722 3512251 4.8 13.5 1.5 

72 598415 3510966 6.6 22.6 1.3 

88 597506 3513170 37.3 28.7 1.3 

89 596373 3513731 37.6 36.6 1.0 

90 596614 3512882 30.0 25.4 1.3 

91 599180 3512847 17.0 22.1 1.5 

Mean 24.53 24.37 1.29 

S.D. 14.67 8.22 0.23 

' Total depth of rainfall (in mm) divided by the duration of rainfall (in hours) at a particular gage 
! UTM Zone 12, NAD 1927 coordinates 



115 

to adjust lag intervals, minimum and maximum number of points to be used in 

computation, minimum and maximum inter-pair distances, direction and tolerances 

etc. Fortunately omnidirectional variograms (direction independent) were found 

reasonable after an adjustment of other variables. In calculation of variograms all 

possible pair of sample points are taken into account. These values are grouped into 

different classes. These classes are called "lags". The larger the lag, the more the 

number of points which are averaged. This tends to reduce the noise in the variogram, 

but some useful information may be lost. Thus lag interval should be such that a 

reasonable number of points defines the variogram. The feature of the variogram 

models chosen are given in Table 3.2 and the variogram curves are shown in Figure 

3.3 (a and b). 
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Table 3.2 The variogram models 

Storm Nugget 
(mm/hr) 

Model Sill 
(mmVhr2) 

Range 
(m) 

Max. lag 
Cm) 

Increment 
(m) 

1 0 Gaussian 300 4000 5600 500 

2 0 Spherical 75 5000 5000 500 

3 0.01 Gaussian 0.086 5500 5000 450 

The cross validation results for two cases for both the interpolation methods were 

evaluated on the basis of performance criteria mentioned above. These results for 

mean gage intensity are summarized in Table 3.3. 

Table 3.3 Cross validation summary - comparison of kriging and multiquadric 

Criteria Storm I Storm 2 Storm 3 Criteria 

MQ1 Kiip2 % Diff3 MQ1 Kric2 % Diff3 MQ1 Krig2 % Diff3 

Minimum4 -21.9 -18.4 19.02 -15.4 -15.7 -1.9 -0.31 -0.36 -13.9 

Maximum4 10.6 13.B -23.2 8.64 9.6 -10 0.34 0.36 -5.6 

Mean4 -0.15 0.09 -266.7 0.12 0.42 -71.4 0.0006 -0.01 -106 

Std. Dev.4 7.04 7.45 -5.5 6.05 6.51 -7.1 0.17 0.17 0.0 

1 Multiquadric residuals (estimated - observed values) 

2 
Kriging residuals (estimated - observed value) 

3 (MQ - Krig)/Krig*100 

4 Rainfall intensities in mm/hr 
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3.4.1.3 Discussion 

Detailed cross validation results for each gage and three storms are given in 

Appendix C. An examination of these suggests that the results are generally similar 

for both the methods. With few exceptions, if a scheme over- or under-estimates the 

value so does the other by a comparable magnitude (see tables of cross validation of 

storms in Appendix C). On average the multiquadric did better than kriging in case of 

storms 1 and 2. On the other hand, kriging did better than multiquadric in case of 

storm 3 (a mean percent residual of 0.8 for kriging against that of 1.65 for 

multiquadric; see cross validation table for storm 3 in Appendix C). The minimum, 

maximum and standard deviation of residuals are almost comparable (Table 3.3). The 

reason for this better performance of kriging is obvious; the fit to the experimental 

variogram was much better for storm 3 than for storms 1 and 2. 

Further, the results for three real storms for both the interpolation methods 

were evaluated on the basis of the performance criteria mentioned above. These 

results are summarized in Table 3.3 (Figure 3.4). Minimum refers to the minimum of 

residuals for each raingage. Maximum is the highest value among the residuals for 

each rain gage. In computing the mean, the values are added in an algebraic sense. 

Due to cancellation effects of negative and positive values, the means for all the cases 

are very low. The standard deviation takes care of this cancellation effect and, 
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therefore, is more representative of deviation of estimates from actual values. It can 

be observed that in case of storm 2, the mean error is higher (in an absolute sense) for 

multiquadric than for kriging. The standard deviation, on the contrary, is higher for 

kriging. The minimums for multiquadric are worse than kriging (Taking "minimums" 

in case of storms 2 and 3 to be comparable). But in terms of maximums, multiquadric 

did markedly better than kriging in all the three storms. The standard deviation are 

lower for multiquadric for all the storms. Large differences in multiquadric and 

kriging estimates occur in the means which is least representative of the performance 

of interpolator. It is again evident that multiquadric underestimates more than kriging. 

For all practical purposes, both the methods may be treated to produce similar 

results. Multiquadric, however, has an edge over kriging in that it does not require 

the preprocessing step of determination of spatial structure of the phenomenon 

(usually variogram). This step takes considerable time in kriging and the selection of 

spatial structure model is quite arbitrary. 

3.4.2 EXPERIMENTATION WITH A SYNTHETIC SURFACE 

Once it was established that multiquadric and kriging methods of interpolation 

produce similar results and multiquadric method is favorable for practical 

considerations, it was decided to perform another "experiment" with multiquadric. 

The purpose and description of the experiment are mentioned below. 
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In determination of "goodness of fit" of a surface fitted to a selection of data 

points, it is a common practice to use residuals at the data points to compute the 

standard error. But the techniques of kriging and multiquadric fit the data points 

exactly (i.e. leave no residuals at those points). In this situation cross validation 

techniques, as described above, are used for the goodness of fit criteria. There are 

two reservations to this technique. The first is obvious; not all the data points are used 

in this validation, which will be ultimately used in actual calculation. Thus, in a 

sense, performance is not being evaluated on exactly the same conditions. Further, for 

every data point (being cross validated), the set of data changes slightly, and thus a 

combined error of estimate is not truly reflective of performance of the method when 

all the data points would be used. Second, only one point is being tested at a time and 

thus no indication of performance of the interpolator at other points is made directly. 

This is obviously because we do not know the 'true' value of the function at other 

than the data points. 

Now, if we can check the interpolator using a known surface, we may 

overcome both the above mentioned restrictions. The performance may be checked in 

two ways. First, the value of estimates produced at several points may be checked 

against the known values at those points. Second, certain known geometrical measures 

for the surface may be checked against those determined from the surface produced 

by the interpolator. 
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The geometrical measures of interest readily obtainable for a known regular 

surface include, the coordinates of the centroid, its distance from a given point, and 

its volume and area. Some of these measures were already known because the 

surfaces were "centered" on rain gages, for which the coordinates are, obviously, 

known. Remaining measures were computed offline through an analytical procedure. 

These values were compared against those recovered numerically from the surfaces 

rendered by the multiquadric interpolator. 

The following strategy was used to set up the experiment; 

1. A synthetic test surface defined by the following spread function (Rodriguez-

Iturbe, 1987) was used 

2a1 r 2 (3.24) z - ae 2 a  r  

where z is the value of function at distance r from the center, a is the value of 

function at r=0 and 'a' is a decay parameter. This analytic function represents one of 

the three models developed from examination of total storm depth characteristics in 

the Walnut Gulch Experimental Watershed (Rodriguez-Iturbe, 1987). 

2. The areal radius of the storms were taken to be 3630 meters (referred to as test 

storm 1A) and 1950 meters (referred to as test storm 2A) to encompass 21 and 

8 actual rain gage locations respectively. 
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3. The test storm 1A was centered at gage 40 and the test storm 2A was centered 

at gage 33 with a peak intensity of 14 mm/hr (after, Fennessey, 1986b). 

4. The peripheral value of the storm intensities (at r=3630 m and r= 1950 m for 

test storms 1A and 2A respectively) were taken to be 1 % of central value 

(Fennessey, 1986b). 

5. These values of z=0.14, a = 14 and r=3630 (for test storm 1A) and r=1950 

(for test storm 2A) were used in equation 3.24 to find the parameter 'a'. 

6. The values of this function were then calculated at different gages within the 

radius of interest. 

7. The value at all the remaining gages on the watershed were set equal to zero. 

The following options were considered; 

Option I: All the 91 gages used in multiquadric interpolation including zero 

values. 

Option II: All the gages having data values of zero were dropped from 

consideration before interpolation. 

Option III: All the 91 gages used in multiquadric with the interpolated results less 

than 0.25 mm/hr set equal to zero. 

It was decided to apply a lower bound on the interpolated values because 

interpolators produce unwanted values outside the area of interest. A value of 0.25 
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mm/hr was chosen because the rain gage chart has a resolution of 0.25 mm (0.01 

inches) and theoretically we can not measure rain less than this amount. 

Option IV: All the gages having data values of zero were dropped before 

interpolation subject to screening of interpolated values less than 0.25 

mm/hr. 

The results for all the cases are given in Tables 3.4 and 3.5. To assess the 

performance of the interpolator when all the data is used, estimates were made at four 

arbitrarily selected points. The known values of function were compared with those 

estimated by the interpolator. The results for this experiment are summarized in 

Table 3.6. 

Cross validation was also done for all the gages defining test storm 1A. The 

purpose of this experiment was to confirm that the area of prediction does not have 

any affect on the prediction value of a certain point. In other words the prediction at a 

point should be insensitive to the area in which predictions are being made. The 

results are given in Appendix C. 



Table 3. 4 Comparison of geometric parameters (test storm I 

Param . Analytic Case I Res. Case II Res. 
<%) (%) 

xbar 593449.0 593457.3 0.001 593455.5 0.001 
ybar 3510092.0 3510082.2 -0.000 3510089.5 -0.000 
zbar 3.5 3.0 -14.000 3.08 -12.000 
arm 13183.0 13198.6 0.118 13196.5 0.102 
moment 40248,6 21316.7 -47.037 39232.6 -2.524 
area 10224.0 19177.9 87.577 10274.3 0.492 
volume 31214.6 30973.8 -0.771 30545.0 -2.145 

Table 3. 4 (continned) 

Param . Analytic CaseHI Res. Case IV Res. 
(%) (%) 

xbar 593449.0 593459.4 0.002 593456.2 0.001 
ybar 3510092.0 3510085.2 -0.000 3510090.0 -0.000 
zbar 3.5 3.05 -12.857 3.09 -11.714 
arm 13183.0 13200.6 0.134 13197.2 0.108 
moment 40248.6 40812.7 1.402 44215.7 9.856 
area 10224.0 9898.9 -3.180 9074.0 -11.248 
volume 31214.6 30604.8 -1.954 30401.4 -2.605 

Table 3, 5 Comparison of oenmelric parameters (test storm 2A) 

* 

Param . Analytic 

1.111k UU1 ulllbltk ir IIC.TI 

Case I 

-ami MI 

Res. Case II Res. 
<%)  ( % >  

xbar 591856.0 591861.7 0.001 591891.2 0.006 
ybar 3510316.0 3510125.2 -0.005 3510196.8 -0.003 
zbar 3.5 2.67 -23.714 2.82 -19.429 
arm 11591.8 11602.4 0.091 11629.7 0.327 
moment 35240.9 12172.5 -65.459 30848.4 -12.464 
area 2950.4 10331.1 250.159 3931.9 33.267 
volume 8969.7 10838.7 20.837 10429.5 16.275 

Table 3. 5 (continued) 

* 

Param . Analytic CaseHI Res. Case IV Res. 
<%)  (56) 

xbar 591856.0 591868.2 0.002 591891.4 0.006 
ybar 3510316.0 3510135.0 -0.005 3510196.8 -0.003 
zbar 3.5 2.72 -22.286 2.83 -19.143 
arm 11591.8 11608.6 0.145 11629.9 0.329 
moment 35240.9 30164.7 -14.404 35346.4 0.299 
area 2950.4 4092.4 38.707 3410.8 15.605 
volume 8969.7 10634.1 18.556 10366.3 15.570 

* 

All units as mentioned in Table 2.1. 
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Table 3.6 Performance of interpolator at selected points 
Synthetic surface 1A (i.e. test storm 1A) 

S/No. Easting1 

(m) 

Northing1 

(m) 

Dist. from 
gage 40 
(m) 

M.Q. 
estimate 
(mm/hr) 

True value Diff. % 

(mm/hr) 

1 593018 3510017 437.5 11.41 13.1 -12.9 

2 592618 3510017 834.4 9.242 10.99 -15.9 

3 592318 3510117 1131.3 7.78 8.9 -12.6 

4 591018 3510317 2441.4 2.11 1.76 19.9 

Table 3.6 (continued) 

Synthetic surface 2A (i.e. test storm 2A) 

S/No Easting1 Northing1 Dist. from M.Q. True value Diff. <X 
gage 33 estimate 

(m) (m) (m) (mm/hr) (mm/hr) 

1 591618 3510317 238.0 11.263 13.7 -17.8 

2 591418 35J0317 438.0 9.13 11.1 -17.7 

3 591418 3510917 743.7 6.22 7.17 -13.2 

4 591418 3511917 1659.8 1.25 0.5 150.0 

1 UTM Zone 12, NAD 1927 coordinates in meters 
1 (M.Q.- Truc)/Truc*100 

3.4.2.1 DISCUSSION 

In experimentation with synthetic surfaces, zbar is depressed in all the cases 

confirming the notion that interpolators tend to "smooth" and smear out surfaces. 

Volume is better preserved in option I in which all the gages (i.e. zero and non-zero) 

are used and all the values produced by the interpolator within the watershed 
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boundary are used. But, since the areal coverage of the storm (i.e. the wetted area) is 

grossly over estimated the average intensity is lowered. This also gets reflected in the 

moment which also goes down substantially. The area and moments get improved 

substantially in option II, showing that exclusion of "zero" gages does improve the 

geometrical representation of the surface. Option III in which any values estimated by 

the interpolator which are less than 0.25 mm/hr are screened out, produces results 

comparable to option II. This case III is computationally much easier to implement 

because for a fixed number of gages, the multiquadric matrix has fixed dimensions 

and thus need be inverted only once for all calculations. Option IV did not produce 

good results, thus it is not considered for further use. Although exclusion of zero 

gages seems to be a better choice, it does not seem worth its application burden if a 

large number of runs are to be made. Instead, consideration of all the gages, subjected 

to a post-interpolation screening of interpolated values for a certain threshold was 

selected as a more practical choice. 

The original synthetic surfaces (test storms 1A and 2A) are graphically 

illustrated in Figure 3.5. The surfaces as produced by the interpolator are given in 

Figures 3.6 to 3.9 for the various options. A mere visual inspection of these surfaces 

reveals that option I is the worst and option IV is the best (in comparison to the 

options tried) in preservation of the original surfaces. Notice the unnecessary spread 

in options I and II. Further, observe that the point of maximum value was preserved 



Figure 3.5 Original synthetic test surfaces (1A below, 2A above) 
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Figure 3.6 Test surfaces as produced by option I (1A below, 2A above) 
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Surface 

Unnecessary spread due lo interpolator 
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Figure 3,7 Test surfaces as produced by option II (1A below, 2A above) 
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Surface 

Unnecessary spread due to interpolator 

Surface 

Unnecessary spread due to interpolator 

Figure 3.8 Test surfaces as produced by option III (1A below, 2A above) 



Surface 
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Surface 

Figure 3.9 Test surfaces as produced by option IV (1A below, 2A above) 
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in all the options. But, since the peripheral values are rather more spread out, the 

centroid of the surface gets dropped in all the options as we observe in Tables 3.4 and 

3.5 (Figures 3.10a & b and 3.11a & b). It may also be observed that the distortion of 

test surfaces is more pronounced in option I and for the smaller test surface. Option II 

is better in preventing the spread (Figure 3.7). Option III is also able to prevent 

spread in test storm 1A but much less in test storm 2A (Figure 3.8). 

An examination of estimates produced at four arbitrarily selected points (Table 

3.6) clearly shows that the interpolator does better in case of large area storms. If the 

drop from a peak central intensity to smaller values occurs in short distances, the 

predictions are underestimated. Moreover, it is interesting to note that at large 

distances, the estimates get converted to over estimation. This clearly indicates that 

the interpolator predicts far beyond the area of interest. 

3.5 A PRACTICAL CHECK 

A small check was run which provided more confidence in the use of 

interpolation and storm discretization exercise. In this check total precipitation 

volumes of all the events were computed in two ways. First, the total depths of 

rainfall during an entire event on all the gages, were interpolated by the multiquadric 

interpolator. These point depths at every pixel were converted to the rainfall volume 

on each pixel and summed together to find the total rainfall volume for each event. 
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Second, the storms intensities at every gage were discretized at 10-minute time step. 

Multiquadric interpolator was used to estimate intensity values at each pixel, which 

were converted to volume estimates and summed over all the pixels to find the rainfall 

volume during that time step. This exercise was repeated for every time step for the 

entire duration. The rainfall volumes were then summed over all the time steps to find 

the total volume of rainfall for the event. A plot of volumes computed these two ways 

is given in Figure 3.12. A fair match in volumes computed these two ways may be 

observed which provides reliability in the discretization exercise. Moreover, this gives 

confidence in the notion that multiquadric interpolator acts in a consistent fashion 

regardless of the magnitude of values being interpolated. 

3.6 CONCLUSIONS 

The following conclusions may be drawn on the basis of performance of 

interpolators. 

1) The kriging and multiquadric methods produce similar results, in an overall 

sense. This is evident from cross validation results. But there are observable 

differences in terms of overestimates and underestimates. Kriging generally 

overestimates more than multiquadric but does not underestimate as much as 

the multiquadric method. Performance of kriging may be expected to be better 

than multiquadric if a "good" fit to the experimental variogram is achieved. 
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2) The multiquadric scheme is easier to implement and is far more time efficient 

than kriging method. This is mainly because the user is not required to 

determine the spatial correlation function. The determination of the spatial 

correlation function in kriging is the most difficult step and takes a substantial 

amount of time. 

3) The multiquadric interpolator like kriging is an exact interpolator and thus 

preserves the maximum value of the field. In region of no rainfall the 

interpolator will often produce small values which were judged to be an 

artifact of the interpolator. As a result, some geometric parameters such as 

wetted area may be grossly distorted. To address this problem a threshold 

value related to the raingage measurement resolution (0.25 mm) was adopted. 

All interpolated values less than this value are set to zero. 

4) Inclusion of all rain gages, particularly a large number with zero values 

deteriorates the performance of interpolator. If only a few runs are to be 

made, the zero data values may be omitted before interpolation. This requires 

reevaluation of the multiquadric matrix as the number of data points changes. 

