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ABSTRACT 

The potential contributions of 39 error sources in hydrologic field data collected from 

small, semi-arid watersheds were estimated and used to test the sensitivity of derived 

forms of observed hydrologic data. Estimates of the potential contributions of each 

source were based primarily on existing literature but also on errors encountered in 

the Santa Rita data base, sensitivity analyses, experimentation, and established 

mathematical relationships. The study suggests that potential errors in measured and 

derived precipitation variables are generally slight (less than 10 percent) and that the 

potential errors in measured and derived runoff and sediment variables are generally 

moderate (between 10 and 50 percent). Sediment data was found to be the least 

accurate type of hydrologic field data. 



CHAPTER 1 

rnTRODUCTION 

1.1. Data Reliabilitv 

Reliable data are data that can be depended on to accurately represent the physical 

objects or processes measured. Data reliability, which is a function of both the 

mechanism used to measure the phenomenon and the observer who makes the 

measure, is thus a description of how closely the data represents the true value of the 

quantity investigated. 

A reality of science is that the true value for an object or process measured can not be 

known. There is no such thing as an absolutely exact measurement since all 

measurements in science are inaccurate to some degree (Weld, 1937; Topping, 1955; 

Parratt, 1961; Pugh and Winslow, 1966; Bevington, 1969; Hall, 1977). A corollary 

to this statement is that the true error also can not be known (Weld, 1937). The true 

value can not be known for several reasons including: instruments have finite 

precision, different instruments measuring the same quantity are not uniform, 

observer(s) variability, and small changes in other physical factors that control the 

measurement (Topping, 1955). The end result of these factors is that different 

measurements on the same quantity will not give exactly the same value each time 



(Weld, 1937). 

Although the true value of an object or process can not be measured, it is reasonable 

to assume its existence. One objective of science is to define limits within which the 

true value must lie - closer limits being characteristic of a more accurate measurement 

(Topping, 1955). The difference between the true value of an object or process and 

the value measured or calculated is called the error (Bevington, 1969). 

Since the true error can not be known, and a reported value whose accuracy is 

entirely unknown is worthless (Eisenhart, 1968), a description of potential errors in 

data can be used as an evaluation tool for users. The purpose of this study is 

twofold: to assess potential errors in measured hydrologic data collected from small, 

semi-arid watersheds, and to examine how the potential errors in measured quantities 

can influence variables derived from them. 

1.2. Three Tvpes of Errors 

Three types of error are mistakes, systematic errors, and random errors (Bevington, 

1969). Sometimes it is difficult to distinguish between the latter two types and many 

errors are a combination of the two (Topping, 1955). 
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Mistakes or blunders in measurement or computation are due purely to carelessness of 

the observer (Weld, 1937; Bevington, 1969). Examples include reading the wrong 

number on a scale, reading one number and writing down another, and miscounting. 

These errors are often easily detected since they are either obviously incorrect data 

points or are not reasonably close to expected results. This is not to say that 

abnormal or unusual results should be discarded indiscriminately. Such results have, 

when followed up rather than discarded, led to important discoveries (Topping, 1955). 

Strictly speaking, mistakes are not errors since careful checking and repeated 

measurement can eliminate them (Weld, 1937). 

Systematic errors are errors that continuously act in the same manner. They are due 

to inaccurate instruments, imperfect scale setting, defective mechanism, false indicator 

settings, known external disturbances, and personal equation and prejudice (Weld, 

1937; Pugh and Winslow, 1966). These error types may arise either from the 

instruments or the observer (Topping, 1955). Examples include untrue scales or 

graduations, true graduations that have been improperly calibrated, mechanical 

imperfections of the measuring instruments, false indicator position (e.g. due to 

friction), effects of changes in temperature or relative humidity, observation habits, 

and the influence of initial estimates on subsequent measurements (Weld, 1937). 

Random or accidental errors are variable in magnitude, either positive or negative, 
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occur in no ascertainable sequence, and are due to either external causes or errors in 

observer judgement (Topping, 1955; Weld, 1937). Examples of random errors are 

changes in wind speed or direction during a rainfall event that either blows more or 

less rain into the rain gage orifice, fluctuations in observer judgement when adjusting 

or reading an instrument, and optical illusions when reading a scale. 

An example of a combination of systematic and random error types, and one which 

will be discussed in detail later, is the case of measuring the amount of precipitation 

reaching the ground during a storm event. Turbulence due to the presence of an 

elevated rain gage orifice in the horizontal flow path of air can cause a systematic 

underestimation of precipitation. However, the degree of underestimation is 

dependent on the random variations of wind speed, wind direction, and drop size 

during the storm (Kurtyka, 1953; Israelsen, 1967; Larson, 1971; Rodda, 1971; 

Larson and Peck, 1974; Neff, 1977). 

1.3. Accuracy Versus Precision 

Accuracy is a description of how close the measured quantities are to the true value, 

whereas precision is a description of how exactly the measure is determined without 

reference to what the result means. Thus, accuracy is a measure of how correct a 

result is and precision is a measure of how reproducible the result is (Bevington, 



1969). The two characteristics must be considered simultaneously since a result can 

not be considered highly accurate if there is low precision. Similarly, it is useless to 

determine a result of high precision if it is highly inaccurate. 

Because less accurate results may enable an experimentalist to meet the objectives of a 

research effort, the goal of every researcher is not necessarily to reduce errors in 

measurements to as small as possible. However, the experimentalist must be assured 

that either measurement errors are small enough so that conclusions inferred from the 

results are not affected or that the effects of the errors are known and quantifiable in 

a statistical sense (Topping, 1955). 

1.4. Varieties and Uses of Hvdrolopical Field Data 

In order to understand the hydrologic cycle, watershed research efforts should involve 

the collection and analysis of data on precipitation, runoff, climate, sedimentation, 

geology, soil conditions, and watershed characteristics (Brakensiek et al., 1979). 

However, depending on the particular study objectives and resource constraints, not 

all of these data types can be collected for all research efforts. In addition, study 

objectives and resource constraints can dictate sacrificing accuracy and precision of 

some measurements for increased durability and reliability of field instrumentation 

(Johnson et al., 1982). 



Data collected from experimental watersheds are used to define hydrologic 

relationships for specific geographic locations, develop and test theoretical and 

empirical natural resource models, monitor water quality and quantity changes 

resulting from land use, develop new hydrometric techniques, and to examine climate 

change. 

1.5. Two Types of Hydrolo~ic Field Data 

Hydrologic field data, commonly called observed data, can be subdivided into two 

different types: measured quantities and derived quantities. Measured quantities are 

determined directly by instruments whereas derived quantities are calculated using 

combinations of measured quantities. In the measurement and processing system 

examined in this study for example, rainfall depth at a point is a measured quantity 

determined with a weighing-type rain gage whereas rainfall intensity at a point is a 

derived quantity calculated by combining depth and elapsed time measurements. The 

two types of observed data are summarized in Table 1.1. 



Table 1 . 1 .  Two Types of Hydrologic Fie ld  Data (Observed Data) 

Measured Derived 
Data Cateqory Ouant it ies Q u a n t i t i e s  

P r e c i p i t a t i o n  Catch Depth I n t e n s i t y  
S t a r t  Time Volume 
Elapsed Time 
Watershed Area 

Runoff 

Sediment 

S tage  Discharge 
Flume Rat ing Volume 
S t a r t  T i m e  
Elapsed Time 
Watershed Area 

Concentrat  i on  Discharge 
S tage  Yield 
Sampling T i m e  
Watershed Area 

Although the volume of both precipitation and runoff can be derived and reported in 

units of volume v), in the measurement and processing system examined in this 

study both precipitation and runoff are reported as volume per unit area which results 

in depth units Q. Thus, volume is not derived for precipitation and measured runoff 

discharge (FIT) is converted to runoff volume w) per unit area (LZ) to derive 

comparable units. 

1.6. Problem Statement and Obi ectives 

As will be seen, there are at least thirty-nine potential error sources in the three data 

categories (precipitation, runoff, and sediment) of the Santa Rita type measurement 



25 

and processing system1. These potential error sources are both mechanical and 

human in nature. If the contributions of one or a combination of different sources are 

large, the measured and derived "observed data" values used in analyses will not 

represent what actually happened during a storm event. If the degree of 

misrepresentation is large, conclusions inferred from the observed data could be 

affected. 

The purpose of this thesis is to test the following three hypotheses: 

1. The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

represented is slight (less than 10 percent). 

2. The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

represented is moderate (between 10 and 50 percent). 

3. The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

'Named after the study site which will be described in a 
later section. 



represented is significant (greater than 50 percent). 

The actual variables of the storm represented by the data will be estimated by 

applying the average potential error contribution of each error source to data collected 

from one of the Santa Rita watersheds. 

1.7. Approach 

The study consists of two stages: the first stage attempts to quantify the potential 

error in quantities measured in the Santa Rita type data collection and processing 

system; the second stage tests the sensitivity of derived values to potential errors in 

the measured quantities. 

In order to judge experimental reliability, measurements should be repeated several 

times (Barford, 1985). When multiple measurements are possible, the most probable 

value of the measured quantity is the arithmetic average of the observations and the 

error is represented by the standard deviation of the measurements (Topping, 1955). 

By definition, the "most probable" value is the value with a 0.50 exceedence 

probability and is equal to the mean in a symmetrical distribution (Bevington, 1969). 

The standard deviation defines the range encompassing the mean that has a 0.32 

exceedence probability. That is, 68 percent of the observations will occur within the 



range defined by the standard deviation. An increase in the number of measurements 

usually results in a decrease in the standard deviation or error in the estimated mean. 

However, because hydrologic field data typically consists of a single measurement of 

a transient phenomenon, quantification of the potential error range can not generally 

be obtained using traditional formulas to determine the mean, variance, and standard 

deviation. These dispersion indices can not be obtained since in the case where only 

a single measurement is made, the denominator in the equations used to determine the 

variance of a sample population would be indeterminate (Bevington, 1969). 

Similarly, since the mean and variance can not be determined, the covariance and 

correlation coefficient also can not be determined using standard derivation equations. 

Although the covariance and correlation coefficient can not be determined, the effects 

can be large and rigorous error calculations without taking the correlation coefficient 

into account are impossible (Clifford, 1973). Topping (1955) noted that if only a 

single measurement is made, any estimate of error could be widely wrong. 

As the traditional methods employed to estimate errors generally can not be used, 

potential errors and the dispersional characteristics of the potential errors are 

frequently estimated for a particular instrument by comparing the results obtained by 

the instrument with the results obtained by different instruments with higher accuracy 

and precision. For instance, the amount of precipitation caught by a standard rain 
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gage is compared with the amount caught by a pit gage or the amount measured with 

a lysimeter; the runoff stage measured by a float type water level recorder is 

compared with the stage measured with a point gage. 

Estimates of potential measurement errors are often reported by experimental 

scientists as the probable error rather than the standard deviation (Parratt, 1961). The 

probable error defines a range which encompasses the mean value and has a 0.50 

exceedence probability. That is, there is a 50 percent chance that the absolute value 

of the potential error will be greater the range defined by the probable error 

(Bevington, 1969). Although in a normal distribution the probable error is equivalent 

to 0.6745 times the standard deviation, the numerical relationship between the 

probable error and other dispersion indices depends on the shape of the distribution 

(Parratt, 1961). Since a probable error representation is often used where errors need 

to be estimated (i.e. when more precise analysis and statistical relations may be 

unrealistic)(Hall, 1977), the potential errors in measured and derived quantities 

presented in this study will also be expressed as probable errors. 

Estimations of the potential error contribution of each source will be based primarily 

on existing literature but also on errors encountered in the Santa Rita data base, 

sensitivity analyses, experimentation, and established mathematical relationships. 

After the probable errors are estimated for each error source, the different potential 
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error sources for each measured quantity will be combined using an error propagation 

equation that expresses the combined effects of each error source as a most probable 

value. The purpose of the combination step is to derive an overall estimate of the 

potential error for each measured quantity. For instance, the potential or probable 

error will be estimated for rain gage exposure, gage type, gage calibration, chart 

hygroexpansion, and depth scale resolution and the values combined to derive an 

overall estimate of the most probable error in rain gage catch depth. The procedure 

of intelligent guess will be resorted to for estimating if the correlation coefficient of 

different error sources is positive or negative. 

It will be assumed that the different error sources influencing the same measured 

quantity .are linearly related. Although this linear relationship has not been 

experimentally demonstrated in all of the cases to be examined, it has precedence in 

studies of hydrologic data error. For example, Blaisdell (1941), in his testing of 

water level recorders at the Hydraulic Laboratory of the National Bureau of 

Standards, employed a linear relationship to combine the various error sources 

encountered into an overall value. 

In order to test the response of derived quantities to potential errors in measured 

quantities, sensitivity analyses are performed for each of the derived quantities. 

Sensitivity analysis has been defined as a method for evaluating the relative change in 
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a model output resulting from a change in inputs or model parameters (Lane and 

Ferreira, 1980). In this case, the models are the mathematical equations used to 

calculate the derived quantities of hydrologic field data and the changes in inputs 

reflect the potential error values assessed for the measured variables during the first 

stage of the study. 

The sensitivity analyses are similar to taking partial derivatives; derived quantities 

are calculated with respect to potential error in only one of the measured variables 

while the remaining measured variables are held constant at the base value. For 

instance, the sensitivity of runoff volume to potential error in measured runoff 

variables is examined by separately applying the average, maximum, and minimum 

potential error in runoff stage to the stage recorded in the data base while 

simultaneously holding the stage-discharge relationship, elapsed time, and contributing 

area constant. The calculations are repeated in turn until the effects of potential error 

in each of the measured quantities are examined. 

Data collected from twelve representative events on one of the Santa Rita 

experimental watersheds are used as base values in the second stage of the study. 

The average, maximum, and minimum potential error values are applied to the base 

values for each of the measured quantities to form a total of four data sets for each of 

the twelve events. 
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Since the base data set contains systematic and random error (it will be assumed that 

all mistakes in the tabulated data have been detected and corrected), the base data set 

will be compared with the data set in which potential error sources contribute the 

error range average. The resulting percentage differences of the base data set with 

respect to the actual storm variables (approximated by the data set with error sources 

contributing their average) will be used to test the three hypotheses. Thus, although 

the average and the range of potential error will be quantified in the first stage of the 

study and examined in the second, only the average potential error will be used to test 

the hypotheses. 

1.8. Benefits 

Expected benefits from this study include: 

a. Identification of sources with the highest potential error contribution 

which could lead to their mitigation, 

b. Approximation of confidence limits for users of hydrologic field data 

collected and processed using the Santa Rita type data collection and 

processing system, and 

c. Quantified values for previously undocumented potential error sources 



in hydrologic field data. 
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CHAPTER 2 

THE SANTA RITA TYPE DATA COLLECTION AM) PROCESSING SYSTEM 

The geographic focus of this study, and the source of the descriptive title of the 

hydrologic data collection and processing system examined, is the Santa Rita 

Experimental Range located 48 kilometers (km) south of Tucson, Arizona (see Figure 

2.1). The United States Department of Agriculture (USDA) - Agricultural Research 

Service (ARS), in cooperation with the USDA Forest Service, has conducted a 

vegetation manipulation/rangeland hydrology research project on the Range since 

1975. 

The Range is a wide plain that slopes gently west to east from 850 meters (m) to 

1400 m elevation. It is a 20,250 hectares (ha) enclosure representative of about 8 

million hectares of semi-desert grass-shrub ecosystems in southern Arizona, New 

Mexico, and Texas (Martin and Cable, 1975). The research effort was initiated to 

evaluate the effect of killing mesquite (Prosopis juliflora var. velutina) on the rates of 

runoff and erosion, the effect of grazing on runoff and erosion, and the combined 

effects of mesquite control and grazing. 
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Figure 2.1. Geographic Location of Experimental Watershed. 



2.1. Methods Used to Measure H~drolo~ic Variables 

Due to the electrical nature of the convective storms producing between 50 and 70 

percent of the annual precipitation falling on southeastern Arizona rangelands (Renard 

and Keppel, 1966), the use of electronic sensors and recorders risks the loss of 

records due to electrical failure. As a result, mechanical clocks, sensors, and 

recorders are used and analog records produced. 

Each of eight small experimental watersheds (1 to 4 ha) were instrumented with a 

Belfort weighing-type recording rain gage (5-780), a Belfort float-type stream level 

recorder (FW-I), a pre-calibrated, supercritical runoff flume (Smith et al., 1981), and 

an automatic, total load, traversing slot sediment sampler (Renard et al., 1986). The 

research effort consists of collecting and analyzing data on precipitation, runoff, and 

sediment . 

2.2. Methods Used to Process Field Data 

A storm event is recorded by the aforementioned instruments and the records 

collected in the field by a technician. The analog records of precipitation and runoff 

are coded and digitized by a technician and the concentration of collected sediment 

samples determined in a laboratory. Scientists are presented with a product in 



numeric tabulated form suitable for analysis (see Figure 2.2). 

2.2.1. Precipitation Data 

The analog record of a precipitation event and field notes are coded by a technician to 

classify the precipitation type (i.e. snow, hail, rain), determine the storm date, start 

time, end time, whether the storm was significant (i.e. produced runoff on any of the 

instrumented watersheds on the range) or nonsignificant, and the event number. The 

coded analog record is then digitized using an analog-to-digital converter. The digital 

record goes through a series of documentation and error scans that transform the data 

into a master file for final processing. Detected errors are corrected using updating 

programs and the final product emerges in tabulated form (Chery and Kagan, 1975). 

2.2.2. Runoff Data 

Similar to the precipitation data, the analog record of a runoff event and field notes 

are coded by a technician to determine the date, start time, end time, zero flow level, 

and peak stage in the case where the stage was greater than 15 cm (0.5 ft) and a chart 

reversal occurred. The coded analog record is then digitmd using an analog-to- 

digital converter and an automated error detection scan performed. Detected 

corrections are made and the final product emerges in tabulated form. 
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System 



2.2.3. Sediment Data 

The sediment samples collected during a runoff event are sequentially numbered, 

weighed, dried, and weighed again in order to determine the sediment concentration 

of each sample. During the coding of the runoff events, the sampling time of each 

numbered bottle is determined based on a combination of the stage known to activate 

the sampler, indicator marks made on the runoff chart by the sampler, and the 

designed interval between samples. The sediment concentration data are merged with 

the sampling time on the hydrograph to obtain the sediment discharge and yield 

during the event. 

2.3. Potential Error Sources in the Santa Rita T v ~ e  Data Collection and 

process in^ Desi~n 

Potential error sources in the Santa Rita type data collection and processing system 

exist in the precipitation, runoff, and sediment data as well as in the field collection 

and data processing steps. Errors in the field collection of the recorded data increase 

the likelihood of errors in the data processing phase or can result in data loss. 

Mistakes in field collection and data processing are generally due to either 

carelessness or a lack of training and will not be a focus of this study. The Santa 

Rita data base recently underwent a rigorous review process and it is assumed that 
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major mistakes have been detected and corrected. Systematic and random errors are 

inherent in data processing however, and will be quantified in terms of the resolution 

of the collected data and the instruments used in the processing stage. 

2.3.1. Potential Errors in Precipitation Data 

As shown in Table 2.1, potential sources of measurement error that could result in 

misrepresenting the precipitation variables of natural storms include: a difference 

between the amount of rain captured and recorded by a gage and the amount actually 

falling on the ground, a difference in the recorded start and elapsed time of an event 

and what actually occurred, and a difference in the area represented by the point 

measure and the area receiving the same amount of precipitation as the point. 

2.3.2. Potential Errors in Runoff Data 

Also shown in Table 2.1, potential sources of measurement error that could result in 

misrepresenting the runoff variables of a natural storm include: a difference between 

the recorded stage of a flow and the actual stage, a difference between the discharge 

attributed to a particular stage and the actual discharge, a difference between the 

recorded start and elapsed time of a flow and what actually occurs, and a difference 

between the watershed area attributed to a flow and the actual contributing area. 



2.3.3. Potential Errors in Sediment Data 

The automatic, total load, traversing slot sediment sampler that drains into a rotating 

sediment collection table is located at the flume exit. Potential sources of 

measurement error that could result in misrepresenting the sediment variables of a 

natural storm include: a difference between the sediment concentration sampled and 

the actual sediment concentration in the flow, a difference between the sediment 

concentration sampled and the measured sediment concentration, a difference in the 

sampling time recorded and the actual sampling time, and a difference in the area 

contributing sediment and the area attributed to contributing sediment. 

2.3.4. Potential Errors in Field Collection 

After an event is recorded and sampled, technicians collect the data and service the 

instrument stations. Potential sources of error introduced by field technicians that 

could result in misinterpretation of the analog record or estimation of an event 

include: not using a standardized time reference, not noting changes in the stage to 

sampler pen offset (i.e. when either pen is replaced), not noting the previous and 

current flow zero level, not maintaining the instruments in good working condition, 

not providing a complete time line (i.e. showing the top and bottom pen reversal 

points for water level recorder charts with a registered runoff event), not noting on 
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and off watch times, not noting the sampler on and off levels, not noting which 

sample bottles had samples, not rewinding the instrument clocks, not cleaning intakes 

or sampler tubes, not replacing pens on the charts, and mislabeling charts. As 

suggested by the extensive list of potential errors, if the field technicians are not well 

trained and motivated, the entire data collection effort will suffer. 

2.3.5. Potential Errors in Data Processing 

Before the analog record collected in the field can be readily used, it must be 

converted into digital form by the coding and digitizing processes previously 

described. Potential sources in the data processing that could result in 

misrepresenting the natural event include: coding an incorrect zero flow level, 

misidentifying the sample time, making an incorrect time correction, not establishing 

reference points for each chart, not following procedures for identifying breakpoints2, 

and not accurately sighting the breakpoints in the digitizer cross hairs. 

2~ breakpoint is a point where the slope of an analog trace 
changes. 



Table 2.1. Potential Error Sources in Measured ~uantities 

Measured Potential Error 
Data Cateqorv Ouant it y Source 

Precipitation: Catch Depth 1. Gage Exposure 
2. Gage Type 
3. Gage Calibration 
4. Chart Hygroexpansion 
5. Depth Scale Resolution 

Start Time 1. Time Scale Resolution 
2. Chart Hygroexpansion 

Elapsed Time 1. Time Scale Resolution 
2. Rate Mechanism 
3. Skewness of Pen Trace 
4. Chart Hygroexpansion 

Watershed Area 1. Boundary and Area Determination 
2. Spatial Representativeness 

Runoff : 

Sediment : 

Stage 1. Gage Type 
2. Head Loss Through Intake 
3. System Lag 
4. Density Differences 
5. Zero Flow Level Offset 
6. Chart Hygroexpansion 
7. Depth Scale Resolution 

Stage-Discharge 1. Modeling Error 
Relationship 2. Flume Construction and Placement 

3. Approach Channel Slope 

Start Time 1. Time Scale Resolution 
2. Chart Hygroexpansion 

Elapsed Time 1. Time Scale Resolution 
2. Rate Mechanism 
3. Skewness of Pen Trace 
4. Chart Hygroexpansion 

Watershed Area 1. Boundary and Area Determination 
2. Contributing Area 

Sediment 1. Sampling Efficiency 
Concentration 2. Sample Representativeness 

3. Evaporation and 
Transportation Losses 

4. Laboratory Handling 

Sampling Time 1. Instrument Limitations 
2. Time Scale Resolution 

Watershed Area 1. Boundary and Area Determination 
2. Contributing Area 



CHAPTER 3 

METHODOrnGY 

Although this study is divided into two stages, it actually consists of three steps. 

Initially the probable error contribution of each source is quantified or assessed; the 

contributing sources for each measured quantity are then combined to derive an 

estimate of the potential error for the particular measured quantity; and finally the 

sensitivities of derived quantities to the potential enor in measured quantities are 

tested. 

3.1. Methods Used to Assess Potential Error in Measured Ouantities 

Because many of the potential error sources in hydrologic field data have been studied 

singularly in the past, probable error values for most (- 70%) of the previously 

listed sources are obtained from published or unpublished literature (see Table 3.1). 

In cases where the potential error contribution of a source has not been quantified in 

the literature, either the Santa Rita data base, results from sensitivity analyses and 

experimentation, or established mathematical relationships are used to derive 

approximate error ranges. 

Since the goal of the quantification stage is to assess reasonable potential error values 
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for each source (i.e. values that are neither too optimistic or too pessimistic), and the 

literature does not consistently identify probable errors in the estimated average error 

value, some judgement is involved in the assessment of the probable error range of 

the average. No measurements of instrument accuracy were made at the study site. 

Table 3.1. Potential Error Sources in Measured Variables and 
Quantification Methods 

E r r o r  Source Q u a n t i f i c a t i o n  Method 

Precipitation Data 

1. Catch Depth 
a .  Gage Exposure 
b. Gage Type 
c .  Gage C a l i b r a t i o n  
d. Chart  Hygroexpansion 
e. Depth Sca l e  Resolut ion 

L i t e r a t u r e  Review 
L i t e r a t u r e  Review 
Santa  R i t a  Data Base 
L i t e r a t u r e  Review 
L i t e r a t u r e  Review 

2. S t a r t  Time 
a.  Time Sca l e  Resolut ion L i t e r a t u r e  Review 
b. Chart  Hygroexpansion L i t e r a t u r e  Review 

3. Elapsed T i m e  
a .  Time Sca l e  Resolut ion L i t e r a t u r e  Review 
b. Rate  Mechanism S e n s i t i v i t y  Analysis  
c .  Skewness of Pen Trace L i t e r a t u r e  Review 
d. Chart  Hygroexpansion L i t e r a t u r e  Review 

4. Watershed Area 
a .  Boundary and Area 

Determinat ion L i t e r a t u r e  Review 
b. S p a t i a l  Representa t iveness  L i t e r a t u r e  Review and 

Santa  R i t a  Data Base 

Runoff Data 

1. Stage  
a .  Gage Type 
b. Head Loss Through In t ake  
c. System Lag 
d. Dens i ty  D i f f e r ences  
e. Zero Flow Level  O f f s e t  
f .  Chart  Hygroexpansion 
g. Depth S c a l e  Resolu t ion  

L i t e r a t u r e  Review 
Mathematical Re la t i ons  
Mathematical Re la t i ons  
Mathematical Re la t i ons  
Santa  R i t a  Data Base 
L i t e r a t u r e  Review 
L i t e r a t u r e  Review 



2 .  Stage-Discharge Re la t i onsh ip  
a. Modeling Er ro r  
b. Flume Cons t ruc t ion  and 

Placement 
c. Channel Slope 

3. S t a r t  Time 
a .  Time S c a l e  Resolut ion 
b. Chart  Hygroexpansion 

4. Elapsed Time 
a .  Time S c a l e  Resolu t ion  
b. Rate  Mechanism 
c. Skewness of Pen Trace 
d. Chart  Hygroexpansion 

5. Watershed Area 
a .  Boundary and Area 

Determinat ion 
b. Con t r ibu t ing  Area 

Sediment Data 

1. Sediment Concentrat ion 
a .  Sampling Ef f i c i ency  
b. Evaporat ion and Transport  

Losses  
c .  Laboratory Handling 

2 .  Sampling Time 
a .  Instrument  L imi t a t i ons  
b. T i m e  S c a l e  Resolut ion 

3. Watershed Area 
a .  Boundary and Area 

Determinat ion 
b. Con t r ibu t ing  Area 

L i t e r a t u r e  Review 

S e n s i t i v i t y  Analysis  
L i t e r a t u r e  Review 

L i t e r a t u r e  Review 
L i t e r a t u r e  Review 

L i t e r a t u r e  Review 
S e n s i t i v i t y  Analysis  
L i t e r a t u r e  Review 
L i t e r a t u r e  Review 

L i t e r a t u r e  Review 
L i t e r a t u r e  Review 

L i t e r a t u r e  Review 

Experimentation 
L i t e r a t u r e  Review 

S e n s i t i v i t y  Analysis  
L i t e r a t u r e  Review 

L i t e r a t u r e  Review 
L i t e r a t u r e  Review 

The potential error in the measured quantities will be expressed in terms of the actual 

variables. For example, if measured rainfall averages 6% less than actual rainfall, 

the average potential error will be expressed as - 6%. 
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3.2. Methods Used to Combine Potential Errors in Measured Ouantities 

Measured hydrologic variables can be represented by the general formula: 

x = xo+e 

where x is the value measured, x, is the accurate value of the quantity, and e is the 

error (Topping, 1955). If f = efx, is the fractional or relative error in x, (100 * elx, 

the percentage error in x,), then: 

If different sources contribute error to the same measured quantity but one is 

expressed in absolute terms and the other in relative terms, the two forms of 

expressions must be combined and applied to a measured quantity in order to examine 

the potential effects of both error sources on a derived quantity. The two expressions 

can be combined if the first equation presented above is modified so that the variable 

representing error (e) actually represents errors expressed in both absolute and 



relative terms. That is, the equation is rewritten so that, 

X  = X , + E  

where E equals el + q, with el equal to error expressed in absolute terms (x - xo) 

and e, equal to error expressed in relative terms (f * x,). The equation that allows the 

two error expressions to be combined is derived as follows: 

x = x , + E  

X ,  = X - E  
X ,  = X - e l - e ,  
X ,  = X - e l - f x ,  

x , + f x ,  = X-e l  
x, ( 1  +f) = x -e ,  

The probable error of a function of a single measured quantity is the derivative of the 

function times the probable error of the measured quantity (Weld, 1937). If a 

quantity Q is a function of a single measured quantity x, then the error in Q due to 

the error 6x in x is given by the equation: 

Assuming no covariance, the error contributions of various sources can be combined 

using the principle of superposition of errors (Topping, 1955). This principle states 
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that if a quantity Q is a function of several measured quantities x, y, z, . . . , then the 

error in Q due to errors 6x, 6y, 62, . . . in x, y , z, . . . respectively is given by the 

equation: 

Zn the case where the contribution of each source is linearly related and equally 

weighted, the principle of error superposition results in a total error contribution that 

is the sum of the different contributions. 

In addition, if 6x, 6y, 6z, . . . can have any value between -e, and +el, -e, and +q, - 

e, and +g, ... respectively, then the "most probable" value of the error (i.e. the 

probability that the error will occur within this range is 0.50) in Q (60) is given by 

the equation (Topping, 1955) : 

If the covariance could be determined, the above equation would be modified so that: 



where e l ,  would be the covariance of the variables x and y. 

Since the result from equation 8 will be greater than any of the individual error 

contributions but less than the sum of all of the contributions, results obtained from 

equation 8 will always be less than the results obtained from equation 7. That is, 

equation 8 will always give a more optimistic portrayal of the potential error than 

equation 7.  Equation 8 is used in this study as it is the expression generally used in 

error propagation and it has the advantage of being an expression of the standard 

deviation (i.e. 0 . 6 7 4 5 ~ ~  in a normal distribution) (Pugh and Winslow, 1966). 

3.3. Methods Used to Test the Response of Derived Quantities to Potential Error 

in Measured Quantities 

In order to test how measurement errors affect the derived quantities for all three data 

categories of a storm, twelve representative events were selected from the Santa Rita 

watershed number 1 (USDA number 76.001 - see Figure 3.1) data base on the basis 

of peak runoff stage. The sensitivity of derived values were then tested by applying 

the average, minimum, and maximum potential errors to the values reported in the 

data base. Although this approach will not allow examination of rainfall events that 

did not produce runoff, and sediment samples were not collected from events with a 

peak stage below 3 cm, the results should indicate how the sensitivity of derived 



values change with changing event size. 

In an earlier examination of watershed 76.00 1 precipitation representativeness (Renard 

et al . ,  1991), a frequency analysis was completed using a computer program that fits 

observed data with several frequency distributions (Reich et al., 1990). In the study, 

precipitation frequency was described using a log-normal distribution. Using the 

same computer program and distribution, the probabilities of annual maximum peak 

runoff stage on watershed 76.001 were determined and are presented in Table 3.2. 

Table 3.2. Annual Maximum Peak Runoff Stage for Watershed 76.001 Using 
a Log-Normal Distribution (1976-1990). 

Probability Peak Staqe 

4.3 cm (0.14 ft) 
7.3 cm (0.24 ft) 
8.5 cm (0.28 ft) 
11.9 cm (0.39 ft) 
16.8 cm (0.55 ft) 
19.8 cm (0.65 ft) 
23.8 cm (0.78 ft) 
29.9 cm (0.98 ft) 

As the maximum peak stage recorded on this watershed was 19.8 cm (0.65 ft), data is 

available only for events with a return period of 10 years or less. As a result, the 

range of peak runoff stage data was divided into six categories as an alternative 

method to examine how the magnitude of error in derived quantities change with 

changes in event size. In addition, since the rain gage time scale, the sediment 

sampler design, and the method used to determine sediment concentration in the 
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laboratory were changed in 1985, one event before and one event after 1985 (with the 

exception of the 15 - 21 cm peak stage interval - as no events this large occurred after 

1983) were selected from each of the following intervals or categories of peak stage: 

+ 0 - 3  cm(0.0-0 . l f t )  

+ 3 - 6 cm (0.1 - 0.2 ft) 

+ 6 - 9  cm(0.2-0.3ft)  

+ 9 - 12 cm (0.3 - 0.4 ft) 

+ 12 - 15 cm (0.4 - 0.5 ft) 

+ 15 - 21 cm (0.5 - 0.7 ft) 

Watershed 76.001 was chosen over the seven other instrumented watersheds on the 

Santa Rita Experimental Range because it was not treated, the measurement 

instruments were basically the same over the period, and the partial area response and 

other attributes of the watershed have been previously studied by scientists at the 

Southwest Watershed Research Center (Wallace and Lane, 1976; Lane et al., 1977; 

Lane et al., 1978). 

The 1976 - 1990 period denotes the first and last year of complete record as of mid- 

1991. As noted earlier, because the rainfall, runoff, and sediment data for all of the 

Santa Rita watersheds recently underwent a rigorous screening and correction 

procedure in an attempt to eliminate mistakes, and the 12 selected storms were 



reverified, the breakpoint data and other data base values will be considered base 

values containing only systematic and random errors. 

Since the base data set contains systematic and random error (it will be assumed that 

all mistakes in the tabulated data have been detected and corrected), the base data set 

will be compared with the data set in which potential error sources contribute the 

error range average. The resulting percentage differences of the base data set with 

respect to the actual storm variables (approximated by the data set with error sources 

contributing their average) will be used to test the three hypotheses. Thus, although 

the average and the range of potential error will be quantified in the first stage of the 

study and examined in the second, only the average potential error will be used to test 

the hypotheses. The percentage difference relative to the "actual" values will be 

determined using the formula (Hall, 1977): 

where Dx is the percentage deviation (i.e. relative error) of the measured or derived 

quantity, X,,, is the "actual" storm variable for the particular quantity, and X, is a 

variable with one of the various error contributions. 
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Figure 3.1. Watersheds 76.001 and 76.002 (Contours refer to elevations in feet 

above an arbitrary datum. Elevation 100 is approximately 3400 ft mean sea level). 

3.3 .l. Precipitation Error Combinations 

As previously noted, measured precipitation values include: rainfall depth, start time, 

elapsed time, and watershed area. As summarized in Table 3.3, only rainfall 
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intensity is derived from these measured values with errors in rainfall intensity 

resulting from errors in rainfall depth and elapsed time measurements. In the Santa 

Rita type system, maximum rainfall intensity over various time intervals during an 

event (i.e. 5, 10, 15, 30, 60, 120 minutes) are calculated and reported. 

If rainfall volume were calculated and reported, errors in rainfall depth and watershed 

area would combine to produce errors in rainfall volume. Another potential error 

source linked to rainfall volume calculations is the spatial relationship of a storm 

event relative to the rain gage. However, since precipitation in the Santa Rita data 

collection and processing system is expressed in units of depth rather than units of 

volume, the potential error in watershed area and spatial representativeness will be 

quantified but not used in the sensitivity tests of derived variables to potential 

measurement errors. 

The examination of potential error in derived precipitation quantities will focus on the 

maximum 15- and 30-minute intensities and total catch depth. Maximum 15-minute 

rainfall is calculated by determining the greatest change in rainfall depth over a 15- 

minute period and multiplying the depth by four to express the rate in units of mrnlhr. 

Similarly for maximum 30-minute rainfall except that the depth is multiplied by two. 



3.3.2. Runoff Error Combinations 

Measured runoff values include: stage, stage-discharge relationship, start time, 

elapsed time, and watershed area. Quantities derived from these measured values are 

discharge and runoff volume. The stage-time record is inserted into the stage- 

discharge relationship for the control section to derive the time-discharge record. As 

previously mentioned, in the Santa Rita system, the discharge is combined with 

watershed area to determine runoffvolume per unit area. 

Since the initial and final breakpoints digitized for runoff events are sometimes of 

smaller magnitude than the potential error in stage, the examination of the effects of 

potential measurement error on derived runoff quantities will involve only the peak 

stage measurement. Triangular hydrographs, based on the time to peak, peak stage, 

and elapsed time of the twelve representative events, will be used to approximate the 

effects of measurement errors on the derived quantities. Although this simplification 

will result in derived quantities different from those reported in the data base, the 

procedure will allow an examination of the relative effects of the different 

measurement errors on the derived variables. 



Table 3.3. Potential Error Sources in Derived Quantities 

Derived P o t e n t i a l  E r ro r  
Data Cateqorv Quant i t v  Source 

P r e c i p i t a t i o n  : I n t e n s i t y  1. Catch Depth 
2 .  Elapsed T i m e  

Runoff : 

Sediment : 

Volume' 1. Catch Depth 
2 .  Watershed Area 
3 .  S p a t i a l  D i s t r i b u t i o n  

Discharge 1. Stage 
2 .  Stage-Discharge 

Rela t ionsh ip  

Volume 1. Stage 
2. Stage-Discharge 

Rela t ionsh ip  
3. Contr ibu t ing  Area 
4 .  Elapsed T i m e  

Sediment 1. Sample Concentrat ion 
Discharge 2 .  Runoff Discharge 

3. Sampling T i m e  
4. Cont r ibu t ing  Area 

Sediment 1. Sample Concentration 
Yield 2 .  Runoff Discharge 

3. Sampling Time 
4. Cont r ibu t ing  Area 

' R a i n f a l l  volume is  not  determined f o r  t h e  Santa  R i t a  t ype  
d a t a  c o l l e c t i o n  and process ing  system 

3.3.3. Sediment Error Combinations 

Measured sediment values include: sediment concentration, sampling time, and 

watershed area. Quantities derived from these measured values are sediment 

discharge and sediment yield. Sediment concentration, sampling time, runoff 

discharge, and watershed area are combined to calculate sediment discharge. The 
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sediment discharge is integrated over elapsed time to determine sediment yield for 

each time interval. The sediment yield for each interval is then summed to determine 

the event sediment yield. 
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CHAPTER 4 

ASSESSMENT OF POTENTIAL ERROR IN MEASURED QUANTITIES 

As listed in Table 1.1, several quantities are measured in order to characterize the 

precipitation, runoff, and sediment resulting from a storm event. Catch depth, start 

time, and elapsed time are recorded for precipitation; water level, start time and 

elapsed time recorded for runoff; and sampling time recorded and concentration 

determined in the laboratory for sediment. In addition to these measurements, which 

are recorded for individual storm events, the watershed area and the stage-discharge 

relationship of the flume have been determined and assumed constant for aLl storm 

events. 

In this chapter, the potential error in the measured values will be quantified based on 

at least one of five sources: existing literature, the Santa Rita data, sensitivity 

analysis, experimentation, and calculations using established mathematical 

relationships. 

In order to estimate potential error for each measured value, the potential error 

contributions of the major factors that affect the measured value (summarized in Table 

2.1) will be quantified and combined. As noted earlier, it will be assumed that the 

factors that control the same measured quantity are linearly related. 
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Potential errors introduced when an event must be estimated in whole or in part will 

not be addressed, nor will double peaked hydrographs. 

4.1. Precipitation 

Because precipitation data are used for a variety of purposes, numerous studies have 

been conducted to ascertain and/or improve the reliability of collected data. The 

investigations indicate that although rain gages have been in existence for at least 

2000 years, most modem instruments still provide only an estimate of precipitation 

falling at a point (Rodda, 1971). Snowfall determination is more prone to error than 

rainfall determination but, since essentially all of the runoff produced in ephemeral 

streams of the southwestern United States results from high-intensity, short-duration, 

convective thunderstorms (Renard and Keppel, 1966), the present study will primarily 

address rainfall resulting from convective cells. The measurement of rainfall, runoff, 

and sediment from frontal systems will be approximated by the error associated with 

convective storms. 

Rainfall on the Santa Rita watersheds is measured with weighing-type recording rain 

gages developed in the 1930's by Julien P. Friez and Sons Incorporated and currently 

marketed by Belfort Instrument Company (5-780 Series, see Figures 4.1 and 4.2). 

The gages used have Qhour, 24- or 192-hour (8-day) time scales and may or may not 
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employ evaporation reducing cones. Gages with &day time scales are used primarily 

to help date storm events but can be used to estimate precipitation depths when nearby 

gages malfunction. 

The rain gages have a 20 cm (8 in) diameter orifice approximately a meter above the 

ground and a 30 cm (12 in) capacity bucket (Belfort, 1960). The weighing 

mechanism is a spring scale that transfers the weight of collected precipitation via a 

lever system to a pen that moves across a rectangular paper chart mounted on a 

rotating cylinder. The cylinder is driven by a spring wound clock screwed into the 

base next to the weighing mechanism. The rotation rate of the cylinder, and thus the 

time scale of the recorded precipitation, is controlled by time scale gears on the clock 

that mesh with gears on the cylinder. The entire operating mechanism is enclosed 

within a cylindrical case equipped with a sliding access door. 

The paper chart is changed and the clock wound at least once a week. The 

curvilinear grid printed on 15 cm x 29 cm (6 inch x 11.5 inch) charts has a depth 

scale of 2.5 cm of chart equal to 2.5 cm of water and the following time scales: 

+ 6 Hour (5-4002-B): 2.54 cm chart equals 31.30 minutes 
+ 24 Hour (5-4047-B): 2.54 cm chart equals 125.22 minutes 
+ 192 Hour (5-4006-B): 2.54 cm chart equals 1001.74 minutes 



Figure 4.1. Weighing-Type Recording Rain-Gage (Exterior). 

Figure 4.2. Weighing-Type Recording Rain Gage (Interior). 
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The quantities measured and recorded by the rain gage are catch depth, start time, 

and elapsed time. Potential error sources that can affect the catch depth include gage 

exposure, gage type, gage calibration, chart hygroexpansion, and chart depth scale 

resolution. Potential error sources that can affect the start and elapsed time attributed 

to a storm include the chart time scale resolution, the rate mechanism (clock), 

skewness of the pen trace, and chart expansion. One element that is not measured for 

individual storms, but can contribute error if rainfall volume is derived, is the spatial 

distribution of rainfall on the watershed. The point measurement is extrapolated and 

assumed to represent rainfall over the entire watershed area. 

The watershed boundary was determined using aerial photographs (2.54 cm = 12.2 m 

scale) and the area determined using an analog-digital converter linked to a software 

program that determines area by trapezoidal integration. 

4.1.1. Characteristics of Convective Storms 

Although rainfall on the study site may result from frontal systems, frontal convective 

storms, or airmass thunderstorms (Sellers, 1960), the latter type produces the major 

runoff events on small (260 krn2 or less) arid and semi-arid watersheds in the 

southwest (Osbom and Laursen, 1973). Airmass or convective thunderstorms in the 

southwest are characterized by short durations and Limited areal extent. Osborn and 
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Renard (1970) noted that runoff-producing rainfall (roughly rainfall exceeding 1.3 

cmihr) rarely lasts more than 30 minutes at one point. Eighty percent of the airmass 

thunderstorms measured on Walnut Gulch3, which is representative of an area that 

includes the Santa Rita Experimental Range (Osborn et al, 1972; Osborn and Lane, 

1981), cover areas smaller than 12 krn2 and seldom cover areas greater than 52 km2 

(Keppel, 1961). 

As described by Byers and Braham (1949), the life cycle of a thunderstorm is 

naturally divided into three stages depending on the direction and magnitude of the 

predominant vertical flow. The first stage is termed the cumulus stage and is 

characterized by updrafts throughout the thunderstorm cell. The second stage is the 

mature stage characterized by the occurrence of both updrafts and downdrafts in at 

least the lower half of the cell. The third stage is the dissipating stage characterized 

by weak downdrafts prevaihng throughout the cell. 

At ground level during the cumulus stage there is a region of slightly lower pressure 

and gently converging surface winds. With the continual upward movement of air 

during the initial stage, water is condensed due to the decrease in temperature with 

altitude. Over time, the released water exceeds the amount that can be supported by 

3~alnut ~ulch, established by the USDA in 1953, is a 148 W 
experimental watershed encompassing the area around Tombstone, 
Arizona (Renard, 1970). 
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the updraft and starts to fall. Due to the viscous drag of the falling drops and a 

decrease in thermal stability caused by the entrainment of surrounding air, a 

downdraft is initiated in part of the region that previously contained an updraft. The 

downdraft of air reaches the ground as a cold core in the rain area before spreading 

over the surface. The result of the downdraft is an abrupt change in the wind pattern, 

a sharp drop in temperature, a surface pressure rise, and a divergence of surface 

winds. Soon after the maximum downdraft speed is reached, the updraft is 

completely cut off from its source. Without an updraft to supply moisture, the 

rainfall that drives the downdraft is eliminated resulting in the weakening and 

subsequent die off of the downdraft during the dissipation stage (Byers and Braham, 

1949). 

Although the preceding description is for a single cell, over half of the thunderstorms 

on Walnut Gulch consisted of two or more cells and most major runoff events have 

resulted from multicellular storms (Keppel, 1961). In a study of convective 

thunderstorms in Florida and Ohio, Byers and Braham (1949) found that generally a 

thunderstorm consists of a group of three or more adjacent cells at various stages of 

development and in which subsequent cells benefit from the surrounding saturated air 

from earlier cells. Byers and Braham also showed that the rainfall pattern of a 

thunderstorm closely follows the arrangement of cells. The highest rainfall intensities 

occur at the cell core and decrease with distance. Similarly, surface winds are 
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strongest at the storm core and decrease with time and distance as the downdraft 

spreads across the surface. 

4.1.2. Catch Depth 

As shown in Figure 4.3, the amount of rain actually captured by a rain gage is a 

function of the true precipitation, meteorological conditions during the rainfall event, 

site characteristics, and the particular gage attributes (Rodda, 1971). As a result, 

each gage and its associated site are characterized by different and time variant error 

sources. The amount of rain recorded for each event is also a function of gage 

calibration, chart expansion due to changes in relative humidity (hygroexpansion), and 

the depth scale resolution. 

As stated beforehand, in order to determine the accuracy of a gage measuring a 

transient phenomena, the amount measured can be compared with gages of higher 

accuracy. Because the exposure is the same as the surrounding ground surface, it is 

generally agreed that a gage installed below ground - with its orifice both at surface 

level and surrounded by a splash absorbing surface - produces the most accurate 

measure of rainfall (Israelsen, 1967; Rodda, 1968; Neff, 1977). Lysimeters with a 

sampling surface 250 times the diameter of a 20 cm rain gage orifice and a sensitivity 

equivalent to 0.025 cm (0.01 in) of water have also been used as a standard to assess 
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rain gage performance (McGuinness, 1966). It should be noted that although these 

two standards can produce an accurate measure of precipitation at a point, they do not 

indicate how representative the point measure is relative to the area attributed to it. 

4.1.2.1. Gage Exposure 

Exposure to wind influences gage catch at both a macro and microscale. Macroscale 

effects are on the scale of kilometers or meters and are due to both topography and 

the gage site. In contrast, microscale effects are on the scale of meters and 

centimeters and are due to the gage itself. The macroscale effects to be discussed are 

not the same as the orographic effects associated with large scale atmospheric 

disturbances caused by mountains (Poreh and Mechrez, 1984). The potential 

underrepresentation of precipitation due to gage exposure has been estimated to range 

from zero to eighty percent (Kurtyka, 1953; Neff, 1977). 

At the macroscale, when any object (such as a tree, knoll, or gully) is in the wind 

flow path, the wind field is distorted in some zone around the object (Struzer, 1965). 

The local topography induces windflow deformations which result in variations in 

rainfall vectors and a redistribution of falling drops (Sharon, 1980). This airborne 

redistribution is apparent on windward slopes and high-lying areas exposed to stronger 

winds and which generally receive less rain than better protected areas. In effect, the 
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exposure of a gage site is comparable to the area's coefficient of friction to moving 

air (Kurtyka, 1953). 

Data from a watershed near Eilat, Israel showed that differences in the proportion of 

rain falling on the ground at a point on opposite facing slopes can reach a ratio of 1:2 

or higher (Sharon, 1970). Sharon concluded that errors due to site exposure can 

greatly exceed the possible measurement errors due to the microscale effects of 

exposure. 

The macroscale exposure effects on gage catch were also evident in a California study 

that attempted to assess the reliability of hourly precipitation data. Two Belfort 

weighing-type rain gages were spaced 3 meters apart on the same side of windy ridge 

top, yet one consistently caught a third less than the other. Further investigation 

indicated that the gage catching more rain was on the leeward side of a clump of 

brush (Court, 1960). Building on his previous statement, Kurtyka (1953) noted that 

since a rain gage catch should be representative of the area's topography, cover, and 

structures, a gage site should have the average coefficient of friction for the area. 

Watershed 76.001 is located in the section of the Santa Rita Experimental Range with 

slopes ranging from 1 to 10 percent; the majority of the Santa Rita Experimental 

Range has a slope ranging from 1 to 20 percent @chardson et al. ,  1979). The 1.64 
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ha watershed, which was divided into four geomorphic zones for an earlier study, has 

an average slope of 3.7% with slopes ranging from 3.4% to 8.1 % in the different 

zones (Wallace and Lane, 1976). The rain gage is located on a flat area near the 

edge of the watershed boundary and on a zone with a 5.2% average slope. Although 

no directional or velocity wind measurements have been made at the site, its location 

near a watershed boundary, variations in slope within the watershed and in 

surrounding areas, and the potentially large magnitude of variation in catch due to 

macroscale effects suggests that both under- and overestimations of the watershed 

rainfall are possible depending on the wind direction. 

For the present study, since no direct information has been collected to characterize 

the site exposure, and since the gage site was located by experienced hydrologists, it 

will be assumed that the gage site represents the average friction coefficient to moving 

air for the area. A conservative macroscale exposure effect on catch of + 3% with a 

zero average error contribution will be assumed. 

At the microscale, as illustrated in Figure 4.4, the wind speed is increased above the 

orifice and around the gage while eddies form in the funnel and in the rain gage's 

leeward side. The result is both the transport of drops across the orifice instead of 

into the gage and the potential sweeping of drops out of the funnel (Kurtyka, 1953). 

In general, the greater the wind speed, the sharper the wind field distortion around the 
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gage. In addition, the smaller the rain drops, the greater the under registration of 

precipitation (Struzer, 1965; Mueller and Kidder, 1972; Larson and Peck, 1974). 

The amount of error associated with the type of recording rain gages used on the 

Santa Rita watersheds has been studied by comparing the catch with pit gages, 

lysimeters, and other types of rain gages (Allis et al., 1963; McGuinness, 1966; 

Neff, 1977). In addition, other studies compared the catch of different types of rain 

gages with the catch from pit gages or lysimeters. A comparison of results from the 

various gage catch deficiency studies show a wide range of catch deficiencies for a 

given situation. Larson and Peck (1974) noted that such variability should be 

expected since the results depend largely on how the true precipitation was estimated. 

Rodda (1968) stated that it is difficult to compare the results obtained at various 

locations due to differences in gage height, gage type, method of measuring true 

rainfall, and site characteristics. 

W i t h o u t  S h i e l d  W i t h  Shield 

W i n d  / F 

Wind 

Figure 4.4. Deflection of Air by Rain Gages Without and With Shield (Brakensiek et 
al., 1979). 
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Although it is impossible to directly compare results obtained from different locations, 

the multitude of studies on the subject allow for generalizations to emerge. In 

summarizing most precipitation measurement error studies, Larson and Peck (1974) 

noted the following: 

a. Point measurements can have considerable deficiencies due to wind, 

b. Errors increase with wind speed and are much greater for snow than 

rain or hail, 

c. Proper site selection is the most important factor in order to obtain 

reliable measurements - a well protected site can considerably reduce 

wind caused measurement error, 

d. Gage shields are much more effective for solid than liquid 

precipitation. 

Results of studies conducted in England indicated only a loose association between 

wind speed and the percentage difference in catch between elevated and pit gages 

(Rodda, 1968). In contrast, several studies in Russia, England, and the United States 

resulted in the approximated relationships for liquid and solid precipitation shown in 

Figure 4.5. Since the catches of shielded and unshielded gages are nearly equal for 

liquid precipitation, only one curve is shown. The curves for solid precipitation are 

included to demonstrate both that catch deficiencies are much greater than for liquid 

precipitation and that shlelds are effective for solid precipitation. 
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Figure 4.5. Gage Catch Deficiencies Versus Wind Speed 
(Larson and Peck, 1974). 
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As summarized in Figure 4.5, a 3 % rainfall catch deficiency can be expected for 

windspeeds of 1 m/s, a 7% deficiency for windspeeds of 3 mls, and a 18% catch 

deficiency for windspeeds of 8 mls (Larson and Peck, 1974). Due to a lack of 

sufficient data, undercatch at hlgher windspeeds can only be estimated. However, 

extrapolation of the presented data suggests that in strong outflow regions of 

thunderstorms, gages may underestimate rainfall by as much as 20 - 40 percent 

(Kessler, 1988). 

Since neither a pit gage, lysimeter, nor recording anemometer is located near the gage 

site on watershed 76.001, it is impossible to objectively ascribe minimum, maximum, 

and average errors in gage catch due to microscale effects. The lack of comparative 

data necessitates a subjective derivation of error values due to microscale exposure 

effects. However, the following supporting evidence suggests that optimistic 

estimates of potential catch deficiencies due to microscale exposure effects average 

6 % , with a minimum of 12 % , and a maximum of 0% : 

a. The average error due to microscale exposure effects for the weighing 

type recording rain gage in catch deficiency studies in other non- 

forested areas in the United States range from - 6 to - 16 percent (Neff, 

1977; McGuinness, 1966), 

b. The average error due to microscale exposure effects for other types of 

rain gages in catch deficiency studies throughout the world range from 
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- 3.5 to - 22.3 percent (Rodda, 1970; Sevruk and Hamon, 1984) 

c. The downdraft in convective storms and the resulting gusty surface 

winds occur shortly after the start of heavy rain from a particular cell 

and blow outward from the cell center. Maximum surface windspeeds 

can approach 12 - 14 mls (25 - 30 mph) during convective 

thunderstorms and can have averages over five minute intervals ranging 

from 2 - 7 m/s (4 - 15 mph) (Byers and Braham, 1949). 

4.1.2.2. Gage Type 

The type of gage used on the Santa Rita watersheds eliminates a number of potential 

error sources common to other gage types. For example, because rainfall amount is 

determined by accumulated weight, no error is introduced by water chging to the 

gage walls after collected rain is poured into a measuring vessel. In addition, since 

rainfall amount is recorded as it accumulates, errors introduced by evaporative losses 

are reduced. Kurtyka (1953) approximated errors from losses due to adhesion at - 

0.5 % and losses due to evaporation at -1.0 % . 

Studies of differences in catch due to orifice diameter indicate that orifices greater 

than 10 cm in diameter agree within 1 to 2 percent of each other (Kurtyka, 1953). 

Kurtyka reported that gages with a smaller sized orifice generally read 2 to 4 percent 
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lower than larger gages with decreases in catch attributed to difficulty in measuring 

small amounts and surface wetting losses. In contrast, Gill (1960), citing Conover 

and Nastos (195 I), noted that 3 cm (1.15 in) diameter gages disturb the airflow less 

than the standard 20 cm diameter gages. The 3 cm diameter orifice gages caught 3 

percent more than the standard gage at windspeeds of 13 mls. A study in Illinois 

showed that 6 x 6 cm (2.5 x 2.3 in) wedge type gages caught within 1 percent of the 

standard U. S. Weather Bureau 20 cm gage (Huff, 1955). Since these studies 

compared gages with each other and made no attempt to establish what the true 

precipitation actually was, they do not indicate which size orifice catches closest to 

the true precipitation. No potential error in the present study will be attributed to 

orifice diameter. 