If a large number of runs are to be made, it is cumbersome to redefine the 

multiquadric matrix for every computational step as the number of "zero" rain 

gages changes. The alternative to obtain reasonable estimates without 

excluding zero values (and thus eliminating the need to redefine multiquadric 



matrix each computational step) is to apply a threshold on the interpolated 

values. The corrected rainfall surface by way of threshold better preserves the 

spatial properties of the rainfall surface. 

The results of multiquadric interpolation are better for surfaces which have a 

smooth transition from maximum to minimum values than those surfaces with 

large spatial gradients. 

If geometric properties of the surface are in question, then it is better to judge 

the capability and limitations of interpolator on a mathematically defined 

surface. Since, the geometrical properties of the defined surface are known, it 

is easier to evaluate the performance of interpolator. A blind use of an 

interpolator without such a consideration may result in grossly distorted 

interpolated surfaces and thus computed geometric storm parameters. 

Location of the test storms (i.e. values of xbar and ybar) are well preserved in 

all the cases. This observation confirms that the interpolator is unbiased. In 

other words, interpolator does not consistently under- or over-estimates the 

values. If this were the case there would be inclination of the rainfall surface 

toward side, resulting in a "shift" of storm position. 
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3.7 CONCLUDING REMARKS 

In this chapter literature related to interpolation was reviewed. An appraisal of 

all major interpolation methods was made. An attempt was made to assess the 

performance of kriging and multiquadric interpolators on real data and on analytical 

test surfaces. Cross validation was used as a performance criteria for the real data 

case. The performance for analytical test storms was checked by residuals of several 

geometric parameters of storm. The exercise was repeated with changing options of 

using non-reporting gages and intensity thresholds. Useful conclusions were drawn on 

the basis of performance of interpolator which aided in subsequent analysis and 

computer coding. The results of the analysis provided a clear indication that the 

multiquadric was preferable for all practical purposes in the circumstances of this 

research. The time and effort invested in the selection effort, subsequently proved 

well spent and the multiquadric interpolator was used in all the remaining analyses 

enjoying its merits. 
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RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

The first aim of the study was to develop methods for better representation of 

rainfall phenomenon in time and space. This objective was achieved by evaluating 

several different interpolation methods and a comprehensive computer program was 

written for that purpose. The conclusions regarding interpolation were described in 

the last chapter and will not be repeated here. 

The chapter is divided into four major sections. The first section deals with a 

description of distributions of various storm parameters and their comparison across 

different basin scales. Observations regarding the general spatial and temporal 

behavior of summer thunderstorms occurring over the watershed in question are 

contained in the second section. In the third section an interpretation of regression and 

statistical results is presented. The last section is devoted to a description of 

attenuation relationships and related observations as a function of basin scale. 

4.2 DISTRIBUTIONS OF COMPUTED TOTAL STORM PARAMETERS 

Histograms for all the storm properties described in Chapter two were plotted 

for the ponds inclusive and exclusive cases. Simple descriptive statistics were also 
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computed for the three watersheds. Table 4.1 gives the statistics for the Walnut Gulch 

Watershed (WG1) for both the pond inclusive and exclusive cases. Similar tables for 

watershed 6 (WG6) and watershed 11 (WG11) are contained in Appendix D. The 

results presented (for both the histograms and the statistics) are either from the 

interpolation of the total depth of storm (i.e. total depth of rainfall on individual gages 

for the entire event duration) or overall intensity (i.e. the depth of rainfall per unit 

time of the entire event duration). Temporal storm characteristics will be presented in 

the following section. 

In general no substantial differences were observed in the computed statistics 

for the ponds inclusive and exclusive cases (Table 4.1). Only area! coverage of storm 

shows substantial difference; generally occurring in the same proportions as the areas 

of watershed with and without ponds. All subsequent effort was therefore primarily 

focused on the pond exclusive case. The ponds exclusive case was chosen because it is 

generally agreed by the concerned personnel at ARS (Roger Simanton, personal 

communications, 1994) that in most of the cases ponds do not spill. Moreover ponds 

were established in such a way to hold most of the water from routine storms and 

typically do not spill unless heavy storms follow each other in a relatively short time. 

All the histograms presented are thus for the entire WG1 and for the pond exclusive 

case. Some histograms of interest and related statistics for WG6 and WG11 are given 

in Appendix D, again for the pond exclusive case. 



Table 4.1 Descriptive statistics for total storm parameters - Walnut Gulch (148 km2) 

Statistic Minimum Maximum Range Mean Standard dev. Skewness 

Measure 

Pond Pond Pond Pond Pond Pond 

Measure Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc,3 Inc.2 Exc.3 Inc.2 Exc.3 

Height of centroid, 
'zbar' (rnm/hr) 

0.27 0.27 13.5 13.6 13.3 13.3 4.4 4.4 2.86 2.9 0.83 0.87 

Distance from outlet, 
'a' (meters) 

1851 1858 23893 24139 22042 22281 12348 11924 3404 3445 -0.01 0.44 

Areal coverage of the, 
storm 'Aj'Oiectares) 

669 426 14735 12736 14066 12310 11779 10193 3899 3400 -1.23 -1.3 

Peak pixel intensity, 
'Is'(min/hr) 

0.71 0.71 69 69 68.3 68.3 21.3 21.2 13.87 13.82 0.68 0.68 

Moment around 
centroid, 'Mc'(km) 

1.14 1.1 7.88 8.1 6.74 7 4.49 4.4 1.24 1.2 -0.53 -0.4 

Mean of pixel intensities, 
'^'(rnm/hr) 

0.52 0.51 17.5 18 17 17.5 5.36 5.4 3.29 3.4 1.12 1.63 

Standard deviation, 
*S^'(mm/hr) 

0.12 0.11 13.5 13.3 13.4 13.1 4.06 4.0 2.85 2.9 0.79 0.81 

1 

2 

3 

Averaged for all storm values (n=302) 

Inclusive (Drainage area = 148 knO 

2 
Exclusive (Drainage area — 127 km ) 
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A histogram of total interpolated rainfall volume for all storms (Figure 4.1a) 

illustrates a typical positively skewed distribution of rainfall volumes. The histogram 

of areal coverage, on the other hand, is much different in nature (Figure 4.1b). A 

little less than half the total number of storms considered, occupy the entire watershed 

area (ponds exclusive). This is because of the fact that storms (as they are defined and 

treated in this study) are generally of long duration. Generally the entire watershed 

was not under rain at any given time, but when considering the entire event duration, 

large areas of the watershed are covered by the storm. This long storm duration is 

also responsible for low overall intensities (see histogram of mean pixel intensities, 

Figure 4.2a). In the development of this histogram, the total depth of rainfall 

recorded on the gage was divided by the total duration of the event on that gage. 

These values of overall intensity were then used in the interpolation to produce values 

at all pixels. An arithmetic mean was then computed over all the pixels. The 

histogram (Figure 4.2a) shows maximum frequency for mean intensity values of 3 to 

4 mm/hr. The mean of the mean pixel intensity is 5.4 mm/hr (Table 4.1), although 

the intensities range from 0.51 to 18 mm/hr. The standard deviation of intensities is 

proportional (in some sense) to mean pixel intensities. This is expected because for 

low intensity storms the values are fairly uniform over the watershed. Since 

occurrence of high intensities is generally localized, a large deviation from the mean 

is expected. 
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It can be observed from the histogram of distance from the outlet (Figure 

4.2b) that the maximum frequency of storm distance occurs at approximately 10,000 

to 11,000 meters. This range of distance falls near the middle portion of the 

watershed (see Figure 1.2). This is also illustrated in Figure 4.3a in which total storm 

coverage is plotted against the storm distance from the outlet. Most of the points 

cluster between 9 to 14 kilometer distance. Most of the points covering the entire 

watershed also fall in this range. Moreover, there are fewer storms centered in the 

near half and more centered in the upper half of the watershed (Figure 4.2b; skewness 

0.44, Table 4.1). With the assumption that storms occur at random over a given piece 

of land, the fact that most of the storms are centered over the watershed may be 

related to the geometric shape of the watershed. The shape of the watershed is such 

that relatively more area (in the north-south direction) is concentrated in the middle 

portion with tapering geometry on either sides. A geometrical confirmation of this 

visual inference was made by making a plot of watershed area falling between 

successive equi-distant radial lines emanating from the outlet of the watershed versus 

the radial distance (Figure 4.3b). The plot indirectly mimics the likelihood of storms 

falling at fixed distances from the outlet, given an equally likely probability of a 

storm covering any patch of land. This plot explains part of the observation that most 

of the storms have their centers (centroidal coordinates) in the middle portion of the 

watershed. Another reason may be the way storm centers are defined and the fact that 
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when considering total storm duration, most of the watershed is covered by the 

majority of the storms over its entire duration. In this situation, centers of the rainfall 

surface larger than the watershed tend to have a computed centroid in the middle 

portion of the watershed where the majority of the area is concentrated. As we will 

see in subsequent sections, this fact is responsible for the production of more runoff 

for storms centered over the watershed. The storm cores (core25 and core50), in 

contrast to total storm, are generally much more limited in areal extent (Figure 4.4a) 

and consequently more random in their location over the watershed (Figure 4.4b). 

Still a central clustering is obvious. Again, the middle portion is prone to experience a 

greater number of storm cores due to its larger areal representation in the entire 

watershed. As we will see in following sections, the central cores are mostly 

responsible for the production of runoff. The distribution of core50 was similar to 

core25 with the only difference that the occurrence of core50 was much less frequent, 

especially in smaller watersheds. Therefore further discussion and analysis of storm 

core properties and their relationship to runoff will concentrate on the core25 case. 

Histograms for distance from the outlet and areal coverage for the three 

watersheds are depicted in Figure 4.5. It is clear that the smallest watershed (WG11) 

is more prone to being covered entirely than the larger watersheds, but there are still a 

substantial percentage of storms which cover all of WG6 and WG1. Histograms of 

distance from the outlet are interesting in that histograms for WG11 and WG1 are 
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similar and a central clustering is more obvious. This is because WGll and WGl are 

more oblong in shape than WG6. The area in WG6 is more evenly distributed in the 

lower two third region near the outlet (see Figure 1.2 in Chapter one) and 

subsequently the distribution of storm centroids are more spreadout. 

4.3 SPATIAL AND TEMPORAL CHARACTERISTICS 

Before discussing the general spatial and temporal characteristics of the 

storms, an observation about the mean behavior of some parameters of interest, with 

changing basin scale, will be presented. 

A set of summary graphs of mean values of areal coverage (ha), distance from 

the outlet (m), rainfall volume (mm), mean pixel intensity (mm/hr) and storm 

duration (minutes) are given in Figure 4.6 (for each watershed as a function of 

watershed area to compare across different watershed scales). The average values 

shown in this figure were obtained as follows. 

For computation of mean pixel intensity, an arithmetic mean of the intensity 

values over all the non-zero pixels for every time step was computed. An arithmetic 

mean of these mean values was then computed which provided an "average" value for 

the entire event. This value was multiplied by the mean event areal storm coverage 

and divided by the respective watershed area to obtain mean intensity over all pixels 
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(whether reporting any rain or not). An arithmetic mean of these values was again 

computed over all the storms under consideration. 

For distance from the outlet and the areal coverage of storm, we always get a 

single value at every time step. An arithmetic mean of the parameter over the entire 

event duration provides an "average" value for the event. An arithmetic mean of these 

values over all the storm events under consideration was then computed. 

For computation of "duration", the number of time steps in which zbar was 

non-zero, was multiplied by the time step (i.e. 10 minutes). This number indicated the 

duration of an event in the watershed of interest. An arithmetic mean was then 

computed over all the storms. To compute rainfall volume, the rainfall volume on all 

pixels were added together to find the rainfall volume for every time step. These 

values were summed to find the total volume of rainfall for the entire event which was 

then divided by the respective watershed area to find the normalized rainfall volume 

(in units of depth). An arithmetic mean was then computed over all the storms. 

As expected, distance from the outlet increases with increasing watershed area 

(Figure 4.6, top plot), while the fractional area of the watershed covered shows a 

decreasing trend with increasing watershed size (Figure 4.6, bottom plot). This 

indicates that at a given time, storms are of limited extent and thus larger proportional 

areas in WG1 and WG6 remain "dry" than that in WG11. This also explains a slight 

increasing trend in the mean pixel intensity for WG11 (Figure 4.6, middle plot). With 
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virtually every pixel inside the watershed being counted in computation of mean pixel 

intensity, a large number of "dry" pixels in larger watersheds may cause the mean 

value to decline. 

The scaled per unit area quantities of rainfall volume (mm) also show an 

interesting trend. A decreasing trend in the normalized rainfall volume with increasing 

watershed area is apparent (Figure 4.6, middle plot). This indicates that even though 

areal storm coverage increases with increasing area (in an absolute sense, Figure 4.5), 

the associated rainfall volume does not increase at a sufficient rate to match watershed 

area increases. Thus the limiting effects of storm scale, in terms of rainfall volume, 

are apparent over the range of WG11 to WG1 scales. 

Although an event is always defined over the entire Walnut Gulch watershed, 

the computation of storm duration as mentioned above gives an indication of the 

portion of the total event duration affecting the smaller watersheds (WG6 and WG11). 

The plot shows an expected trend of increasing duration with increasing watershed 

area (Figure 4.6, bottom plot). The larger the watershed, it is more likely to have a 

"wet" pixel at a given time step causing that time step to get counted toward the event 

duration for that watershed. The duration, accordingly, shows almost a linearly 

increasing trend with increasing watershed area. The trends for core25 properties 

were similar to the overall storm properties as a function of basin scale and are not 

shown here. 
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In an attempt to assess general spatial and temporal behavior of the storms, the 

average of the parameters over all the storms were plotted at regular 10 minute 

intervals. This exercise was done for WG1 only since an "event" is always defined on 

the basis of entire watershed. Two averaging processes were employed to observe 

general evolution, development and decay of storms. For the sake of clarity and 

correct interpretation of results both averaging processes are described in detail. 

Regardless of the actual military start time of the event, for the purposes of 

averaging, all events were given a "zero" start time at the initiation of rainfall for an 

event. Then the geometric storm parameters of interest for the first time step for all 

the storms were summed together, then the parameters for the second time step for all 

the storms were summed together and so on. The exercise was repeated for the first 

30, 10 minute time steps (5 hours). Some storms, of course, did not survive for 5 

hours (in that case the summation was done for "continuing" storms) and some 

continued past 5 hours, but only the first 5 hours are presented. In some cases the 

storms ceased for some time only to resume again (in this case the summation was 

done for as many time steps in which storm reported some rain within the first five 

hours). However due to the event definition, they are considered as part of a single 

event. As already stated formally in Chapter two, according to the event definition, 

any event is taken to start only after a 60 minute "dry" spell of no rainfall activity, 

anywhere on the watershed. As can be observed in the histogram of storm duration 
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(Figure 4.7a), a good number of storms last more than 300 minutes (5 hours). It is 

clear from Figure 4.7b that most of the storms contain rainfall for the first 90 

minutes, then there is a gradual decrease in the number of storms containing rainfall 

for a given time step. To compensate for this decreasing trend in the number of 

contributing storms, the following two averaging methods were used. 

Totals at each time step were divided by the total number of storms reporting 

rain for any pixels at the corresponding steps (i.e. the number of nonzero 

occurrences). This exercise resulted in "average" parameter values for each of the 

thirty time steps in the first five hour block across all storms. These were plotted 

against time to observe general storm characteristics in first five hours. 

The above averaging process of computing means where n equals the number 

of non-zero occurrences may result in an upward bias for parameters for the time 

steps in which only a few storms were contributing. Also the storms range from low 

to very high intensities and thus the average parameters may be embedding a large 

range of values. To remedy these reservations, the second averaging was done on the 

basis of all storms in consideration (n=302), regardless of its contribution to any 

particular time step. 

Mathematically, the two averaging methods may be written as; 
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m 10 minute time steps (4.1) 

m 10 minute time steps (4.2) 

where m is the average value of the computed parameter V at time step i, 

if is ^e number of non-zero occurrences for time step i and NT is the total number 

of storms (302). 

As a cautionary note, neither of the two averaging procedures may be regarded 

as truly reflective of storm behavior and the interpretation of associated results should 

be done with extreme prudence. In each averaging case the results provide a 

descriptive picture of storm development and decay during the first five hours of their 

life but deviations from this average may always be expected. These deviations may 

be due to the development of secondary cells within a storm or due to regarding two 

separate events as a single event, again by virtue of storm event definition. An 

example of a multicell, single event is presented in Figure 4.8 which plots the mean 

pixel intensity and centroid storm distance from the outlet for the storm of 890730 
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(Figure 4.8a). Rainfall intensities were high during first one and a half hours followed 

by an equal duration of low rainfall. The intensities increased again after that for 

approximately one hour. The plot of the distance indicates that the two occurrences 

of peak intensity are widely separated in space. This is illustrated by plotting the 

intensity contours maps during 40 to 50 minute interval and 190 to 200 minute 

interval in Figures 4.8b and 4.8c. The plots suggest that the secondary peak is likely 

the cause of another cell developing over the far end of the watershed. Since there 

was no 60-minute "gap" of no rainfall activity, the entire "activity" was regarded as 

one event. This type of problems with the event definition not being able to 

distinguish between storm cells should be kept in mind when examining the following 

material. 

The general temporal storm evolution as measured by zbar, rainfall volume, 

distance from the outlet and its areal coverage, occurring in 10 minute intervals are 

plotted in Figures 4.9 and 4.10. The results from both averaging procedures 

(Equations 4.1 and 4.2), are plotted on the same graph. On average, storms "peak" 

within the first three quarters of an hour and then take twice as much time to drop 

back to very low intensities which may then continue for a long period of time 

(Figure 4.9a). This is also supported by the rainfall volume plot. There is a general 

agreement between the two averaging procedures for approximately the first two 

hours, suggesting that most of the storms were reporting rain in all 10 minute 
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intervals for the first two hours. Two spots on the volume plot (Figure 4.9b, non-zero 

average case) are important. One shows a stabilization of the line near 150th minute 

and other a local rising trend after minute 210. This observation supports one of two 

theories; 1) A large number of storms experience a moderate increase in the rainfall 

amount after this time; or 2) There are a few storms with very high intensities 

comparable to the initial peak intensities but in the average these high intensities are 

masked. The upsurge of intensities may be the result of secondary storm cells 

development close to or within the initial storm cell or result from a separate storm , 

which is considered a part of the preceding cell by virtue of the arbitrary event 

definition mentioned above and illustrated in Figure 4.8. 

The average plots of storm areal coverage (Figure 4.10b) largely agree with 

the plots of zbar and rainfall volume for the case in which all the storms are averaged. 

This illustrates the importance and correlation of areal coverage in the production of 

rainfall volume for WG1. The plot for storm position as a function of time (Figure 

4.10a) is different from the three described above in that there is no rising trend 

toward the beginning of the storm. The plot suggests that during the course of storm, 

the average 10-minute-interval centroidal positions always drift the storm centers 

towards the watershed outlet (Figure 4.10a). The two averaging charts agree for the 

first 90 minutes. An upward trend in the distance after about 2 hours is largely the 

effect of the averaging bias described above. It may also be the effect of potential 
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secondary cells as described previously. Again, the storms of large areal extent tend 

to have their centers located in the middle region of WG1. 

To check for the magnitude of potential biases present in the averaging 

procedures, the standard deviations at each averaged point are plotted for the case of 

distance in Figure 4.11. The range of y axes are kept the same to preserve the aspect. 

Large deviations from the averaged points exist for both averaging procedures. 

Similar deviations were observed for the other parameters plotted in Figures 4.9 and 

4.10. 

Due to the large variability in the average parameter behavior, strong 

conclusions regarding temporal storm trends are difficult to make. This section, 

nevertheless, provides insight into the average temporal storm behavior as measured 

through the computed geometric parameters. Most of these parameters were carried 

forward to the regression exercise in which their relationship with basin runoff 

response was sought. The results of this exercise are the next topic of discussion. 

4.4 REGRESSION RESULTS 

The variables used in the regression exercise were computed from the storms 

discretized at 10 minute time slices. Before discussing their estimation procedure an 

example from WG6 is presented in Figure 4.12 which reiterates the superiority of 

utilizing spatial rainfall information over a single point source. In this figure, the "all-
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gage" case refers to the mean pixel rainfall intensity at regular 10 minute intervals for 

the ponds inclusive case over the entire subwatershed. This is compared to point 

rainfall information by plotting the intensities digitized from the original breakpoints 

at a single central rain gage. The central gage (57) started reporting rain ail hour after 

the runoff start time and the intensities were fairly low. The all-gage case matched the 

magnitude and timing of runoff much better. Owing to fairly large area of the WG6 

(" 92 km2), it is not difficult to find such cases due to high spatial storm variability. 

As watershed scale decreases to WGll the number and extreme nature of such 

occurrences decrease. However, Osborn et. al (1993) found that even on the scale of 

WGll the uniform rainfall representation (from a central gage) results in poor 

estimation of runoff. Post interpolation, spatially based estimates of the parameters 

were therefore used in the following regression analysis. 

The average values of centroidal distance from the outlet, areal coverage, 

maximum intensity and mean intensity were computed as follows. The value for each 

of these parameters were first computed at each 10 minute time step for the entire 

event duration. All the values for every time step for each of the parameter were 

summed together to find a total for the entire duration. These cumulative values were 

divided by the number of time steps the storm was reporting any rain. The 

precipitation volume was simply computed as the summation of its value over all the 

time steps, while runoff volume and peak rate were directly obtained from the data 
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base. The four averaged parameters associated with the two cores were computed in a 

similar fashion. The rainfall volume of the cores is computed by using only pixels 

meeting the respective intensity threshold for the cores. The duration of the core was 

represented by the actual time the core was present during the event. It was simply 

computed as a product of number of time steps the core was present times the time 

step (10 minutes). In addition to the variables described, some additional indirect 

variables of interest were also considered, a brief description for whom is in order. 

Some indirect variables of potential importance like the antecedent rainfall 

variable and the measure of antecedent channel wetness were also considered. They 

include the product of zbar of the antecedent watershed wetness surface (described in 

Chapter two) and the area common to the storm of interest and the prior wet area. 

This was used as a combined measure of watershed wetness and the area of 

intersection. Antecedent runoff, decayed total absolute volumes (also normalized by 

the area; m3 and mm respectively) were used as a measure of antecedent channel 

wetness. All storms, (whether runoff producing or not) were used in computation of 

correlations, described next; and for the regression analysis which follows. For the 

two cores cases, only storms containing the respective core were used, which may or 

may not produce runoff. 

Simple correlation among different variables were computed to explore the 

initial relationships between storm measures and runoff (Table 4.2). This table 



Table 4.2 CORRELATION MATRIX, WALNUT GULCH - TOTAL STORM CASE 

IMams1 
-> 

Area" Precip. vol.3 Max. Int.4 Mn. Tnt.5 Bur.6 R. vol.7 R. Peak8 

Distance 1 -0.11 -0.07 0.04 0.12 -0.05 -0.01 -0.05 

Area -0.11 1 0.63 0.08 -0.11 0.29 0.19 0.15 

Precio. vol. -0.07 0.63 1 0.18 0.25 0.46 0.59 0.53 

Max. Int. 0.04 -0.08 0.18 1 0.89 -0.49 0.26 0.36 

Mn. Int- 0.12 -0.11 0.25 0.89 I -0.48 0.34 0.43 

Bur- -0.05 0.29 0.46 -0.50 •0.48 1 0.15 0.06 

R. vol. -0.01 0.19 0.59 0.26 0.34 0.15 1 0.94 

R. Peak -0.05 0.15 0.53 0.35 0.43 0.07 0.94 1 

Average distance from the outlet (m) 

2 
Average areal coverage (ha) 

3  . . .  3  
Total precipitation volume (m ) 

4 
Average maximum intensity (mm/hr) 

5 
Average mean intensity (mm/hr) 

6Total storm duration (minutes) 

7 3 
Total runoff volume (m ) 

g 

Runoff peak rate (mm/hr) 
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contains a subset of the measures described in Table 2.1 as well as runoff volume and 

peak runoff rate. Other measures than those shown in the correlation matrix were also 

considered for inclusion in the regression analysis. 

Table 4.2 illustrates that precipitation volume has the highest correlation with 

both runoff volume and the peak rate. This is also true for WG6 and WG11 (see 

Appendix D). Another strong correlation exists between maximum and the mean 

intensities. It is interesting to note that both maximum and mean intensities are only 

moderately correlated with the precipitation volume. The reason may be the limited 

areal extent of the 10 minute interval precipitation characteristics. For intervals with 

rain of a very limited areal extent and duration, the local mean pixel intensities may 

be high while overall precipitation volume may be low. This possibility subdues the 

correlation of precipitation volume with both mean pixel and maximum intensities. 

Distance, on the other hand, is almost uncorrected with both runoff volume 

and the peak rate. This contradicts the postulated dependence of runoff on storm 

location given the watershed is in a "losing environment" having high channel losses 

(Lane, 1983; Elshinnawy, 1993). In this situation it would be logical that runoff from 

storms situated farther from the outlet would be smaller due to higher intervening 

channel losses. The apparent cause for this contradiction can again be related to the 

watershed geometry and the definition of storm location. As the middle portion of the 

watershed contains a higher proportional area than the rest of the watershed, this 
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central region has a greater likelihood of rainfall accumulation and subsequent runoff 

production. These observations are pictorially depicted in Figure 4.13a which shows 

the plot of runoff versus the storm core (25) position. Notice a cluster of points in the 

middle region and a slight increasing runoff trend with increasing distance. This 

observation refutes the premise that storms farther away produce lower runoff as 

reflected by the correlation values. Closer examination of Figure 4.13a does reveal 

that there are very few runoff producing events with core25 storm centroids beyond 

18000 m. The low runoff production is likely a combination of channel losses and the 

smaller watershed area beyond 18 km (see Figure 4.3b). This is not reflected in the 

correlation coefficient given the scatter of data in Figure 4.13a. This notion was 

further supported by another plot in which multivariate regression plane was fitted to 

a cluster of points relating runoff volume, distance from the outlet and the mean pixel 

intensity (Figure 13b). The majority of points lie in the middle region (~ 12000 m). 

Plot shows a slight increase in runoff for increased distances. Again, the scatter of 

points is noticeable in the plot. Similar correlation matrices were developed for the 

core parameters (Table 4.3 - core25 case). Correlation matrices for the other 

watersheds and the coreSO case are provided in the appendices and some related 

observations are described next. 

For the core25 case (Table 4.3), the correlations between precipitation volume 

to runoff volume and peak rate increase to 0.71 and 0.76, respectively from those of 
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Table 4.3 CORRELATION MATRIX, WALNUT GULCH - CORE25 CASE 

Distance Area Precip. vol. Max. Int. Mn. Int.5 Dili:.6 R. vol.7 R. Peak8 

Distance 1 -0.10 -0.04 -0.01 0.08 -0.03 0.01 -0.04 

Area -0.10 1 0.86 0.64 0.49 0.17 0.55 0.63 

Pretip. Yftl- -0.04 0.86 1 0.59 0.47 0.48 0.71 0.76 

Max. Int. 0.01 0.64 0.59 1 0.93 0.12 0.32 0.42 

Mn. Int. 0.08 0.49 0.47 0.93 1 0.06 0.29 0.38 

Pur. •0.03 0.17 0.48 0.12 0.06 1 0.35 0.29 

R. vol. 0.01 0.55 0.71 0.32 0.29 0.35 I 0.94 

R. Peak -0.04 0.63 0.76 0.42 0.38 0.29 0.94 1 

Average distance from the outlet (m) 

2 
Average areal coverage (ha) 

3 3 
Total recipitation volume (m ) 

4 
Averag maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

6Total event duration (minutes) 

7 3 
Total runoff volume (m ) 

g 
Ronoff peak rate (mm/hr) 

-J 
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0.59 and 0.53 in the total storm case (Table 4.2). This increase in correlation clearly 

shows that high intensity portions of the storm are more likely to produce runoff. 

Areal coverage of the core and the maximum intensities also have large correlations. 

Distance of the core25 centroid, however, still remains largely uncorrelated to both 

runoff volume and the peak rate. Correlation matrices for core50 cases are very 

similar to the core25 cases and are contained in Appendix D. The high correlation 

between runoff volume and runoff peak rate for all watersheds is also noted. This 

strong correlation is also obvious in Figure 4.14. Runoff volume and peak rate are 

normalized by the respective watershed area and plotted against axes of the same 

range. Both runoff volume and the peak rate decrease with the increasing basin size, 

but remain highly correlated. This further confirms the "losing" characteristics of the 

ephemeral Walnut Gulch watershed, which also increases the correlation between 

peak and volume. 

For regression analysis, independent storm measures were selected from three 

cases (total storm characteristics and the two core characteristics) for each of the three 

watersheds. The exercise was done separately for runoff volume and the runoff peak 

rate as dependent variables. The independent variable having the highest correlation 

with the dependent variable was introduced in the regression model first. The 

coefficient of determination (R2) was observed. With this independent variable being 

kept in the model, each of the remaining variables was introduced in turn. The 
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independent variable effecting the largest increase in the coefficient of determination 

was then kept in the model and the remaining variables were introduced one at a time. 

The F statistic at every stage of regression was also checked to make sure that the 

recent variable did not decrease (for reduced degrees of freedom) below a critical F 

value at a 95% level of significance. The process was repeated until such time that no 

further improvement in the coefficient of determination was observed. Discussion of 

the regression results for each watershed follows and Table 4.4 summarizes the 

regression results. 

For WG1 total precipitation volume accounted for only 35 and 28% of the 

variation in runoff volume and peak rates respectively. An introduction of areal 

coverage and duration in the model boosts the value of R2 to 41 % in case of runoff 

volume. Beyond that there was no improvement with the introduction of any other 

variables. The most important variable (other than precipitation volume) in case of 

peak rate is the mean intensity. Areal coverage of the storm is the next important 

variable. With an introduction of these two variables, the model explains about 40% 

of the variation in the peak runoff rate (not shown in Table 4.4). 

Regression was then carried out using storm core characteristics as the 

independent variables. The core25 volume alone accounts for about 51 and 58% of 

variation in runoff volume and peak rates, respectively. Core50 volume accounts for 

52 and 67% of the variation in runoff volume and peak rate, respectively. As a 



Table 4.4 Regression coefficient of determination (R2) for various indepedendent variables 

ws 
(Area)1 

Runoff volume, Vr Peak rate of runoff, Qr ws 
(Area)1 

Ind Var.2 Tot st.3 Core25 Core50 Ind Var.2 Tot st.3 Core25 CoreSO 

WG1 

(127 km2) 

v» 35 VP 28 
WG1 

(127 km2) 

V,+A, 41 vP+im 37 
WG1 

(127 km2) 
v„ 51 52 vc 58 67 

WG1 

(127 km2) 

V„+Ach. 53 55 Vr+Ach. 60 70 

WG6 

(81 km2) 

VP 39 VP 29 
WG6 

(81 km2) 

Vp+As 46 vP+im 34 
WG6 

(81 km2) vc 56 52 Vc 57 60 

WG6 

(81 km2) 

vr+imr 59 56 v„+u 62 

WG11 

(6.4 km2) 

VP 30 VP 24 
WG11 

(6.4 km2) 

VP + AS 36 Vp+dc 32 
WG11 

(6.4 km2) vc 52 57 vc 46 52 

WG11 

(6.4 km2) 

V.+A, 54 60 V„+Ach. 

1 Ponds exclusive 
2 3 3 

Independent variables: Vp = Precipitation volume (m ), As = Area of storm (ha), Vc = Volume of core (m ), 
Ach = Antecedent channel wetness, Iml = Maximum step intensity (mm/hr), Im = Mean pixel intensity (mm/hr), dc = Duration of 
event (minutes) 

3 Total storm 



180 

cautionary note, the explanatory power of core50 should always be qualified in the 

light of number of storms the core was present, especially for WG11. For example 

the number of core50 events in WG11 is 68 and for the core25 the number of cores 

occurring is 147. Although a mere total volume of rain explains the runoff volume 

better than the peak rate, the core volumes explain the peak rate better than the runoff 

volume. The antecedent channel wetness and the areal coverage are other important 

variables and with the introduction of these variables along with the core volumes R" 

increases to 55 and 70% for runoff volume and peak rates respectively. 

The regression results for WG6 were similar to those for WG1 with one 

marked difference in core50 case. The variable for antecedent channel wetness which 

was important in WG1 case, was not important in case of WG6. In WG1, the 

antecedent channel wetness may assume more importance due to the greater channel 

lengths that must be traversed and thus the greater likelihood that antecedent channel 

wetness will impact runoff. 

For WG11 the precipitation volume explains only 30% of variation in the 

runoff volume. Areal coverage of the storm is the second most important variable and 

the two variables explain 36% of the variation. The core25 volume alone accounts for 

52% while the core50 volume accounts for 57% of the variation. 

Regression results indicated a slight reduction in the explanation of runoff 

volume from small to large watersheds, with a substantial improvement in explanation 
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of runoff peak rate. The core50 seems mostly responsible for this increase in 

explanation of runoff peak rate at larger watersheds. Since the number of core50 

occurring on WGll was rather small no improvement was achieved over core25. The 

results for WG1 compare favorably with that of Koterba's (1986) who performed 

similar analyses for WGll and subwatershed 8. A brief comparison of the two results 

is reserved for the last chapter. 

4.5 ATTENUATION 

Measures of attenuation in their simple form include, the ratio of runoff 

volume to rainfall volume, the ratio of runoff peak rate to rainfall peak intensity and 

basin lag time between rainfall and runoff. All measures of attenuation as defined and 

explained in Chapter two, were used to examine their behavior as a function of basin 

scale. Four different types of ratio and lags were used as defined in Table 2.1. These 

included; 

Rrp - The ratio of runoff volume to rainfall volume 

Rrs - The ratio of runoff peak rate to maximum step-intensity 

Rrz - The ratio of runoff peak rate to maximum zbar during storm 

Rrm - The ratio of runoff peak rate to mean intensity at maximum zbar step 
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Lzr - The lag between the time of maximum zbar and the hydrograph rise time (i.e. 

time to peak rate of runoff) 

L^. - The lag between the time of maximum zbar and temporal centroid of runoff 

Lsr - The lag between the time of maximum mean-intensity and the hydrograph rise 

time (i.e. time to peak rate of runoff) 

Lsc - The lag between the time of maximum mean-intensity and temporal centroid of 

runoff 

The attenuation measures (only for runoff producing storms) were plotted 

against total precipitation volume (obtained as described in the preceding section on 

regression) for the three watersheds. Pictorially, the differences between the four type 

of variables were minor. Therefore only one of the ratios and lags is selected for 

illustration purposes. 

The peak ratio is plotted against precipitation volume (a surrogate measure of 

storm size) for the three watersheds (Figure 4.15). The absolute precipitation volume 

was very small for WG11 and thus most of the points cluster very near to the origin. 

Plotting against the area normalized precipitation volume (Figure 4.16) indicates 

much greater variation in watershed attenuation for large storms in WG11. This 

observation highlights two points. First, the precipitation volume per unit area is 
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much higher for the small watershed. Second, there is a greater variability in runoff 

peak rate and thus the ratio is more variable at higher precipitation volumes. The 

relationship was expected to be similar to the ratio of runoff volume to rainfall 

volume (Figure 4.17) due to a high correlation between runoff volume and the peak 

rate (see Figure 4.14), but there are a few differences. The cluster of points for WGl 

and WG6 is more spread out in the vertical direction than it was in Figure 4.16. 

The fourth attenuation plot is for one of the lag measures (Figure 4.18). Five 

events were screened from this plot due to large negative lags resulting from a 

mismatch of rainfall to runoff events. Although there is a lot of noise in the plot, 

some observations are apparent. Large differences may be observed between WGl, 

WG6 and WG11. Lags are generally greater for increasing amounts of precipitation. 

For a given amount of precipitation, the lags increase as we go from small to large 

scales. 

A summary of computed attenuation measures is given in Table 4.5 

and the rate of change of the attenuation ratios per unit area change is also 

formulated. Two attenuation ratios (runoff volume to rainfall volume and the peak 

runoff rate to maximum rainfall intensity) noticeably decrease with increasing basin 

size, while the measure of lag increases. The rate of change of the peak ratio per unit 

area change is smaller as we go from WG6 to WGl than that when we go from 

WG11 to WG6 as illustrated in Figure 4.19 .The trend is reversed for the volume 
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Table 4.5 Summary statistic for attenuation measures 

Watershed 
Area (km1) 

RrpWV.) Lag, Lir (minutes) Watershed 
Area (km1) 

Mean Stn. devn. Mean Stn. 
devn. 