As a side note, a study of evaporation losses from small-orifice rain gages showed 

that although daily evaporative losses were almost negligible for 3 cm diameter gages 

with less than 5 cm of rain (0.10 cm for 10 to 15 cm of rain), daily evaporative 

losses from the wedge type gages were as high as 0.76 cm at the Trenton, New 

Jersey site (Gill, 1960). The wedge type gages were found to have limited accuracy 

if it is impossible or impractical to read them shortly after an event. 

Kurtyka noted several studies that illustrated a relationship between drop size and 

splash height from a wet surface. Given the same wetted surface, the larger the drop 
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diameter the higher the splash. Since the average drop size generally increases with 

increasing rainfall intensity, and different surfaces have different water retention 

characteristics, the height of splash is a function of both the rainfall rate and the 

surface. For example, Kurtyka, citing Ashmore (1934), showed that a rainfall 

intensity of 16 mmlhr falling on a wetted bare soil would splash to around 68 cm 

while the same intensity on a wet lawn in poor condition would splash to around 35 

cm. The highest splash, which approached 120 cm, occurred from rain falling on wet 

galvanized sheeting. Although the bottom of the collection bucket of a rain gage is 

galvanized sheeting located 53 cm below the orifice, rain gages, due to their design, 

are better able to receive additional water from splash than lose it (Kurtyka, 1953). 

Green (1970) noted that insplashing was not significant above a rim height of 7.5 cm. 

Since rain gage design limits outsplashing and the rim height of the rain gage is 

approximately one meter, no potential error will be attributed to outsplash or insplash. 

Kurtyka (1953) estimated error due to splash at + 1 %. 

The effect of rain gage orifice inclination on rain gage catch depends on rainflux 

variations in the air and both the aspect and inclination of the ground relative to the 

rainfall source direction (Sharon, 1980). The rate that a given rainflux hits the 

ground depends on the angle of incidence; the highest intensity occurs for rain falling 

normal to the ground and the lowest for rain falling parallel to the ground (Sharon, 

1980). Thus, the amount or proportion of rain actually falling on the ground at a 
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point (hydrological point-rainfall) will vary with aspect, inclination, or both relative to 

the source direction of the rain. Similarly, the amount of rain caught by a gage will 

depend on the aspect and inclination of the gage orifice relative to the ground surface. 

Storey and Wilm (1944), for example, reported that on steep terrain of the San Dimas 

Experimental Forest in California (slopes of - 40%), tilted gages caught more rain 

than vertical gages on slopes facing the wind and less on slopes opposite the wind. 

A gage inclined so that the orifice is parallel with the ground constitutes a 

representative sample of the ground surface and can reflect local variations due to 

varying aspect and inclination (Sharon, 1980). In contrast, a conventional gage with a 

horizontal orifice (measuring meteorological point-rainfall) represents a sample of the 

ground surface only if the ground is flat. As the ground slope changes relative to the 

horizontal orifice, the effective area of the orifice decreases with increasing slope. As 

a result, the area sampled is less than the actual area of the ground represented by the 

orifice (Sharon, 1980). 

Although the rain gage on watershed 76.001 is located in a zone with an average 

slope of 5.2%, the gage itself was placed on a relatively flat area of the zone. Since 

no rainfall inclination measurements have been made, and potential error has already 

been assessed for macroscale and microscale exposure effects, no additional potential 

error will be assessed for gage inclination. 



78 

In a study of the reliability of hourly precipitation measured by Belfort weighing-type 

gages, Court (1960) concluded that properly exposed, calibrated, and evaluated 

records collected from dual traverse gages have a standard error of around 0.025 cm 

(0.01 in) and are apparently reproducible within 0.05 cm (0.02 in) most of the time. 

Court cautioned that the study did not establish if the gage catch represented the 

actual rainfall on the ground or if the catch was merely proportional to the actual 

rainfall. 

Chery and Kagan (1975) noted that one consequence of the daily gage accuracy and 

processing resolution is the nonrecording of many small (0.025 to 0.13 cm [0.01 to 

0.05 in]) events in the digital record. Because the charts from the six- and twenty- 

four hour gages are generally changed on a weekly basis, pen traces can be 

superimposed resulting in the masking of small events (Hershfield, 1971). 

Tests of an electronic recording system and field observations also suggest that small 

events are not always recorded by the gages. Test results of an inductance transducer 

mounted on a Belfort weighing-type gage in Walnut Gulch indicated that the 

electronic system measured small amounts of rain, not detected on the mechanical 

recording, that occurred up to 10 minutes before the major amount fell (Payne and 

Chery, 1970). In addition, cases have been encountered where field technicians were 

on watersheds during light rains but later examination of the rain gage charts showed 
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no indication of rain during the observed period. Although storms or amounts of this 

size would not directly result in runoff, the resultant underestimations of annual 

rainfall would be of interest in water balance studies or water balance-based natural 

resource models. 

Since no data are available to quantify the potential error on an annual basis, the only 

error assessed due to gage type will be the advertised gage sensitivity of 0.025 cm 

(0.01 in). Although for this study the average error due to gage type will be assessed 

at zero with a maximum and minimum of $_ 0.025 cm, Court (1960) demonstrated 

that differences between neighboring gages can be as high as 0.05 cm. In addition, 

manufacturers can be optimistic and their accuracy claims are valid for factory-new 

recorders only (Bos, 1976). 

4.1.2.3. Gage Calibration 

As is true for all of the Santa Rita rain gages operated by ARS, the rain gage on 

watershed 76.001 is calibrated annually by checking the weighing accuracy of the 

gage with a standard weight set. The weights are placed in ascending and descending 

order and a chart marked at weights corresponding to 0.13 cm (0.05 in) depth 

intervals. Adjustments are made and the stepwise ascension repeated so that a before 

and after record of the calibration is made. After the response to the weights is 
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recorded, a complete pen traverse is made on the chart to check the trace for 

skewness (Brakensiek et al., 1979). 

An examination of available calibration charts for watershed 76.001 indicates that a 

rain gage can go up to three years without requiring adjustment or it can require 

adjustment on consecutive years. The maximum errors prior to adjustment were 3- 

0.25 cm (0.10 in) and occurred for depths greater than 13 cm (5 in). For depths less 

than 8 cm (3 in), the maximum errors prior to adjustment were f 0.08 cm (0.03 in). 

Charts are changed as soon as possible after large rainfall events and a single 8 cm 

event on watershed 76.001 has a return period estimated using a log-normal 

distribution of around 25 years (Renard et al., 1991). Since an accumulated rainfall 

of 8 cm between chart changes is a rare occurrence on ths  watershed, the average 

potential error due to gage calibration for the present study will be zero and the 

maximum and minimum will be scaled down to + 0.05 cm (0.02 in). 

4.1.2.4. Chart Hygroexpansion 

The paper charts used to record precipitation have the same composition as the charts 

used to record runoff (Steve Mang pelfort Instruments], personal communication). 

The composition of the charts has apparently changed over time from a 50% rag 

composition to the currently used sulphite paper. In general, since cellulose based 
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papers expand less than cotton fiber based papers, the sulphite papers currently used 

should expand less than the rag papers. However, much depends on how the paper 

was manufactured and generalizations are not always valid (Roger Vanetereen 

pnstitute of Paper Science and Technology], personal communication). Most of the 

Santa Rita records are recorded on the sulphite paper. 

After interviewing two Bureau of Standards experts on paper during a study of chart 

expansion effects on stream-level recorders, Blaisdell (1941) reported the following: 

a. Temperature has a negligible effect on paper swell relative to the swell 

caused by changes in relative humidity, 

b. Soft paper changes less than hard papers due to changes in relative 

humidity but hard papers must be used for charts due to its inking 

qualities, 

c. The major portion of paper swell will occur in 15 minutes and is fast 

enough to follow relative humidity changes in the atmosphere, 

d. Paper treated to reduce the effect of relative humidity changes generally 

result in a slower rate of change but little or no difference in the total 

change. 

For charts used to record runoff, the expansion of paper in the cross-machine 

direction (depth scale) for relative humidities between 30 and 90 percent was 
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determined to be from 0.8 to 1.5 percent and from 0.3 to 0.5 percent in the machine 

direction (time scale). The correction varied linearly with stage and resulted in an 

analog record lower than the actual stage. 

Correction for chart expansion varies with the relative humidity of the surrounding 

atmosphere and is dependent on the relative humidity at which the chart was printed, 

the data collected, and the chart processed. Blaisdell further noted that unless a 

continuous record of humidity is obtained at both the collection and processing sites, 

and the characteristics of the chart paper known, it is difficult to determine the 

magnitude of any correction. 

Blueprints for the rain gage and runoff charts, which were kindly provided by Belfort 

Instruments, indicate that the grid for the rain gage charts should be printed on the 

paper so that the least expansion occurs in the depth scale. This is in contrast to the 

runoff charts where the grid is to be printed so that the least expansion is on the time 

scale. 

A rain gage chart was sent to the USDA Forest Service Forest Products Laboratory 

(Madison, Wisconsin) and the hygroexpansion was measured over relative humidity 

environments of 30% to 90% in a special instrument developed at the laboratory. 

The laboratory staff noted that dimensional changes below 30% relative humidity are 
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usually very small (less than 0.1 %) and measurement of relative humidity above 90% 

is usually difficult and prone to error. However, going from 90% to 100% relative 

humidity was noted to normally cause a 0.5% dimensional change. Two specimens 

were prepared from the provided rain gage chart and tested in a 30% to 90% relative 

humidity environment. The average dimensional change in the depth scale was 

0.27 % and the average change in the time scale was 0.88 % . The laboratory 

personnel also noted that although dimension changes usually have an irreversible 

component, the dimensional changes in the chart paper provided were reversible in 

the test range. 

Although the laboratory derived results presented by Blaisdell and the Forest Products 

Laboratory were substantiated in the field during the previously mentioned study in 

California (chart paper was found to expand with increasing humidity to about 1 

percent at the chart center [0.13 cm] and less at the ends where it is held by a clip 

[Court, 1960]), the lack of continuous relative humidity records at the collection and 

processing sites, and the lack of information regarding the manufacturing process of 

each batch of charts used, limit the assessment of an error value due to 

hygroexpansion. However, chart expansion does occur and can affect the depth of 

recorded rainfall and runoff. For this study, a constant potential error of 0.3 percent 

underrepresentation of catch will be assessed. 



4.1.2.5. Chart Depth Scale Resolution 

The chart depth scale of 2.5 cm equal to 2.5 cm of rain has an idealized resolution of 

0.025 cm f 0.025 cm (0.01 f 0.01 inch) (Chery and Kagan, 1975). It is presumed 

that the provided notation indicates that the probable error averages f 0.025 cm and 

the probable error in the average is also + 0.025 cm. However, due to such physical 

limitations as ink line width, chart clip bulges, positioning of the reader cross-hairs, 

parallax, and the analog-to-digital converter resolution, the practical processing 

resolution of depth scale is 0.05 cm f 0.10 cm (0.02 ) 0.04 inch) (Chery and 

Kagan, 1975). Although the digital to analog converter currently used is different 

from the model described by Chery and Kagan, both converters have the same 0.025 

mm resolution (Benson-Lehner Corporation, 1961; Numonics Corporation, 1984). 

The primary improvement is a chart reader or cursor that reduces error due to 

parallax. However, since the other error sources are retained, the minimum practical 

depth scale resolution values given by Chery and Kagan will be used as conservative 

estimates of error in this study. Specifically, the average potential error in 

precipitation depth due to chart scale effects w d  be zero, the maximum potential 

error + 0.05 cm, and the minimum - 0.05 cm. In an effort to retain only the most 

conservative values, the potential additional +_ 0.10 cm error will not be considered 

further. 



4.1.3. Start Time 

The time scale of the rain gage charts were changed from a 6-hour to a 24-hour time 

scale in May 1985. As stated previously, the 192-hour rain gages are used primarily 

to determine the event dates but can be used to estimate rainfall amount in the case 

where a nearby gage malfunctions. Because of the large time scale, 192-hour rain 

gages are not used to determine start times. 

There is no common time base for the instrument network on the Santa Rita 

Experimental Range. When a field technician places a chart, the recorder pen is 

aligned with the chart time corresponding to the time on the technician's wrist watch 

(to the nearest minute) and a vertical "tick mark" made with the recorder pen. When 

the chart is removed, the removal time on the chart scale is indicated with another 

vertical "tick mark" and the time on the technician's wrist watch (again to the nearest 

minute) recorded on the chart. In order to determine the start time of an event, a 

data processing technician verifies that the chart placement and removal times agree 

with the placement and removal times recorded by the field technician. If the times 

do not agree, it is assumed that the technician's wrist watch is accurate and a linear 

correction of the chart time made and applied to the recorded start time of the event. 

Clock tests conducted at the National Bureau of Standards on clocks used on Friez 

type FW-1 water level recorders, which are the same type used on the rain gages, 



generally support the linear time correction (Blaisdell, 194 1). 

Because the watershed runoff and rain gage charts on the Santa Rita watersheds are 

generally changed by the same person, any errors due to the potentially false 

assumption that the technician's watch is accurate should balance out. For the present 

study, errors in the start time will be attributed to errors introduced by the chart time 

scale resolution and the chart hygroexpansion. It will be assumed that the potential 

error introduced by the field technicians noting the placement and removal times to 

the nearest minute will be accounted for in the potential error due to the chart time 

scale resolution. 

4.1.3 .l. Chart Time Scale Resolution 

The theoretical resolution of the three time scales used on the Santa Rita watersheds 

are the following (Chery and Kagan, 1975): 

+ 6 Hour (5-4002-B):  0 . 3 1 m i n .  f 0 . 3 1 m i n .  
+ 24  Hour (5-4047-B) : 1 . 2 5  min. f 1 . 2 5  min. 
+ 1 9 2  Hour (5-4006-B) : 1 0 . 0  min. f 1 0  min. 

Similar to the description of the chart depth scale resolution, the first value given is 

presumably the average probable error and the second is the probable error in the 

average. However, due to the same physical limitations that govern the chart depth 

scale resolution (i. e. ink line width, chart clip bulges, positioning of the reader cross- 
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hairs, parallax, analog-to-digital converter resolution), the practical time scale 

resolutions for the three time scales used are the following (Chery and Kagan, 1975): 

+ 6 Hour (5-4002-B): 0.6 m i n .  t 1.2 m i n .  
+ 24 Hour (5-4047-B) : 2.5 m i n .  4 5 m i n .  
+ 192 Hour (5-4006-B): 20 m i n .  + 40 m i n .  

Since the 192 hour charts are used primarily to date storms, time scale resolution for 

these charts will not be considered further. Following Chery and Kagan, for the six 

hour charts (all precipitation charts until May 30, 1985), the average potential error 

due to time scale resolution will be assessed as zero minutes, the maximum potential 

error will be + 0.6 minutes and the minimum potential error will be - 0.6 minutes. 

For the 24 hour charts, the average potential error will also be zero minutes, the 

maximum potential error will be + 2.5 minutes and the minimum value of the error 

range equal to - 2.5 minutes. Similar to the case encountered with error due to depth 

scale resolution, the extreme values of error for the different time scales (+ 1.2 and 

+ 5 minutes respectively) will not be considered further. 

4.1.3.2. Chart Hygroexpansion 

As previously mentioned, the rain gage charts are printed so that the least expansion 

due to changes in relative humidity occurs in the depth scale and the greatest 

expansion in the time scale. Using the results reported by Blaisdell (1941) for the 
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axis with the greatest expansion, a 0.8 to 1.5 percent increase in length can be 

expected for relative humidity changes from 30 to 90 percent. The correction varied 

linearly in the National Bureau of Standard testing and resulted in an analog record 

extending over a shorter time period than actual. Using the more conservative value, 

an expansion of 0.8 percent (0.23 cm) would result in the following time scale 

elongations over the entire chart length: 

+ 6 Hour (5-4002-B) : 2.9 minutes 

+ 2 4  Hour (5-4047-B): 11.5 minutes 

+ 192 Hour (5-4006-B): 92.2 minutes 

As anyone who has seen the chart practically move out from under the chart clip 

under high humidity conditions could attest, the chart expansion along the time scale 

is likely greater than 0.23 cm. However, since chart expansion is dependent on the 

relative humidity at which the chart was printed, the data collected, and the chart 

processed, and such data is not available, the more conservative value seems 

warranted. 

Although changes in chart length would result in these overall changes, the actual 

change at an instantaneous point such as the start time is difficult to assess. In the 

present study, error in start time determination due to chart hygroexpansion will be 

estimated to be one quarter of the overall chart expansion. That is, for the 6-hour 
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charts the constant error in start time will be a minus 0.75 minutes, and for the 24- 

hour charts the constant start time error will be a minus 3 minutes. 

4.1.4. Elapsed Time 

The elapsed time of an event or part of an event is determined only from gages with 

either six or twenty-four hour time scales. The elapsed time recorded is a function of 

the chart time scale resolution, the rate mechanism, the skewness of the pen trace, 

and chart expansion due to relative humidity changes. 

4.1.4.1. Chart Time Scale Resolution 

Potential error in the elapsed time of an event due to chart time scale resolution is the 

same as for the start time except that, since both a beginning and end time are 

determined, the potential error is doubled. Thus, for the six hour charts the average 

potential error due to time scale resolution for this study will be zero minutes, the 

maximum potential error wdl be + 1.2 minutes, and the minimum of the range will 

be - 1.2 minutes. For the 24 hour charts, the average potential error will be zero 

minutes, the maximum potential error wdl be + 5 minutes and the minimum value 

will be - 5 minutes. 



4.1.4.2. Rate Mechanism 

As stated previously, the rate mechanism used to control the rotation of the cylinder 

and the mounted paper chart is a spring wound clock. The manufacturer's advertised 

timing accuracy for the chart drive is 1 5 seclhr and not in excess of f 14 rninlwk 

over a temperature range of -40°C to + 52°C. However, despite the retention of a 

professional jeweler to maintain the hundreds of clocks used by the Southwest 

Watershed Research Center, clock age and the extreme conditions encountered can 

combine to reduce this accuracy level. 

Although the accuracy may be reduced in some cases, a review of the rain gage 

records indicates that a clock will rarely gain or lose more than 60 minutes per week - 

commonly a clock may gain or lose no more than twenty minutes. If the chart 

removal time is not withln 30 - 40 minutes of the removal watch time, the clock is 

generally either adjusted in the field or replaced. If the worst case scenario is 

examined, a 60 minute gain or loss over seven days translates to f 8.57 minutes per 

day or f 0.36 minute per hour. Since the runoff-producing rainfall characteristic of 

the area rarely last longer than 30 minutes at one point (Osborn and Renard, 1970), 

the error introduced due to the rate mechanism is small (f: 0.006 minutelminute or 

around ) 0.18 minute per storm) relative to the chart time scale resolution. For this 

study, no potential error in elapsed time will be assessed due to the rate mechanism. 



4.1.4.3. Skewness of Pen Trace 

A pen trace is considered skewed if it does not follow the time line throughout a 

complete traverse of the chart. For example, if the time indicated by the pen trace is 

1200 hours at the bottom of the chart and 1205 at the top of the chart, the trace is 

skewed. The effect of this type of skew is an elongation of the time scale - the rain 

spreads out over a longer than actual period of time and a lower intensity is recorded 

(Renard and Osborn, 1966). The opposite effect can also occur if the time indicated 

at the bottom of the chart is greater than the time indicated at the top of the chart. 

That is, the rain spreads out over a shorter than actual period and a higher intensity is 

recorded. Skewness results either from a bent clock spindle or improper thickness of 

the washer located between the base and the gear (Brakensiek et al. ,  1979). 

The amount of skewness is checked and corrected as a step in the annual rain gage 

calibration procedure. A review of the avadable calibration charts for gage 76.001 

indicates that the time line needed to be adjusted only once during the period under 

examination. For that case, the time at the chart top was approximately two minutes 

slower than the time at the bottom. 

Since skewness can be corrected for during the analog-to-digital conversion process, 

and it is assumed that all mistakes have been eliminated from the base data set, for 
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the present study no potential error due to a skewed pen trace will be assessed. 

4.1.4.4. Chart Hygroexpansion 

The potential error due to chart expansion is a function of elapsed time. For this 

study, the conservative constant chart expansion effect on the elapsed time value will 

be a - 0.8 percent for both the six- and 24-hour time scales. 

4.1.5. Watershed Area 

The watershed area attributed to a measured rainfall quantity is a function of the 

boundary and area determination as well as the spatial representativeness of the rain 

gage. 

4.1.5.1. Boundary and Area Determination 

Photo-topographic maps and stereo pairs of site photos were used to delineate 

watershed boundaries (Wallace and Lane, 1976). In an internal memorandum 

addressing watershed area (Lane, 1976), the error in the watershed boundary 

determination was estimated to be f 5 percent; the error in determining the area 

within the boundaries was estimated to be f 0.05 percent. These estimates will be 
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combined and used in the present study resulting in a zero average potential error in 

watershed area and a maximum and minimum potential error of f 5.05 percent. 

4.1.5.2. Spatial Representativeness of Recorded Rainfall 

The 324 square centimeter rain gage orifice is around 11506,173 (0.0002%) of the 

total 1.64 ha watershed area - a small sample of the surface area represented. 

However, unless the entire watershed is to be either covered with rain gages or 

converted into a lysimeter, point values have to be extrapolated to obtain areal 

averages. Although an increase in the number of point values (increased sample size) 

should result in increased confidence in the derived areal average, a more dense gage 

network involves material and processing costs as well as a network of service trails 

that can significantly alter the watershed surface (Osborn et al., 1972). 

Because a representative rainfall sample is desirable for hydrologic research, studies 

have been conducted to determine the optimum gaging of thunderstorm rainfall in 

southeastern Arizona. Osborn et al. (1972) found that a simple correlation of 0.90 or 

more for both total precipitation and maximum 15-minute rainfall could be attained 

from gage spacing of 549 m (1800 ft) and 305 m (1000 ft) respectively. 

The rain gage on watershed 76.001, as measured from aerial photographs, is 
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approximately 212 meters from a 24-hour gage (76.002) and approximately 234 

meters from a 192-hour gage (76.501) located on the instrumented watershed just 

south of 76.001 (see Figure 2.3). Although one would expect the rainfall collected by 

these gages to be similar, on a monthly basis from 1976-1990, rain gage 76.001 

caught less than either 76.002 or 76.501 (see Figure 4.6). Without additional data, 

there is no way to determine whether a combination of the various potential error 

sources described previously are the cause of these differences or if the differences 

are due to the spatial distribution of rainfall. Since the gage closest to 76.001 was 

more different than the gage furthest from 76.001, (i.e. 76.002 > 76.501 > 76.001), 

it is unlikely that the differences in catch are due entirely to the spatial distribution of 

rainfall. 

The most distant point on the watershed 76.001 is approximately 270 meters from 

rain gage 76.001 and 76 m from gage 76.501. In order to estimate the spatial 

representativeness of recorded rainfall on watershed 76.001, all estimated events were 

excluded and a simple linear regression analysis was performed for event precipitation 

captured by the two gages. The analysis, with event precipitation of gage 76.001 as 

the independent variable and event precipitation captured by 76.501 as the dependent 

variable, resulted in a slope of 1.03 and a 0.98 coefficient of determination (see 

Figure 4.7). On an event by event basis, rain gage 76.001 caught an average of 0.35 

mm less than gage 76.501 with a 1.2 mm standard deviation. 



Figure 4.6. Comparison of 76.001 with 76.002 and 76.501 
Average Monthly Precipitation (1 976-1 990). 



76.001 Event Precipitation (mm) 

Figure 4.7. Comparison of 76.001 with 76.501 Event Precipitation 
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Since the distances between gages 76.001 and 76.501 are within the gage spacing for 

0.90 or more correlation defined by Osborn et al. (1972) for both total precipitation 

and 15-minute rainfall, and since 98% of the event variation in 76.501 is explained by 

variation in 76.001, the average potential error in rainfall amount due to spatial 

variation in rainfall will be assessed at zero with the maximum error equal to + 3% 

4.1.6. Summary and Discussion of Assessed Error in Precipitation Measurements 

The potential error ranges quantified for the contributing sources of each measured 

quantity in the preceding discussion are summanzed in Table 4.1. The total potential 

error for each measured quantity is obtained using the error propagation equation 

presented earlier for deriving the most probable value in the case where the 

correlation coefficient is zero (Topping, 1955). Note that Table 4.1 summarizes but 

does not combine numerical potential error values with potential error values 

expressed as percentages. The two forms of error expressions wdl be combined in 

the testing of the sensitivity of derived quantities to errors in measured quantities. 

4.1.6.1. Summary of Assessed Error in Measured Precipitation Quantities 

As discussed in section 4.1.2, the average potential error (APE) in catch depth is a 6 

percent underestimation of actual rainfall. The maximum or most positive potential 
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error (MXPE) in catch depth is a record that is 0.08 cm (0.03 in) greater than actual 

rainfall and simultaneously 0.7 percent greater than actual. The minimum or most 

negative potential error (MNPE) in rainfall catch is a record that is 0.08 cm less than 

actual and simultaneously 12.7 percent less than actual. 

As presented in section 4.1.3, the APE in the start time for the 6-hour time scale is 

0.75 minute less than the actual start time; the APE for the 24-hour time scale is 

three minutes less than actual. The MXPE in the start time for a 6-hour time scale is 

0.15 minute less than actual and the MNPE is 1.35 minutes less than actual. The 

MXPE in the start time for a 24-hour scale is 0.5 minute less than actual and the 

MNPE is 5.5 minutes less than actual. 

As considered in section 4.1.4, the APE in elapsed time for both the 6- and 24-hour 

scale is 0.8 percent less than actual. The MXPE for elapsed time with the 6-hour 

scale is a record that is 1.2 minutes greater than actual and simultaneously 0.8 percent 

less than actual. The MNPE for elapsed time with the 6-hour scale is a record that is 

1.2 minutes and 0.8 percent less than actual. The MXPE for elapsed time with the 

24-hour time scale is a record that is 5 minutes more than actual and simultaneously 

0.8 percent less than actual. The W E  for elapsed time with the 24-hour scale is a 

record that is 5 minutes and 0.8 percent less than actual. 
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As addressed in section 4.1.5, the APE in watershed area attributed to a rainfall 

quantity is zero. The MXPE in the area receiving the recorded precipitation is 5.87 

percent greater than the estimated watershed area; the MNPE in the area receiving 

the recorded precipitation is 5.87 percent less than the estimated watershed area. 

4.1.6.2. Discussion of Assessed Error in Measured Precipitation Quantities 

As noted previously, an effort was made to assess potential error values that are 

neither too optimistic or too pessimistic. Due to the wide range of reported catch 

deficiencies and the lack of site specific data, this task was particularly difficult for 

the assessment of potential error values for rainfall catch depth. The discussion of the 

contributing error sources in rainfall catch measurement presented in section 4.1.2 

suggests that the potential error for a particular event or part of an event could be 

much larger than the values reported. 

Two options for reducing potential error in precipitation measurement are the use of 

correction factors and the replacement of the rain gages with pit gages. However, the 

literature indicates that there are drawbacks to both of these mitigation approaches. 

The natural variability and incomplete knowledge of site and instrument specific 

errors make applying corrections to individual events problematic. In the World 

Meteorological Organization study that compared national precipitation gages with 
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reference pit gages, Sevruk and Hamon (1984) concluded that the correction of rain 

catch depths using a single correction coefficient is not generally appropriate since the 

correction will vary in response to the windspeed and rainfall intensity of each storm. 

The application of correction factors due to wind are even more problematic when 

one considers that surface wind speed and direction depend on the spatial relationship 

of a gage site to the storm cell center and are thus not constant during multicellular 

convective storms nor for different storms (Byers and Braham, 1949). Although 

correction coefficients may not be very accurate for semi-daily precipitation data, the 

validity of such corrections increases with increasing time intervals and monthly totals 

can be corrected reasonably well (Sevruk and Hamon, 1984). 

In addition, it does not seem appropriate (even if it were economically feasible) to 

replace the current gages with the more accurate pit gages. Struzer (1965) noted that 

under certain conditions, for instance where surface runoff occurs as a result of 

intense rains, operation of pit gages may be difficult due to the bucket filling with 

runoff water. Although it may not be possible to install pit gages at most locations, 

the installation of pit gages near suitable gage sites (i.e. areas not subject to surface 

flow) could give a better indication of rain gage accuracy under the conditions 

encountered in the southwestern United States. 