Mean Stn. 
devn. 

WGl (127.36) 0.00281 0.01003 0.02658 0.038902 136.7 107.9 

WG6 (80.98) 0.01566 0.017716 0.06046 0.18684 120.9 84.55 

WG11 (6.35) 0.06095 0.06946 0.08023 0.082682 39.3 31.9 

A ji-6 0.0000061 0.00000265 -0.01093 

A1,,, 0.0000028 0.0000073 -0.0050 

1 The change in mean value of the measure per unit area difference between WGl 1 and WG6 
2 The change in mean value of the measure per unit area difference between VVG6 and WGl 
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ratio. This indicates that an increase in area beyond WG6 affects the volume ratio 

more than it does the peak ratio indicating a greater variability of the factors involved 

in the volume-out vs volume-in relationship for catchments larger than WG6. One 

possible explanation is different morphology of the channels in lower and upper 

portions of the watershed. The channels in the lower basin are substantially wider 

(average width = 37 m, flume 6 to 1; Lane 1983) while the channels in the upper 

region are limited in width (average width = 12 m, flume 11 to 8; Lane 1983) and 

incised. Both WG6 and WG11 located in the upper basin have comparable channel 

geometries and subsequently less channel variation between the two; while the nature 

of channels changes from WG6 to WG1. This may cause the changes in slope of 

volume and peak ratios beyond WG6 but a detailed hydraulic routing analysis with 

channel losses would be required to thoroughly understand the relationships between 

volume and peak attenuation as a function of changing basin geometry. The trends of 

the mean attenuation ratios indicated in Figure 4.19 should also be viewed cautiously 

given the large variability of the ratios about the mean (Table 4.5). 

While the examination of the subset of runoff producing storms used for the 

attenuation ratios was important, it is also important to examine those storms that do 

not produce runoff to see if a consistent rainfall threshold exists to trigger runoff on 

different catchments. In an attempt to discern storm threshold, the normalized runoff 

volume is plotted against the area normalized rainfall volume (Figure 4.20). A 
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number of points lie along the x-axis of each plot, suggesting that even a large rainfall 

volume may not always produce runoff. For this plot it appears that the rainfall 

threshold to produce runoff increases with decreasing basin size. A very negligible 

number of points show runoff less than 3 mm for WG11, 2 mm in the case of 

WG6, and 1 mm for WG1. Ignoring numerous other factors in the runoff generation 

process, these figure approximate a minimum stormsize threshold to produce runoff. 

4.6 CONCLUDING REMARKS 

For the purpose of better description, the results of the analysis were divided 

into four subsections. General distributions of computed total geometric parameters 

were discussed first. This exercise helped in understanding the general nature of 

storms in the region and their geometric properties. In the second section a temporal 

discretization of rainfall events and averaging across storms was employed to 

understand the general within storm temporal variability of geometric parameters. 

Some interesting observations were made there. The third section which dealt with 

regression analysis, provided some quantitative measures of correlation and 

importance of different storm related variables for runoff production. The last section 

was devoted to attenuation measures and their variation across watershed scales 

examined. Conclusions were made about the general behavior of storms in the region 



and the predictive capability of variables examined in this study. The conclusions 

made in this chapter are formally stated and described in the next chapter. 
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The prime objective of the study was to assess the potential role of storm 

spatial characteristics on basin runoff response. A coupled objective was an improved 

and more realistic representation of rainfall phenomenon in time and space. Owing to 

the spatial and temporal variability of rainfall in time and space these objectives are of 

spatial importance. Substantial effort was thus devoted to obtaining efficient spatial 

interpolation techniques. The interpolation methods obtained not only helped in 

assessing the general properties of storms in the region of study but also provided the 

basis for subsequent analysis. The conclusions made in this study should be carefully 

weighed in the limited scope of the research and particular circumstances in the region 

of study. It is again emphasized that the forecoming conclusions are strictly limited to 

the so called "airmass thunderstorms" which dominate much of the summer 

precipitation in the region of study. Nevertheless, they should generally be of value in 

similar conditions and extendable to comparable efforts. 

Major conclusions drawn from the study are enumerated in a succinct form 

followed by a short discussion section. Recommendations to further improve the 

study, or to conduct related research are then summarized. 
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5.1 MAJOR CONCLUSIONS 

The following primary conclusions may be drawn based on the results of the 

analyses conducted in this study: 

1. The multiquadric method of interpolation provides a good basis for the 

representation of rainfall phenomenon in time and space and provides 

comparable result to kriging. The practical ease in its application provides an 

advantage over kriging. 

2. In an overall sense storms are generally large in areal coverage as compared to 

the extent of the Walnut Gulch watershed. The spatial characteristics exhibit 

pronounced variation during the course on an event. This fact makes it 

difficult to draw any concrete conclusions about the general spatio-temporal 

dynamics of the storms. 

3. For the set of events examined the distance of the storm centroid from the 

watershed outlet, which was originally postulated as a surrogate for channel 

losses did not provide any explanatory information on runoff volume. 

4. The core volume of rainfall, defined as the volume of rainfall occurring above 

a threshold intensity of 25 or 50 mm/hr explains more variation in runoff 

volume and the peak rate than other storm measures. 
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5. Watershed attenuation of storm inputs as measured by volume-out to volume-

in and peak-out to peak-in ratios decrease with increasing watershed area, 

indicating greater rainfall attenuation as watershed area increases. Temporal 

attenuation as measured by the lag from rainfall centroid to peak runoff, 

increases with increasing watershed area. 

5.2 DISCUSSION 

The first conclusion highlights the suitability of the multiquadric interpolation 

method as detailed in Chapter three. Variation of opinion regarding the use of this 

method as opposed to kriging can and will exist depending on the problem at hand, 

the intended use of results, the degree of precision desired and personal taste. The 

method was found useful for the purposes of this study and applied successfully. The 

methodology and routines developed for the purpose may be adjusted for similar 

applications. With this observation, it should be appreciated that interpolation is not a 

straight forward mathematical procedure even though the basic theory underlying the 

method remains the same. This is true for both kriging and multiquadric. The way 

any method is applied is largely dictated by the purpose of the exercise. 

With regard to the second conclusion, the problems associated with event 

definition were highlighted in Chapter four. It is acknowledged that the definition of 

separate events from individual rain gage data is not a trivial process. The fact that 
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most of the events as defined have long durations, masks the true location and 

importance of intense rainfall intervals if geometric properties are averaged over the 

total storm duration. An example presented in Chapter four demonstrates how two 

rainfall activities whose peaks are separated temporally by more than an hour and 

spatially by more than 26 km can constitute components of a single event with the 

current event definition which states that the rainfall must cease on all raingages for at 

least 60 minutes for a new event to start. The observation that intense portions of 

storm are responsible for much of the runoff, signifies the importance of rainfall 

intensities as opposed to total depths. This is related to the relative rainfall attenuation 

by infiltration, as it largely controls the buildup of overland ponding and subsequent 

runoff. For low intensities, the soil infiltration capacity may exceed rainfall rates for 

all or the majority of the storm with no resulting runoff production. The explanatory 

power of the storm characteristic variables defined in this study for prediction of 

runoff were similar to those of an earlier study (Koterba, 1986) for WG11. For this 

watershed the coefficient of determination (CD) was 61 and 55% for runoff volume 

and peak flow respectively, in WG11. This compared well with those of 62 and 58% 

of Koterba's (1986) linear model. In Koterba's (1986) study only WG11 (785 

hectares) and watershed 8 (1480 hectares) were considered. The results for WG6 

(9370 hectares) when compared to that for subwatershed 8 obtained by Koterba's 

(1986) linear model show a slight improvement (a CD of 60% and 63% for runoff 
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volume and peak rate respectively against those of 59% and 61% reported by 

Koterba (1986)). No such comparison for WG1 may be made. 

One related observation is the relative minor importance of antecedent 

watershed and channel wetness. Regression results indicated that neither of these 

variables improved predictive capability of runoff production. This finding agrees 

with that of Koterba's (1986) who found that antecedent conditions explained 

insignificant additional variation when introduced in the model in the presence of 

storm depth in two of the three models he tested. For the third model the, CD 

improved by only 4% in presence of storm depth. Two possible explanations for the 

relative unimportance of antecedent condition as indicated in the present study are 

offered here. First, the determination of channel or watershed wetness is difficult due 

to a number of interacting, potentially important factors such as deep drainage out of 

the channel alluvium and surface soil crusting which inhibits soil dry down. Secondly, 

storms falling on any appreciable antecedent condition and actually affected by it may 

be small and thus outweighed by the number of storms having dry antecedent 

conditions within a regression context. However the antecedent wetness impacts on 

runoff generation cannot be disregarded solely on the basis of this study and they 

warrant further refinement. 
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Third conclusion relates to our initial premise that the distance of storm from 

the watershed outlet should be indirectly indicative of the channel losses and thus 

provide a basis for runoff prediction. Results of analysis do not support this premise. 

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

During current study, it was noted that an accurate identification of rainfall 

event in time and space and their logical association with runoff is also important. A 

"mismatch" in such a pairing may produce belief in false relationships. It is thus 

recommended that effort be spent to separate individual events from continuous data. 

It is also recommended that same analysis be carried out at 5 Walnut Gulch 

watersheds with drainage areas between WGll and WG6 and as well as WG6 and 

WG1. This would allow more conclusive statements to be made regarding trends in 

watershed attenuation as a function of basin scale. 

No effort was made in the study to estimate infiltration abstractions. Improved 

estimates of runoff production may result if simple infiltration capacity relationships 

were applied to each 100 X 100 m interpolation grid for each storm interval. 

Digital elevation models could also be used to obtain a more accurate estimate of the 

flow path distance from a given pixel to the outlet. They could also be used to 

partition the flow distance into overland and channel flow distances. This would 
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enable the use of simple channel loss per unit length of channel relationships to 

further refine rainfall abstractions. 

Generally less effort was directed to describing antecedent conditions in a 

rational manner and no consistent procedure seems to exist based only on prior 

rainfall. Incorporation of simple meteorological measurements should be pursued to 

improve antecedent watershed and channel wetness computations. It should be 

realized that this is a difficult area of study, but may lead to improved estimates of 

runoff generation. 
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APPENDIX A 
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Purpose - Performs multiquadric interpolation on scattered rainfall 
data on a regular 100-m grid. Numerous physical characteristics 
of storms as documented and explained in the text are also 
computed. Similar measures are calcuated for the two cores 
and all the subwatersheds. Ponds are excluded from consideration 
in this version of the program. 

Variables Type Description 

xbarout real xbar 
ybarout real ybar 
zbar real zbar 
arm real distance 
moment real moment 
dryarea real dry area 
wetarea real areal coverage 
totarea real dry area + areal coverage 
vol real rainfall volume 
momcen real moment around centroid 
mean real mean 
stdev eal standard deviation 

Subroutines 
Name 
easnomi 
mq2 
cent 
inout 

Purpose 
extracts coordinates of gages 
perform multiquadric interpolation 
compute geometric measures 
separate different subwatersheds and exclude ponds 

Functions - none 

input -> a file containing storm date and event numbers in 
the format: i6,lx,i3 
output -> geometric measures of interest and a summary of main measures (see. 
a typical output file in Appendix B. 
Note: The user decides about the event(s) to be used in the analysis. An event is completely 
defined by the date and an event number. These dates and event numbers are put in 
the input file which is called "input". This file may be created using any standard ASCII 
text editor, but should strictly be in the format as noted above. A "driver" named 

"run_new" makes the main program to perform on these storm dates, one after the other. 
The outputs are recognized by the storm date, event number, the minute relevant to the time 
step and an extension ".out". After this extension another number is appended which 
recognizes the relevant "subwatershed". For example extensions ".out6" contain outputs for 



c sub watershed 6. 

program momentfastp new 

character inf* 13 ,fdate*24 ,outf* 15 ,outfpre*6,min*4 ,chevent*3 
character chws*2,desc*6 
real xbarout,ybarout,zbar,arm,moment,dryarea.wetarea, 

$ totarea,vol,dist.momcen,mean,stdev 
real rainvol,maxint 
integer date.event,space,d,ws,fin,i,y 
common/ rai nvolume/rai nvol, maxint 
common/stat/momcen,mean,stdev 

open(23,file='momentfast_new.in',status='old') 

call getarg(l,inf) 
if (inf.eq.")stop'no input' 

min=inf(7:10) 
outf(l:6)=inf(I:6) 

read(23, *)date,event 

if (event.le.9) then 
space=9 
d= 1 
fin=ll 

elseif (event.gt.9.and.event.Ie.99) then 
space=8 
d=2 
fin= 12 

elseif(event.gt.99) then 
space=7 
d=3 
fin= 13 

endif 

backspace(23) 

read(23,55)chevent 
55 format(<space>x,a<d>) 
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outf(7 :(7+d-l))=chevent 
outf((7+d):fin)=' .out' 

call easnormi(inf) 
call mq2 

do i= 1,12 ! outer loop to cover all 12 sub watersheds 
do y = 1,3 ! inner loop to cover three cases of 'original', ' > 25 mm/hr' and ' > 50 

mm/hr' 

if (y.eq.l)desc = 'orig. ' 
if (y.eq.2)desc =' > 25' 
if (y.eq.3)desc=' >50' 

xbarutm=0. 
ybarutm=0. 
xbarout=0. 
ybarout=0. 
zbar=0. 
arm=0. 
moment=0. 
dryarea=0. 
wetarea=0. 
vol=0. 
dist=0. 
rainvol=0. 
maxint—0. 
momcen=0. 
mean=0. 
stdev=0. 

ws=i 
if (ws.eq.l) then 

chws= '1' 

elseif (ws.eq.2) then 
chws='2' 

elseif (ws.eq.3) then 
chws = '3' 

elseif (ws.eq.4) then 
chws='4' 



elseif (ws.eq.5) then 
chws='5' 

elseif (ws,eq.6) then 
chws='6' 

elseif (ws.eq.7) then 
chws='7' 

elseif (ws.eq.8) then 
chws='8' 

elseif (ws.eq.9) then 
chws='9' 

elseif (ws.eq. 10) then 
chws='10' 

elseif (ws.eq.ll) then 
chws='ir 

elseif (ws.eq. 12) then 
chws='15' 
ws=15 

endif 

call cent (xbarutm.ybarutm.zbar.arm.moment.dryarea,wetarea, 
$vol,dist,ws,y) 

totarea=dry area+wetarea 
rainvol=rainvol ! m"3 of water 

outf((fin+ l):15)=chws 
open( 15 ,file—outf .status=' unknown') 

1000 read(15,*,end=2000) 
goto 1000 

2000 continue 

write(15,10)desc,min,xbarutm)ybarutm,zbar,dist,moment, 
$dryarea,wetarea,totarea,vol,rainvol.maxint.momcen.mean.stdev 

20 c!ose(23) 
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close(15) 

10 format(a6,a,lx,fll.l,lx,fll.I,lx,f8.2,lx,fl0.1,ix,fl0,l,lx, 
$f8.1,lx,f8.1,5x,_f8.1,lx,fl2.I,lxlfl0.1l6xIf6.2I3fl0.3) 

3 format(6x,i4) 

enddo 
enddo 
end ! moment 

I*#******************************************************* 

* integer function myhandler(sig, code, context) 
* integer sig,code,context{5) 
* write(*,*)'error' 
* return 
* end 
ft******************************************************** 

******************************************************************************** 

****** 

******************************************************************************** 

****** 

* This subroutine is designed to extract coordinates (Eastings and Northings) 
* of raingages from the file 'rgages.dat' which contains gage numbers, Easting, 
* Northing and elevations in 1st, 2nd, 3rd and 4th columns respectively. The input 
* to this program is a file produced by the program 'aveint.f which contains 
* gagae number, overall intensities an depths of storms. 
* The output contains eastings, northings, intensities, depths and gage numbers. 
* The file produced by this program may then be used as input file to the Siryanon's 
* Multiquadric program 

subroutine easnormi(inf) 
logical gotdata.end 
character* 13 inf 
integer call 

open(13,file='out_b' ,status='unknown') 
write(13,*)'Rainfall intensity data' 
write(13,*)'dummy 999999 9999999 99.9999' 

end=. false. 
call= 1 
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igage=0 
rdepth=0. 
rinten=0. 
ieast=0 
inorth=0 

do while(gotdata(igage,rdepth,rinten,inf,end,call)) 
22 if (end) goto 15 

call search(igage,ieast,inorth) 
write(13,10)igage,ieast,inorth,rinten 

10 formatC''' ,'gage' ,13,"" ,2x,i6,2x,i7,2x,fl0.4) 
enddo 

15 close(13) 
end ! easnormi 

**********ft*********************ft************************ 

logical function gotdata(igage,rdepth,rinten,inf,end,call) 
character* 13 inf 
logical end 
integer call,s(91),g 

if (call.eq.l) then 
open(l 1 ,file=inf,status='old') 
open(18,file='gages_l ',status='old') 

do i= 1,91 
s(i)=0 

enddo 

do i= 1,91 
read(ll,*,end=40)s(i) 

enddo 

* Check for missing gages and put values for them 
40 continue 

do 313 i = 1,91 
read(18,*)g 

if (g.ne.s(l).and.g.ne.s(2).and.g.ne.s(3).and.g.ne.s(4).and.g.ne.s 
$(5).and.g.ne.s(6).and.g.ne.s(7).and.g.ne.s(8).and.g.ne.s(9).and.g. 
$ne.s(10).and.g.ne.s(ll).and.g.ne.s(12).and.g.ne.s(13).and.g.ne.s(l 
$4).and.g.ne.s(15).and.g.ne.s(16).and.g.ne.s(17).and.g.ne.s(18).and 
$.g.ne.s(19).and.g.ne.s(20).and.g.ne.s(21).and.g.ne.s(22).and.g.ne. 
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$s(23).and.g.ne.s(24).and.g.ne.s(25).and.g.ne.s(26).and.g.iie.s(27). 
$and.g.ne.s(28).and.g.ne.s(29).and.g.ne.s(30).and.g.ne.s(31).and.g. 
$ne.s(32).aad.g.ne.s(33).and.g.iie.s(34).and.g.ne,s(35).and.g.ne.s(3 
$6).and.g.ne.s(37).and.g.ne.s(38).and.g.ne.s(39).and.g.ne.s(40).and 
$.g.ne.s(41).and.g.ne.s(42).and.g.ne.s(43).and.g.ne.s(44).and.g.ne. 
$s(45),and.g.ne.s(46).and.g.ne.s(47).and.g.ive.s(48).and.g.ne.s(49). 
$and.g.ne.s(50).and.g.ne.s(51).and.g.ne.s(52).and.g.ne.s(53).and.g. 
$ne.s(54).and.g.ne.s(55).and.g.ne.s(56).and.g.ne.s(57).and.g.ne.s(5 
$8).and.g.ne.s(59). and .g.ne ,s(60).and.g.ne. s(61). and. g. ne.s(62). and 
$.g.ne.s(63).and.g.ne,s(64).and.g.ne.s(65).aiid.g.ne.s(66).and.g.ne. 
$s(67).and.g.ne.s(68).and.g.ne.s(69).and.g,ne.s(70).and.g.ne.s(71). 
$and.g.ne.s(72).and.g.ne.s(73).and.g.ne.s(74).and,g.ne.s(75).and.g. 
$ne.s(76).and.g.ne.s(77).and.g.ne.s(78).and.g.ne.s(79).and.g.ne.s(8 
$0).and.g.ne.s(81).and.g.ne.s(82).and.g.ne.s(83)) then 

if (g.ne.s(84).and.g.ne.s(85).and.g.ne.s(86),and.g.ne.s(87) 
$ .and.g.ne.s(88).and.g.ne.s(89).and.g.ne.s(90).and. 
$ g.ne.s(91)) then 

wriie(ll,31)g,' 0.00000 10.0000' 
endif 

endif 

31 format(i3,a) 
313 enddo 

close(18) 
close(ll) 
call=call+1 

endif 

if (call.eq.2) then 
open( 11 ,file=inf,status=1 old') 
call=call +1 
endif 

read(l 1 ,*,end=10)igage,rdepth,rinten 
gotdata=.true. 
return 

10 gotdata=.true. 
end = . true. 
close(ll) 
return 
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end ! gotdata 
********************************************************* 

subroutine search(igage,ieast,inorth) 

open(12,file= 'rgages.dat' ,status= 'old') 
rewind(I2) 

10 read( 12,15)igageno 
15 format(lx,i3) 

if (igage.eq.igageno) then 
backspace(12) 
read(12,20,end=25)igageno,ieast,inorth,ielev 

20 formatOx.iS^x^Sx.iT.Sx^) 
return 

else 
goto 10 

endif 

25 close(12) 
return 
end ! search 

******************************************************************************** 

****** 

******************************************************************************** 

****** 

c Modified version of Multiquadric program by Siryanone. The program 
c now accepts an input file which contains data in the following format. 
c The first line of input file is a comment line and is essentially 
c ignored by the program. The remaining lines of the input file should 
c have four columns. First column is station ID. This may be 
c any alpha numeric string with no white spaces e.g "gage_45" etc. 
c Second and third columns are x and y coordinates in meters. The fourth 
c columns contains the data values to be interpolated. 
c Here the program is being used as a subroutine 
*j*t*!*j*|*!*f*{*|*j*!*!*;*{*;*j*!*|*!*i*|*|*;*;*j*;*j*|*|*j*t*j*|*{*;*j*j*;*;*; 
c **** IMPORTANT******** 
C THE DECLARATION STATEMENT FOR ARRAY 'A' SHOULD BE ADJUSTED 
BEFORE HAND 
C (FOR THE NUMBER OF DATA POINTS + I) IN THIS PROGRAM CODE. For 
example if data 
c from 23 gages are being considered instead of 17 (sort of default for this 
c program), then the declaration statement should be changed to "A(24,24)". 
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c Syed 

c Main program for computing multiquadric-biharmonic surface 
c using cone model. 
c Revised on Nov 2,93, by adding some comment lines in order to 
c facilitate an understanding of the program. 
c 
c Number of array must be n+1 .because the condition equation that 
c the sum of the coefficients equals zero, is used. 

subroutine mq2 
Character*30 point,dummy(100),tpoint 
Double precision x(100),c(100),b(200), 

1 ci,y(100),yc,A(92,92),D ! **adjust declaration for 'A', if necessary.** 
Double precision z(122,261),gridx(300),nodesy(300), 

1 val,zij,bc,xc 
Double precision aver,bck( 100),zmax.zmin, 

1 tempsm, test, tot 
Double precision ox,oy,ob,pb,res,tox,toy,tob,tb{100) 
Dimension yz{ 122,261) 

INTEGER*4 L(100),M(100) 
logical first_pass/.true./ 

c 
c 
* Number of data points and grid spacing 

n=91 
val=100 

* Coordinates of rectangle to be predicted (defined by watershed boundary). 
tmpxc=580218 
maxx=606269 
miny=3503393 
tmpyc=3515517 

* Number of nodes in x and y directions 
numx=(maxx-tmpxc)/val +1 
numy-(tmpyc-miny)/val + 1 

open( 11 ,file=' out_b' .status='old') 
open(19,file='values' .status='unknown') 



Read(ll,*) 
Read(ll,*)point,ox,oy,ob 

Do 15 i=l,n 
15 read(l l,*)dummy(i),x(i),y(i),b(i) 
c 
c 

* An asterisk is placed in the next statement to avoid x-validation computations 
* to save running time. If x-validation is desired, look for program "mq2xvd.f". 

* Do 111 ic=l,n+1 
ic= 1 

C call plots(0,0,31) 
if(ic.gt.l) then 
tpoint=point 
tox=ox 
toy=oy 
tob=ob 
im=ic-l 
point=dummy(im) 
ox=x(im) 
oy=y(im) 
ob=b(im) 
dummy(im) = tpoint 
x(im) = tox 
y(im) = toy 
b(im)=tob 
end if 

* print*,'Input data (x,y,precip.)' 

* if (ic.eq. 1) write(19,200)(dummy(i),x(i),y(i),b(i),i = 1 ,n) 
*200 format(2x,a20,3f20.5) 

c Define the coordinates of the grid point by using the 
c coordinates of the corners of the area. 

xc=tmpxc 
yc=tmpyc 
gridx(l) = xc 
nodesy(l)=yc 

Do 20 i=2,numy 
nodesy(i)=yc-val 

20 yc=nodesy(i) 
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Do 25 i=2,numx 
gridx(i)=xc+val 

25 xc=gridx(i) 

c Centering the data 
c 
c 
201 tempsm=0.0 

test=0.0 
Do 30 i=l,n 

30 tempsm=tempsm+b(i) 
aver=tempsm/n 

* print*,'*****Average of preip. =',aver 
Do 35 i=l,n 

tb(i)=b(i) 
b(i)=b(i)-aver 

35 test=test+b(i) 
b(n+1) = 0.0 

* print*,'Sum of centered data=',1681,'(should be zero)' 
c 
c 
c 
c Computation part 
c 
c Define the MQ-B symmetric matrix. 

if (first_pass) then 
Do 33 i= 1 ,n 

a(n+ l,i) = 1.0 
33 a(i,n+l) = 1.0 

a(n+l,n+l)=0.0 
Do 40 i=l,n 

Do 40 j = l,n 
40 a(i,j)=DSQRT((xO)-x(i))**2+(yO)-y(i))**2) 
c Don't call IMSL subroutine to inverse the A matrix. 

call MINV2(A,N+ 1,D,L,M) 
first_pass=. false. 

endif 

c Could be computed in the marix form. Also, the least squares 
c form could help strengthen the soluiton, if the MQ-B symmetric 
c matrix is very weak. 

Do 45 i= l,n+1 



212 

ci=0 
Do 50 j= l.n+I 
ci=ci+a(i,j)*b(j) 

50 enddo 
45 c(i)=ci 

tot=0.0 
Do 43 i = l,n 

43 tot=tot+c(i) 
c 
c 
* print*,' Sum of coefficients=', tot 
* print*,'delta g zero=',c(n+1) 
c 
c 
* if (ic.eq.l) write(*,*)(c(i),i = l,n) 
*5 format(' solution of coefficients \/,(D25.I4)) 
c 
c compute the observed stations 
c It should be computed in the matrix form, if there are a large 
c number of data point. 
c The fitting of data should always be verififed. 

Do 55 i=l,n 
bc=0.0 
Do 60j = l,n 

60 be=be+c(j)*DSQRT((x(j)-x(i))**2+(y(j)-y(i))**2) 
55 bck(i)=bc+aver+c(n+1) 
c 
c 
* if (ic.eq.l) write(19,37)(bck(i),i=l,n) 
*37 format(' recomputed observed precip. by MQ-B ',/> 
* 1 (D25.14)) 
c Read and predict the required position 
c 
c 
* print*.'Coordinates of the predicted point' 
c 

Do 271 k=l,l 

* print*,'name of point =',point 
* print*,' x y precip.' 

* if (ic.eq.l) write(19,371) ox,oy,ob 
*371 format(3x,3f20.5) 
c 
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c 
pb=0.0 
Do 372 i= l,n 

372 pb=pb+c(i)*DSQRT((x(i)-ox)**2+(y(i)-oy)**2) 
pb=pb+aver+c(n+1) 
res=pb-ob 

* print*,' Predicted precip. of ' .point,' =' ,pb 
* print*,'Residual = ',res 
*271 
print*,' + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + ' 

271 continue 
c 
c Predicting precip. in grid pattern 
c Should be done in the matrix form, if there are a large number 
c of points to be predicted. 
c 

Do 65 i = 1 ,numy 
Do 65 j = l,numx 
zij=0.0 
Do 70 k= I,n 

70 zij = zij + c(k)*DSQRT((x(k)-gridx(j))**2 + (y (k)-nodesy(i))**2) 
zij=zij+aver+c(n+ 1) 

if(i.EQ.l) then 
zmax=zij 
zmin=zij 

end if 
zmax=max(zmax, zij) 
zmin=min(zmin ,zij) 

65 z(i,j)=zij 
c 
c 

icl0=int(zmin)+1 
cl0=float(icl0) 
icll=int(zmax) 
cl 1 = f!oat(icl 1) 

* print*,'Lowest contour Ievel = ',cl0 
* print*,'Highest contour level=',cll 
* print*,'***** Data used to plot contour ******' 

* turn predicted values back to their actual values 
* remember, we had added 1 and multiplied by 10 to intensities 
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do 66 i= l.numy 
do 66 j=l,numx 

z(ij)-(z(ij)/IO.)-l. 
66 enddo 

**** Turn all interpolated values less than a threshold value of 0.25 mm to zero. 

do 888 i=l,numy 
do 888 j = l,numx 

if (z(i j).lt.0.25) z(i j)=0. 
888 enddo 

do 77 i=numy,l,-l 
write(19,23)(z(i ,j),j = l.numx) 

77 continue 
23 format( <numx>f7.3) 

Do 75 1= l.numy 
Do 75 j = 1 ,numx 

75 yz(i,j)=z(i,j) 
c 
c calling the contouring subroutine. 
C call contr2(yz)39,32,cl0,1.0,cll,1,5.0,1.0,90.0,40) 
C call plot(50.0,0.0,999) 

Do 352 i= l,n 
352 b(i)=tb(i) 
*111 continue 
c 
c 

close(ll) 
close(19) 

end ! mq2 
C 

**#* 

C** NOTE: MODIFIED FOR DOUBLE PRECISION 
C DCG, ARS, TUCSON,AZ 4/21/87 

C 
C** 
C SUBROUTINE MINV2 
C** 
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C!! SUBROUTINE MINV 
C 
C PURPOSE 
C INVERT A MATRIX 
C 
C USAGE 
C CALL MINV(A,N,D1L,M) 
C 
C DESCRIPTION OF PARAMETERS 
C A - INPUT MATRIX, DESTROYED IN COMPUTATION AND REPLACED BY 
C RESULTANT INVERSE. 
C N - ORDER OF MATRIX A 
C D - RESULTANT DETERMINANT 
C L - WORK VECTOR OF LENGTH N 
C M - WORK VECTOR OF LENGTH N 
C 
C REMARKS 
C MATRIX A MUST BE A GENERAL MATRIX 
C 
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED 
C NONE 
C 
C METHOD 
C THE STANDARD GAUSS-JORDAN METHOD IS USED. THE DETERMINANT 
C IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT 
C THE MATRIX IS SINGULAR. 
C 
C 
C 
C** 

SUBROUTINE MINV2(A,N,D,L,M) 
REAL*8 D,BIGA,HOLD,DABS 

C** IMPLICIT REAL*8 (A-H.O-Z) 
REAL*8 A(l) 
INTEGERS L(1),M(1) 

c** 
C!! SUBROUTINE MINV(A,N,D,L,M) 
CI! DIMENSION A(1),L(1),M(1) 
C 
C 
c 
C IF A DOUBLE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE 
C C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION 
C STATEMENT WHICH FOLLOWS. 



216 

C 
C** 
C** REAL*8 A,D,BIGA,HOLD,DABS 
C** 
CM DOUBLE PRECISION A,D,BIGA,HOLD,DABS 
C 
C THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS 
C APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS 
C ROUTINE. 
C 
C THE DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO 
C CONTAIN DOUBLE PRECISION FORTRAN FUNCTIONS. ABS IN STATEMENT 
C 10 MUST BE CHANGED TO DABS. 
C 
C 
C 
C SEARCH FOR LARGEST ELEMENT 
C 
C** 

D= 1.D0 
C** 
C!! D= 1.0 

NK=-N 
DO 80 K = 1,N 
NK=NK+N 
L(K)=K 
M(K)=K 
KK=NK+K 

BIGA=A(KK) 
DO 20 J=K,N 
IZ=N*(J-1) 
DO 20 I=K,N 
U=IZ+I 

C** 
10 IF(DABS(BIGA)- DABS(A(U))) 15,20,20 

C** 
C!! 10 IF( ABS(BIGA)- ABS(A(IJ))) 15,20,20 

15 BIGA=A(IJ) 
L(K)=I 
M(K)=J 

20 CONTINUE 
C 
C INTERCHANGE ROWS 
C 
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J=L(K) 
IF(J-K) 35,35,25 

25 KI=K-N 
DO 301=1,N 
KI=KI + N 
HOLD=-A(KI) 
JI—KI-K+J 
A(KI)=A(JI) 

30 A(JI) =HOLD 
C 
C INTERCHANGE COLUMNS 
C 

35 I=M(K) 
IF(I-K) 45,45,38 

38 JP=N*(I-1) 
DO 40 J = 1,N 
JK=NK+J 
JI=JP+J 
HOLD=-A(JK) 
A(JK)=A(JI) 

40 A(JI) =HOLD 
C 
C DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS 
C CONTAINED IN BIGA) 
C 

45 IF(BIGA) 48,46,48 
C** 

46 D=0.D0 
C** 
C!! 46 D=0.0 

RETURN 
48 DO 55 I = 1,N 

IF(I-K) 50,55,50 
50 IK=NK+I 

A(IK)=A(IK)/(-BIGA) 
55 CONTINUE 

C 
C REDUCE MATRIX 
C 

DO 65 1=1,N 
IK=NK+I 
HOLD=A(IK) 
U=I-N 
DO 65 J = 1,N 
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IJ=IJ+N 
IF(I-K) 60,65,60 

60 IF(J-K) 62,65,62 
62KJ=LI~I+K 

A(LJ)=HOLD*A(KJ)+A(U) 
65 CONTINUE 

C 
C DIVIDE ROW BY PIVOT 
C 

KJ=K-N 
DO 75 J= 1,N 
KJ = KJ + N 
IF(J-K) 70,75,70 

70 A(KJ)=A(KJ)/BIGA 
75 CONTINUE 

C 
C PRODUCT OF PIVOTS 
C 

D = D*BIGA 
C 
C REPLACE PIVOT BY RECIPROCAL 
C 
c*# 

A(KK)= 1.DO/BIG A 
C** 
C!! A(KK) = 1.0/BIGA 

80 CONTINUE 
C 
C FINAL ROW AND COLUMN INTERCHANGE 
C 

K=N 
100 K=(K-1) 

IF(K) 150,150,105 
105 I=L(K) 

IF(I-K) 120,120,108 
108 JQ=N*(K-1) 

JR = N*(I-1) 
DO 110 J=1,N 
JK=JQ+J 
HOLD=A(JK) 
JI=JR+J 
A(JK)=-A(JI) 

110 A(JI) =HOLD 
120 J=M(K) 
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IF(J-K) 100,100,125 
125 KI=K-N 

DO 1301=1, N 
KI=KI+N 
HOLD=A(KI) 
JI=KI-K+J 
A(KI)=-A(JI) 

130 A(JI) =HOLD 
GO TO 100 

150 RETURN 
END ! MINV2 

******************************************************************************** 

******************************************************************************** 

****** 

* This subroutine computes the geometric centroid of the rainfall field 
* for storms on sub watershed 11. The input to this program is a file 
* produced by subroutine "Surfor.f", which is also used for plotting 
* contour and surface plots in "Surfer". 
*1234567890123456789012345678901234567890123456789012345678901234567890* 

subroutine cent(xbarutm,ybarutm,zbar,arm,moment,dryarea, 
$wetarea,vol,dist,ws,y) 

implicit none 

real xbarv,ybarv,zbarv,xbaro,ybaro,xbarout,ybarout,inten(122,261) 
real minx,miny,p,q,r,arm,xbarutm,ybarutm,x(122,261),xbarw.ybarw 
real xbar,ybar,zbar,arm,moment,dryarea,wetarea,vol,dist 
real roundx(122,261),k,voldis,momcen,rint,intsq,mean,stdev 
integer ws,nx(2000)1i,j,inside,n,y 
logical greater 
common/stat/momcen,mean,stdev 

if (ws.eq.l) then 
minx=580218 
miny=3503393 
p=580266 
q=3510520 

elseif (ws.eq.2) then 
minx=585404 
miny=3503393 
p=585407 
q=3511176 
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elseif (ws.eq.3) then 
minx=589154 
miny=3510622 
p=589173 
q=3510944 

elseif (ws.eq.4) then 
minx=590413 
miny=3511516 
p=590484 
q=3511585 

elseif (ws.eq.5) then 
minx—590521 
miny=3503393 
p=591864 
q=3508400 

elseif (ws.eq,6) then 
minx=587176 
miny=3503393 
p =589474 
q=3510127 

elseif (ws.eq.7) then 
minx=584222 
miny=3506342 
p=585386 
q=3511060 

elseif (ws.eq.8) then 
minx=590513 
miny=3509797 
p=590553 
q=3510048 

elseif (ws.eq.9) then 
minx=592221 
miny=3507485 
p=592353 
q=3509495 

elseif (ws.eq.lO) then 
minx=592465 
miny=3509536 
p=592466 
q=3509713 

elseif (ws.eq. 11) then 
minx=595279 
miny=3511628 
p=595280 



221 

q=3512034 
elseif (ws.eq. 15) then 

minx=590521 
miny=3503393 
p=591012 
q=3508870 

endif 

* initialize variables for repeat cacculation 
xbar=0. 
ybar=0. 
zbar=0. 
xbaro=0. 
ybaro=0. 
xbarout=0. 
ybarout=0. 
xbarutm=0. 
ybarutm=0. 
arm=0. 
moment=0. 
dist=0. 
xbarv=0. 
ybarv=0. 
zbarv = 0. 
vol=0. 
dryarea=0. 
wetarea=0. 
xbarw=0. 
ybarw=0. 

do i=1,2000 
nx(i)=0 

enddo 

do 21 i= 1,122 
do 21 j=1,261 

x(i,j)=0. 
21 enddo 

*1234567890123456789012345678901234567890123456789012345678901234567890* 
call inout(xbarv,ybarv, zbarv, vol ,dry area, weta rea, x, nx, inte n, ws ,y) 

* calculate parameters for all intensities 
if (vol.ne.O.) then 
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xbar=xbarv/vol! coordinates as per grid from respective origin 
ybar=ybarv/vol ! (origin is the xing of minx and miny of respective watershed) 
zbar=zbarv/vol 

* denormalize the coordinates 
•coordinate in meters from origin (origin is the xing of minx and miny of respective watershed) 

xbaro=(xbar-1) * 100. 
y baro=(ybar-1) * 100. 