In contrast to the potential error in catch depth, the potential error in both start and 
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elapsed time could possibly be reduced with the introduction of battery operated 

clocks and a digital data acquisition system. If experience with wrist watches is a 

valid indicator, battery-powered quartz clocks will be more accurate than spring 

wound clocks. Since the impact of increased timing accuracy afforded by battery 

powered clocks would be muted if the chart time scale resolution allows only a + 5 

minute placement and removal time determination (i.e. high accuracy, low precision), 

alternate means of recording the data warrant examination. A digital data acquisition 

system that has been calibrated with the gage clocks seems like a possible way to 

increase both accuracy and precision. A digital data acquisition system would also 

reduce processing time since two steps would be eliminated (i.e. analog traces would 

not have to be either coded or converted to digital values). 

Although the hygroexpansion that occurs in both the depth and time scales are 

correlated and would result in a decrease in the potential error contribution of 

hygroexpansion in rainfall catch depth, since the contribution of hygroexpansion is 

small, the correlation was ignored. 



Table 4 . 1 .  Summary o f  Potent ia l  Error i n  Measured Prec ip i tat ion  
Quantit ies  

Measured Potential Error Minimum Average Maximum 
Quantitv Source Units Value Value Value 

Precipitation: 
Catch Depth 

1. Gage Exposure 
Macroscale: 
Microscale: 

( % )  

2. Gage Type (cm) 
3. Gage Calibration (cm) 
4. Chart Hygroexpansion ( % )  
5. Depth Scale Resolution (cm) 

Total : 

Start Time 
1. Time Scale Resolution 

6-Hour (min) 
24-Hour (min) 

2. Chart Hygroexpansion 
6-Hour (min) 
24-Hour (min) 

Total : 6-Hour (min) 
24-Hour (min) 

Elapsed Time 
1. Time Scale Resolution 

6-Hour 
24-Hour 

2. Rate Mechanism 
3. Skewness of Pen Trace 
4. Chart Hygroexpansion 

Total : 

Both 

(min) 
(rnin) 
(rnin) 
(rnin) 
( % I  

(min) 
(min) 

Watershed Area 
1. Boundary and Area 

Determination ( % I  - 5.05 0 + 5.05 
2. Spatial 

Represent at iveness - 3 0 + 3 

Total : 



4.2. Runoff 

Runoff from watershed 76.001 is measured with a FW-1 water level recorder as it 

passes through a 1.4 cubic meter per second (50 cubic feet per second) Santa Rita 

supercritical flume (Smith et al., 1981) located at the watershed outlet. The FW-1 is 

a float type water level recorder developed by Julien P. Friez and Sons Incorporated 

in the late 1930's and, similar to the rain gage, currently marketed by Belfort 

Instrument Company. The recorders used on the Santa Rita watersheds have a six- 

hour time scale and can register an unlimited stage. 

The flow conditions encountered in semi-arid rangeland watersheds necessitate the use 

of supercritical flow flumes rather than subcritical depth flumes. Runoff in the 

alluvial channels of semi-arid rangeland watersheds, primarily resulting from high 

intensity rainstorms, is ephemeral with high flow velocities due to the steep (> 1 %) 

channel gradients (Renard, 1960). Ephemeral flows are characterized by imbalances 

in sediment load and carrying capacity as well as rapidly changing discharge (Smith et 

al., 1981). The result of the ephemeral nature and high flow velocities of runoff is a 

typically high sediment load. Critical depth flumes require low approach velocities 

which, for the conditions encountered, would result in deposition of sediment and a 

loss of hydraulic control. In contrast, supercritical flumes retain hydraulic control by 

maintaining the flow velocity at a level sufficient to transport the sediment entrained 



in the flow (Smith et al., 1981). 

As illustrated in Figure 4.8, the Santa Rita flume is 3.6 m (12 ft) in length and can be 

divided into two sections along the longitudinal cross section and two sections along 

the lateral cross section. Along the longitudinal cross section, the first 1.5 m (5 ft) of 

the flume entrance maintains a zero slope before breaking into a 4% slope for the 

remaining 2.1 m (7 ft) of the flume. The intake for the stilling well is located 1.5 m 

into the 4% slope section or 0.6 m (2 ft) from the flume exit. Along the lateral cross 

section, side walls with 1: 1 height to length ratios are joined to the floor section 

consisting of 0.3 m (1 ft) walls sloping downward toward the centerline with a 1:5 

height to length ratio. 

Float type water level recorders measure water surface elevation above an arbitrary 

datum (stage) by recording the position of a float in a stding well. In the Santa Rita 

case, the stilling well is linked to the flow via a connecting pipe and intake located at 

a point where hydraulic conditions have been defined by the flume design. Float 

movement is transferred to a float wheel by a steel tape connecting the float on one 

end with a counterweight on the other (see Figure 4.9). As the stage rises or falls, 

the float wheel moves in response to the float movement. The float wheel movement 

is transferred through a system of gears to a heart shaped cam which operates, 

through a lever system, the pen arm. The pen at the end of the arm records changes 
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Figure 4.8. Santa Rita Flume Design Specifications. 
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Figure 4.9. FW-1 Float-Type Water Level Recorder. 
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on a paper chart mounted on a rotating cylinder driven by a spring wound clock. The 

float diameter used on watershed 76.001, like all the Santa Rita watersheds, is 10 cm 

(4 in). 

The paper chart is changed and the clock wound at least once a week. The 

curvilinear grid printed on the 13 cm x 37 cm (5 inch x 14.4 inch) long rectangular 

charts have a depth scale of 2.54 cm equals 6.1 cm depth (0.2 feet) and a time scale 

of 2.54 cm equal to 25 minutes. 

The quantities measured and recorded by the FW-1 are stage, start time, and elapsed 

time. In addition, the sediment sampler is activated by the stage and the sampling 

time, which will be discussed in the section on sediment, is also recorded on the 

runoff chart. 

Potential error sources that can affect the measured stage include instrument 

limitations, intake system lag, head loss through the intake plate, density differences 

between the water in the flow and water in the stilling well, offsets of the zero flow 

level, chart hygroexpansion, and chart depth scale resolution. Potential errors that 

can affect the start and elapsed time of an event include time scale resolution of the 

charts, the rate mechanism, skewness of the pen trace, and chart hygroexpansion. 

Although the elapsed time can be elongated if the intake system is blocked by 
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sediment during an event (the hydrograph recession is slowed as water flows out 

through the sediment), this potential error source will not be examined. 

Two additional potential error sources are the stage-discharge relationship and the 

determination of runoff contributing area. The stage-discharge relationship is not 

measured for individual storms but rather determined for the flume. The watershed 

area was determined by the methods described previously for the rain gage. 

4.2.1. Stage Measurement 

As stated previously, in order to determine the accuracy of a gage measuring a 

transient phenomena, the results can be compared with another gage considered to be 

more accurate. In the case of determining error in stage recorded with a FW-1, the 

recorder results can be compared with results obtained using a point gage having an 

accuracy of 0.015 cm (0.0005 feet) (Blaisdell, 1941). 

4.2.1.1. Gage Type 

Three principle error sources inherent in any float operated mechanism are float lag, 

line shift and counterweight submergence (Stevens, 1921). Float lag, which is the 

amount of mechanical work performed by the float in order to operate the device, is a 
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reflection of instrument friction. Line shift is the resulting change in flotation depth 

of the float as the weight of the float tape passes from one side of the float wheel to 

the other with changing stage. The third source, counterweight submergence, occurs 

if the counterweight and any part of the float tape become submerged with a rising 

stage. In this situation, the pull on the float is reduced and the depth of flotation 

increased. The opposite is true when the counterweight emerges from the water 

during a falling stage. 

In tests conducted on the FW-1 and other float type water level recorders in the late 

1930's at the Hydraulic Laboratory of the National Bureau of Standards, six 

additional sources of error were listed as inherent in the stage recording mechanisms 

(Blaisdell, 1941). The nine sources of inherent errors in float type water level 

recorders are the following: 

a. The mechanical work performed by the float (float lag), 

b. The shift of the steel tape from one side of the float wheel to the other 

(hne shift), 

c. Counterweight and partial tape submergence as the stage rises 

(eliminated if recorder set high enough so that the counterweight is not 

submerged), 

d. Surface tension of the water acting on the float, 

e. Momentum effects of varying rates of stage change, 



f. Backlash or play in the stage mechanism, 

g. Manufacturing or instrument errors, 

h. Line length changes due to temperature, 

i. Changes in the chart dimensions due to the effects of relative humidity 

changes. 

The effects of chart dimension changes will be dealt with in a later section. 

Stevens (1921) and Blaisdell (1941) noted that if the float area and the force required 

to operate an individual recorder are known, errors introduced due to friction can be 

corrected. The force required to operate a recorder is the float submergence required 

to develop the force necessary to turn the float wheel plus additional friction if the 

recorder is not adequately maintained or if the recorder is modified by the addition of 

float operated components (such as the sediment sampler in the Santa Rita case). The 

correction for float lag, which can be combined with the correction for backlash, was 

shown in laboratory tests to average 0.037 cm (0.0012 ft) for a 15 cm (6 in) diameter 

float (Blaisdell, 1941). 

In principle, the larger the float size, the smaller the error introduced due to friction, 

line shift, counterweight submergence, surface tension, and momentum. As a result, 

the error introduced by the 10 cm diameter floats used on the Santa Rita watersheds 



11 1 

will be larger than those reported by Blaisdell for the 15 cm float. In the Santa Rita 

watersheds, a 10 cm diameter float is used as part of a compromise design. The 

design calls for a minimum diameter stilling well in order to reduce the system 

volume and allow a quick response to the rapidly changing stages characteristic of the 

study site (Smith et al., 1981). 

Due to the difficulty involved, all of the FW-1 recorders used on the Santa Rita 

watersheds were not tested to derive the values needed to calculate recorder errors. 

Rather, the average values for line weight, counterweight, and the force required to 

operate the FW-1 determined at the National Bureau of Standards after testing 22 

FW-1 recorders were used in the calculations. A float line and a counterweight used 

at the Southwest Watershed Research Center were chosen randomly and weighed to 

verify that the values for line and counterweight were close to the values presented by 

Blaisdell. 

The line weight averages 0.0137 kglm (0.0092 lbslft) and the counterweight averages 

0.52 kg (1.15 lbs) . The value for the force required to operate the FW-1 was 

rounded up from 3.3 grams (g) (0.00734 pounds) to 3.6 g (0.008 pounds) to 

approximate the additional force required to trigger the sediment sampler. 

Metric versions of the appropriate mathematical relationships to calculate the 
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magnitude of specific errors associated with a particular float diameter, which are 

derived from relationships first determined by Stevens (1921) using U.S. Customary 

Units, are the following (Wh40, 1980): 

Float Lag 

F MFLE = ( 0 . 0 0 2 5 6 )  a -  
D2 

(11) 

where MFLE is maximum float lag error Q, F is the force required to move the 

recorder mechanism (kg), and D is the float diameter (m). 

Line Shift 

U 
LSE = ( 0 . 0 0 2 5 6 )  * - * A H  

o2 

where LSE is line shift error (LIL), u is the unit weight of the float tape (kglm), D is 

the float diameter (m), and H is the change in stage from the calibration setting of the 

recorder (m). 

Counterweight Submerpence 

where SE is submergence error (L), c is the weight of the counterweight (kg), and D 



is the float diameter (m). 

In addition, the relationship to determine the error due to momentum effects was 

presented by Blaisdell (1941) in U. S. Customary Units and converted to its metric 

equivalent: 

Momentum 

where ME is momentum error Q, W is the weight of the recorder's moving parts 

(kg), D is the float diameter (m), AH is the change in stage (m), and t is time (sec). 

The results of the various calculations, as well as the error associated with a 15 cm 

float (Blaisdell, 1941), are presented in Table 3.2 for comparison of the relative 

contribution of each source. 



Table 4.2. Comparison of Error Contributions Associated With 10 cm and 
15 cm Diameter Floats ("+" or "-" signs indicate direction 
of error during rising stage) 

Error Source 10 cm Float 15 cm Float 

Float Lag (friction) - 0.091 cm - 0.037 cm 

Line Shift + 0.091 cm/cm + 0.046 cm/cm 

Counterweight Submergence - 0.58 cm - 0.27 cm 

Surface Tension' + 0.061 cm + 0.037 cm 

Momentum" f 0.0011 cm + 0.0006 cm 
Recording Accuracy +- 0.061 cm f 0.061 cm 

Maximum correction (Johnson et al., 1982) 
" Based on 1.61 kg (3.54 pound) recorder moving parts weight (Johnson et 
al., 1982) and 0.033 miminute (0.11 ft/min hydrograph rise rate - 
maximum rate recorded on watershed 76.001). 

As evident in Table 4.2, the greatest potential error source is associated with 

counterweight submergence. For the case encountered on watershed 76.001, after 

measuring the distance from the flow zero level in the stilling well to the top of the 

float wheel, as well as the distance from the water line on the float to the bottom of 

the counterweight (along the rings, clamps, and float tape), it was determined that the 

counterweight will not become submerged unless a flow has a stage greater than 23 

cm (0.75 ft). Since the maximum stage ever recorded at this station is 20 cm (0.65 

ft), no potential error will be assessed due to counterweight and partial tape 

submergence. 
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Ordinarily the correction for momentum will be momentary and negligible; similarly, 

the error due to surface tension of the water acting on the float will be indeterminate 

and provided for in the recorder design (Blaisdell, 1941). 

Changes in the float tape or stilling well length due to differences in temperature 

when the recorder is calibrated and when an event is recorded depend on the float 

tape length and material, the height and material of the recorder support, and the 

stage (Blaisdell, 1941). In the watershed 76.001 case, the length of the steel float 

tape is 1.6 m (5.15 ft) and the distance from the bottom of the steel stilling well to 

the top of the float wheel is 1.4 m (4.7 ft). The correction for temperature can be 

calculated using the following equation (Merritt, 1983 - Note: U. S. Customary Units 

are used due to presence of coefficients): 

where 0.0000065 is the coefficient for thermal expansion of steel, T is temperature in 

degrees Fahrenheit, and L is the length in feet. 

Although temperature measurements are not made when the recorder is calibrated or 

during events, it seems unlikely that the temperature during these times would differ 

by more than 14 ' C (25 O F ) .  The maximum difference between the extreme weekly 
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high and low temperatures on the watershed is around 28°C (5OoF) (based on daQ 

collected from a hygrothermograph installed and operated at non-regulation height 

near watershed 76.001 as part of a separate experiment during 1986). The extreme 

low temperatures often occur during the early morning hours and the extreme high 

temperatures early in the afternoon. Gage calibration often occurs during the mid- 

morning between early May and mid-June and convective storms during mid- to late- 

afternoon in the ensuing months. If a temperature at the time of calibration is 

assumed to average 15.6 " C (60 O F )  and the temperature at the time of an event is 

assumed to average 29.4 " C (85 OF), the change in the float tape length would be 

around 0.026 cm (0.00084 ft) and the change in the stilling well length would be 

0.023 cm (0.00076 ft). Since the changes in this case are small and increases in the 

float tape length would tend to balance increases in the stilling well length, and since 

no temperature data is available on the actual temperatures of the metals, no error 

will be assessed in this study due to temperature effects. 

Under laboratory conditions using a 15-cm diameter float and with corrections applied 

for all of the listed error sources, FW-1 readings agreed with point gage readings to 

within 0.03 to 0.06 cm (0.001 to 0.002 ft) (Johnson et al., 1982). Although these 

values correspond to the + 0.06 cm (& 0.002 ft) advertised recording accuracy of the 

FW-1, tests of 22 FW-1 recorders (15 cm float) showed maximum and minimum 

differences from point gage readings of + 0.24 and - 0.21 cm (+O.008 and -0.007 ft) 
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after correcting only for line shift and chart expansion. In the discussion of the FW-1 

test results at the National Bureau of Standards, Blaisdell (1941) stated that recording 

accuracy better than + 0.3 cm ( f 0.01 feet) should not be expected under normal 

operating conditions for a 15 centimeter float. 

Experience at the Southwest Watershed Research Center tends to support Blaisdell's 

assertion regarding recording accuracy under normal operating conditions. In 1977- 

78, scientists at the Center conducted field tests of the Santa Rita supercritical flume 

on the San Pedro River. The objectives of the tests were to verify the stage-discharge 

relationship of the flume and to determine the sampling properties of the traversing 

slot sediment sampler (Knisel, 1978). As part of the tests, both point gage and FW-1 

recorder measurements of stage were made. 

In order to determine the average difference in recorded stage relative to the point 

gage measurements, a preliminary sample of 75 data pairs were used to estimate the 

mean and standard deviation of the difference. This sample was used to estimate the 

sample size required to be 95 % confident that the sample average is within f 0.15 

cm (0.005 ft) of the population average. The equation used to determine the sample 

size required for this confidence interval with the specified error tolerance is the 

following (Walpole and Myers, 1989): 



where n is the sample size, z,, is the z-value in a normal distribution that leaves and 

area of a12 to the right, o is the population standard deviation, and e is the specified 

error in the estimate of the population mean. 

Walpole and Myer noted that if the population standard deviation (a) is not known, it 

can be approximated based on a preliminary sample as long as the preliminary sample 

size was at least 30. In the preliminary sample (n = 75) the recorded stage averaged 

0.37 cm (0.012 ft) less than the hook gage readings and the standard deviation of the 

difference was 0.82 cm (0.027 ft). Using this standard deviation as an approximation 

of cr, an a equal to 0.05, and a tolerable error of 0.15 cm, the sample size required 

was determined to be 113 data pairs. 

A comparison of 116 of the measurement pairs indicated that, on the average, 

recorder measurements were 0.335 cm (0.011 ft) less than the point gage 

measurements (standard deviation of 0.67 cm [0.022 ft]) . Although the study write- 

up did not indicate the float size employed (albeit the use of a 10 cm float would be 

consistent with the flume design), and only one FW-1 was used in the testing, the 

results support Blaisdell's evaluation of recording accuracy under normal operating 

conditions. 
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Although the error contributions will be greater for a 10 cm float than for a 15 cm 

float, Blaisdell's estimate will be used since it is based on the examination of several 

FW-1 recorders. Thus, as an optimistic appraisal of error resulting from instrument 

accuracy, average error will be assessed at zero with a maximum potential error of + 
0.3 cm (f 0.01 ft). 

4.2.1.2. System Lag 

In order to measure the water-level flowing through a control section, the intake to a 

float type measuring system should be located at the lowest point. Since the lowest 

point is also the point most exposed to bedload, it is difficult to measure water levels 

in heavily sediment-laden flows due to sediment deposition in the system (Smith et 

al., 1981). To prevent deposited sediment from bloclung the pipe connecting the 

intake with the stilling well, an intake box is installed below the intake plate. 

For the watershed 76.001 water level recording system, the top of the pipe connecting 

the intake box with the stilling well is 3.7 cm (0.12 ft) below the flume datum 

(notch). At the zero flow level, the 20 cm x 15 cm x 30 cm intake box has a 

volume of 0,0094 m3, the 3.8 cm x 8 1 cm connection pipe has a volume of 0.00093 

m3, and the 20 cm diameter stilling well has a volume of 0.0073 m3. Thus, the total 

system volume at notch is around 0.0176 m3 of water. 
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After the flume is calibrated (i. e. the zero flow level set) or after a runoff event, the 

system is essentially full and the water level recorder produces a trace just below the 

point of zero indicated flow (notch) of the chart (0.5 ft). Evaporation and the 

removal of deposited sediment during servicing results in the water level falling 

further below notch between events. As a result, at the start of an event the water 

level may be up to 12 cm (0.4 ft) lower than the zero flow level (the depth 

corresponding to the bottom of the connecting pipe). In reality, however, at the start 

of an event the water level is rarely 6 cm (0.2 ft) lower than notch and more 

commonly it is around 1.2 cm lower (.04 ft). 

If the water level is 6 cm below notch, the connecting pipe would be essentially half 

full of water and the total water in the system would be 0.013 m3. In other words, 

0.0043 m3 of water would be required to fill the system to notch. If the water level is 

1.25 cm below notch, the connecting pipe would be submerged and the total system 

volume would be 0.0165 m3. For this scenario, 0.0012 m3 of water would be 

required to fill the system to notch. Thus, at the start of an event between 0.0012 m3 

and 0.0043 m3 of water must enter the system before the float will start registering a 

hydrograph above the notch level. 

At the start of an event, rain falling on the impermeable flume surface flows into the 

intake and starts to fill the system with water. The surface area of the flume 
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upstream from the intake, as calculated from the flume construction plans (see Figure 

3.8), is approximately 8.33 m2 (89.7 ft2). If the depth of rainfall is 0.00025 m (0.01 

in), the volume of water flowing into the intake system would be 0,0021 m3. 

Similarly, if the rainfall depth is 0.0005 1 m (0.02 in) or 0.00076 cm (0.03 in), the 

volume of water flowing into the intake system would be 0.0042 m3 and 0.0063 m3 

respectively. 

Although the rainfall amount necessary to initiate a runoff event is a function of a 

number of factors (such as rainfall intensity and antecedent soil moisture conditions), 

it is unlikely that the rainfall amounts examined above would in and of themselves 

result in runoff. Since rain falling on the flume would fill the intake system to the 

notch level before the start of runoff, no error will be assessed due to system lag. 

4.2.1.3. Head Loss Through Intake Plate 

In order to prevent excessive sediment influx into the depth recorder system, the 

intake slot area is restricted (Smith et al. ,  1981). The roughly 15 x 20 cm intake 

plate, located on the 1:5 slope floor section, has tapered slots milled perpendicular to 

the flow. The slots have larger widths on the inside to reduce particles lodging in the 

slots during inflow. Although the exact area of each intake slot varies due to the 

limitations of the milling process, for flume 76.001 the average slot length is around 



5.5 cm with a 0.16 cm width (0.88 cm2). 

In addition to the intake on the floor section, in 1982 five intake slots were added to 

the 1: 1 side wall. This step was taken in order to increase the chances of recording 

the hydrograph peak of large events in the case where the floor section intake was 

blocked by deposited sediment. The area of these slots also vary but average around 

1.2 cm2. 

If the intake plate is considered an orifice, and the water volume in the intake system 

and water depth in the stilling well is known, Smith and Chery (1974) noted that the 

difference in the flume water level and the stilling well water level (i.e. head loss) can 

be determined using the simple differential equation for flow through the depth 

recording system: 

where g is the gravitational constant; h, is the flume water level; h, is the stilling well 

water level; V, is the volume of water in intake chamber; C is the orifice coefficient 

of the plate; and A, is the orifice area in the plate. The orifice coefficient can be 

estimated from hydraulic handbooks and is about 0.65 (Smith et al., 1981). Because 

the coefficient was experimentally derived using U.S. Customary Units (Kmg, 1954), 



the above equation was solved using like units. 

As evident in the equation provided by Smith and Chery (1974), the following 

independent actions increase the difference between the flow water level and the 

stilling well water level: an increase in the hydrograph rise rate, an increase in the 

recording system volume, and a decrease in the orifice area. 

In a survey of the 146 recorded hydrographs between May and September over the 

1976-1990 period (Note: since the 146 recorded hydrographs exclude estimated events 

and divide multi-peaked events into separate hydrographs when the stage of the first 

peak returns to near zero before rising again, the number does not exactly match the 

total number of runoff events recorded in the station database for the period), the 

average rate of hydrograph rise was found to be 1.1 cmlmin (0.036 ft/min) with a 

standard deviation of 0.73 cmlmin (0.024 ft/min). The recorded rise rates correspond 

with observations at Walnut Gulch regarding the rise rate in relation to the storm 

center proximity to the flume. At Walnut Gulch, it was observed that the rate of 

hydrograph rise increases exponentially with increasing channel distance from the 

storm center to the flume (Osborn et al., 1963). Since the main channel length on 

watershed 76.001 is only around 160 m (Lane et al., 1978), slower rise rates are to 

be expected. 
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As shown in Table 4.3, the head loss through the intake plate at the rates of 

hydrograph rise, recording system volume, and orifice area encountered on watershed 

76.001 is negligible. Since the head loss would decrease with increasing orifice area, 

and the loss is already insignificant, the change due to the side wall intake orifices 

was not calculated. 

Table 4.3. Analysis of Head Loss Through Intake of 76.001 (U.S. 
Customary Units) 

Rate of 
Water Level Hydrograph Head 
Position on Rise Orifice Loss 
Intake Plate dhw/dt Stage dVw/dhw Coefficient Area hs - hw 

( ftlsec) (ft) ( ft3) ( ft2) (ft) 

Low End of Rise Rate 
middle of bottom orifices 

0.0002 0.021 0.000136 0.65 0.000949 3.OE-11 
top of bottom orifices 

0.0002 0.042 0.000136 0.65 0.001898 7-63-12 
middle of middle orifices 

0.0002 0.068 0.000136 0.65 0.003349 2-43-12 
top of middle orifices 

0.0002 0.087 0.000136 0.65 0.004801 1.2E-12 
middle of top orifices 

0.0002 0.113 0.000136 0.65 0.006143 7.23-13 
top of top orifices 

0.0002 0.130 0.000136 0.65 0.007486 4.93-13 

High End of Rise Rate 
middle of bottom orifices 

0.0010 0.021 0.000681 0.65 0.000949 0.000000 
top of bottom orifices 

0.0010 0.042 0.000681 0.65 0.001898 0.000000 
middle of middle orifices 

0.0010 0.068 0.000681 0.65 0.003349 0.000000 
top of middle orifices 

0.0010 0.087 0.000681 0.65 0.004801 0.000000 
middle of top orifices 

0.0010 0.113 0.000681 0.65 0.006143 0.000000 
top of top orifices 

0.0010 0.130 0.000681 0.65 0.007486 0.000000 



Hypothetical One Foot/Minute Rise 

middle of bottom orifices 
0.0167 0 .021 0.011025 0.65 0.000949 0.001377 

top of bottom orifices 
0.0167 0.042 0.011025 0.65 0.001898 0.000344 

middle of middle orifices 
0.0167 0.068 0.011025 0.65 0.003349 0.000110 

top of middle orifices 
0.0167 0.087 0.011025 0.65 0.004801 0.000053 

middle of top orifices 
0.0167 0.113 0.011025 0.65 0.006143 0.000032 

top of top orifices 
0.0167 0.130 0.011025 0.65 0.007486 0.000022 

For this study, no error will be assessed due to head loss through the intake plate. 

4.2.1.4. Density Differences 

Sediment-laden flow produces a situation where the specific weight of the water 

flowing through the flume is different from the specific weight of the water in the 

stilling well. As illustrated in Figures 4.10 and 4.11, this condition results in the 

introduction of two types of error. Since the flow will have a higher sediment 

concentration than water in the stilling well, the higher specific weight of the flow 

will be manifested in an elevated stilling well water level. In addition, the 

introduction of sediment into the stilling well water, albeit at much lower 

concentrations than in the actual flow, will increase the density of the water and alter 

the flotation depth of the float (Re and Garton, 1971). 



Figure 4.10. Schematic Cross Section of Water-Flow 
Measuring Flume and Connected Gage Stilling Well 
(Ree and Garton, 1971). 

Flotation for sediment- ............ 
laden water 

Flotation for clea 
water 

Figure 4.1 1. Schematic Diagram of Gage Well and Float 
(Ree and Garton, 1971). 
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Assuming a specific weight of sediment particles 2.65 times the specific weight of 

water, Ree and Garton demonstrated analytically that the ratio of the difference in 

water level in the flume and in the well, ah, to the water depth in the well, h,, can be 

calculated using the following equation: 

where concentrations C, and C, are the ratios of the weight of sediment in a sediment- 

water mixture to the total weight of the mixture for the flume and stilling well 

respectively. 

Since there has been no sediment concentration data collected from the stilling well, 

the potential error in stage due to this source was examined under the assumption that 

the sediment concentration in the stilling well is one percent of the concentration in 

the flow. Using equation 18 and a representative value from the high end of the 

range of the total load sediment concentration samples collected from the mixture 

flowing through the flume, 0.02 g/g, ah would equal 0.0123 * h,. For the largest 

stage ever recorded for this watershed, 20 cm (0.65 ft - 09/11/77), the water level in 

the well would be 0.24 cm (0.008 ft) higher than the water level in the flume. If the 

sediment concentration in the stilling well is five percent of the concentration in the 

flow, the difference in the flume and stilling well water levels would decrease to 



0.235 cm (0.0077 ft) for the same sized flow. 