* coordinates in meters from respective watershed outlet 
xbarout=xbaro-(p-minx) 
ybarout=ybaro-(q-miny) 

* UTM coordinates of centroid (in meters) 
xbarutm=xbaro+minx 
ybarutm—ybaro + miny 

* coordinates in grid units from Walnut Gulch origin (i.e. xing of minx and miny of Walnut 
Gulch) 

xbarw=xbar+(minx-580218.)/100. 
ybarw=ybar+(miny-3503393.)/100. 

dist=sqrt((p-xbarutm) * *2+(q-ybarutm)**2) 
arm=sqrt((p-xbarutm)**2 + (q-ybarutm)**2 + (r-zbar)**2) 
moment=vol/wetarea*dist 

else 
xbar=0. 
ybar=0. 
zbar=0. 
xbaro=0. 
ybaro=0. 
xbarout=0. 
ybarout=0. 
xbarutm=0. 
ybarutm=0. 
dist=0. 
arm=0. 
moment=0. 
dryarea=dryarea 
wetarea=0. 
vol=0. 

endif 
* find moment around the centroid, average intenisty and standard deviation of intensities 
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rint=0. 
intsq=0. 
voldis=0. 
inside=0 
n=0 

do 40 i = 1,122 
do 40j = l,nx(i),2 

roundx(i ,j)=int(x(i ,j)) +1 
greater = .false. 

do while(.not.greater) 
if (roundx(i,j).lt.x(i,j+1)) then 

k=inten(i ,roundx(i ,j)) 
voldis=voldis+k*sqrt((roundx(i ,j)-xbarw)**2+(i-ybarw)**2+ 

$ ((k/2.)-zbar)**2) 
roundx(i ,j)=roundx(i,j)+1 
inside=inside+1 

* calculate sum of intensities (int) and sum of square of intensities (intsq) 
rint=rint+k 
intsq=intsq+k**2 
if (k.gt,0.)n=n+1 ! count number of wet pixels (to be used to calculate mean 

below) 

else 
greater=. true. 

endif 
enddo 

40 enddo 

* calculate moment around centroid, mean and standard deviation 
if (vol.ne.O.) then 

momcen=(voldis/vol)/10. ! divide by 10 to convert from grid units to units of kilometers 
mean=rint/n 
stdev=sqrt((intsq/n)-(mean)**2) 

else 
momcen=0. 
mean=0. 
stdev=0. 

endif 

return 
end ! cent 
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******************************************************************************** 

******* 

*1234567890123456789012345678901234567890123456789012345678901234567890* 
subroutine inout(xbarv ,ybarv, zbarv, vol .dryarea .wetarea ,x ,nx, 

$inten,ws,y) 
implicit none 

real xl,x2,yI,y2,slope,x(122,261),m,check,temp,ilower 
real iupper,inten(I22I261),armx(122,261)farmy(122) 
real xbarv .ybarv, zbarv ,vol,dry area .wetarea 
real rainvol,maxint 
integer i,nx(2000),j,roundx{122,261) 
integer k,p(122,261),irjide,ws,y,z 
logical greater 

common/rainvolume/rainvol .maxint 

***** important: no boundary segment could cross more than one grid line. 

ope n(l 2, file='values' .status='old') 
do 31 i = 1,122 

read( 12, *)(i nten(i, j) j = 1,261) 
31 enddo 

* for cases of ' > 25' and ' > 50', turn all values < 25 and < 50 to zero 

do 32 i=lf122 
do 32 j= 1,261 

if (y.eq.2) then 
if (inten(i,j).lt.25.)inten(i,j)=0. 

elseif (y.eq.3) then 
if (inten(i,j).It.50.)inten(i ,j)=0. 

endif 
32 enddo 

z= 1 

* open relevant transformed boundary file. * 
* Transformed boundary files are created by subtracting 
* minimum of the x boundary coordinates (UTM) of respective watershed 
* boundary from each x coordinate, then dividing the resultant 
* by 100 and then adding 1. The same applies to y coordinates. This 
* brings the boundary coordinates w.r.t our 100-m grid origin, The 100-m 
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* grid origin lies at the crossing point of miiumum x and minimum y lines 
* of respective watershed. 

if (ws.eq.l) open(ll,file='63001t.dat',status='old') 
if (ws.eq.2) open(ll,file='63002t.dat',status=,old') 
if (ws.eq.3) open(ll,file='63Q03t.dat\status='old') 
if (ws.eq.4) open(ll,file='63004t.dat,,status='old') 
if (ws.eq.5) open(ll,file=,63005t.dat',status=,old') 
if (ws.eq.6) openUl.file^SOOet.dat'.status^old') 
if (ws.eq.7) open(ll,file='63007t,dat,,status='old') 
if (ws.eq.8) open(ll,file='63008t.dat,,statusi='old') 
if (ws.eq.9) open(ll]file = ,63009t,dat',status= 'old') 
if (ws.eq. 10) open(ll,file ='63010t.dat',status='old1) 
if (ws.eq. 11) open(l 1 ,file = '6301 lt.dat',status='old') 
if (ws.eq. 15) open(ll,file=,63015t.dat',status='old') 

* Read in first boundary point 
5 read(ll,*)xl,yl 

* find grid lines above and below this point 
10 iupper=float(int(yl)+l) 

ilower=float(int(y 1)) 

* read in next point 
read( 11, * ,end=20)x2 ,y2 

if (xl-x2.ne.O.) then 
slope=(y 2-y 1) /(x2-x 1) 

else 
slope=99999999. 

endif 

* determine if the boundary segment crossed any grid 

if (y2.1t.i!ower) then ! it crossed the lower grid 

if (slope.eq.99999999.) then 
check=xl 

else 
check=(ilower-y 1 )/slope + x I 

endif 

if (check.ne.x(ilower,nx(ilower))) then 



nx(ilower)=nx(ilower)+1 
m=check 
x(ilo we r, nx(il ower))=m 

endif 

elseif (y2.gt.iupper) then ! it crossed the upper grid 

if (slope.eq.99999999.) then 
check=xl 

else 
check=(i upper-y 1 )/slope+ x 1 

endif 

if (check.ne.x(iupper,nx(iupper))) then 
nx(iupper)=nx(i upper) +1 
m=check 
x(iupper,nx(iupper))=m 

endif 

elseif (y2.eq.ilower) then ! it is ending on the lower grid 

if (slope.eq.99999999.) then 
check=xl 

elseif (slope.ne.O.) then 
check=(ilower-y 1 )/slope+x 1 

else 
check=xl 

endif 

if (check.ne.x(ilower,nx(ilower))) then 
nx(ilower)=nx(ilower) +1 
x(ilower,nx(i!ower))=x2 

endif 

elseif (y2.eq.iupper) then ! is is ending on the upper grid 

if (slope.eq.99999999.) then 
check=xl 

elseif (slope.ne.O.) then 
check=(iupper-y l)/slope+x 1 

else 
check=xl 

endif 
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if (check.ne.x(iupper,nx(iupper))) then 
nx(iupper)=nx(iupper) +1 
x(iupper,nx(iupper))=x2 

endif 

endif 

xl=x2 
yl=y2 

goto 10 

20 if (z.eq. 1) then 
z = z + 1  
goto 100 

elseif (z.eq.2) then 
z=z+l 
goto 110 

elseif (z.eq.3) then 
z=z+1 
goto 120 

elseif (z.eq.4) then 
z=z+1 

goto 130 
elseif (z.eq.5) then 

z=z+1 
goto 140 

elseif (z.eq.6) then 
z=z+ 1 
goto 150 

elseif (z.eq.7) then 
z=z+ 1 
goto 160 

elseif (z.eq.8) then 
z=z+1 
goto 170 

elseif (z.eq,9) then 
z — z + 1  
goto 180 

elseif (z.eq. 10) then 
z=z+1 
goto 190 

elseif (z.eq. 11) then 
z=z+1 



goto 200 
elseif (z.eq.12) then 

z=z + l 
goto 210 

elseif (z.eq.13) then 
z=z+1 
goto 220 

elseif (z.eq.14) then 
z = z + 1  
goto 230 

elseif (z.eq.15) then 
z=z+1 
goto 240 

elseif (z.eq.16) then 
z — z + 1  
goto 250 

else 
goto 260 

endif 

* exclude ponds from the boundaries 

100 close(ll) 
if (ws.eq. l)open(l 1 ,file='6320It.dat', status='old') 
if (ws.eq.2)open(l 1 ,file='63207t.dat1 ,status= 'old') 
if (ws.eq.3)open(l 1 ,file='63208t.dat' ,status='old') 
if (ws.eq.S)open(l 1 ,file='63207t.dat', status='old') 
if (ws.eq.6)open( 11 ,file='63207t.dat',status='old') 
if (ws.eq.8)open(l 1 .file='63216t.dat', status='old') 
if (ws.eq.9)open(ll,file='63217t.dat'.status='old') 
if (ws.eq. 10)open(l l,file= '63215t.dat',status='old') 
if (ws.eq. 1 l)open(l l,file= '63216t.dat' ,status='old') 
if (ws.eq. 15)open(I l,file='63213t.dat' ,status='old') 
if (ws.eq.4.or.ws.eq.7)goto 260 
goto 5 

110 close(ll) 
if (ws.eq. l)open(l 1 ,file='63207t.dat' ,status= 'old') 
if (ws.eq.2)open(l 1 ,file='63208t.dat' .status = 'old') 
if (ws.eq.3)open(l 1 .file—'63209t.dat' ,status= 'old') 
if (ws.eq.5)open(l 1 ,file='63212t.dat' ,status= 'old') 
if (ws. eq. 6)open( 11 .file='63210t.dat' .status =1 old') 
if (ws.eq.9)open(l l,file='63219t.dat' ,status='old') 
if (ws.eq. 10)open(l l,file='63221t.dat' .status='old') 
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if (ws.eq. 15)open(l l,file='63226t.dat',status='old') 
if (ws.eq.4.or.ws.eq.7.or.ws.eq.8.or.ws.eq. 11) 

$ goto 260 
goto 5 

120 close(ll) 
if (ws.eq. l)open(l I ,file='63208t.dat',status= 'old') 
if (ws.eq.2)open(l 1 ,file='63209t.dat',status='old') 
if (ws.eq.S)open(l 1, file='63213t.dat' ,status='old') 
if (ws.eq.6)open(l 1 ,file='63212t.dat' .status—'old') 
if (ws.eq.9)open(l 1 ,file=t63220t,dat' .status='old') 
if (ws.eq. 15)open(ll,fiIe='63212t.dat',status='old') 
if (ws.eq.3.or.ws.eq.4,or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or, 

$vvs.eq. lO.or.ws.eq. 1 l)goto 260 
goto 5 

130 close(ll) 
if (ws.eq. l)open(l 1 .file='63209t.dat' .status='old') 
if (ws.eq.2)open(l 1 ,file='63210t.dat' .status='old') 
if (ws.eq.6)open(l 1 .file = '63213t.dat' .status='old') 
if (ws.eq. 15)open(l 1 .file='63207t.dat' .status = 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9. or. ws.eq. lO.or.ws.eq. 1 l)goto 260 
goto 5 

140 close(ll) 
if (ws.eq. l)open(l 1 ,file='63210t.dat' ,status='old') 
if (ws.eq.2)open(ll,file='63212t.dat',status='old') 
if (ws.eq.6)open(l 1 ,file='63215t.dat' .status='old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or.ws.eq. lO.or.ws.eq. 1 l.or.ws.eq. 15)goto 260 
goto 5 

150 close(ll) 
if (ws.eq. l)open(l 1 ,file='63212t.dat' .status='old') 
if (ws.eq.2)open(ll,file='63213t.dat',status='old') 
if (ws.eq.6)open(l 1 ,file='63216t.dat' ,status= 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or.ws.eq. lO.or.ws.eq. 11 .or.ws.eq. 15)goto 260 
goto 5 

160 close(ll) 
if (ws.eq. l)open(l l,file='63213t.dat' ,status= 'old') 
if (ws.eq.2)open(l l1fiIe='63215t.dat',status='old') 
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if (ws.eq.6)open(l 1 ,file='63217t.dat' .status='old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9. or. ws.eq. lO.or.ws.eq. 11. or. ws.eq. 15)goto 260 
goto 5 

170 close(ll) 
if (ws.eq. l)open(l l,file= '63215t.dat',status='old') 
if (ws.eq.2)open(ll,file='63216t.dat'.status=,old') 
if (ws.eq.6)open(l 1 ,file='63219t.dat',status= 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or. ws.eq. lO.or.ws.eq. 11 .or.ws.eq. 15)goto 260 
goto 5 

180 close(ll) 
if (ws.eq. l)open(l l,file= '63216t.dat' .status='old') 
if (ws.eq.2)open(ll,file='63217t.dat',status='old') 
if (ws.eq.6)open(l I ,file='63220t.dat',status='old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or.ws.eq. lO.or.ws.eq. 11 .or.ws.eq. 15)goto 260 
goto 5 

190 close(ll) 
if (ws.eq. l)open(l 1 .file='63217t.dat' .status='old') 
if (ws.eq.2)open(l l.file = '63219t.dat' ,status='old') 
if (ws.eq.6)open(l l,file='63221t.dat' .status = 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or. ws.eq. lO.or.ws.eq. 11 .or.ws.eq. 15)goto 260 
goto 5 

200 close(ll) 
if (ws.eq. l)open(l 1 ,file='63219t.dat' ,status= 'old') 
if (ws.eq.2)open(l l,file='63220t.dat' ,status= 'old') 
if (ws.eq.6)open(l l,file='63226t.dat' ,status= 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.7.or.ws.eq.8.or. 

$ws.eq.9.or.ws.eq. lO.or.ws.eq. 11 .or.ws.eq. 15)goto 260 
goto 5 

210 close(ll) 
if (ws.eq. l)open(l 1 ,file='63220t.dat' ,status='old') 
if (ws.eq.2)open(l 1 ,file='6322 lt.dat' .status = 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.6.or.ws.eq.7.or. 

$ws.eq.8.or.ws.eq.9.or.ws.eq.lO.or.ws.eq. 11.or.ws.eq. 15)goto 260 
goto 5 



220 close(ll) 
if (ws.eq. l)open(l 1 ,file= '63221t.dat* ,status='old') 
if (ws.eq.2)open(ll,file='63223t.dat\status=,old') 
if (ws.eq.3.or.ws,eq.4.or.ws.eq.5.or.ws.eq.6.or.ws.eq.7.or. 

$ws.eq.8.or.ws.eq.9.or.ws.eq. 10.or.ws.eq. 11.or.ws.eq. 15)goto 260 
goto 5 

230 close(ll) 
if (ws.eq. l)open(ll ,file='63223t.dat' ,status='old') 
if (ws.eq.2)open( 11 ,file='63226t.dat' ,status= 'old') 
if (ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.6.or.ws.eq.7.or. 

$ws.eq. 8.or. ws.eq,9.or.ws.eq. lO.or. ws.eq. 11 .or, ws.eq. 15)goto 260 
goto 5 

240 close(ll) 
if (ws.eq. l)open(l 1 ,file='63226t.dat' ,status= 'old') 
if (ws.eq.2.or.ws.eq.3.or.ws.eq.4.or.ws.eq.5.or.ws.eq.6.or. 

$ws.eq.7.or. ws.eq.8.or. ws.eq.9.or. ws.eq. lO.or. ws.eq. 11 .or. 
$ws.eq,15)goto 260 
goto 5 

250 close(ll) 
if (ws.eq. l)open(l 1 ,file='63202t.dat' .status='old') 
if (ws.eq.2.or.ws.eq.3.or,ws.eq.4.or.ws.eq.5.or.ws.eq.6.or. 