Since stages greater than 15 cm (0.5 ft) on watershed 76.001 have occurred only 

seven times over the period of record, a more representative potential error range 

resulting from density differences will be obtained using stage and sediment 

concentration averages. As will become apparent in the section on sediment, there is 

some uncertainty about how well the sampled sediment concentration correlates with 

the sediment concentration in the flow. Specifically, a study conducted on the San 

Pedro River suggests that the sediment concentration in the collected samples may 

average 40% less than sediment concentrations of the flow m s e l ,  1978). For the 

present discussion, it will be assumed that the relationship defined during the San 

Pedro River study is representative of the differences between the sample 

concentration and the sediment concentrations encountered in the flows. As a result, 

the sediment concentration values will be increased by 40%. 

The average stage of runoff events during the May - September period from 1976- 

1990 is 5.8 cm (0.192 ft) with a standard deviation of 3.9 cm (0.128 ft). The 

average event sediment concentration over the same period is 7.3 gll (0.0073 gig) 

with a 3 gll (0.003 g/g) standard deviation. In accordance with the above discussion, 

for this analysis the average event sediment concentration will be estimated to be 0.01 

glg with a 0.004 glg standard deviation. 
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If the maximum values of these two ranges are used, 9.7 cm (0.32 ft) stage and 0.014 

glg (14 gll) sediment concentration, and the s t i b g  well concentration is assumed to 

be one percent of the flow concentration, the water in the stilling well would be 0.08 

cm (0.003 ft) higher than the water in the flume. If the average values of the two 

ranges are used, 5.8 cm (0.192 ft) stage and 0.01 glg, the error would be 0.04 cm 

(0.0012 ft). If the minimum values of the two ranges are used, 2 cm (0.068 ft) stage 

and 0.006 g/g sediment concentration, the stilling well water would be 0.0077 cm 

(0.00025 ft) higher than the water in the flume. 

The second error source introduce by sediment in the flow, the height a float will ride 

on a sediment-water mixture relative to clear water, depends on the sediment 

concentration, the effective float weight (roughly float weight less counterweight), and 

the float cross sectional area at the water line (Ree and Garton, 1971). Ree and 

Garton demonstrated analytically that the difference in flotation depth for sediment 

laden water and clear water could be calculated using the relationship: 

where W is the effective weight of the float (lbs) , A is the float cross sectional area 

(ft2), y is the specific weight of water (62.4 lbslft)), and y, is the specific weight of 

the mixture (lbslff') (note: U.S. Customary Units used here due to presence of 



coefficients). 

Assuming a specific weight of sediment particles in the mixture equal to 165 lbslfl?, 

y, in terms of sediment concentration in the stilling well was shown to be obtainable 

using the relationship: 

If the effective weight of the float is 408 g (0.90 lbs) (based on weight of randomly 

chosen float and counterweight), and if the maximum, average, and minimum 

concentration values for the flow described above are used (14, 10, and 6 g/l 

respectively) with an assumed one percent concentration in the stilling well, the 

resulting range of potential change in floatation depth for a 10 centimeter diameter 

float is 0.00044 to 0.00019 cm (0.000014 to 0.0000062 ft) with an average change of 

0.00031 cm (0.00001 ft). These negligible amounts, coupled with Ree and Garton's 

observation that the stilling well sediment would be stratified resulting in the float 

riding on practically clear water, leads to no assessment of this type of flotation error. 

Accordingly, with respect to error introduced to stage measurement by differences in 

density of the sediment laden water flowing through the flume relative to the clear 

water in the stilling well, error will only be assessed for the first type of error. For 



this study, the maximum assessed error will be + 0.08 cm (0.003 ft), the average 

error + 0.04 cm (0.001 ft), and the minimum error equal to zero. 

4.2.1.5. Zero Flow Level Offset 

The zero flow level or gage datum elevation, is the elevation of no flow through the 

flume. During a runoff event, the difference between the water surface elevation and 

the elevation at the flow zero level is the stage (Brakensiek et al., 1979). 

For all of the Santa Rita watersheds, the zero flow level is set so that the water level 

at the midpoint of the intake plate equals 15 cm (0.5 ft) on the water-level recorder 

chart. This is accomplished by making a small soil dam downstream from the intake 

plate and adding water until it backs up just to the midpoint of the intake. Whlle 

firmly holding the float wheel, three screws that connect a knurled brass disk to the 

float wheel are carefully loosed and the brass disk rotated to adjust (if necessary) the 

zero flow level to 15 cm on the recorder chart. 

A zero flow level offset can occur if the instrument is not calibrated correctly, if the 

instrument is calibrated with clear water rather than with sediment ladened water (Ree 

and Garton, 1971), if the chart is not properly placed on the cylinder, if the chart 

expands or contracts in response to changes in relative humidity, if the clock is 
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replaced, if the float wheel is adjusted after calibration, if the float tape slips, if the 

stage pen is replaced, if the chart margins are different than the calibration chart 

margins, and if procedures are not followed during the coding and digitizing stage. 

Since the flow zero level is set at the midpoint of the 15 cm (0.5 ft) wide intake plate, 

and the longitudinal flume slope is 4 % , the lowest point of the intake plate is 0.3 cm 

(0.01 ft) below the zero flow level. Based on this geometric relationship and 

assuming both that the intake system is not blocked by deposited sediment and that 

water drains from the intake plate both through the slots and through the flumelplate 

juncture, hydrographs should recede to a point 0.3 cm below the zero flow level. 

Using this logic, the analog runoff records for watershed 76.001 were analyzed over 

the period of record and the zero flow offset was shown to range from + 1.2 cm 

(0.04 ft) to -0.6 cm (0.02 ft) (Lopez, 1991a). 

Although the above logic was used to adjust the zero flow level during the correction 

phase of the data base, the multitude of factors that can cause a zero flow level offset 

indicates that a potential error value should be assessed to this source. For the 

current study, it will be assumed that there is a zero average error due to an offset of 

the zero flow level and that the range of error is +_ 0.3 cm (0.01 ft). 



4.2.1.6. Chart Hygroexpansion 

Since the runoff charts are printed on the same type of paper as the rain gage charts 

(although the orientation of the grid relative to the direction of least hygroexpansion is 

different), the same potential error applies. That is, the expansion of paper in the 

cross-machine direction (depth scale) for relative humidities between 30 and 90 

percent can range from 0.8 to 1.5 percent and from 0.3 to 0.5 percent in the machine 

direction (time scale). The correction varies linearly with stage and results in an 

analog record that is lower than the actual stage unless a chart reversal occurs. If a 

chart reversal occurs, the analog trace would be higher than the actual stage over the 

15 - 46 cm (0.5 - 1.5 ft) range. As noted earlier, the correction for chart expansion 

varies with the relative humidity of the surrounding atmosphere and is dependent on 

the relative humidity at which the chart was printed, the data collected, and the data 

processed. Unless a continuous record of humidity is obtained and the characteristics 

of the chart paper known, it is difficult to determine the magnitude of any correction. 

In an in-house experiment, which consisted of wiping a chart with a damp sponge, it 

was determined that relative humidities approaching 100% resulted in a 0.25 cm (0.1 

in) expansion in the cross machine direction or the equivalent of 0.6 cm (0.02 feet) of 

stage (Lopez, 1991b). This two percent change in the cross-machine direction, 

although greater than the values reported by the Bureau of Standards, supports the 



reported effects on paper due to changes in relative humidity. 

The error contribution due to chart expansion will be assessed at a constant 0.8 % 

underrepresentation of depth for stages less than 15 cm and a constant 0.8% 

overrepresentation for stages between 15 and 46 cm. 

4.2.1.7. Chart Depth Scale Resolution 

The chart depth scale of 2.5 cm equal to a stage of 6 cm (0.2 ft) has an idealized 

resolution of 0.06 cm + 0.06 cm (0.002 f 0.002 ft) (Chery, 1972). However, 

similar to the rain gage charts, due to such physical limitations as ink line width, 

chart clip bulges, positioning of the reader cross-hairs, parallax, and the analog-to- 

digital converter resolution, the practical processing resolution of depth scale is 0.12 

cm f 0.24 cm (0.004 f 0.008 ft) (Chery, 1972). For this study, the average 

potential error in stage due to chart scale effects will be zero, the maximum potential 

error + 0.12 cm, and the minimum equal to - 0.12 cm. In an effort to retain only 

the most conservative values, the potential additional f 0.24 cm error will not be 

considered further. 



4.2.2. Stage-Discharge Relationship 

The stage-discharge relationship or rating of a control section is defined by the 

complex interaction of the cross sectional area, shape, slope, and roughness of the 

control. The rating is generally a straight-line function on a logarithmic plot of 

observed stage-discharge data (Chow, 1964). 

In the case of the Santa Rita flume, the rating is a mathematically derived or 

theoretical relationship based on the following equations (Smith et al, 1981): 

with, 

where y is depth, a is the open channel energy coefficient, V is velocity, g is 

gravitational acceleration, i is an index starting at the critical depth section, h, is the 
- 

eddy head loss, Ax is the distance along the flume, Sf  is the average friction slope of 

the flume, So is the flume bottom slope, and A is the cross sectional area. A 
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computer program, entitled STARITA, uses input flume geometry and routes the flow 

through the flume by iteratively solving the energy balance equation at designated 

intervals along the longitudinal cross section (Smith et al., 1981). 

Potential error sources in the rating relationship include modeling error, error 

introduced in the construction and placement of the flume, and differences in the 

approach channel. 

4.2.2.1. Modeling Error 

All theoretical models, since they simplify the physical system, are more or less 

correct (Woolhiser and Brakensiek, 1982). In addition, the equations used to quantify 

the variables used in the model (such as roughness coefficients) are all subject to 

standard errors. The degree of correctness in this case is difficult to assess due to the 

complexities of the modeled physical interactions. In addition, because all of the 

flumes are manufactured individually and will thus have slight inconsistencies, 

comparisons of model output with observed data from one flume may not indicate 

how model output will compare with observed data from another flume. However, 

comparison of model output with observed data can suggest the magnitude of the 

potential error that can be encountered using the model. 
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Output from STARITA was compared with data collected during the previously cited 

San Pedro River flume tests in 1977-78. The stage used in the comparison was 

measured with a hook gage and the discharge determined volumetrically. Although 

the flume tests on the San Pedro River included examination of several approach 

channel slopes, since the approach channels encountered on the Santa Ritas are less 

than 2 % , only the data collected for the 1.6 % slope were examined. The relative 

error, derived using equation 10 with X, the value obtained using the model, ranged 

from -15.3 % to 28.1 % (Lopez, 1992) and averaged 12.4 % . Accordingly, on the 

average, the model underestimated the discharge by 12.4 % . 

A linear regression analysis with the discharge values derived volumetrically during 

the San Pedro tests as the independent variable and the STARITA discharge values as 

the dependent variable resulted in the following equation: 

Discharge,,,, = 0 . 8 6  * D i s c h a r g e  ,,,,, (23) 

with a coefficient of determination equal to 0.99 (see Figure 4.12). Using a t-test, the 

field results were found to be consistently and significantly greater than the model 

results at the 99 % level (Lopez, 1992). The -15.3 % value presented earlier as the 

error range was the only negative value encountered in the 13 data points available. 



San Pedro Discharge (cms) 

Figure 4.1 2. Comparison of Volumetrically Derived Discharge for a 
1.6% Approach Channel Slope with Theoretical Discharge 
Values. 
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For the present study, considering that the above values were obtained from only one 

flume, and that potential error will be assessed for flume construction and placement, 

it seems reasonable to scale down the range of error attributed to the theoretical 

model. The potential error introduced by the model will be judged to average a 10% 

underestimation of actual discharge with a maximum or most positive underestimation 

value of 5 % and a minimum of 15 % . 

4.2.2.2. Flume Construction and Placement 

Since the stage-discharge relationship of the flume is modeled using an energy balance 

equation, errors in the stage-discharge relationship may result if the flume geometry is 

different from the geometry used to calculate the relationship. Differences in flume 

geometry relative to the flume design geometry may result from the manufacturing 

process, during placement of the flume in the channel, or from settling that may occur 

after placement. 

The galvanized sheet metal flume, which is mounted on a rigid rectangular steel 

frame, is shop-assembled with a tolerance of +_ 0.3 cm (0.01 fi) (Ken Renard - 

personal communication). The completed flume is then transported to a selected site 

and positioned into the channel with a backhoe or small crane. The upstream and 

downstream ends of the flume are secured in the channel by bolting the frame on to 
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concrete footings. The upstream footing serves as a cutoff wall and the downstream 

footing bolts enable accurate leveling of the frame (Smith et al., 1981). In the 

watershed 76.001 case, part of the left side of the channel (looking downstream) 

adjacent to the flume exit was also excavated to provide space for a brick sample 

house. 

In order to determine how variations in the flume slopes (lateral and longitudinal), 

critical section length, and roughness coefficient alter the stage-discharge relationship 

of the flume, two different sensitivity analyses were performed. Although the 

sensitivity analyses used actually examined the sensitivity of the models rather than 

the flume, for lack of a better method, the results of the sensitivity tests will be used 

to approximate the sensitivity of the flume. The reader should note, however, that a 

different model could indicate different sensitivities. 

The effects of potential error in flume construction were examined by independently 

altering the vertical and horizontal components of the lateral and longitudinal slopes 

by rf: 0.3 cm. This sensitivity analysis was performed utilizing the computerized 

routing program used in the flume rating (STARIT-A). To explore the effects of 

settling after placement, a different approach was needed. Because the flume is 

mounted on a rigid steel frame, settling of one of the downstream footings would 

decrease the lateral slope on one side of the flume and increase the lateral slope on 
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the other side. Since the resulting asymmetrical geometry can not be examined using 

STARITA, an energy balance equation was used and iteratively solved in one step. 

The lateral and longitudinal flume slope, as well as the length of the critical section 

were varied independently in increments of & 5 percent up to k 15 percent. The 

values for Manning's n were varied from the theoretical 0.11 value (Smith et al ,  

1981) by increments of 0.001. For a given discharge, the percentage difference in 

stage at the measurement point relative to the stage for the unaltered condition was 

determined for each variation. 

The following equation, which was solved for seven representative flow depths for 

each geometric variation, was used to examine potential error due to placement and 

settling after placement: 

where AE is the change in energy, h, is the stage at the measurement point p, V, is 

the flow velocity at point p, g is gravitational acceleration, h, is the stage at critical 

depth, V, is the flow velocity at critical depth, So is the longitudinal flume slope, Sf, 

is the average energy loss between two points, and AX is the longitudinal distance 

from the beginning of the critical section. 
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The routing program used to calculate the flume stage-discharge relationship 

(STARITA) iteratively solves the energy balance equation at specified intervals along 

the critical section of the flume. Since the required interval to examine a f 0.3 cm 

change in critical section length would have been very time consuming and require 

considerable computer memory using STARITA, this potential error source was 

examined using energy balance equation 24. 

As noted earlier, a shortcoming of this type of sensitivity analysis is that parameters 

are varied individually so that complex interactions are difficult to determine. 

However, the computation results show how model outputs vary with changes in 

input, how the model functions, and how important specific variables are in 

determining the output (Lane and Ferreira, 1980). 

The maximum potential change in the stage-discharge relationship due to the flume 

manufacturing process was f 8% and resulted from errors in the vertical component 

that controls the lateral slope of the floor section. The magnitude of this error can be 

misleading however, since it results from a 0.03 cm (0.001 ft) difference in stage for 

a 0.00003 cms (0.001 cfs) flow. Flow depths or differences in flow depths of this 

magnitude can not be detected with the measurement instruments used on the 

watersheds. The average difference in stage for a given discharge due to a f 0.3 cm 

change in the vertical component of the lateral floor slope was around f 2%. 
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Potential manufacturing error in the horizontal component that controls the lateral 

slope of the floor section resulted in average differences in stage for a given discharge 

of around + 0.5%. In addition, smaller flows were more sensitive to changes in the 

lateral slope of the floor section than were larger flows. Changes in the vertical or 

horizontal components of the side wall slopes resulted in average changes of around 

+ 0.01%. 

Changes in the vertical component that controls the longitudinal slope of the critical 

section resulted in average difference in stage for a given discharge of + 0.5 %. A 

0.3 cm increase in the horizontal component of the longitudinal slope resulted in an 

average difference of + 0.13 % whereas the same incremental decrease in the 

horizontal component resulted in no difference in stage for a given discharge. 

Similar to the sensitivity analysis of potential errors resulting from the manufacturing 

process, the study of potential errors due to placement or subsequent settling after 

placement indicated that the flume is most sensitive to changes in the vertical 

component of the lateral floor slope. A + 15 % change in the lateral slope, which 

would result from one side dropping 4.6 cm (0.15 ft) relative to the other, resulted in 

a - 30% change in the stage-discharge relationship for flows confined to the floor 

section (i.e. stage less than 6 cm [0.2 ft]) but essentially no change for flows above 

the floor section. In comparison, a + 10% change in the lateral slope resulted in a - 
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12% difference in stage for a given discharge confined to the floor section; a k 5 % 

change in the lateral slope resulted in a - 3 % difference. No effect was apparent for 

flows with stages above the floor section. 

A + 15% change in the longitudinal slope, which would result if one of the flume 

ends was + 1.3 cm (0.04 ft) different than designed, resulted in less than + 3 % 

changes in the stage-discharge relationship. 

A + 15% change in the critical section length (+ 23 cm [0.75 ft]), which could 

result from the flow achieving critical depth before or after the start of the critical 

section, resulted in a + 2% change in the stage-discharge relationship. In addition, a 

rf: 7.6 cm (0.25 ft) change in the length of the critical section resulted in less than a 

+ 1 % difference in stage for a given discharge. The change was slightly greater for 

decreases in the length of the critical section than for increases. 

Increasing the roughness coefficient (Manning's n) from the 0.011 value presented by 

Smith et al. (1981) to 0.015 resulted in a 7% change in the stage discharge 

relationship at low flows with the percentage difference decreasing to around 2% with 

increasing stage. A difference of f 0.001 in the value assigned to the roughness 

coefficient resulted in around + 1.5% at lower flows and decreased to around + 
0.5 % for larger flows. 
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If the model response is similar to the flume response, the two analyses demonstrate 

that changes in the flume geometry have the greatest impact on the stage-discharge 

relationship for flows confined to the floor section. Since the average peak stage for 

all recorded hydrographs on watershed 76.001 for the 1976 - 1990 period is 5.5 cm 

(0.18 ft), at least half of the recorded events were confined to the section of the flume 

most sensitive to variations in geometry. 

On March 11, 1991, the rigid frame for flume 76.001 was check for level at the 

flume exit with a 1.2 m (4 ft) carpenter's level. It was determined that the left side 

of the frame (looking downstream), which is the side excavated for the sample house, 

was 1.8 cm (0.06 ft) lower than the right side. For the 61 cm (2 ft) wide floor 

section, this would be equal to a 0.9 cm (0.03 ft) difference. On June 14, 1991, the 

flume on watershed 76.001 was surveyed using an engineering level and conventional 

level rod. Measurements were made on the flume at the start of the critical section 

and at the flume exit for both the right and left side of the flume (looking 

downstream). Although the welds at the floorlside wall juncture made placement of 

the level rod difficult, an effort was made to hold the level rod identically at each of 

the four measuring points. The survey results at the flume exit agreed with the 

measurements made with the carpenter's level - the left side of the flume was 0.9 cm 

(0.03 ft) lower than the right side. The longitudinal slope along the left side was 

4.36% and the longitudinal slope along the right side was 4.14 %. 
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Although the above survey measurements are also subject to error, the results from 

this flume and the other seven Santa Rita flumes suggest that variations in the flume 

geometry can exceed the manufacturing tolerances. For the current study, the error 

in the stage-discharge relationship due to variations in flume geometry will be 

conservatively estimated to average zero and have a range of + 3 % . 

4.2.2.3. Channel Slope 

Experiences and observations from super critical flumes designed for use on the larger 

channels of Walnut Gulch were incorporated into the design of the smaller Santa Rita 

flumes. Specifically, the curved region of the wall (contraction section) is located to 

produce critical flow control at the same place that the sloping floor begins. In 

addition, the curvature of the approach section was reduced to decrease the tendency 

of waves to develop in the flume throat. These design changes should result in no 

movement of the measuring section over the entire measurable range (Smith et al., 

1981). 

As previously mentioned, the field tests of the Santa Rita supercritical flume on the 

San Pedro River included tests of 1.6 % , 3.2 % , and 6 % approach channel slopes. 

The coefficients derived from a regression analysis of the logarithms of the stage and 

discharge measurements from all of the different approach slopes were compared with 
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the coefficients obtained for each of the different approach slopes. At the 95% level, 

the f i  coefficient (i.e. slope) from the 1.6% approach channel was found to be 

significantly different but the value of the intercept was not. The coefficients for 

slope and intercept of the 3.2% and 6% approach channel slope were found not to be 

significantly different from the coefficients derived after combining all approach 

channel slopes (Knisel, 1978). Knisel concluded that there was no significant 

difference in the stage-discharge relationship for the different approach channel 

slopes. 

Although a steep approach channel can result in the attainment of supercritical flow 

before the flume narrows and the floor slope increases, the flow will still accelerate to 

normal depth for the floor slope at the measuring section. Similarly, channel 

vegetation may result in the flow being subcritical as it enters the flume. However, 

the constriction of flow and the increase in floor slope should accelerate the flow to 

normal depth for the supercritical floor slope. The flume design and the 

determination that there was no significant difference in the volumetrically determined 

stage-discharge relationship of the flume at the 95 % level O(Illse1, 1978) leads to no 

assessment of potential error in the stage-discharge relationship due to approach 

channel slope. 



4.2.3. Start Time 

The time scale of the runoff charts has been 6-hours throughout the project life. 

Again parallel to the field servicing of the rain gages, when a field technician places a 

chart, the recorder pen is aligned with the chart time corresponding to the time on the 

technician's wrist watch and a vertical tick mark made. When the chart is removed, 

the removal time on the chart scale is indicated with another vertical tick mark and 

the time on the technician's wrist watch recorded on the chart. In order to determine 

an event start time, a data processing technician verifies that the chart placement and 

removal times agree with the placement and removal times recorded by the field 

technician. If the times do not agree, it is assumed that the technician's wrist watch 

is accurate and a linear correction of the chart time made and applied to the recorded 

start time of the event. 

Because the watershed runoff and rain gage charts are generally changed by the same 

person, any errors due to the potentially false assumption that the technician's watch 

is accurate would tend to balance each other out. For the present study, potential 

errors in the start time will be attributed to errors introduced by the chart time 

resolution and the chart hygroexpansion. Potential errors introduced by rounding to 

the nearest minute during the placement and removal process will be lumped with 

errors introduced by the chart resolution. 



4.2.3.1. Chart Time Scale Resolution 

The theoretical processing resolution of the runoff charts is 0.25 minute + 0.25 

minute (Chery, 1972). However, due to the same physical limitations that govern the 

chart depth scale resolution (i.e. ink line width, chart clip bulges, positioning of the 

reader cross-hairs, analog-to-digital converter resolution), the practical time scale 

resolution for the runoff charts is 0.5 minute f 1.0 minute (Chery, 1972). For the 

present study, the average potential error will be zero minutes. The maximum 

potential error will be + 0.5 minute and the minimum potential error will be - 0.5 

minute. In an effort to retain only the most conservative values, the potential 

additional + 1 minute error will not be considered further. 

4.2.3.2. Chart Hygroexpansion 

As previously mentioned, the runoff charts are printed so that the least expansion due 

to changes in relative humidity occurs in the time scale (note that this is in contrast to 

precipitation charts which are printed so that least expansion is in the depth scale). 

Using the results reported by Blaisdell (1941) for the axis with the least expansion, a 

0.3 to 0.5 percent increase in length can be expected for relative humidity changes 

from 30 to 90 percent. Using the more conservative value, an expansion of 0.3 

percent (0.11 cm) would result in a 1.1 minute time scale elongations over the entire 
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chart length. Although changes in chart length would result in these overall changes, 

the actual change at an instantaneous point such as the start time is difficult to assess. 

In the present study, error in start time determination due to chart hygroexpansion 

will be estimated to be one quarter of the overall chart expansion. That is, a constant 

potential error in start time will be assessed at minus 0.25 minute. 

4.2.4. Elapsed Time 

The elapsed time recorded for an event or part of an event is a function of the chart 

time scale resolution, the rate mechanism, the skewness of the pen trace, and the 

chart expansion due to relative humidity changes. 

Although the elapsed time of an event will become elongated in the case where 

deposited sediment hinders the outflow of water from the measuring system, since 

there is no way to quantify the effect, and it should only occur for the rare large 

flows (assuming that the field technicians clear the intake box after each event), this 

effect will not be addressed. 

4.2.4.1. Chart Time Scale Resolution 

Potential error in the elapsed time of an event due to chart time scale resolution is the 
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same as for the start time except that, since both a beginning and end time are 

determined, the potential error is doubled. Thus, for the present study, the average 

potential error is estimated to be zero minutes, the maximum potential error will be 

+ 1.0 minute, and the minimum will be - 1.0 minute. 

4.2.4.2. Rate Mechanism 

As stated previously, the rate mechanism used to control the rotation of the cylinder 

and the mounted paper chart is a spring wound clock. A review of the runoff gage 

records indicates that, similar to the rain gage clocks, a clock will rarely gain or lose 

more than 60 minutes per week - commonly a clock may gain or lose no more than 

twenty minutes. If the chart removal time is not within 30 - 40 minutes of the 

removal watch time, the clock is generally either adjusted in the field or replaced. If 

the worst case scenario is examined, a 60 minute gain or loss over seven days 

translates to _+ 8.57 minutes per day or f 0.36 minute per hour. Since the average 

duration of runoff produced by individual storms on small watersheds is on the order 

of one hour (Osborn and Renard, 1970), the error introduced due to the rate 

mechanism is insignificant relative to the time scale resolution (maximum of +_ 0.006 

minutelminute or 0.36 minutelhr). For this study, no potential error in elapsed time 

will be assessed due to the rate mechanism. 



4.2.4.3. Skewness of Pen Trace 

As previously discussed, a pen trace is considered skewed if it does not follow the 

time line throughout a complete traverse of the chart. For example, if the time 

indicated by the pen trace is 1200 hours at the bottom of the chart and 1159 hours at 

the top of the chart, the trace is skewed. Although the effect of this type of skew is 

both a faster than actual hydrograph rise and recession rate, the actual overall elapsed 

time will be unchanged. The skew can also be in the opposite direction with the chart 

time at the bottom behind the chart time at the top. The effect of this type of skew is 

a slower than actual hydrograph rise and recession rate but no change in the overall 

elapsed time. Like the rain gage, skewness results either from a bent clock spindle or 

an improper thickness of the washer located between the base and the gear 

(Brakensiek et al., 1979). 

The amount of skewness is checked and corrected as a step in the annual stream gage 

calibration procedure. Since skewness can be corrected during the analog to digital 

conversion, and it is assumed that all mistakes have been corrected, no error due to 

skewness of the pen trace will be assessed in this study. 



4.2.4.4. Chart Hygroexpansion 

The potential error due to chart expansion is a function of elapsed time. For this 

study, the conservative constant chart expansion value of - 0.3 percent will be 

assessed. 

4.2.5. WatershedIContributing Area 

In the Santa Rita type data collection and processing system, runoff volume and 

sediment yield values are determined on a unit area basis. As a result, the area 

contributing runoff must be known. As discussed previously for rainfall, the error in 

the watershed boundary determination and calculation of area within the boundary has 

been estimated to be + 5.05 percent (watershed area is 1.64 ha + 828 m2 [0.0828 

ha]) 

Although at first glance it may seem reasonable to assume that the entire 1.64 ha 

watershed contributes runoff during a storm event, if rainfall and infiltration are 

spatially variable, rainfall excess will also vary spatially. The resulting spatial 

variability of rainfall excess suggests that the entire watershed can not contribute 

runoff uniformly. 
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This partial area response concept has been studied on watershed 76.001 both 

analybcally and by using water soluble tracers. The results of the analytical 

procedures (Lane et al., 1978) and the tracer study (Lane et al., 1977) indicate that 

for individual storms, between 40 and 100 percent of watershed 76 .01  contributes 

runoff. Infiltrometer data, which showed that infiltration rates closer to the watershed 

outlet were about one half the infiltration rates at the upper end of the watershed, 

tended to support a distributed-nonlinear model. The distributed-nonlinear model 

indicated that, on the average, 50 percent or less of the watershed contributes runoff 

(Lane et al., 1978). 

By definition, a watershed is the area of land draining water, sediment, and dissolved 

materials to a common outlet (Dunne and Leopold, 1978). Thus, when examining 

runoff volume from a watershed, the entire watershed must be examined as a unit. 

Even if there is a partial area response, which certainly appears to be the case, the 

watershed runoff volume is the quantity produced by the land area defined by the 

watershed boundaries. As a result, although the partial area response has numerous 

implications for non-point source pollution control, in this study it will not be 

considered an error source in the determination of runoff volume. The only error 

assessed for watershed area wil l  be the values previously defined for boundary and 

enclosed area determination. 
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4.2.6. Summary and Discussion of Assessed Error in Runoff Measurements 

The potential error ranges quantified for the contributing sources of each measured 

quantity are summarized in Table 4.4. Similar to the precipitation data, the total 

potential error in each measured quantity is obtained using the error propagation 

formula (equation 8) that derives a most probable potential error value (Topping, 

1955). 

4.2.6.1. Summary of Assessed Error in Measured Runoff Quantities 

As presented in section 4.2.1, the average potential error (APE) in stage measurement 

is simultaneously a 0.04 cm (0.001 ft) overestimation and a 0.8 percent 

underestimation of the actual stage flowing through the flume. The maximum or most 

positive potential error (MXPE) in stage is a record that is 0.48 cm (0.016 ft) greater 

than actual stage and simultaneously 0.8 percent less than actual. The minimum or 

most negative potential error (MNPE) in stage is a record that is 0.40 cm (0.013 ft) 

less than actual and simultaneously 0.8 percent less than actual. For stages greater 

than 15 cm and less than 46 cm (0.5 - 1.5 ft) the recorded stage is 0.8 percent greater 

than actual. 

As discussed in section 4.2.2, the APE in the stage-discharge relationship is a 10 
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percent underestimation of actual discharge, the MXPE value is a 4 percent 

underestimation of discharge, and the MNPE value is a 16 percent underestimation of 

discharge. 

As considered in section 4.2.3, the APE in the start time is 0.25 minute less than the 

actual start time. The MXPE in the start time is 0.25 minute greater than actual and 

the MNPE is 0.75 minute less than actual. 

As addressed in section 4.2.4, the APE in elapsed time is 0.3 percent less than actual. 

The MXPE for elapsed time is a record that is 1 minute greater than actual and 

simultaneously 0.3 percent less than actual. The MNPE for elapsed time is a record 

that is 1 minute and 0.3 percent less than actual. 

As discussed in section 4.2.5, the combined APE in watershed area attributed to a 

runoff event is zero. The range of potential error in the contributing area is ) 5.05 

percent . 

4.2.6.2. Discussion of Assessed Error in Measured Runoff Quantities 

As stated previously, the probable error defines a range where if the recorded value is 

inaccurate, there is a 50 percent chance that it will not be more wrong than the range 
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defined by the probable error (Bevington, 1969). As indicated by the comparison of 

point gage and FW-1 stage measurements from the San Pedro River flume calibration 

study, in some cases the potential error could clearly be greater than the probable 

error values presented. In addition, errors in the derivation of the orifice coefficient 

or the Manning's roughness coefficient could result in different potential error values 

than those presented (although the difference in these cases would likely be relatively 

small). Regular maintenance and calibration, coupled with ensuring that the 

counterweight does not become submerged over the range of expected runoff stages, 

appear to be the key steps required to obtain the most accurate records of stage with 

the FW-1. If especially accurate values of stage are required, the systematic errors of 

individual recorders could be determined and used to calculate instrument specific 

correction factors (Stevens, 192 1). 

The greatest source of potential error in runoff measurement is the stage-discharge 

relationship. Whereas the standard error in regression models can be readily defined, 

it is difficult to estimate the potential error in the theoretical model without field 

testing several flumes. Additional field testing would produce data that could also be 

used to develop regression models which would allow an evaluation of the efficacy of 

using either the theoretical model or the regression model. 

Although errors in the stage measurement and errors in the stage-discharge 
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relationship are correlated, since the correlation is undefined the effect was not 

examined. Similar to the rainfall catch measurement, although the hygroexpansion 

along the time scale would reduce the hygroexpansion effects in the depth scale, the 

effects of the correlation were not explored. 

The large time scale used in recording runoff, since it facilitates accurate 

determination of chart placement and removal times, results in more accurate 

determination of start times relative to the rain gages. In cases where the stilling well 

water level has fallen below the zero flow level (i.e. as a result of cleaning the intake 

or evaporation), the rise in the stilling well water level resulting from rain falling on 

the impervious flume surface can be used to give a more accurate start time to the 

rain gage record. 

Although battery powered clocks would provide more accurate timing than the spring 

wound clocks currently used (assuming that the batteries are replaced or recharged 

before they result in a decreased clock rate), the short duration of runoff events and 

the large chart time scale employed limits the magnitude of potential timing errors in 

the current system. 

Similar to the rain gage, the use of a digital data acquisition system would reduce 

processing time. Rather than coding the runoff charts before digitizing using an 



analog to digital converter, a digital record could be readily converted to an analog 

record using commercially available software. Potentiometers that can be calibrated 

to provide a digital record have been discussed in the literature (Tromble and Enfield, 

1971) and are available from the FW-1 manufacturers. 

Table 4.4. Summary of Potential Error in Measured Runoff ~uantities 

Measured Potential Error 
puant ity Source Units 

Runoff : 
Stage 

1. Instrument Limitations (cm) 
2. Intake Head Loss (cm) 
3. System Lag (cm) 
4. Density Differences (cm) 
5. Zero Flow Level Offset (cm) 
6. Chart Hygroexpansion ( % )  
7. Depth Scale Resolution (cm) 

Minimum Average Maximum 
Value Value Value 

Total : 

Stage-Discharge Relationship 
1. Modeling Error -15 -10 - 5 
2. Flume Construction and 

Placement - 3 0 + 3 
3. Channel Slope ( % I  0 0 0 

Total : ( % I  -16 -10 - 4 
Start Time 

1. Time Scale Resolution (min) - 0.5 0 + 0.5 
2. Chart Hygroexpansion (min) - 0.25 - 0.25 - 0.25 

Total : (min ) - 0.75 - 0.25 + 0.25 

Elapsed Time 
1. Time Scale Resolution (min) - 1 0 + 1 
2. Rate Mechanism (min) 0 0 0 
3. Skewness of Pen Trace (min) 0 0 0 
4. Chart Hygroexpansion ( % )  - 0.3 - 0.3 - 0.3 

Total : (min) - 1 0 + 1 
( % )  - 0.3 - 0.3 - 0.3 

Watershed/Contributing Area 
1. Boundary and Area 

Determination - 5.05 0 + 5.05 



4.3. Sediment 

Sediment on the Santa Rita experimental watersheds is sampled with total load, 

traversing slot, automatic samplers (Renard et al., 1976). The system, which is 

composed of a traversing slot sampler and collector (see Figure 4.13 and 4.14), is a 

modification of the traversing slot design (Dendy, 1973) and the Chickasha sample 

collection table (Miller, 1969). The system is designed to provide periodic chemical 

or sediment concentration data representative of the total flow cross section (Dendy, 

1973). The intended sample size is a two-liter aliquot. 

The basic sampler design was changed once during the period under examination. 

Initially the samplers were designed so that the traversing slot would move once 

across the flume exit at a speed dependent upon the flow depth. Slower traversing 

slot speeds were assigned to smaller flows and faster speeds to larger flows. In early 

1985, a new traversing slot/sample collector controller was installed. Rather than 

controlling aliquot size with variable sampling speeds, the aliquot size is now 

controlled by a weighing mechanism. Once a flow is large enough to trigger the 

traversing slot to sample, after a predetermined delay, the slot moves back and forth 

at a constant speed until either a sample weight equivalent to one Liter is collected or 

two minutes have elapsed. If one liter is collected, the weighing mechanism trips a 

switch that causes the traverse slot to stop sampling. After a sampling sequence, a 30 
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Figure 4.13. Schematic Diagram of Traversing Slot Sampler - Profile and Plan 

View (Renard et al., 1986). 



Figure 4.14. Schematic Diagram of Traversing Slot Sampler - Front View 

(Renard et al., 1986). 
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second delay occurs to allow water in the sample pipes to drain before the collection 

device advances to the next bottle. The process is repeated at predetermined time 

intervals until either the flow is below the sediment sampler deactivation level or all 

the sample collection bottles are full. Due to the sample weight control on the 

sampler, the slot may traverse the flow several times for small flows and only once 

for larger flows. 

The sample collection bottles were initially mounted on a weight driven table. When 

the new controller was installed in April 1985, the weight driven collector table was 

replaced with a motor driven table. 

The sampler on watershed 76.001 was equipped with a mechanical timer throughout 

the 1976-1990 period. The timer serves to control both the sequence of traverse slot 

movements and the collection mechanism advance. The timer, activated when a flow 

is above a predetermined sampler "on" level, has four cam-activated switches that 

control the sequence of events. The first switch controls the duration of each sampling 

cycle (sample, marking the water-level recorder chart, and table advance). The 

second switch, initially activated five seconds after the timer is triggered, controls the 

start of the traversing slot. The third switch, initially activated 45 seconds after the 

second switch, controls both the marking of the water-level recorder chart and the 

collector mechanism advance. The fourth switch resets the timer after either the flow 
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is below the sampler off level or the collector mechanism is full. The mechanical 

timer was initially designed so that, after the first sample is taken, additional samples 

were taken at three-minute intervals. 

After the sampler design was changed from variable speed to constant speed in 1985, 

two changes in the timer cams were made. The cam controlling the second switch 

was changed to a cam cut so that a 15 second delay occurred between surpassing the 

sampler activation level and the start of sampling, and the third switch was modified 

so that the water-level recorder chart was marked at the time the sampler started its 

traverse and marked continuously until the sampling ended. The cam for the second 

switch was changed again in 1987 so that for the period 1987-1990 there was a 

designed one minute delay between the flow surpassing the activation level and the 

start of the sampling sequence. The timer was also modified so that the first five 

samples are taken at three-minute intervals, the next four samples at five minute 

intervals, and the remaining samples at eight minute intervals. 

In July 1979, plastic covering was added over the sample bottles on the collection 

table to keep dirt, insects, and other contaminants from falling into the containers 

before and after samples were taken. 

After a flow, the sample bottles are removed from the collection table and labeled 
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sequentially based on their table position. Lids are screwed onto the sample bottles, 

replacement bottles positioned, and the full sample bottles transported back to a 

laboratory for analysis. The sediment concentration for each sample is determined in 

the laboratory and a data processing technician associates the concentration of each 

sample with a sampling time on the hydrograph. 

Potential error sources that can result in differences between the amount of sediment 

actually leaving the watershed and the amount measured include the sampling 

effectiveness of the sampler (sampling efficiency and sample representativeness), the 

determination of sediment concentration, and the determination of sampling time. In 

addition, determination of the area contributing sediment has the same error sources 

discussed previously. 

4.3.1. Sediment Concentration 

The measured sediment concentration of a runoff event is subject to a number of 

potential error sources. For example, if the sampler does not provide spatially and 

temporally representative samples, estimates of watershed soil loss can not reflect 

actual losses. An effective sediment sampler must collect samples that reflect the 

sediment concentration in the flow, sample most of the average and larger sized 

flows, and collect samples throughout the hydrograph (i.e. sampling occurs during 
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both the rising and falling limb of the hydrograph as well as at the hydrograph peak). 

In addition, since the concentration of sediment in collected samples is determined by 

dividing the dry sediment weight by the weight of the water portion, error can be 

introduced if water is lost to evaporation during storage or to leakage during 

transportation. Additional error can be introduced during the laboratory processing of 

the sample. 

4.3.1.1. Sampling Efficiency 

Sampling efficiency is a measure of how well the sediment concentration in the 

sample correlates with the actual sediment concentration in the flow. The sampling 

efficiency of the traversing slot sampler was examined at the USDA-ARS Mid South 

Area National Sedimentation Laboratory (Dendy, 1973) and at the USDA-ARS 

Southwest Watershed Research Center during the San Pedro field test mentioned 

earlier (Kmsel, 1978). 

In laboratory tests in Mississippi, the traversing slot sampler was mounted on a 

modified 61 cm (2 ft) Parshall flume. The testing indicated that the percentage of the 

total flow sampled (i.e. sampling rate) decreases with increasing discharge and can 

approach 30% (Dendy, 1973). However, since the sampler is not intended as a flow 

measuring device, the varying sampling rate does not prohibit the use of the sampler 
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to determine the mean sediment concentration of runoff. Dendy noted that reports on 

work with a Coshocton-type sampler indicated that although the flow sampling error 

exceeded 50 percent at some discharges for the Coshocton-type sampler, the mean 

sediment concentration error for a "generalized" storm hydrograph was relatively 

small. 

In order to compute the approximate error in sediment concentration extracted by the 

traversing slot sampler, a sampler mounted on a modified Parshall flume was tested 

on a 1.57 ha watershed in northern Mississippi. The watershed sediment 

concentration curves for different flow sizes were established using sediment 

concentration data collected from a nearby 0.1 ha watershed. The mean sediment 

concentration for selected storms was determined by weighting flow volume in the 

various flow ranges encountered with the concentration curves. Using this approach, 

errors in the sample sediment concentration were less than 5 percent for all of the 

selected storms. Dendy noted that since the sampling rate decreases with increasing 

flow rate, the largest sampling error would occur during short-duration, high-peaked 

storms with rapidly changing discharges. Storms with prolonged peak discharges with 

most of the total runoff occurring at or near the same flow rate would be sampled 

most accurately. 

In the 1973 report by Dendy, it was noted that data were not yet available to fully 
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evaluate the field performance of the traversing slot for determining runoff sediment 

concentration. The National Sedimentation Laboratory was contacted and it was 

determined that no additional data was collected after publication of the bulletin 

describing the sampler (ARS-S- 15). 

The efficiency of the traverse slot sampler was also examined in tests conducted on 

the San Pedro River by Southwest Watershed Research Center scientists in 1977-78. 

Sediment concentrations collected by various sampler types were compared with 

known sediment concentrations added to clear water flows. 

Sediment, approximating the particle size distribution found in smaller watersheds of 

Walnut Gulch, was injected into clear water flows at calibrated rates using a conveyor 

belt. Care was taken to ensure the conveyor belt was located far enough upstream so 

that good mixing occurred before the flow entered the flume. Although there was 

some deposition in the channel above the flume for some of the higher input rates, 

steady state conditions were allowed to evolve and the sediment concentrations of only 

the last two samples of each run were averaged and used in the subsequent analyses. 

A run in this case was a constant stream discharge and a constant input sediment rate. 

Data collected from 53 runs over a two day period were used in the analyses. 

Sediment samples were collected with the variable speed controlled version of the 



traversing slot sampler, a depth integrated sampler (D-48 - see Brakensiek et al., 

1979 for description), and at the centerline of the flume exit with a "dip" sampler. 

Concentrations of samples collected by the traversing slot were determined both for 

water exiting the system at the fixed splitter in the drain pipe (see Figures 4.13 and 

4.14) and for water collected in the sample bottles located in the sample house. 

In most streams, flow velocity and sediment concentration is not uniform throughout 

the flow cross section (Brakensiek et al., 1979). A similar condition, as suggested by 

the plot of sediment concentration collected by the center dip sampler (Figure 4.15), 

is encountered in the flume. Sediment appears to move toward the flume centerline 

rather than being distributed uniformly over the horizontal flume cross section. 

Although the sediment distribution in the flow varies, a traversing slot sampler, by 

sampling the entire horizontal and vertical cross sections of the flow, can provide 

spatially representative samples of near instantaneous discharges. 

As dustrated by the fitted h e a r  regression lines in Figure 4.15, for sediment 

concentrations collected at the splitter and at the sample collector table (denoted T- 

slot), 55 % and 47 % of the average sediment concentration collected at the respective 

sample sites are explained by the average input sediment concentration. The 

regression coefficients suggest that the sediment concentrations were respectively 28 % 

and 47% less than the average input sediment concentration. 



Figure 4.1 5. Comparison of Average Input Sediment Concentration 
and Average Sediment Concentration of Samples (last two 
samples of run only) (from Knisel, 1978). 



The input sediment concentration was determined by dividing the sediment injection 

rate by the product of the stream discharge and the water density. Water temperature 

measurements were made during the tests to determine the approximate water density. 

The stage-discharge relationship of the specific flume used had been determined 

previously by volumetric means and a hook gage. Although the average sediment 

concentration in the flow could be different from the average input sediment 

concentration, only the last two samples of each run were used in an effort to ensure 

steady state conditions and minimize any differences. 

In principle, since the splitter is incorporated solely to reduce the aliquot size 

collected from larger flows, the concentration collected at the splitter should be the 

same as the concentration collected at the sample bottle. The difference encountered 

in this case is difficult to explain. 

For the present study, the sampling efficiency of the traverse slot sampler will be 

approximated by the regression coefficient of a linear regression analysis in which the 

sediment input is the independent variable and the average of the splitter and sample 

bottle sediment concentrations is the dependent variable (Figure 4.16). Since when 

there is no input sediment there can be no output sediment, the regression line was 

forced to intercept the Y-axis at the origin. As the resulting regression coefficient is 

0.59 (R2 = 0.53), the sediment concentration error introduce due to sampling 
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Figure 4.1 6. Comparison of Average lnput Sediment Concentration 
and Average Concentration of T-Slot and Splitter Sample 
(from Knisel, 1978). 
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efficiency will be an estimated 40% underrepresentation of the flow sediment 

concentration with a maximum or most positive underrepresentation value of 30% and 

a most negative value of 50 % . 

No tests have been conducted since the traversing slot design was changed from 

variable speed to constant speed in 1985. Due to a lack of data, the sampling 

efficiency of this design will be approximated by the sampling efficiency of the 

variable speed design. 

4.3.1.2. Sample Representativeness 

As already mentioned, by samphg the entire horizontal and vertical cross section of 

a flow, in principle the traversing slot enables the collection of a spatially 

representative sediment sample during a runoff event. In order to be temporally 

representative, samples should be collected from most of the average and larger sized 

flows that occur during a study period as well as throughout the hydrograph for 

individual events. 

Based on these considerations, temporal representativeness of sediment samples can 

be considered a function of the water level set to activate the sampler, the number of 

hydrographs above the activation level that were actually sampled (an indication of the 
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mechanical robustness of the sampler), and the percentage of samples collected during 

the rising limb, peak, and falling limb of the hydrograph. 

A survey of all the recorded hydrographs over the 1976-1990 period for watershed 

76.001 indicates that the average peak stage was 5.52 cm (0.181 ft) with a standard 

deviation of 3.81 cm (0.125 ft). The range of peak stage was 0.91 cm to 19.81 cm 

(0.03 ft to 0.65 ft). As previously noted, for the May to September period the 

average peak stage was 5.85 cm (0.192 ft) with a standard deviation of 3.90 cm 

(0.128 ft) and the same range as for all recorded events. 

The water level that activated the sampler was 3.96 cm (0.13 ft) or less for all but 

four years. In those four years, the activation water level was set at 8.23 cm (0.27 ft) 

in 1980 and 8.84 cm (0.29 ft) from 1981-83. Based on this information, the 

activation water level for the sampler was set below the average peak stage for all but 

the four years and below the peak stage of larger sized flows (average stage plus 

standard deviation) throughout the period of record. Look at in recurrence probability 

terms (see Table 2.4), the activation level was usually below the peak stage with a 

0.99 recurrence probability and always below a 0.50 recurrence probability. 

In all, eighty-six of the 191 (45 %) recorded hydrographs over the 1976-1990 period 

were sampled (Note: since the 191 recorded hydrographs excludes estimated events 
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and divides multi-peaked events into separate hydrographs when the stage of the first 

peak returns to near zero before rising again, the number does not exactly match the 

total number of runoff events recorded for the watershed). Ninety-nine of the 191 

hydrographs had stages above the sampler activation water level and 86 of these 

events were sampled. In other words, 86.9 percent of the events above the pre-set 

activation water level were sampled. Of the twenty-seven large events that were 

recorded (greater than 9.39 cm [O. 308 ft]), twenty-five were sampled (92.6%). 

Once a flow is above the pre-selected activation water level, samples are taken at 

selected time intervals. As a result, the sampling points on a hydrograph are a 

function of the water level set to activate the sampler, the elapsed time between 

surpassing the activation water level and the start of sampling, the time to peak, the 

peak stage, and the total hydrograph duration. The designed elapsed time between 

surpassing the activation water level and the start of sampling has ranged fiom 5 to 60 

seconds. 

If all 191 hydrographs are considered (summer and winter events), the average event 

duration was 34.53 minutes with a standard deviation of 20.87 minutes. The average 

time to peak was 7.09 minutes with a standard deviation of 5.60 minutes. The large 

variation suggested by the magnitude of the standard deviations relative to the average 

values is consistent with the diversity of runoff events encountered in semi-arid 



rangeland watersheds in the Southwest (Osbom and Hickok, 1968). 

An examination of the 99 hydrographs that surpassed the sampler activation water 

level indicates that the average elapsed time between exceedence of the sampler 

activation level and the peak stage was 4.33 minutes with a standard deviation of 3.82 

minutes. The average elapsed time between the peak stage and the time the flow was 

below the sampler deactivation water level was 12.41 minutes with a standard 

deviation of 8.92 minutes. As could be expected from both the short time to peak 

relative to the total hydrograph duration and the resultant difference in the available 

sampling time, more samples were taken during the recession limb than during the 

rising limb. 

As will become evident shortly, there is some uncertainty surrounding the sample 

time associated with each sample. The sampling time is determined by a combination 

of the sample mark made on the runoff chart, the activation level of the sampler, and 

the interval between each sample. For this part of the study, it was assumed that the 

sample times as indicated on the individual runoff charts are on the appropriate limb 

of the hydrographs. 

If the average number and standard deviation of samples taken during the rising limb, 

peak, and recession limb are added, an average of 5.08 samples were taken per 
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sampled hydrograph with a standard deviation of 4.27 samples. In reahty of course, 

there is no such thing as a 0.08 or 0.27 of a sample - either a sample is taken or it is 

not (granted that the sample size may be considered a fraction of the intended size). 

On the average, 1.39 samples were taken during the rising limb (27.4%), 0.53 

samples near the peak (10.4 %), and 3.16 samples during the recession limb (62.2 %). 

The number of samples taken during the rising limb ranged from 0 to 8, the number 

at the peak stage ranged from 0 to 2, and the number during the recession Limb 

ranged from 0 to 14. 

The above discussion suggests that the sediment samples from this watershed are 

temporally representative. Samples were collected from most of the average and 

larger sized flows that occurred over the 1976-1990 period and, on the average, were 

collected in representative numbers throughout the hydrographs of individual events 

encountered. As a result, no error will be assessed due to the representativeness of 

collected samples. 

4.3.1.3. Evaporation and Transportation Losses 

Water losses due to evaporation from sediment samples can occur during storage in 

the sample collector house and during storage before processing. Due to the steep 

inclines encountered on the roads traveled enroute from the field sites to the 
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laboratory, additional water losses due to spillage can result if the sample bottle lids 

fit poorly. Since the sediment has generally fully settled in the sample bottles before 

they are retrieved, evaporation and transportation losses result in decreases primarily 

in the water portion of the sample. A decrease in the water portion of the sample will 

result in an increase in the sample sediment concentration. 

In order to determine in situ evaporation rates from sample bottles within the Santa 

Rita watershed sample houses, a seven week study was conducted from July 31 - 

September 11, 1991. The study, which consisted of placing sample bottles partially 

filled with clear water in the houses and measuring weekly changes in weight, 

demonstrated that over a seven day period, volume losses due to evaporation in the 

sample house could range from two to twenty percent and that the amount lost 

depended in part on the sample house. Bottles used in the study were only partially 

filled and sealed with masking tape to reduce the chance of spillage enroute. The 

average seven-day loss for the sample house on watershed 76.001 was 5.4 percent 

with a standard deviation of 1.3 percent. 

During the course of the study, it was observed that the lids on some of the bottles 

fitted poorly and that even after taping shut bottles 114 - 112 full of water, in some 

cases there was still evidence of spillage during transportation. In these cases, water 

was observed between the bottlellid juncture when the tape was removed. 
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Since a balance was not transported to the field to determine water losses between the 

laboratory and the field locations, transportation losses were not isolated. Although 

the losses recorded are probably composites of losses due to evaporation and 

transportation, since the water Line on some of the bottles were marked just prior to 

placement in the sample house and marked again just after removal, and care was 

taken to prevent spillage during transportation, the bulk of the water loss during the 

study appears to be due to evaporation. In cases where sample bottles are essentially 

full, the lids fit poorly, and exceptional care not taken during transport, losses during 

transportation are likely much higher than those due to evaporation. 

The study examined the worst case scenario whereby a runoff producing storm occurs 

the day stations are serviced and no additional service visits are made until the 

following week. Although a storm event could, due to the limited areal extent of 

convective storms characteristic of the area, happen on the Range with no evidence of 

its occurrence detected in Tucson, the situation is generally avoided. If it appears that 

a large rainfall event was in the area (which is visible from Tucson), additional 

service visits are added to the weekly schedule. 

As a result of more frequent station servicing during the summer rainy season and a 

lack of a data on losses incurred during transportation, the losses due to evaporation 

and transportation will be lumped and estimated to average - 1.5 % error in the sample 



water volume. The maximum potential error will be estimated at - 3% and the 

minimum error estimated to be zero losses. 

4.3.1.4. Laboratory Handling 

Two different methods have been used to determine the sediment concentration of 

collected samples. The first method was used until 1985 before it was changed to the 

current method. 

Initially, the sediment concentration of a sample was determined in the laboratory by 

a technician performing the following steps: 

1. weigh the wet sample, water, and bottle together, 

2. add a defloculating agent and let settle overnight, 

3. decant water and transfer solid material into a can, 

4. clean and weigh the sample bottle, 

5. dry the sediment in an oven, 

6. weigh the dry sediment and can, 

7. weigh the can after it has been cleaned and dried 

8. determine the water weight by subtracting the bottle and dry sample 

weight, 

9. determine the concentration by dividing the dry sample weight by the 



water weight and multiply by 1000 to obtain units of gll. 

Currently the sediment concentration of a sample is determined in the laboratory by a 

technician performing the following steps: 

1. weigh the wet sample, water, and bottle together, 

2. place the open bottle in an oven to dry, 

3. weigh the dry sample and bottle, 

4. weigh the bottle alone after cleaning and drying, 

5 .  determine the sample weight by subtracting the bottle weight from the 

weight of dry sample and bottle, 

6.  determine the water portion weight by subtracting the bottle and dry 

sample weight from the combined wet sample, water, and bottle 

weight, 

7. determine the concentration by dividing the dry sample weight by the 

weight of the water portion, 

8. multiply the concentration by 1000 to convert to units of gramslliter. 

The weights determined in the process are measured using an electronic balance. 

Until 1987, Mettler brand top loading scales with a readability (resolution) of 0.01 

grams and a standard deviation of + 0.005 grams for weights up to 1200 grams were 

used (Mettler, undated). Since 1987, an O'Haus brand digital balance with an 
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accuracy of 0.01 grams and a standard deviation of k 0.01 grams for weights up to 

400 grams and an accuracy a 0.1 grams and a standard deviation of k 0.07 grams for 

weights between 400 and 4000 grams (O'Haus, 1989) has been used. 

Although the accuracy of the current balance decreases with increasing weight, for 

simplicity sake, a weighing accuracy of + 0.01 grams will be assumed for both 

balances. Under this assumption, if the laboratory procedures described above are 

followed, the average potential error in sample concentration determination introduced 

each time a weight is determined would be 0 grams with an error range of + 0.01 

grams. Since four weights are determined for each sample with the first method and 

three weights determined for each sample with the current method, the average error 

introduced by the balance is 0 grams with a maximum and minimum error of + 0.04 

grams through 1984 and f 0.03 grams from 1985 to the present. For the analysis of 

error propagation in derived quantities, a zero average potential error and a range of 

+ 0.01 grams will be applied at each step where a quantity is weighed. 

However, since the determination of the tare weight for each sample bottle after 

cleaning and drying (step 4) would require considerably more time, the tare weight of 

each sample bottle has been determined and written on the bottle. Although in 

principle this is a sensible time saving step, experience has demonstrated that the tare 

weight can change over time. Observations suggest that the greatest weight change in 
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the two liter sample bottles occur during the first oven drying with changes in weight 

decreasing in magnitude with subsequent drying (Roger Simanton, personal 

communication). 