$ws.eq.7.or. ws.eq.8.or.ws.eq.9.or. ws.eq. 10.or.ws.eq. 1 l.or. 
$ws.eq. 15)goto 260 
goto 5 

*23456789012345678901234567890123456789012345678901234567890123456789012 
* sort the crossing x's in ascending order 

260 continue 
do 30 i= 1,122 

do 30 j = l,nx(i)-l 
do 30 k=j + l,nx(i) 

if (x(i,j).gt.x(i,k)) then 
temp=x(i,j) 
x(i,j)=x(i,k) 
x(i,k)=temp 

endif 
30 enddo 

* find how many nodes in between pair of x's 
inside=0 
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rainvol=0. 
xbarv=0. 
ybarv=0. 
zbarv=0. 
vol=0. 
dryarea=0. 
wetarea=0. 
maxint=0. 

do 40 i= 1,122 
do 40 j = l,nx(i),2 

roundx(i,j)=int(x(i,j)) +1 
greater=. false. 

do while(.not.greater) 
if (roundx(i,j).lt.x(i,j+1)) then 

p(i,roundx(ij))=l 

* set subwatershed moment arms as per respective outlets 

if(ws.eq.l) then 
armx(i ,j)=roundx(i ,j)-0. 
army(i)=i-0. 

elseif (ws.eq.2) then 
armx(i j)=roundx(i ,j)-51.86 
army(i)=i-0. 

elseif (ws.eq.3) then 
armx(i j)=roundx(i ,j)-89.36 
army(i)=i-72.29 

elseif (ws.eq.4) then 
armx(i ,j)=roundx(i ,j)-101.95 
army (i)=i-81.23 

elseif (ws.eq.5) then 
armx(i ,j)=roundx(i, j)-103.03 
army(i)=i-0. 

elseif (ws.eq.6) then 
armx(i j)=roundx(i,j)-69.49 
army(i)=i-0. 

elseif (ws.eq.7) then 
armx(i j)=roundx(i ,j) -40.04 
a rmy(i)=i-29.49 

elseif (ws.eq.8) then 
armx(i ,j)=roundx(i j)-102.95 
army(i)=i-64.04 

elseif (ws.eq.9) then 



armx(i j)=roundx(i,j)-120.03 
army(i)=i-40.92 

elseif (ws.eq.10) then 
armx(ij)=roundx(i,j)-122.47 
army(i)=i-61.43 

elseif (ws.eq.U) then 
armx(i j)=roundx(i ,j)-150.6I 
army(i)=i-82.35 

elseif (ws.eq.15) then 
a rmx(i ,j) = roundx(i j)-103.03 
army(i)=i-0. 

endif 

xbarv=xbarv+armx(i ,j)*inten(i ,roundx(i ,j)) 
ybarv=ybarv+army (i)*inten(i, roundx(i j)) 

zbarv=zba rv+(inten(i ,roundx(i, j))/2.)*inten(i, roundx(i ,j)) 
vol=vol+intenfi ,roundx(i,j)) 

rainvol=rainvol + (inten(i,roundx(i,j)))*1.67 ! m*3 

* find maximum intensity occurring on any pixel 
if (inten(i,roundx(i,j)).gt.maxint)maxint=inten(i,roundx(i,j)) 

* find dry and wet areas 
if (inten(i,roundx(i,j)).ne.O.) then 

wetarea=wetarea +1. 
else 

dryarea=dry area +1. 
endif 
roundx(i,j)=roundx(i j)+1 
inside=inside +1 

else 
greater=.true. 

endif 
enddo 

40 enddo 
close(ll) 
close(12) 
return 
end ! inout 
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RAINFALL DATA FORMAT 

RECORD COLUMN FORMAT DF.SflUTPTTON 
1 1:2 12 WATERSHED ID 

45 - SAFFORD, AZ. 
47 - ALBUQUERQUE, NM. 
63 - TOMBSTONE, WALNUT GULCH, AZ. 
64 - SANTA ROSA, ALAMOGORDO CREEK, NM. 
73 - FORT STANTON, NM. 
76 - SANTA RITA , AZ. 

3:5 13 GAGE NUMBER 
1 - 100 24 HOUR GAGE 
300'S 6-HOUR GAGE 
500'S WEEKLY GAGE 

6:15 512 YEAR, MONTH, DAY, HOUR, MINUTES 
(YYMMDDHHMM) 24-HOUR CLOCK 

16:19 14 BEGINNING TIME CODE 
0 - NOT ESTIMATED 
1 - ESTIMATED 

20:22 13 EVENT NUMBER 
23:26 14 EVENT DURATION IN MINUTES 
27:31 15.2 DEPTH OF RAINFALL IN INCHES 
32:34 13 NUMBER OF BREAKPOINTS 
35 II EVENT TYPE CODE 

1 -RAIN 
2 - SNOW 
3 - RAIN AND SNOW 
4-HAIL 
5 - RAIN AND HAIL 

36 II SIGNIFICANCE CODE 
0 - NONSIGNIFICANT EVENT 
1 - SIGNIFICANT EVENT 

37 II INTENSITY ESTIMATION CODE 
0 - SOME INTENSITY VALUES MISSING 
1 - ALL INTENSITIES PRESENT 

38 II MIDNIGHT CROSSING CODE 
0 - EVENT DOES NOT CROSS MIDNIGHT 
1 - EVENT CROSSES MIDNIGHT 

39 II MAXIMUM DEPTH TABLE CODE 
0 - DEPTH TABLE NOT COMPUTED 
1 - DEPTH TABLE COMPUTED 

40 'P' CODE TO DENOTE HEADER RECORD 
2 11F7,3 MAXIMUM DEPTH TABLE IN INCHES 

AT THE FOLLOWING TIMES: 2, 4, 5, 10, 20, 30, 40, 
45, 60 AND 120 

3 + 14 ELAPSED TIME IN MINUTES 
II ELAPSED TIME ESTIMATION CODE 

0 - NOT ESTIMATED 
1 - ESTIMATED 

F5.2 ACCUMULATED RAINFALL IN INCHES 
II RAINFALL ESTIMATION CODE 

0 - NOT ESTIMATED 
1 - ESTIMATED 

F8.4 RAINFALL INTENSITY IN INCHES PER HOUR 
II INTENSITY ESTIMATION CODE 

0 - NOT ESTIMATED 
1 - ESTIMATED 



Table B1 Classification of stonn antecedent conditions for runoff producing storms 

Date 
(yymmdd) 

Time 
(hhmm) 

Za 
(mm) 

Fraction 
overlap 

Antecedent 
condition 

750717 1456 1.6 86.7% dry 

750903 2307 3.3 87.3% dry 

750913 1613 1.7 81.5% dry 

760728 2319 18.2 100.0% wet 

760729 932 16.2 100.0% wet 

770723 1401 7.0 100.0% wet 

770802 214 4.2 95.3% wet 

780801 1652 1.2 81.7% dry 

780818 1752 2.9 61.9% dry 

780921 1749 0.0 0.0% dry 

800729 1343 1.5 92.9% dry 

800804 1727 1.8 99.8% dry 

800809 1730 0.6 60.9% dry 

800906 1855 2.3 77.1% dry 

810721 2008 4.9 100.0% wet 

810730 2029 15.0 100.0% wet 

810801 1530 21.9 100.0% wet 

810810 1707 0.9 38.3% dry 

810903 2055 2.9 95.8% dry 

820719 1816 3.3 100.0% dry 

820729 1452 1.0 89.2% dry 

820731 1820 5.2 96.8% wet 

820819 1730 1.6 96.0% dry 



Table B1 continued . . . 

Date 
(yymmdd) 

Time 
(hhmm) 

za 

(mm) 

Fraction 
overlap 

Antecedent 
condition 

820820 1503 3.4 87.3% dry 

820823 1725 4.2 100.0% wet 

820910 1542 5.0 100.0% wet 

820911 2259 17.1 100.0% wet 

830724 606 7.4 100.0% wet 

830725 1718 13.8 100.0% wet 

830807 2121 0.6 18.5% dry 

830906 1408 0.7 9.1% dry 

830910 2140 3.8 100.0% dry 

830915 1650 2.8 100.0% dry 

830920 1616 1.1 82.5% dry 

830923 1910 4.0 100.0% wet 

830927 1646 6.1 100.0% wet 

830930 528 22.7 100.0% wet 

840714 1648 3.2 100.0% dry 

840718 1640 7.3 100.0% wet 

840814 1520 9.9 100.0% wet 

840815 1753 6.1 100.0% wet 

840816 216 13.3 100.0% wet 

840818 1229 11.7 100.0% wet 

840825 1926 2.9 99.9% dry 

840901 1625 2.6 34.9% dry 

850717 1807 5.7 100.0% wet 



Table B1 continued . . . 

Date Time Z Fraction Antecedent 
(yymmdd) (hhmm) 

(mm) 
overlap condition 

850721 1808 10.6 100.0% wet 

850730 1817 1.2 71.2% dry 

850802 1410 12.9 100.0% wet 

850918 803 1.4 52.7% dry 

850928 954 0.7 85.4% dry 

860714 1525 0.6 15.1% dry 

860715 2010 6.2 99.8% wet 

860717 1741 10.5 100.0% wet 

860807 1656 2.8 92.1% dry 

860810 1753 10.6 100.0% wet 

860814 443 3.1 100.0% dry 

860817 1819 2.9 99.8% dry 

860818 1910 28.4 100.0% wet 

860829 1805 6.9 100.0% wet 

860923 2118 1.9 99.9% dry 

870801 1512 10.4 100.0% wet 

870804 608 10.2 100.0% wet 

870821 1919 1.9 49.6% dry 

870829 1400 1.7 99.8% dry 

880806 1750 10.4 100.0% wet 

880815 1428 3.0 98.4% dry 

880820 1814 2.7 94.7% dry 

890730 1220 2.1 79.3% dry 



Table B1 continued . . . 

Date 
(yymmdd) 

Time 
(hhmm) (mm) 

Fraction 
overlap 

Antecedent 
condition 

890816 1739 3.0 96.6% dry 

890905 1634 1.5 73.2% dry 

900703 1833 1.5 39.6% dry 

900704 1617 4.9 83.9% intermediate 

900705 1828 6.2 98.2% wet 

900711 2113 1.6 90.6% dry 

900715 2133 17.6 100.0% wet 

900721 519 7.1 100.0% wet 

900812 143 0.3 17.5% dry 

900913 1822 0.8 2.3% dry 

900914 1607 6.5 97.1% wet 

910802 1335 2.0 76.1% dry 

910827 1523 1.5 37.0% dry 

910909 1355 0.7 29.9% dry 

910910 1720 8.6 100.0% wet 



Table B2 Sample of program output 
Its • 1 , elite: 1 SOI27. event no: 67, start tiBe:l921<9age £)!• end tlae;2223{gage 3>r 

dcacp . Hlrute •bar ybar ttu r • IS ftofttni dry arei i wt area ortg. 10 C00173.9 3512332.3 5.72 11792.3 133711.2 11111.0 3624,0 >25 to 0.0 0.0 0.00 0.0 0.0 14733.0 0.0 >59 10 0.0 0.0 0.00 0.0 0.0 14733.0 0.0 orlg. 20 600397.1 3312209.0 16.73 20201.9 333193.0 9320.0 5407.0 >25 20 601883.6 3512412.0 26.42 21702 .2 1040775.1 13549.0 1187.0 >50 20 602044.2 3512378.2 32.40 21953.2 1391726.9 14749,0 487.0 orlg. 33 598781,6 331I8BB.9 31.00 19577.1 363916.6 6815.0 7840.0 >35 30 515172.7 3312037.5 33.77 19967.5 1156419.0 11271,0 3514.0 >50 30 599330.2 3513210.8 37.32 19339,2 1402426.9 12338,0 2377.0 orlg. 40 396642.4 3511097.8 22.11 16386.2 411664.6 2799,0 11947.0 >25 40 596943.9 3311325.2 34,11 16699.4 766396.1 8942.0 5793.0 >30 40 396746.6 3311130.8 29.31 16491.9 930305.0 17C14.0 2121.0 or l<j< 35 373354.3 3509tM.0 10.23 t3116.7 211200.2 1020.0 13707.0 >73 'JO «j92455.6 JMOIZO.O 17.23 1 22 9-1 .0 401.31.0.4 I 31 3'J . 0 1(00.0 50 553531.2 3511075.2 26. H 13211.0 7C0J37.0 14700.0 35.0 orlg. 60 570146.6 3508024.5 11.32 10023.0 129242.9 1.0 11734.0 >25 CO 598044.9 3WGG81.8 21.28 9674.3 340 327.6 13013.0 1722.0 >30 £0 597934.4 3505713.0 29.94 9030.5 520893.2 14377.0 359.0 orig. 7G 596976.1 350 5362.8 16.16 6409.2 73959.9 26.0 14709.0 >25 70 394120.1 350 9 4 63,5 24.30 3997.0 173943.2 12566.0 2169.0 >33 13 582690.C 3510041.8 31.03 3471.3 133289.9 14067,0 668.0 or id. 90 596990.9 3509627.0 13.79 6674.8 44720.2 5.0 14730.0 >25 90 592196,6 3509977.8 29.15 2005.3 104942.9 14000.0 735.0 >50 90 591827.7 3509934.8 33.96 1667,7 108716.8 14311.0 394.0 orlg. 90 559441,8 3509639.3 4.73 9218.0 38223.1 9,0 14776.0 >25 90 582246.4 3310057,9 17.74 2033.7 69240.7 14541.0 194.0 >50 SO 580760.1 3510449.3 26.27 419.1 26114.8 14721.0 8.0 eng. 100 591200.2 3509303.0 2.43 10991.4 36203.2 14.0 14721.0 >23 100 500421.4 3510550.2 14.06 160.0 4474.3 14724.0 u.o >50 100 0.0 0.0 0.00 0.0 0.0 14735.0 0.0 orlg. 110 591323.1 350 9053.0 1.95 11354.3 33470.7 242.0 14493.0 >25 110 0.0 0.0 0.00 0.0 0.0 14735.0 0.0 >50 110 0.0 0.0 0 .00 0.0 0.0 14733.0 0.0 orlg. 170 590956.9 3509906.3 2.03 10827.4 28 944.8 80B.O 11927.0 >25 170 0.0 0.0 0,00 0.0 0.0 14735.0 0.0 >50 120 0.0 0.0 0.00 O.O 0.0 14735.0 0.0 orlg. 130 509967.0 3508625.0 1.93 8905.0 19540.2 3037.0 11698.0 >25 130 O.O 0.0 0.00 0.0 0,0 14735.0 0.0 >50 130 0.0 0.0 0.00 0.0 0,0 14735.0 0,0 or!g» M0 509059.6 3300012.2 1.96 9144.2 15145.6 7010 .0 7717.0 >25 140 0.0 0,0 0.00 0.0 0.0 14735.0 0.0 >50 140 0.0 0.0 0 .00 0.0 0.0 14735.0 0.0 orlg. 130 399650.5 3507750.5 t .42 9792.3 14311.0 11159.0 3576.0 >25 130 0.0 0.0 0.00 0.0 0.0 14735,0 0.0 >50 130 0.0 O.0 0,00 0.0 0.0 14735.0 0.0 orig. 160 392107.2 350 5934.2 1.77 12731.7 22748.6 133 64.0 1371.0 >23 160 0.0 0.0 o.oo 0.0 0.0 14735,0 0.0 >30 1 60 0.0 0.0 0.00 0.0 0.0 14113.0 0.0 orlg. no 3937 66.8 3505186.0 0.68 14516.3 14297.7 14128.0 607.0 >23 no 0.0 0.0 0.00 0.0 0.0 14735.0 0.0 >30 no 0.0 0.0 O.CO 0.0 0.0 14735.0 0.0 orlg. is: 5B13B2.6 3555316.3 0.13 1317.? 349.4 14727.0 9.0 >25 ieo 0.0 0,0 o.oo 0.0 0.0 14733,0 0.0 ISO 0.0 0.0 O.OO 0.0 0.0 14733.0 0.0 
tot<il volume of rain • 2.616541*06 (a*3) 
tunlaua 10-aln coll voluaa * 300140. (u/hrl ©ccuxrlftg at Klnuie 43.0000 
p<a\ sihgle intensity • 99.9000 cccuriirwj at mnute ,13.0000 
total voluttu o[ tain f> 21 an/lti) * I . 3 )b 31V 06 (m'J) 
uiimus 10-aln cell voluse (> 23 ui/hrl • 265062, (re/M) 
occutrlng at minute 40.0000 peat single intensity (> 25 Kt/hr) * 99,9000 fu/hrl 
occurring it aJnute 30.0000 
total voluse of tain <> 30 ra/hr) » 690369. (a'J) suslaua 10-aln cell volua* (> 50 ea/hr) < 172203. (aa/hr) 
occurring at minute 39.0003 peak, single Intensity t> 30 fta/hr) • 99.9DOO (so/hr) 
occurring at olnute 30.0000 

duration; 
Total aiea 14733,0 U7J5.0 14735.0 

14733.0 
14733.0 14733.0 14733.0 
14735.0 
14733,0 14733.0 14733.0 
14733.0 
14735.0 H735.0 14733.0 
147J5.0 14735.0 14733.0 14733.0 14735.0 14733.0 
14735.0 
14733,0 14733.0 14733.0 
14735.0 
14755.0 14735.0 H73J.0 
14735.0 
14733.0 14735.0 14135,0 
14735.0 
14735.0 
14733.0 14733.0 
14735.0 
14735.0 
14735.0 
14735.0 
14733.0 14735,0 14733.0 
14735.0 
H733.0 14735.0 14735.0 
147J5.0 
14735.0 14735.0 14735.0 14733.0 
14735.0 

hrs 36 bins 
c*ll-vol litfl'Vol 9JJI- iht •oacen 9tnd. dev 73144.2 419-J0.9 24 .ir 1 .935 6 ,939 5.594 0.0 0.0 0 .0b 0.000 O .000 0.000 0.0 0.0 0 ,00 0.000 0 .000 o.ooo 95066.9 1387E1.8 78 ,68 2.791 17 .592 18.698 56975.1 95064.9 78 .68 1.734 47 .957 15.3)0 31014.7 51794.6 70 ,69 1.093 63 .695 8.451 239051.3 397343.4 59 .90 2.927 30 .364 30.990 214743.2 J57706.2 99 .90 2.553 60 .968 20.004 172204.8 287382.1 19 .90 2.709 72 .446 12.599 300139.9 501234.0 85.49 3.462 35.123 21.900 265962.4 143999.9 85. .49 3.071 45 .994 10.324 119(44.9 199007.0 95. .49 7.577 36 .410 5,815 2:0704.9 50. .at 4 .631 16 .102 8.4 IB 52UUC;.6 3D. .01 3.030 33.054 6.917 104G.2 3003.2 30 .01 0.246 52.750 1 .942 199931.9 317218.9 69. .10 4.781 12 .897 11 .439 6756].2 117827,1 69. .10 2.412 39 .234 11.420 20C04.3 J4409.2 69. .10 1.453 57 .554 4.309 164096.4 274023.6 87, .60 4.641 11 .156 15.363 94337.9 157544.1 87, .60 3.718 43.494 14.910 41975.7 70099.4 91.60 1.450 62 .838 9.767 98699.7 164909.9 99. .04 5.282 4 .100 11.822 38464.0 64234.8 99. .04 1.471 52 .332 11.676 25684.0 42997.2 99, .04 1.272 65 .199 13.349 61062.4 101973.9 55, .97 5.879 4. .141 4.693 6605.2 11030.6 55.87 1.595, 34. .047 6.966 419.6 700.7 55.41 0.714 52. .446 2.191 49 531.6 91647.7 31. .23 5.426 3, .397 7.273 307.6 513.7 31. .25 0.159 27. .962 2.050 0.0 0.0 0. .00 O.OOO 0, .000 O.OOO 42723.2 71347.5 16. .67 4.879 2. .948 1.672 0.0 0.0 0.00 0.000 0. .000 0.000 

o.c 0.0 0. >09 0.CC3 0, .coo 0,-CC* 37230.9 62173.5 16, 49 4.446 2, .611 1.928 0.0 0.0 0. .00 o.ooo 0. ,000 O.OOO 0.0 0.0 0, ,00 0.000 0, ,OOQ o.ooo 24353.3 40673,1 16, .69 4.423 2. ,082 1.815 0.0 0.0 0. .00 0.000 0. ,000 0.000 0.0 Q.Q 0, ,00 0.Q0Q 0,000 O.QQO 12191.9 21345,8 16. ,79 4.234 1, .656 1.932 0.0 0.0 0. .00 O.OOO 0. .000 o.ooo 0.0 0,0 0. ,C0 o.ooo 0. .000 o.ooo 5226.2 *121.1 8. ,65 5.232 1. ,461 1.418 0.0 0.0 0. ,00 O.OOO 0. .000 0.000 0.0 0.0 0. .00 0.000 0. .000 0.009 2449.1 4090.0 8. .66 3.781 1. .196 1.169 Q.Q 0.0 0, .00 0.000 0. .000 O.OOO 0.0 0,0 0. .00 o.ooo 0. ooo O.OOO 597.9 959.4 7. .62 1.470 0, 995 0.603 0.0 0.0 0. 00 0.000 0. 000 O.OOO 0.0 0,0 0. 00 0.000 0. 000 0.000 2.1 3,5 0. .78 0.169 0, ,265 o.oto 
0.0 0.0 0. 00 0.000 0. .000 o.ooo 
0.0 0.0 0.00 O.OOO 0. .000 0.000 

to •p. 
o 
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Table CI Cross validation - Storm 1 