In order to determine the potential error introduced by this step, a preliminary sample 

of 46 sample bottles were weighed using the previously mentioned digital electronic 

balance (O'Haus) and the weights compared with the weights written on the bottles. 

The average and standard deviation of the difference in the two weights (recorded and 

observed) were determined and the standard deviation used to estimate the sample size 

required to be 95% confident that the sample average is within + 0.05 grams of the 

population average (the population in this case being the hundreds of sample bottles 

used by the Southwest Watershed Research Center). The equation used to determine 

the sample size required for this confidence interval with the specified error tolerance 

is the same as used previously to determine the sample size for the point gage reading 

- recorder stage comparison (Walpole and Myers, 1989): 

where n is the sample size, z,, is the z-value in a normal distribution that leaves and 

area of a12 to the right, a is the population standard deviation, and e is the specified 

error in the estimate of the population mean. 
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As previously mentioned, Walpole and Myer noted that if the population standard 

deviation (o) is not known, it can be approximated based on a preliminary sample as 

long as the preliminary sample size is at least 30. In the preliminary sample (n = 46) 

the observed weight averaged 0.18 gram less than the recorded weight and the 

standard deviation of the difference was 0.25 gram. Using this standard deviation as 

an approximation of a, an a equal to 0.05, and a tolerable error of 0.05 gram, the 

sample size required was determined to be 97 bottles. 

After weighing 100 bottles and comparing the tare weight obtained with the tare 

weight written on the bottle, with 95% confidence it was determined that, within f 

0.05 gram, the tare weight written on the bottle averaged 0.15 gram more than the 

observed weight with a standard deviation of 0.27 gram. 

In the laboratory methods used prior to 1985, the weight of the water portion was 

determined by subtracting the bottle and dry sample weight from the combined weight 

of the bottle, water, and wet sample. As a result, prior to 1985 the time saving step 

only affected the determination of the water weight. On the average, the water 

weight is reported to be 0.15 gram less than the actual weight with a + 0.05 gram 

range. 

Starting in 1985, the weight of the water portion is determined by subtracting the 
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combined dry sample and bottle weight from the combined wet sample, water, and 

bottle weight. Since these values are determined for each sample, using this method 

the time saving step does not affect the determination of the water weight. However, 

since the tare weight written on the bottle is subtracted from the combined dry sample 

and bottle weight to derive the weight of the dry sample, the time saving step does 

affect the weight of the dry sample. On the average, the dry sample weight is 

reported to be 0.15 gram less than the actual weight with a + 0.05 gram range. 

For the present study, the potential error introduced by the balances will be applied 

separately and the potential error introduced due to changes in tare weights will be 

applied to the appropriate quantity (water weight or dry sample weight). Thus, the 

average potential error due to laboratory handling is + 0.15 gram and ranges from + 

0.24 gram to + 0.06 gram for pre-1985 and + 0.23 to + 0.07 gram from 1985 to 

the present. 

4.3.2. Sampling Time 

Sediment discharge is calculated by associating the sample sediment concentration 

determined in the laboratory with an instantaneous stream discharge. In order to 

determine the sampling time, and thus the discharge with which to associate a 

particular sediment concentration, the time the traversing slot enters and remains in 
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the flow must be known. As noted previously, the sampling time is determined by a 

combination of the sampler activation level, the sample mark made on the runoff 

chart, and the designed interval between each sample. 

In addition, since the amount of time the sampler is in the flow depends on the flow 

size (for both the variable and constant speed design), the validity of the instantaneous 

discharge association varies. Potential error in the sampling time determination will 

be examined in terms of the sampling instrument limitations and the time scale 

resolution of the runoff charts. 

4.3.2.1. Instrument Limitations 

As previously stated, the sampler is activated when the stage exceeds a preset level. 

The field manual for the traversing slot states that the activation water level can be set 

with an accuracy of + 0.3 cm (0.01 ft). Using the average hydrograph rise rate 

encountered on this watershed (1.1 cmlmin), the error introduced by limitations in 

setting the activation level can be estimated to average zero with a maximum of + 
0.27 minute and a minimum of - 0.27 minute. These estimates of error range will be 

rounded to + 0.3 minute. 

Although in the current sampler design the sample pen marks the runoff chart when 



187 

the traversing slot is in the flow, the previous design marked the chart when the table 

advanced. In one instance it was noted that the chart was marked 2 minutes and 33 

seconds after a sample was taken (07/10/81). The sample marks before the design 

change served only to indicate how many samples were taken and the interval 

between samples. Sampling times before the 1985 design change were determined by 

locating the point the hydrograph exceeded the activation level, adding roughly the 

predetermined delay time to locate the first sample time, and then locating the 

remaining sampling times based on the interval between samples. With the current 

sampler design, if the stage to sample pen offset is known, the sample time can be 

determined by the sample mark made on the chart. 

Once activated, the timer initiates the traverse slot movement after a preset delay and 

the sampling sequence continues until the flow is below a predetermined stage. The 

interval between the timer activation and the initiation of traverse slot movement has 

varied in design from a five second to a one minute delay. However, since the timer 

cams are hand cut, the actual delay is not necessarily as designed. For example, the 

timer used since 1987 was cut for a designed one minute delay yet the delay was 

measured to average 25.5 seconds more than designed. 

The delay between surpassing the activation level and the start of the traverse 

movement can also be less than designed. Each time the pen arm is raised above the 
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activation level (required when a time line is made on a chart), the timer is triggered. 

Since a time line can be made in less than a minute, and the timer is deactivated once 

the pen arm is below the "off' level, the delay time is reduced. In one case the one 

minute delay was measured to be 24 seconds less than designed. 

In order to estimate potential error introduced by the process used to cut the timer 

cams, data collected on the delay between sampler activation and the start of the 

traversing slot was analyzed. The delay was determined several times for each of the 

six active samplers on the Santa Rita Experimental Range and two of the 23 time 

measurements were excluded due to the probability that the timer had not reset before 

it was activated. The results indicated that the average delay is 19 seconds longer 

than designed with a standard deviation of 13 seconds. For the present study, the 

average error in sample time determination due to the hand cut timer will be 

estimated as 0.3 minute (19 sec) with a maximum error of 0.5 minute and a minimum 

of 0.1 minute. 

In addition, since a sampling time is associated with an instantaneous discharge when 

in reality a sample may be collected over a two minute period, the potential error 

introduced by this association will be estimated to average zero with a maximum and 

minimum of + 1 minute. 
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Combining these three aspects, the average potential error introduced due to the 

instrument limitations is a sample time 0.3 minute ahead of the actual sample time. 

The maximum or most positive potential error is 1.8 minutes ahead of the actual 

sampling time and the minimum or most negative potential error is 1.2 minutes before 

the actual sampling time. 

4.3.2.2. Time Scale Resolution 

Since the sample times are marked and read from the runoff charts discussed 

previously, the potential error due to time scale resolution of the charts is the same. 

That is, the practical time scale resolution for the runoff charts is 0.5 minute + 1.0 

minute (Chery, 1972). For the present study, the average potential error in the 

determination of sample time due to time scale resolution is estimated to be zero 

minutes, the maximum potential error will be + 0.5 minute and the minimum 

potential error will be - 0.5 minute. 

4.3.3. Watershed/Contributing Area 

As discussed earlier, the error in the watershed boundary determination and 

calculation of area within the boundary has been estimated to be + 5.05 percent 

(watershed area is 1.64 ha f 828 m2 [0.0828 ha]). 



190 

Due to the probable partial area response mentioned in the discussion of runoff 

contributing area, all areas of a watershed likely do not contribute sediment equally 

either. For example, studies at Walnut Gulch suggest that although the main channel 

may comprise only a small percentage of a watershed land surface, it contributes 

about 50% of the total sediment yield (Osborn and Simanton, 1989). 

However, regardless if only a fraction of the watershed is actually contributing 

sediment, by definition of a watershed, the entire watershed must be examined as a 

unit when estimating watershed sediment loss. Even if there is a partial area 

response, the watershed sediment yield is the quantity produced by the land area 

defined by the watershed boundaries. As a result, the only error assessed for 

watershed area will be the values previously defined for boundary and enclosed area 

determination. 

4.3.4. Summary and Discussion of Assessed Error in Sediment Measurements 

The potential error ranges quantified for the contributing sources of each measured 

quantity in the preceding discussion are summarized in Table 4.5. Similar to the 

precipitation and runoff data types, the range of total potential error for each 

measured quantity is estimated using equation 8 (Topping, 1955). Since the average 

probable error attributed to sampling efficiency and evaporation/transportation losses 
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are of opposite sign, these two terms were combined using the principle of error 

superposition (i. e. equation 7). 

4.3.4.1. Summary of Assessed Error in Measured Sediment Quantities 

As presented in section 4.3.1, the average potential error (APE) value in sediment 

concentration is a 37.5% underrepresentation of the actual flow concentration and a 

0.15 gram overrepresentation of the water weight prior to 1985 and a 0.15 gram 

overrepresentation of sediment weight since 1985. The maximum or most positive 

potential error (MXPE) value for potential sediment concentration error is a 27.2% 

underrepresentation of the actual flow concentration and a 0.24 gram 

overrepresentation of the actual weights. The minimum or most negative potential 

error (MNPE) value for sediment concentration is a 47.8 % underrepresentation of the 

flow concentration and a 0.06 gram overrepresentation of the actual weights. 

The APE in sampling time is 0.3 minute ahead of the actual sampling time. The 

MXPE in sampling time is 2.3 minutes ahead of the actual sampling time and the 

MNPE in sampling time is 1.7 minutes prior to the actual sampling time. 

The average potential error in watershed area attributed to a runoff event is zero and 

the range of potential error in the contributing area is f 5.05 percent. 



4.3.4.2. Discussion of Assessed Error in Measured Sediment Quantities 

The largest source of sediment measurement error in the Sanh Rita type data 

collection and processing system is the uncertain sampling efficiency of the traverse 

slot sampler. Although the estimated probable error in sampling efficiency rests on 

the accuracy of the determination of actual sediment concentrations in the flow, the 

concentrations collected by the center dip sample suggest that sediment concentrations 

close to the calculated input concentrations were obtained. 

Table 4.5. Summary of Potential Error in Measured Sediment Quantities 

Measured Potential Error Minimum Average Maximum 
Quant itv source Units Value Value Value 

Sediment Concentration 
1. Sampling Efficiency ( % )  -50 - 40 -30 
2. Sample 

Representativeness ( %  0 0 0 
3. Evaporation and 

Transportation Losses ( % )  0 + 2.5 + 5 
4. Laboratory Handling (g) + 0.06 + 0.15 + 0.24 

Total : 

Sampling Time 
1. Instrument Limitations (min) - 1.2 + 0.3 + 1.8 
2. Time Scale Resolution (min) - 0.5 0 + 0.5 

Total: (min) - 1.3 + 0.3 + 1.9 

WatershedlContributinq Area 
1. Boundary and Area 

Determination ( % )  - 5.05 0 + 5.05 



CHAPTER 5 

SENSITIVITY OF DERIVED QUANTITIES TO POTENTIAL ERRORS 
IN MEASURED QUANTITIES 

As listed in Table 3.3, several quantities are derived from the measured variables in 

order to characterize the precipitation, runoff, and sediment resulting from a storm 

event. Maximum intensities over different time intervals are calculated for 

precipitation, discharge and volume per unit area are determined for runoff, and 

discharge and mass per unit area are derived for sediment. 

In this chapter, the sensitivities of derived variables to potential errors in measured 

quantities are tested. Similar to the preceding chapter, the results of the sensitivity 

analyses are expressed in terms of the data base values relative to the "actual" event 

variables. In chapter 4, the MNPE and MXPE were obtained by first estimating their 

primary relationship to the approximated APE and then relating the primary 

relationship to the actual storm variables. For example, it was estimated that the 

potential error in the stage-discharge relationship averages a 10 percent 

underestimation of the actual relationship but that the APE could vary by six percent 

in either direction. As a result, the presented MNPE was a 16 percent 

underestimation and the MXPE a 4 percent underestimation of the actual relationship. 

The resulting MNPE, APE, and MXPE were estimates of how much the recorded 

value could differ from what actually happened. 
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In this chapter, since the actual event variables of derived quantities are estimated by 

applying the APE to collected data, application of the MNPE and MXPE to the 

collected data results in expressions of the interrelationships between the potential 

error values. In order to express the effects of the MNPE and MXPE on derived 

quantities, the resulting primary relationship is related to the collected data. That is, 

the derived variables are calculated for the MNPE, APE, and MXPE cases as well as 

for the measured value case. The derived variables obtained after the APE is applied 

to the measured or base values is assumed to approximate the actual storm variables 

and the percentage deviation between the other calculated values and the APE 

determined. The deviations resulting from the W E  and W E ,  since they reflect 

the primary relationships estimated in the previous chapter, are then related to the 

base value case. The results are thus expressed as deviations of the base values from 

the potential range of "actual" storm variables. Results of the analyses are also 

expressed in terms of the six hydrograph categories presented in Table 5.1. 

Table 5 . 1 .  Events Examined 

Cateqorv Peak Runoff S t a s e  Event Date /Mon/Dav/Yr) 

1 0 - 3 cm (0.0 - 0.1 f t )  09/25/76', 08 /21 /86  
2 3 - 6 cm ( 0 . 1  - 0.2 f t )  08/15/77, 08 /01 /86  
3 6 - 9 cm (0.2 - 0.3 f t )  09/25/76", 07 /10 /88  
4 9 - 1 2  cm (0.3 - 0.4 ft) 08/09/78, 08 /14 /89  
5 12  - 15 cm (0.4 - 0.5 f t )  07/22/77, 08 /25 /87  
6 15 - 2 1  cm (0.5 - 0.7 f t )  09/11/77, 06 /22 /77  

* 1 7 3 1  S t a r t  t i m e  
" 1525 S t a r t  t i m e  



5.1. Precipitation 

The sensitivity of maximum 15- and 30-minute rainfall intensities to potential errors 

in catch depth and elapsed time were examined. In addition, the potential catch depth 

errors quantified in section 4.1.2 were applied to the twelve events. 

In the Santa Rita type data collection and processing system, maximum intensities 

over various time intervals are determined and multiplied by appropriate factors to 

express intensity in units of mmlhr. For example, the maximum 15-minute intensity 

of an event is the greatest change in accumulated depth over a 15-minute period 

multiplied by 4. Similarly for maximum 30-minute intensity except that the factor 

would be 2. 

5.1.1. Maximum 19Minute Intensity 

As described in the previous chapter, the average potential error (APE) in rainfall 

catch depth is estimated to be a 6% underrepresentation of actual rainfall. The 

minimum or most negative potential error (MNPE) is both a 0.08 cm (0.03 in) and a 

12.7% underrepresentation of actual catch depth; the maximum or most positive 

potential error (MXPE) is both a 0.08 cm and a 0.7% overrepresentation of actual 

catch depth. 
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Also as described in the previous chapter, the APE in elapsed time for both the 6- and 

24-hour scale is 0.8 percent less than actual. The MNPE for elapsed time with the 6- 

hour scale is a record that is 1.2 minutes and 0.8 percent less than actual. The 

MXPE for elapsed time with the 6-hour scale is a record that is 1.2 minutes greater 

than actual and simultaneously 0.8 percent less than actual. The MNPE for elapsed 

time with the 24-hour scale is a record that is 5 minutes and 0.8 percent less than 

actual. The MXPE for elapsed time with the 24-hour time scale is a record that is 5 

minutes more than actual and simultaneously 0.8 percent less than actual. 

Since the potential error in catch depth would occur as the change in depth over a 

particular time interval is determined, the maximum intensity value in the data base is 

divided by the factor used to convert the intensity to units of m d h r  before the error 

contribution is applied. Similarly, as the potential error in elapsed time would occur 

as the change in depth over a particular interval is determined, the error in elapsed 

time is manifested in the factor used to convert the depth-time measurement to units 

of mmlhr. For example, if there is no error, the change in depth over 15 minutes is 

multiplied by 4 to get mmlhr. In contrast, if there is a potential error of + 1 minute, 

multiplying catch depth by a factor of 4 would give units of m d 6 4  minutes rather 

than mm/60 minutes. The factor would have to be 3.75 to obtain the result in 

mmlhr. 



5.1.1.1. Potential Catch Depth Error 

As illustrated in Figure 5.1, although the deviation of the base value from the "actual" 

15-minute maximum precipitation was constant with increasing storm size, the MNPE 

and MXPE deviation decreased with increasing storm size. The decrease in potential 

error in the derived quantity appears to be driven by the relative magnitude of the 

absolute error term with respect to the depth value. For example, although a 0.8 mm 

error is 50% of a 1.6 mm measured depth, it is only 25% of a 3.2 mm depth. 

The effects of the potential average measurement error (APE) on the derived quantity 

maintained the relationship encountered in the measured variable. That is, the 

measured and derived variables average around 6% less than the "actual" variable. 

In contrast, since the MNPE and MXPE in the measured quantities involved both 

absolute and relative error terms, the magnitude of potential error in the derived 

quantity depends on the magnitude of the measured quantity. The effects of the 

MNPE decreased with increasing event size with the deviation from the APE ranging 

from 96 to 20 % . On the average, the MNPE resulted in derived values that were 

49 % greater than the APE. Since the base value deviated from the APE by - 6 % , 

relating the MNPE to the base value suggests a - 55% potential error in the derived 

quantity if the MNPE occurs rather than the APE. Similarly, the effects of the 

m E  decreased with increasing event size with the deviation from the APE ranging 
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from - 83 to - 17%. On the average, the MXPE resulted in derived values that were 

42% less than the APE. Relating the MXPE to the base value suggests that if the 

MXPE occurs rather than the APE, the derived value in the data base would 

overestimate maximum 15-minute intensity by around 36 % . 

5.1.1.2. Potential Elapsed Time Error 

The potential error in maximum 15-minute intensity due to potential errors in the 

elapsed time is shown to be constant in Figure 5.2 for the different event categories 

and potential errors. As noted previously, since there were no category 6 events after 

1983, an event from 1977 was used (i.e. 6-hour time scale). The difference between 

the error associated with the two time scales explains the drop in magnitude of the 

potential 24-hour time scale error for the category 6 event in Figure 5.2. 

The magnitude of the average potential measurement error (APE) is reflected in the 

derived quantities for both time scales but the potential error is of opposite sign. That 

is, the average potential measurement error was a 0.8% underrepresentation of 

elapsed time in the 6- and 24-hour time scales and the average potential error in the 

derived quantity was a 0.8 % overrepresentation. The change in sign is expected since 

if a given amount of rainfall occurred over a longer than recorded time interval, the 

actual intensity would be less than the recorded intensity. Since potential error is 
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reported relative to the "actual" values, and the recorded intensity would be larger 

than the actual, the average potential error in the derived quantity has a positive sign. 

The difference in elapsed time is manifested in a smaller factor used to convert the 

intensity to mmlhr units (i.e. 3.968 rather than 4 in this case). 

The magnitude of the MNPE and MXPE in elapsed time measurements for the 6-hour 

time scale are also reflected in the derived quantities. For example, the f 1.2 minute 

potential measurement error for the six hour time scale is f 8% of 15-minutes and 

the MNPE and MXPE of the derived quantities relative to the APE average -7.4% 

and 8.7 % respectively. The magnitudes of potential error in the derived quantities 

actually represent the relative differences in the factors used to convert the measured 

quantity to mmlhr units. For example, the factor for the MNPE is 3.674 which is 

7.4 % less than 3.968; similarly, the factor for the MXPE is 4.313 which is 8.7% 

greater than 3.968. The sign of the potential measurement error is retained since the 

absolute error contribution is relatively large compared to the fractional error 

contribution. Relating the MNPE and MXPE to the base value suggests that if the 

MNPE occurred, the base value would overestimate the derived quantity by around 

8.2 % . If the MXPE occurred, the base value would underestimate the derived 

quantity by around 7.9 %. 

In contrast to the average potential measurement error for both time scales and the 
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MNPE and MXPE for the six-hour time scale, the magnitudes of the MNPE and 

MXPE in elapsed time measurements for the 24-hour time scale are not directly 

reflected in the derived results. That is, the + 5 minutes potential measurement error 

for the 24-hour time scale is f 33 % of 15-minutes yet the potential error in the 

derived maximum 15-minute intensity average - 25% and + 50% respectively. 

Although the magnitude of the potential measurement error is not directly reflected in 

the derived values, similar to the previous cases, the difference in magnitude is tied to 

the factors used to convert the measured quantity to mmlhr units. The + 5 minutes 

potential measurement error (in addition to the - 0.8% error common to both time 

scales) indicates that the actual elapsed time could be either 10 or 20 minutes rather 

than the recorded 15 minutes. Since the actual elapsed time if the MNPE occurred is 

half the actual elapsed time if the MXPE occurred, the conversion factor for the 

MNPE case is half as large as the factor for the MXPE case (i.e. 2.976 versus 

5.952). The magnitudes of potential error in the derived quantity reflects the relative 

magnitudes of the conversion factors with respect to the factor if the average potential 

measurement error is applied. That is, the rainfall conversion factor for the W E  is 

25 % less than 3.968 and the conversion factor for the MXPE is 50% greater than 

3.968. Relating the MNPE and MXPE to the base value suggests that if the MNPE 

occurred, the derived quantity would be overestimated by 25.8 % ; if the MXPE 

occurred, the base value would underestimate the derived value by 49.2%. 
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5.1.2. Maximum SO-Minute Intensity 

The same potential measurement errors described previously for the maximum 15- 

minute intensity were used to test the sensitivity of maximum 30-minute intensity 

variables. 

5.1.2.1. Potential Catch Depth Error 

As shown in Figure 5.3, the results obtained for the maximum 30-minute case are 

essentially the same as those encountered for the 15-minute maximum rainfall 

intensity case. Although the average potential measurement error resulted in a 

constant deviation from the actual 30-minute maximum precipitation value with 

increasing storm size, the effects of the MNPE and MXPE decreased with increasing 

storm size. Similar to the 15-minute intensity case, the decrease in potential error in 

the derived quantity is driven by the relative magnitude of the absolute error term 

with respect to the depth value. However, since the magnitude of the measured depth 

over 30 minutes is generally greater than the measured depth over 15 minutes, the 

resulting potential error is less in the derived 30-minute intensity values relative to the 

15-minute intensity values. 

The effects of the potential average measurement error (APE) on the derived quantity 
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maintained the relationship encountered in the measured variables. That is, the 

measured and derived variables average around 6% less than the "actual" variables. 

The effects of the MNPE decreased with increasing event size (deviations from the 

APE ranging from 47 to 13 %) and averaged a 26% deviation from the APE. Since 

the base value deviated from the APE by - 6%, relating the MNPE to the base value 

suggests that if the MNPE occurred, the base value will underestimate the derived 

value by around 32%. Similarly, the effects of the MXPE decreased with increasing 

event size (deviations from the APE ranging from - 41 to - 11 %) and averaged a - 

22% deviation from the APE. Relating the MXPE to the base value suggests an 

average 16% overestimation of the derived value if the MXPE occurred. 

5.1.2.2. Potential Elapsed Time Error 

Figure 5.4 illustrates the sensitivity of maximum 30-minute intensity to potential 

errors in elapsed time. Similar to the maximum 15-minute intensity case, the 

resultant potential error is constant for the different event categories and for the same 

potential measurement error. As noted in the examination of potential errors in 

maximum 15-minute intensity, since there were no category 6 events after 1983, an 

event from 1977 was used. As shown in the figure, the magnitude of potential error 

for the 24-hour time scale for the category 6 event drops to the level of the potential 

error encountered with the 6-hour time scale. 
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Since potential measurement errors are manifested in the factor used to convert to 

mrnthr units, the potential errors in the derived quantities reflect the relative 

difference in conversion factors with respect to the "actual" conversion factor. In the 

30-minute case, the "actual" conversion factor would be 1.984 rather than 2 in order 

to reflect the average potential measurement error. 

Although the relative magnitudes of the MNPE and MXPE remain constant, they are 

comparatively smaller for the 30-minute than for the 15-minute case. As a result, the 

potential errors in the derived maximum 30-minute intensity are smaller than for the 

maximum 15-minute intensity. For the maximum 30-minute intensity, the MNPE 

deviated from the APE by - 3.9% for the six-hour time scale and - 14.3% for the 24- 

hour time scale. Relating these deviations to the base values suggests that if the 

MNPE for the 6- and 24-hour time scales occurred rather than the APE, the derived 

values would overestimate the actual variables by 4.7 % and 14.3 % respectively. 

Similarly, the MXPE deviated from the APE by 4.1 % and 20% respectively for the 

6- and 24-hour time scales. Relating the MXPE deviations to the base values suggests 

that if the MXPE c~~curred, the base values would underestimate the actual variables 

by 3.3 % and 19.2 % for the respective time scales. 
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5.1.3. Total Rainfall Depth 

As highlighted in Figure 5.5, similar to the maximum intensity values, the percentage 

deviations from the "actual" total rainfall were constant for the base values and tended 

to decrease with increasing storm size for both the maximum and minimum potential 

catch depth errors. Similar to the effects described above, this decrease with 

increasing storm size reflects the decrease in magnitude of the absolute error relative 

to the measured values. In addition, since the total catch depth is generally greater 

than either the maximum 15- or 30-minute intensity depths, the magnitude of the 

potential error is less for the total catch depth than for the intensity measurements. 

The effects of the MNPE decreased with increasing event size (ranging from 18 to 

10% greater than the APE) and had a 14.7% average deviation from the APE. Since 

the base value deviated from the APE by - 6%, relating the MNPE to the base value 

suggests that if the MNPE occurred, the base value would underestimate the derived 

value by around 20.7%. Similarly, the effects of the MXPE decreased with 

increasing event size (ranging from 16 to 9% less than the APE) and averaged a - 

12.7% deviation from the APE. Relating the MXPE to the base value suggests an 

average 6.7% overestimation of the derived value if the MXPE occurs. 
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5.1.4. Summary and Discussion of Potential Error in Derived Precipitation 

Quantities 

The sensitivity test results discussed in the preceding sections are summarized in 

Table 5.2. Unlike the treatment for potential errors in measured quantities, since the 

resulting potential errors are not symmetrical around the base value and they depend 

in part on event size, the potential contribution of each source were not combined to 

derive an overall estimate of potential error in a particular quantity. However, the 

potential catch depth errors appear to be offset by the potential elapsed time errors. 

5.1.4.1. Summary of Potential Error in Derived Precipitation Quantities 

As discussed in section 5.1.1, the average potential error (APE) in maximum 15- 

minute rainfall intensity due to errors in catch depth is a 6 percent underestimation of 

actual intensity and the APE due to errors in elapsed time is a 0.8 percent 

overestimation of intensity. The effects of the catch depth MNPE and MXPE varied 

with event size but were of similar magnitude. The effects of elapsed time MNPE 

and MXPE were constant for event size and time scale but of opposite sign than the 

respective catch depth MNPE and MXPE. 
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As presented in section 5.1.2, the APE in maximum 30-minute rainfall intensity due 

to errors in catch depth and elapsed time were the same as the derived quantities for 

maximum 15-minute intensity. The effects of the elapsed time MNPE and MXPE 

were less for the longer time interval but, similar to the maximum 15-minute case, the 

elapsed time MNPE and MXPE were of opposite sign relative to the respective catch 

depth MNPE and MXPE. 

As considered in section 5.1.3, the APE in catch depth is the same as the APE in the 

measured quantity. The MNPE and MXPE varied with event size and retained the 

same sign as the potential error in the measured quantity. 

5.1.4.2. Discussion of Potential Error in Derived Precipitation Quantities 

The potential errors in derived precipitation quantities due to potential errors in 

measured catch depth decreased with increasing catch depth. Since the effects of 

potential errors in the catch depth determination are of opposite sign relative to the 

potential errors in the elapsed time determination, the two contributing sources could 

offset each other and decrease the overall amount of error in the derived intensity 

values. 

A comparison of rainfall intensity measured with adjacent 6-hour and 24-hour 
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recording rain gages on the Walnut Gulch Experimental Watershed (Renard and 

Osborn, 1966) found that the intensities measured with the 6-hour gages were 

significantly greater than the intensities measured with the 24-hour gage for intervals 

up to ten minutes. The study reported an average 1.9% difference in maximum 15- 

minute intensities determined by the two scales. The difference was attributed to two 

factors: the larger time scale (which makes inflection points much easier to read), 

and potential errors due to skewness of the pen trace become almost negligible for the 

larger scale. 

For the current study, although the intensities calculated for the maximum and 

minimum potential error ranges were very different for the 6-hour and 24-hour time 

scales, there was essentially no difference in the intensities calculated from the value 

representing the "actual" storm variables (i.e. APE). 

Since the potential difference between the observed maximum rainfall intensity data 

from the Santa Rita type data collection and processing system (base values) and the 

actual variables of the storm represented due to catch depth is a 6% 

underrepresentation, and the potential difference due to elapsed time is a 0.8 % 

overrepresentation, the overall potential difference between observed maximum 15- 

and 30- minute rainfall intensity data could be a 5.2% underrepresentation of the 

actual storm variables. 



Table 5.2. Summary of Potential Error in Derived Precipitation 
Quantities 

D e r i v e d  P o t e n t i a l  E r r o r  Base 
p u a n t  i t y  S o u r c e  U n i t s  MNPE Va lue  MXPE 

Maximum 15-Minute I n t e n s i t y  

1. C a t c h  Depth ( % I  - 55 - 6 + 36 
2. E l a p s e d  Time 

6-Hour S c a l e  ( % I  + 8.2 + 0.8 - 7.9 
24-Hour S c a l e  ( % I  + 25.8 + 0.8  - 49.2 

Maximum 30-Minute I n t e n s i t y  

1. C a t c h  Depth  ( % I  - 32 - 6 + 1 6  
2 .  E l a p s e d  Time 

6-Hour S c a l e  ( % I  + 4.7 + 0.8  - 3.3 
24-Hour S c a l e  ( % )  + 15 .1  + 0.8 - 19.2 

T o t a l  C a t c h  Depth  
1. C a t c h  Depth 



5.2. Runoff 

The sensitivity of peak discharge and cumulative volume to potential errors in both 

stage and the stage-discharge relationship were examined. The sensitivity of 

cumulative volume to potential errors in elapsed time and contributing area were also 

examined. 

5.2.1. Peak Discharge 

As presented in the previous chapter, the average potential error (APE) in stage 

measurement is simultaneously a 0.04 cm (0.001 ft) overestimation and a 0.8 percent 

underestimation of the actual stage flowing through the flume. The maximum or most 

positive potential error (MXPE) in stage is a record that is 0.48 cm (0.016 ft) greater 

than actual stage and simultaneously 0.8 percent less than actual. The minimum or 

most negative potential error (MNPE) in stage is a record that is 0.40 cm (0.013 ft) 

less than actual and simultaneously 0.8 percent less than actual. 

Although for stages greater than 15 cm and less than 46 cm (0.5 - 1.5 ft) the recorded 

stage is 0.8 percent greater than actual (due to chart hygroexpansivity), since only the 

peak stage was used in the sensitivity study and only two of the twelve events had 

stages greater than 15 cm, this effect was ignored. 
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Also discussed in chapter 4, the APE in the stage-discharge relationship is estimated 

to be a 10 percent underestimation of actual discharge, the MXPE value is a 4 percent 

underestimation of discharge, and the MNPE value is a 16 percent underestimation of 

discharge. 

5.2.1.1. Potential Stage Measurement Error 

As shown in Figure 5.6, the potential error in peak discharge due to potential errors 

in stage measurement is slightly downward sloping for the base variables relative to 

the "actual" (APE) values. 

For the minimum and maximum potential error ranges, and similar to the effect seen 

with precipitation due to potential errors in catch depth, the potential error in peak 

discharge decreases with increasing stage. The decrease is again due to the relative 

magnitude of the absolute error with respect to the measured quantity. Figure 5.6 

illustrates that errors in stage measurements, particularly for small events, can have 

large effects on the calculated discharge measurements. 

The base values for stage measurement result in peak discharge values ranging from a 

2.6% overrepresentation to a 1 % underrepresentation with an average 0.03% 

underrepresentation. The peak discharge resulting from the MNPE, which ranged 



from 50% greater than the APE value for smaller events to around 4% greater for 

larger events, averaged around 18% greater. That is, if the MNPE occurred rather 

than the APE, the APE would underestimate the actual variables by around 18%. 

The peak discharge resulting from the MXPE, which ranged from around 42% less 

than the APE values for smaller events and around 4% less for larger events, 

averaged around 15 % less. Since the average error in the base values is essentially 

zero, the relationship between the MNPE and MXPE and the base value is essentially 

the same as the interrelationship of the potential error values. 

5.2.1.2. Potential Stage-Discharge Relationship Error 

As illustrated in Figure 5.7, the error in peak discharge due to potential errors in the 

stage-discharge relationship reflect the magnitude of the potential errors in the stage- 

discharge relationship and are essentially constant for the six hydrograph categories. 

The average deviations from the peak discharge values remain constant with 

increasing storm size for all potential stage-discharge relationship errors. In addition, 

potential deviations from the APE variables in the derived quantities maintain the 

relationships encountered in the measured variables. That is, the base values average 

around 10% less than the "actual" variables, the MNPE averages around 7% greater 

than the APE values, and the MXPE averages around 6 % less than the APE values. 
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Relating the MNPE and the MXPE to the base values suggests that the base values 

could underestimate the actual values by 17% to 4% respectively. 

5.2.2. Cumulative Volume 

In addition to the potential measurement error ranges described previously for stage 

and the stage-discharge relationship, cumulative volume calculations can also be 

affected by potential measurement errors in elapsed time and contributing area. 

As addressed in the previous chapter, the APE in elapsed time is 0.3 percent less than 

actual. The MNPE for elapsed time is a record that is 1 minute less than actual and 

simultaneously 0.3 percent less than actual. The MXPE for elapsed time is a record 

that is 1 minute and 0.3 percent greater than actual. In the cumulative volume 

sensitivity study, the potential elapsed time measurement errors were simultaneously 

applied to both the time to peak and the total elapsed time measurements. 

Also discussed in Chapter 4, the APE in watershed area attributed to a runoff event is 

zero and the range of potential error in the contributing area is + 5.05 percent. That 

is, the actual watershed area would be 5.05% larger in the case where the error is 

negative 5.05 % and 5.05 % smaller when the error resulted in a 5.05 % overestimation 

of watershed area. 



5.2.2.1. Potential Stage Measurement Error 

As shown in Figure 5.8, the effects of potential runoff stage measurement errors on 

cumulative volume parallel the sensitivity of discharge measurements to changes in 

stage. This is expected since cumulative volume is calculated from discharge 

measurements. 

As suggested by both Figures 5.6 and 5.8, errors in stage measurements can have 

large impacts on the derived runoff quantities of small events with the effect 

decreasing with increasing event size. 

5.2.2.2. Potential Stage-Discharge Relationship Error 

Similar to the relationship seen with the effects of potential runoff stage measurement 

error, as shown in Figure 5.9, the effects of error in the stage-discharge relationship 

on cumulative runoff volume are essentially the same as the effects of stage-discharge 

relationship errors on peak discharge. 

The average deviations from the APE cumulative volume values remain constant with 

increasing storm size for all potential stage-discharge relationship errors. In addition, 

potential deviations from the APE variables in the derived quantities maintain the 
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Figure 5.9. Sensitivity of Cumulative Runoff Volume to Potential 
Errors in the Stage-Discharge Relationship. 
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relationships encountered in the measured variables. For example, the base value 

averages around 10% less than the "actual" variables, and Figure 5.9 shows the base 

averaging around 10% less than the APE values. Similarly, the MNPE averages 

around 7 % greater than the APE values (17% greater than the base value), and the 

MXPE averages around 6 % less than the APE values (4 % greater than the base 

value). 

5.2.2.3. Potential Elapsed Time Error 

As illustrated by Figure 5.10, although the magnitude of potential error in cumulative 

volume due to errors in elapsed time are less than 5% for even the maximum and 

minimum potential error ranges, the longer the overall elapsed time of an event 

(assuming the general relationship that event duration increases with peak stage), the 

less the error in cumulative volume due to errors in elapsed time. This effect is 

similar to what was observed in previous cases where the relative magnitude of 

potential error decreases with increasing event size. 

The APE value for elapsed time resulted in a 0.3 percent underrepresentation of 

cumulative volume. The effects of the MNPE and MXPE on cumulative volume 

change slightly with event size and were of the same magnitude relative to the APE 

values but opposite sign. The cumulative volume resulting from the MNPE, which 



220 

ranged from 4 %  more than the average value for smaller events to around 2% more 

for larger events, averages around 3 % more than the APE. The cumulative volume 

resulting from the MXPE, which ranges from around 4% less than the average value 

for smaller events and around 2 % less for larger events, averages around 3 % less. 

Relating the MNPE and MXPE to the base value suggests that if the MNPE occurs 

rather than the APE, the derived value will be underestimated by around 3.3 %. If 

the MXPE occurs, the derived value will be overestimated by around 2.7 % . 

5.2.2.4. Potential Error in Watershed Area 

As shown in Figure 5.11, the percentage error in cumulative volume due to potential 

measurement error of the contributing area is essentially the same as the potential 

error in the measured quantity. In the case where the watershed area is overestimated 

(i.e. MXPE of +5.05 %), since the actual watershed would be smaller, the error in 

cumulative volume is a 5.05 % increase. Sirmlarly, if the watershed area were greater 

than the estimated area, the cumulative volume attributed to an event would be less 

than actual. 
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Figure 5.10. Sensitivity of Cumulative Runoff Volume to Potential 
Errors in Elapsed Time. 
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5.2.3. Summary and Discussion of Potential Error in Derived Runoff Quantities 

The sensitivity test results discussed in the preceding sections are summarized in 

Table 5.3. Similar to the treatment of derived precipitation quantities, since the 

resulting potential errors are not symmetrical around the base value and depend in 

part on event size, the potential contribution of each source were not combined to 

derive an overall estimate of potential error in a particular quantity. 

5.2.3.1. Summary of Potential Error in Derived Runoff Quantities 

As discussed in section 5.2.1, the effects of stage measurement errors on derived peak 

discharge decrease with increasing peak stage. The MNPE averaged an 18 percent 

overestimation of peak discharge and the MXPE averaged a 15 percent 

underestimation of peak discharge. The effects of errors in the stage-discharge 

relationship on peak discharge were constant for each hydrograph category and 

essentially maintained the potential measurement error relationship. 

As presented in section 5.2.2, and as could be predicted based on how cumulative 

runoff volume is calculated, stage measurement errors and errors in the stage- 

discharge relationship had essentially the same effect on cumulative volume as they 

had on peak discharge. The magnitude of potential errors in cumulative volume due 



to potential errors in the elapsed time determination varied with event size. Potential 

errors in cumulative volume due to potential errors in watershed area determination 

were of the same magnitude and sign as the potential error in the measured quantity. 

5.2.3.2. Discussion of Potential Error in Derived Runoff Quantities 

Similar to the potential error in derived precipitation quantities, the potential errors in 

derived runoff variables are comparable to potential errors in the relevant measured 

quantities. Notable exceptions are those due to potential error in runoff stage. As 

shown in Figures 5.6 and 5.8, errors in runoff stage can result in much larger errors 

in derived discharge and cumulative runoff volume. In addition, similar to rainfall 

catch depth, thls appears to be more true for smaller events than for larger events. 

Table 5 . 3 .  Summary o f  Potent ia l  Error i n  Derived Runoff Quantities 

Derived Potential Error Base 
Quant itv source Units MNPE Value MXPE 

Peak Discharge 
1. Stage ( %  ) - 18 0 + 15 
2. Stage-Discharge 

Relationship ( % )  - 17 - 10 - 4 

Cumulative Runoff Volume 
1. Stage ( % )  - 18 0 + 15 
2. Stage-Discharge 

Relationship ( % )  - 17 - 10 - 4 
3. Elapsed Time ( % )  - 3.3 - 0.3 + 2.7 
4. Watershed Area ( % )  - 5 0 + 5 



5.3. Sediment 

The sensitivity of sediment discharge and sediment yield to potential errors in 

sediment concentration, the stage-discharge relationship, sampling time, and 

contributing area were examined. Similar to the relationship encountered between 

potential errors in runoff discharge and cumulative runoff volume, the potential errors 

in sediment discharge are essentially the same as those for cumulative sediment yield. 

As a result, although the sensitivity analyses results for sediment discharge are 

discussed, only figures describing the effects of potential errors on cumulative 

sediment yield are presented. 

As mentioned previously, since the first hydrograph category is characterized by 

events with peak stages below the sampler activation water level, only events in 

categories two through six were examined. 

5.3 .l. Sediment Discharge 

As presented in the previous chapter, the average potential error (APE) value in 

sediment concentration is a 37.5% underrepresentation of the actual flow 

concentration and a 0.15 gram underrepresentation of the water weight prior to 1985 

and a 0.15 gram underrepresentation of sediment weight since 1985. The maximum 
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or most positive potential error (MXPE) value for potential sediment concentration 

error is a 27.2% underrepresentation of the actual flow concentration and a 0.24 gram 

underrepresentation of the actual weights. The minimum or most negative potential 

error (MNPE) value for sediment concentration is a 47.8 % underrepresentation of the 

flow concentration and a 0.06 gram underrepresentation of the actual weights. 

As presented in the discussion of potential error in derived runoff quantities, the APE 

in the stage discharge relationship is a 10 percent underestimation of actual discharge, 

the MXPE value is a 4 percent underestimation of discharge, and the MNPE value is 

a 16 percent underestimation of discharge. Similarly, the average potential error in 

watershed area attributed to a runoff event is zero and the range of potential error in 

the contributing area is + 5.05 percent. 

As presented in the preceding chapter, the APE in sampling time is 0.3 minute ahead 

of the actual sampling time. The W E  in sampling time is 1.9 minutes ahead of the 

actual sampling time and the MNPE in sampling time is 1.3 minutes prior to the 

actual sampling time. 

5.3.1.1. Potential Sediment Concentration Error 

As suggested by Figure 5.12, the deviations from the average sediment discharge 



values remain constant with increasing storm size for each potential sediment 

concentration error. Figure 5.12 shows the base variables averaging around 38% less 

than the APE values, the MNPE values average around 20% greater than the "actual" 

values, and the MNPE values average around 14% less than the APE. Relating the 

interrelationship of the potential error values to the base values suggests that if the 

MNPE occurs rather than the APE, the base value wdl be a 58% underestimation of 

the derived quantity. If the MXPE occurs, the base value will underestimate the 

derived quantity by 24 % . 

5.3.1.2. Potential Stage-Discharge Relationship Error 

Similar to what was encountered in the examination of effects of stage-discharge 

relationship errors on peak discharge, potential deviations from the "actual" variables 

in the derived sediment discharge quantities maintain the relationships encountered in 

the measured variables. For example, the base stage-discharge relationship provides 

values that average around 10% less than the "actual" variables and, as shown in 

Figure 5.13, the base values in the derived sediment discharge averages 10% less than 

the APE values. Similarly, the MNPE averages around 7 % greater than the APE 

(17% greater than the base values), and the MXPE averages around 6% less than the 

APE (4 % greater than the base values). 



5.3.1.3. Potential Sampling Time Error 

As suggested by Figure 5.14, since the effect of sampling time error on sediment 

discharge depends on the sediment concentration of the sample and the hydrograph 

rise or recession rate at the sampling time, the effects of sampling time errors are 

unique for each sample. 

Differences in sediment discharge at individual sampling points ranged from zero to 

over f 100 percent in the present study. A similar but separate in-house study of the 

effects of sampling time offsets indicated that the percentage changes due to an offset 

were greater for negative time offsets rather than positive offsets, for shorter times to 

peak rather than longer, for smaller hydrographs rather than larger hydrographs, and 

had a greater effect on the sedigraph than on the total sediment yield of an event. As 

a result, the magnitudes of potential deviations from "actual" variables presented in 

Figure 5.14 for the total sediment yield are less than they would be for discrete 

sediment discharge measurements. 

For the present study, since there appears to be no discernible pattern, the effects of 

sampling time offsets on sediment discharge will be characterized as variable. 

However, it should be noted that the effects of sampling time error on sediment 

discharge can be considerable. 
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Figure 5.1 2. Sensitivity of Sediment Yield to Potential 
Errors in Sample Concentration. 

Figure 5.1 3. Sensitivity of Sediment Yield to Potential 
Errors in the Stage-Discharge Relationship. 
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Figure 5.1 4. Sensitivity of Sediment Yield to Potential 
Errors in Sampling Time. 
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Figure 5.1 5. Sensitivity of Sediment Yield to Potential 
Errors in Watershed Area. 



5.3.1.4. Potential Error in Watershed Area 

As suggested by Figure 5.15, the sensitivity of sediment discharge to potential errors 

in the contributing area are constant for all hydrograph categories and essentially the 

same as the potential measurement error. Potential sediment discharge errors due to 

potential errors in the contributing area average zero error with a MNPE around 5% 

less than the APE values and a MXPE around 5 % greater than the APE values. 

5.3.2. Sediment Yield 

The potential errors values in the measured quantities that affect sediment yield are 

the same as those described above for sediment discharge. 

5.3.2.1. Potential Sediment Concentration Error 

As shown in Figure 5.12, the average deviations from the APE sediment yield values 

remain constant with increasing storm size for each potential sediment concentration 

error. Figure 5.12 shows the base variables averaging around 38 % less than the APE 

values, the MNPE averaging around 20 % greater than the APE, and the MXPE 

averaging around 14% less than the "actual" values. Relating the MNPE and MXPE 

to the base values suggests that the sediment yield could be between 58% and 24% 



greater than the recorded yield due to the MNPE and MXPE respectively. 

5.3.2.2. Potential Stage-Discharge Relationship Error 

Similar to what was previously encountered, potential deviations from the base 

variables in the derived sediment yield quantities maintain the relationships 

encountered in the measured variables. As shown in Figure 5.13, the base sediment 

yield values average around 10% less than the APE values. Similarly, the MNPE 

averages around 7% greater than the "actual" values, and the MXPE averages around 

6 % less than the APE values. 

5.3.2.3. Potential Sampling Time Error 

As implied in Figure 5.14, the effects of potential error in the sampling time on 

sediment yield are variable. Since the effects of sampling time error on sediment 

yield depend on the sediment concentration of the sample and the hydrograph rise or 

recession rate at the sampling time, the effects of sampling time errors are unique for 

each sample. 

Differences in sediment yield for individual events ranged from around 62% to 

around - 23 % . The base sediment volume values ranged from 23 % to 0.3 % and 
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averaged around 6% greater than the APE values, the MNPE resulted in sediment 

volumes that averaged around 17% greater than the APE values, and the MXPE 

resulted in averages around 3 % less than the APE values. These results seem to 

support the findings of the previous in-house study in that the percentage changes due 

to sampling time offsets were greater for negative offsets relative to positive offsets. 

For the present study, similar to sediment discharge, the effects of sampling time 

offsets on sediment yield will be characterized as variable but of a lower magnitude 

than the potential errors of discrete sediment discharge values. 

5.3.2.4. Potential Error in Watershed Area 

As shown in Figure 5.15, the effects of potential errors in the contributing area are 

both constant for all hydrograph categories and essentially the same as the effects seen 

with runoff volume. Potential sediment yield errors due to potential errors in the 

contributing area average zero error with a MNPE around 5 % less than the base 

values and a MXPE around 5% greater than the base values. 



5.3.3. Summary and Discussion of Potential Error in Derived Sediment 

Quantities 

As highlighted in Table 5.4, and as could be expected based on how sediment yield is 

calculated, potential errors in derived sediment discharge values are the same as 

potential errors in derived sediment yield values. Since changes in the sampling time 

result in changes in stage, the effects of potential stage measurement errors are 

reflected in the sensitivity of sediment discharge and yield to potential errors in 

sampling time. 

5.3.3.1. Summary of Potential Error in Derived Sediment Quantities 

As discussed in section 5.3.1 and 5.3.2, although the magnitude of the average 

potential measurement error in sample concentration determination are maintained in 

the derived values, the range defined by the MNPE and MXPE is larger for the 

derived values. 

Potential measurement errors in the stage-discharge relationship and the watershed 

area determination have the same effects on derived sediment quantities as they had 

on derived runoff quantities. 
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The effects of errors in sampling time are influenced by the sample concentration and 

the hydrograph rise or recession rate at the sampling time and thus can have variable 

impacts. Sampling time offsets were found to have greater impacts on discrete 

sediment discharge points than on cumulative sediment yield. 

5.3.3.2. Discussion of Potential Error in Derived Sediment Quantities 

Similar to the cases encountered in precipitation and runoff data, the magnitude of the 

potential error in the derived quantities is similar to the magnitude of potential error 

in the measured quantities. As a result, the greatest potential source of error in 

sediment data remains the uncertainty in the sampling efficiency of the sediment 

sampler. The effects of potential error due to the uncertain sampling efficiency and 

the uncertain stage-discharge relationship could combine to increase or decrease the 

overall estimate of average potential error in sediment yield. 



Table 5 . 4 .  Summary o f  Potent ia l  Error i n  Derived Sediment ~ u a n t i t i e s  

Derived P o t e n t i a l  Er ror  Base 
Quant i ty  Source Units MNPE Value MXPE 

Sediment Discharge 
1. Sediment Concentration ( % )  - 58 - 38 - 24 
2. Stage-Discharge 

Re la t ionsh ip  ( % )  - 1 7  - 10 - 4 
3. Sampling Time ( % I  Var iab le  
4.  Watershed Area ( % )  - 5 0 + 5 

Cumulative Sediment Yield 
1. Sediment Concentration ( % )  - 58 - 38 - 2 4  
2 .  Stage-Discharge 

Re la t ionsh ip  - 17 - 10 - 4  
3. Sampling Time Var iab le  
4. Watershed Area - 5 0 + 5 



CHAPTER 6 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

In this chapter, the discussion and analyses presented in the two preceding chapters 

are summarized, conclusions are drawn, and recommendations made based on the 

results of the study. 

6.1. Summary 

Using conservative estimates of the range of potential measurement error contributed 

by 39 sources, three hypotheses were tested. As listed in the first chapter, the 

hypotheses were the following: 

1. The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

represented is slight (less than 10 percent). 

2 .  The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

represented is moderate (between 10 and 50 percent). 
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3. The potential difference between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm 

represented is significant (greater than 50 percent). 

The actual variables of the storm represented by the data were approximated by 

applying the average potential error contribution of each error source to data collected 

from one of the Santa Rita watersheds. As a result, although the discussion and 

analyses of chapters 4 and 5 designated maximum and minimum values of potential 

error ranges, only the average potential error contributions of each source are used to 

test the hypotheses. 

The potential differences between observed data from the Santa Rita type data 

collection and processing system and the actual variables of the storm represented are 

summarized in Table 6.1. 

Table 6.1. Potential Error in Hydrologic Field Data Obtained Using the 
Santa Rita Type Data Collection and Processing System 

P o t e n t i a l  E r r o r  Observed Data Re la t i ve  t o  
Source Actual Var iab les  

Precipitation: 

Catch Depth - 6 % 

S t a r t  Time: 6-Hour Sca l e  - 0.75 min. 
24-Hour Sca l e  - 3.0 min. 

Elapsed Time: Both Sca l e s  - 0.8 % 

Watershed Area 0 % 



Rainfall Intensity 
Due to: 

Catch Depth 
Elapsed Time 

Runoff : 

St age 

Stage-Discharge Relationship 

Start Time 

Elapsed Time 

Watershed Area 

- 0.25 min. 

Discharge 
Due to: 

St age 0 % 
Stage-Discharge Relationship - 10 % 

Cumulative Volume 
Due to: 

St age 0 % 
Stage-Discharge Relationship - 10 % 
Elapsed Time 0 % 
Contributing Area 0 % 

Sediment : 

Sediment Concentration 

Sampling Time 
Watershed Area 

Sediment Discharge 
Due to: 

Sediment Concentration 
Runoff Discharge 
Sampling Time 
Contributing Area 

Sediment Yield 
Due to: 

Sediment Concentration 
Runoff Discharge 
Sampling Time 
Contributing Area 

+ 0.3 min. 
0 % 

- 38 % 
- 1 0  % 
Variable 
0 % 

- 38 % 
- 10 % 
Variable 
0 % 
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Although not evident in Table 6.1 but as suggested by the figures presented in chapter 

5, the effects of potential measurement errors on the derived quantities either remain 

the same or decrease with increasing storm size. 

6.2. Conclusions 

Based on the preceding discussion and analyses, the first hypothesis seems to be valid 

for precipitation data. That is, the potential difference between observed precipitation 

data from the Santa Rita type data collection and processing system and the actual 

variables of the storm represented is slight (less than 10 percent). The average 

potential difference in the precipitation data is a 6% underrepresentation of the actual 

storm catch depth and could amount to a 5.2% underrepresentation of maximum 15- 

and 30-minute intensity variables. 

Furthermore, it appears that the second hypothesis is valid for both runoff and 

sediment data. That is, the potential difference between observed runoff and sediment 

data from the Santa Rita type data collection and processing system and the actual 

variables of the storm represented is moderate (between 10 and 50 percent). 

Although the second hypothesis is valid for both data types, the runoff data is more 

accurate than the sediment data. For example, the potential error in runoff stage 

averages around a 0.04 cm (0.001 ft) overrepresentation and the potential error in the 
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stage-discharge relationship averages around a 10% underrepresentation of the actual 

variables. In contrast, the potential error in sediment concentration averages around a 

37.5 % underrepresentation of actual sediment concentration in the flow. This 

potential error coupled with the potential error introduced by the uncertain stage- 

discharge relationship sums to a potential 48 % underrepresentation of sediment yield. 

Moreover, the potential error in sampling time determination wuld have large effects 

on the reported sediment discharge and sediment yield which could make the potential 

error in derived sediment variables significant (i.e. potential error greater than 50%). 

An effort was made to quantify the magnitudes of potential errors that can be 

encountered in data collected and processed using the Santa Rita type system. Since 

all data collected in this system are subjected to the same potential error sources, 

intercomparisons of data collected from the different instrument stations on the Range 

should be valid. That is, although the data may be inaccurate to some degree, the 

degree of accuracy is probably similar enough among the stations so that conclusions 

drawn should not be affected. However, caution should be used when comparing data 

collected by this system with data collected and processed using different instruments 

and methods. 

In addition, the potential errors in derived quantities decrease with increasing storm 

size so that data collected from larger storms are probably more accurate than data 



collected from smaller storms. 

6.3. Recommendations 

Although it is useful to have an idea of the magnitude of potential errors in 

hydrologic field dab  obtained using the Santa Rita type collection and processing 

system, natural variability and incomplete knowledge of site and instrument specific 

errors makes applying corrections to individual events problematic. 

Based on this study of potential error in hydrologic field data collected from small 

semi-arid watersheds, the following recommendations are made: 

1. Examine the feasibility of testing or implementing digital dab  acquisition 

systems for both rainfall and runoff. As described by Tromble and Enfield 

(1971), a digital output can be obtained that does not interfere with the normal 

operation of the analog chart recording mechanism. As a result, in the 

instance of electronic failure the analog trace would still be available as a 

backup. Such a system would drastically reduce data processing time and 

likely improve overall accuracy. 

2. Examine the feasibility of additional studies to define the stage-discharge 
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relationship of the Santa Rita flume. Costs to the USDA-ARS of additional 

studies could be reduced if conducted in cooperation with other agencies (i.e. 

Bureau of Land Management, University of Arizona, Department of Game and 

Fish, Nature Conservancy) that may be planning hydrologic studies in 

perennial streams. 

3. Examine the feasibility of additional studies to define the sampling efficiency 

of the traverse slot sampler. Similar to the flume and sampler calibration 

work done on the San Pedro River (Kmsel, 1978), the sampling efficiency 

studies could be conducted in conjunction with efforts to define the stage- 

discharge relationship of the flume. 

4. Either standardize a training program for field technicians or ensure all field 

technicians are completely trained and understand the importance of their job. 

5.  Examine the feasibility of building a stochastic simulation model that assumes 

different distributions of the error ranges described in this report. 

In addition, it would be interesting to examine how potential errors in data collected 

from small experimental watersheds are manifested in hydrologic analysis methods 

(i.e. cumulative frequency distributions, regression analysis, Curve Number 
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determination, and the flow duration method) as well as in natural resource computer 

simulation models. Specifically, during model parameterization, it would be 

interesting to see how parameter values would differ with and without errors in the 

data used in their derivation. Similarly, during model evaluation, it would be 

interesting to see how model performance changes when simulated results are 

compared with observed data that includes potential errors. 
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