Gage 

Storm 1 

Gage 

Obs. Int.1 

(mm/hr) 
Multiqundric Kriging 

Gage 

Obs. Int.1 

(mm/hr) 
Estimate Error1(%) Estimate ElW(%) 

38 33 30.2 -8.4 28.2 -14.5 

39 14.2 19.7 38.8 16.3 14.4 

44 17 20.6 21.5 16.9 -0.8 

45 15.2 12.5 -17.2 16.2 6.32 

50 62 40.1 -35.3 43.6 -29.7 

51 27.2 30.2 11.1 26.2 I w
 

00
 

52 29.2 21.3 -26.9 17.1 -41.4 

54 39.9 36.1 -9.3 42.2 5.8 

55 8.6 19.1 122.8 15.8 83.4 

56 19.6 17.5 -10.3 16.8 -14.1 

57 17.8 17.3 -2.4 23.3 30.7 

60 4.8 8.73 81.9 12.0 150.4 

72 6.6 13.6 106.7 20.4 208.6 

88 37.3 35.2 -5.4 33.8 -9.3 

89 37.6 42.7 13.8 42.4 12.8 

90 30 32.7 9.3 30.99 3.3 

91 17 16.0 -5.8 16.38 -3.65 

Mpnn 94 1 94 1 16 ft 74 fi 44 

Overall intensity (The total depth of rain during a gage rainfall event divided by the 
^ gage rainfall event duration in units of mm/hr) 
' Error = (Estimate-0bserved)/0bserved*100 
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Table C2 Cross validation - Storm 2 

Gage 

Storm 2 

Gage 

Obs. Int.1 

(mm/hr) 
Mulliqundric Kriging 

Gage 

Obs. Int.1 

(mm/hr) 
Estimate Error1(%) Estimate Error1(%) 

38 16.5 23.3 41.2 23.1 40.1 

39 17.3 16.3 -5.7 17.9 3.4 

44 17.8 18.3 2.6 19.2 7.9 

45 18.03 17.03 -5.6 18.2 1.05 

SO 37.6 34.8 -7.5 36.7 -2.4 

51 19.8 23.2 17.2 23.2 17.3 

52 26.4 23.1 -12.6 21.4 -18.9 

54 35.6 29.7 -16.5 27.6 -22.5 

55 18.5 20.3 9.5 21.8 17.8 

56 38.6 23.23 -39.8 22.9 -40.1 

57 19.3 21.3 10.4 21.9 13. 7 

60 13.5 22.1 64.2 23.1 71.5 

72 22.6 27.5 21.5 29.9 32.6 

88 28.7 34.5 20.0 33.8 17.7 

89 36.6 27.8 -23.9 27.6 -24.6 

90 22.1 25.2 13.9 24.9 12.6 

91 25.4 28.8 13.3 28.1 10.5 

Mean 24.4 24.5 6.01 24.8 8.07 

1 Overall intensity (The total depth of rain during a gage rainfall event divided by the 
gage rainfall event duration in units of mm/hr) 

2 Error = (Estimate-0bserved)/0bserved*100 
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Table C3 Cross validation - Storm 3 

Gage 

Storm 3 

Gage 

Obs. Int.1 

(mm/hr) 
Multiquadric Kriging 

Gage 

Obs. Int.1 

(mm/hr) 
Estimate Error1^) Estimate ErrorJ(%) 

38 1.0 1.02 2.0 0.99 -0.4 

39 1.3 1.22 -5.15 1.3 0.0 

44 1.3 1.21 -6.92 1.23 -5.4 

45 1.3 1.44 10.8 1.39 6.9 

50 1.0 1.21 21.0 1.16 16.0 

51 1.0 1.1 10.0 1.1 10.0 

52 1.0 1.34 34.0 1.36 36.0 

54 1.5 1.37 -8.67 1.36 -9.3 

55 1.8 1.53 -15.0 1.5 -16.7 

56 1.3 1.35 3.85 1.35 3.9 

57 1.5 1.19 -20.67 1.14 -24.0 

60 1.5 1.56 4.0 1.54 2.7 

72 1.3 1.35 3.85 1.26 -3.1 

88 1.3 1.3 0.0 1.31 0.8 

89 1.0 1.11 11.0 1.11 11.0 

90 1.3 1.07 -17.7 1.07 -16.2 

91 1.5 1.54 2.7 1.54 2.0 

Mean 1.3 1.29 1.65 1.28 Q_S 

1 Overall intensity (The total depth of rain during a gage rainfall event divided by the 
gage rainfall event duration in units of mm/hr) 

2 
Error = (Estimate-0bserved)/0bserved*100 
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Table C4 Cross validation of test storm 1A 

Gage Sp. fn.1 V and VII2 Resid.3 VI and VIII4 Resid.3 

57 0.98 1.82 0.84 1.8 0.82 

51 0.16 0.41 0.24 0.26 0.10 

52 0.17 0.38 0.21 0.06 -0.11 

38 0.19 0.52 0.33 0.34 0.15 

39 9.52 8.01 -1.51 8.04 -1.48 

44 3.18 4.31 1.13 4.45 1.27 

45 7.43 6.37 -1.06 6.44 -0.99 

27 0.29 0.42 0.13 0.13 -0.16 

28 0.91 1.91 1.0 1.94 1.03 

29 2.06 2.93 0.87 3.42 1.36 

31 0.17 0.31 0.14 -0.06 -0.23 

32 5.17 5.32 0.15 5.38 0.21 

33 5.67 5.19 -0.48 5.25 -0.42 

40 14.0 7.86 -6.14 7.87 -6.13 

41 2.44 3.25 0.81 3.45 1.01 

46 1.59 2.61 1.02 2.58 0.99 

47 0.21 0.75 0.54 0.66 0.45 

53 1.07 1.81 0.74 1.77 0.70 

71 0.95 1.78 0.83 1.77 0.82 

80 0.90 1.46 0.56 1.48 0.58 

—52— 1-22 ZW U26 t n* 1 ™ 

'Value of spread function 
2Case V: All the gages useed in the analysis and values produced in an area 

enclosed by non-zero gages 
4Case VI: Only non-zero gages used - rest as in case V 
2Case VII: All the gages used in the analysis and values produced in only 

subatershed 6 
4Case VIII: Only non-zero gages used - rest as in case VII 
3Residual = Estimate - actual value of spread function 
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Table D1 Descriptive statistics for total storm parameters - WG6 (92.97 km2) 

Statistic Minimum Maximum Range Mean Standard dev. Skewness 

Measure 

Pond Pond Pond Pond Pond Pond 

Measure Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 

Height of centroid, 
'zbar' (mm/hr) 

0 0 14.22 14 14.2 14 3.9 4.01 2.9 2.97 1.0 1.0 

Distance from outlet, 
'a' (meters) 

0 0 15113 15167 15113 15167 6175 6127 2111 2187 0.93 1.07 

Areal coverage of the, 
storm 'Aj'fhectares) 

0 0 92.97 8098 9297 8098 7438 6479 2584 2250 -1.3 -1.3 

Peak pixel intensity, 
'Is'(mni/hr) 

0 0 61.4 61.4 61.35 61.4 17.9 18.00 13.4 13.38 0.84 0.83 

Moment around 
centroid, 'Mc'(km) 

0 0 6.93 6.99 6.93 6.99 3.62 3.6 1.03 1.03 -0.7 -0.5 

Mean of pixel intensities, 
•Im'Onm/hr) 

0 0 19.8 20.55 19.8 20.55 5.1 5.2 3.6 3.6 1.2 1.2 

Standard deviation, 
'S^'(mm/hr) 

0 0 13.9 13.7 13.9 13.7 3.6 3.6 2.9 2.9 0.99 0.99 

1 Averaged for all storm values (n=302) 

2 Inclusive (Drainage area = 92.97 km^) 

3 2 
Exclusive (Drainage area = 80.98 km ) 



Table D2 Descriptive statistics for total storm parameters - WGll (7.85 km2) 

Statistic Minimum Maximum Range Mean Standard dev. Skewness 

Measure 

Pond Pond Pond Pond Pond Pond 

Measure Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc.3 Inc.2 Exc,3 Inc.2 Exc.3 

Height of centroid, 
'zbar' (mm/hr) 

0 0 17.6 17.4 17.6 17.4 2.71 2.75 2.9 2.9 2.1 1.9 

Distance from outlet, 
'a' (meters) 

0 0 5606 4945 5606 4945 2213 1969 919.2 839.4 •0.56 -0.44 

Areal coverage of the, 
storm 'Aj'fhectares) 

0 0 785 635 785 635 627 50 4.6 273.0 224.7 -1.4 -1.4 

Peak pixel intensity, 
'Is'(mm/hr) 

0 0 61.4 61.4 61.4 61.4 8.8 8.8 9.3 9.3 2.2 2.15 

Moment around 
centroid, 'Mc'(km) 

0 0 1.84 1.97 1.84 1.97 0.98 0.93 0.37 0.36 -1.6 -1.57 

Mean of pixel intensities, 
'Im'(mm/hr) 

0 0 30.1 28.3 30.1 28.3 4.6 4.77 5.0 5.2 2.08 2.02 

Standard deviation, 
'S^'(mm/hr) 

0 0 17.4 13.6 17.4 13.6 1.7 1.6 2.0 1.95 2.5 2.4 

1 Averaged for all storm values (n=302) 

2 Inclusive (Drainage area = 7.85 km^) 

3 2 
Exclusive (Drainage area = 6.35 km ) 

to 
00 



Table D3 CORRELATION MATRIX, WALNUT GULCH - CORESO CASE 

Distance' Area2 Precip. vol.3 Max. Int.4 Mn. Int.5 Eur-6 R. vol.7 R. Pea 

Distance I -0.05 -0.02 -0.04 0.03 -0.03 -0.04 -0.09 

Area -0.05 1 0.89 0.65 0.61 0.39 0.64 0.74 

Precip. vol. -0.02 0.89 1 0.57 0.53 0.61 0.72 0.82 

Max. Tnt. -0.04 0.65 0.57 1 0.96 0.35 0.30 0.40 

Mn, lilt- 0.03 0.61 0.53 0.96 I 0.29 0.28 0.38 

Pur. -0.03 0.39 0.61 0.35 0.29 1 0.37 0.42 

R, YOl -0.04 0.64 0.72 0.30 0.28 0.37 1 0.94 

R. Peak -0.09 0.74 0.82 0.40 0.38 0.42 0.94 1 

Average distance from the outlet (m) 

'Average areal coverage (ha) 

Total precipitation volume (m3) 

4 
Average maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

6Total event duration (minutes) 

7TotaI runoff volume (m3) 

Runoff peak rate (mm/hr) 
to 

\o 



Table D4 CORRELATION MATRIX, WG 6 - TOTAL STORM CASE 

Distance Area2 Precip, vol-3 Max. Int-4 Mn. Int.5 Dor.6 R. vol.7 R. Peak8 

Distance 1 -0.13 -0.02 0.11 0.16 -0.02 0.00 -0.02 

Area -0.13 1 0.64 0.12 0.16 0.29 0.20 0.18 

Precip. vol. -0.02 0.64 1 0.36 0.43 0.46 0.62 0.54 

Max. Int. 0.11 0.12 0.36 I 0.93 0.34 0.34 0.40 

Mn. Int. 0.16 0.17 0.43 0.93 1 -0.31 0.40 0.44 

Pur. -0.02 0.29 0.46 -0.33 -0.31 1 0.18 0.09 

R. vol. 0.00 0.20 0.62 0.34 0.40 0.18 1 0.92 

R. Peak -0.02 0.18 0.54 0.40 0.44 0.10 0.92 1 

Average distance from the outlet (m) 

2 Average areal coverage (ha) 

Total precipitation volume (m3) 

Average maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

6Total event duration (minutes) 

7Totai runoff volume (m3) 
g 
Runoff peak rate (mm/hr) 

to 
Ul o 



Table D5 CORRELATION MATRIX, WG 6 - CORE25 CASE 

1 2  3  4  
Distance Area Precip. vol. Max. int. 

-0.14 -0.06 0.02 

1 0.87 0.72 

0.87 1 0.67 

0.72 0.67 1 

0.62 0.58 0.95 

0.27 0.55 0.26 

0.63 0.75 0.39 

0.66 0.76 0.47 

'Average distance from the outlet (m) 

Average areal coverage (ha) 

Total precipitation volume (m3) 

Average maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

6TotaI event duration (minutes) 

7Total runoff volume (m3) 
g 
Runoff peak rate (mm/hr) 

Distance 1 

Area -0.14 

Precio. vol. -0.06 

Max. Int. 0.02 

Mn. Int. 0.10 

DUE. 0.05 

R. vol- -0.04 

R. Peak -0.06 

Mn. Int-5 

0.10 

0.62 

0.58 

0.95 

I 

0.21 

0.36 

0.44 

DUE.6 

0.06 

0.27 

0.55 

0.26 

0.21 

1 

0.45 

0.36 

R. vol-7 

-0.04 

0.63 

0.75 

0.39 

0.36 

0.45 

1 

0.92 

R. Peak8 

-0.06 

0.66 

0.76 

0.47 

0.44 

0.36 

0.92 

1 



Table D6 CORRELATION MATRIX, WG 11 - TOTAL STORM CASE 

Distance Ami" Erecip, vol. Max. Int. Mn. Int. Bur.6 R. vol-7 R. Peak8 

Distance 1 -O.I6 -0.07 -0.03 -0.05 0.06 -0.07 -0.07 

Area -0.16 1 0.54 0.37 0.41 0.41 0.08 0.08 

Precip. vol. -0.07 0.54 1 0.62 0.71 0.51 0.54 0.49 

Max. Int. -0.03 0.37 0.62 1 0.96 -0.10 0.33 0.33 

Mn. Int. -0.05 0.41 0.71 0.96 1 -0.05 0.40 0.40 

Pur. 0.06 0.41 0.51 -0.10 -0.05 1 0.13 0.09 

R. vol. -0.07 0.08 0.54 0.33 0.40 0.13 1 0.98 

R. Peak -0.07 0.08 0.49 0.33 0.40 0.09 0.97 1 

Average distance from the outlet (m) 

1 Average areal coverage (ha) 

3Total precipitation volume (m3) 

4 
Average maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

6Total event duration (minutes) 

Total runoff volume (m3) 
g 
Runoff peak rate (mm/hr) 

to 
Lft 
N3 



Table D7 CORRELATION MATRIX, WG 11 - CORE25 CASE 

Distance1 Area2 Precip. vol.3 Max. Int.4 

Distance 1 -0.28 -0.16 -0.13 

Arsa -0.28 I 0.83 0.78 

Precip. vol. -0.16 0.83 1 0.74 

Mar. Int, -0.13 0.78 0.74 1 

Mn. Int. -0.10 0.80 0.79 0.96 

Dill- 0.05 0.35 0.63 0.35 

R- vol. -0.12 0.52 0.72 0.47 

R- Peak -0.11 0.49 0.68 0.46 

'Average distance from the outlet (m) 

2 
Average a real coverage (ha) 

Total precipitation volume (m3) 

4 
Average maximum intensity (mm/hr) 

5Average mean intensity (mm/hr) 

^otal event duration (minutes) 

Total runoff volume (m3) 
g 
Runoff peak rate (mm/hr) 

Mn. Int.5 

-0.10 

0.80 

0.79 

0.96 

1 

0.33 

0.58 

0.57 

Dur.6 

0.05 

0.35 

0.63 

0.35 

0.33 

1 

0.38 

0.34 

R- vol-7 

-0.12 

0.52 

0.72 

0.47 

0.58 

0.38 

1 

0.98 

R. Peak8 

-0.11 

0.49 

0.68 

0.46 

0.57 

0.34 

0.98 

1 

to 
en 
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