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PREFACE

The Los Angeles District Method for Prediction of Debris Yield was developed to
provide a systematic approach for determining the debris yield from a single flood
event to be used in design of debris basins.

The Method was developed using data from coastal-draining, mountainous,
Southern California watersheds, varying in area from 0.1 to 200 miz. It is intended
to estimate debris yield for flood events greater than those with a 5-year
recurrence.

Outside the area from which the equations are based, application of the
Adjustment-Transposition Factor and the Fire Factor must be carefully applied.
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LOS ANGELES DISTRICT METHOD FOR
PREDICTION OF DEBRIS YIELD

1. INTRODUCTION, OBJECTIVE, BACKGROUND, AND LIMITATIONS.

1.1. Introduction. In Southern California, increasing population pressure has resulted in
development on alluvial fans and floodplains, historically areas of considerable erosion and
aggradation. The estimation of debris yield from an erosive upland watershed, resulting from the
occurrence of a single large storm event, is of great importance in the design and maintenance of
debris basins and reservoirs protecting these areas.

"Total debris yield" is the total debris outflow (silt, sand, clay, gravel, boulders, and organic
materials) from a watershed (or drainage basin) measurable at a specified concentration point for a
specified flood event. "Debris yield", as determined by the procedure discussed in this report, is the
quantity of debris actually caught by a debris-catching structure. Thus, it is the quantity used to size
a debris-catching structure. "Debris production™ is the gross erosion within a watershed. The entire
debris production may not necessarily reach the concentration point due to the occurrence of
intermediate storage within the watershed, resulting from a lack of transporting capacity of the
conveyance system.

The ratio between debris yield and debris production, called the "delivery ratio”, is usually
expressed as a percentage and can be estimated if one is knowledgeable about the soils, climate,
topography, and geomorphic characteristics of the watershed. For very small watersheds, debris yield
and production may be equivalent (i.e., the delivery ratio may be unity). Delivery ratio decreases with
increasing drainage area size. Since measured debris volume ("yield™) records have been used in
developing the predictive equations presented herein, debris quantities predicted by these equations
will be referred to as debris "yields™ and represent the amount of debris for which a debris-catching
structure should be sized.

The extent, recency, and frequency of forest and brush fires (wildfire) directly affects the
amount of runoff and debris yield from a watershed. Since the occurrence of flood and wildfire
events are independent processes, coincident-frequency analysis depicting the relationship between
fire frequency and the frequency of flood events is a viable approach to determine the probabilities
of occurrence of debris yield events of various magnitudes.

1.2. Objective. The primary objective of this study is to develop a method to estimate unit
debris yield values for "n-year" flood events for the design and analysis of debris-catching structures
in coastal Southern California watersheds, considering the coincident frequency of wildfire and flood
magnitude. The principle area of application is shown on Figure 1. Such structures are normally
sized to intercept debris from a single large flood event. Flood history in Southern California clearly
demonstrates the debris yield hazard as one associated with singular storm events. Normal
maintenance practice is to excavate immediately following a major flood event to regain storage
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Figure 1: Principle Area of Application

capacity before subsequent storms occur. Such maintenance practice is essential toward keeping
construction cost down to affordable levels and toward minimizing environmental effects associated
with structure size. The project owner's ability to implement such timely maintenance should always
be considered when determining storage requirements in the design process.

1.3. Background. The necessity for a single-event approach to debris yield versus a long-
term approach is explained in part by examination of daily suspended sediment discharge
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measurements taken by the U.S. Geological Survey (USGS) in selected coastal Southern California
watersheds (Ref. 8.25). It is apparent that the bulk of debris yielded by watersheds in Southern
California results from a small number of discrete events. Records for San Diego Creek in Orange
County, California indicate that, for the 1978-79 water year, over 99% of the volume of suspended
sediment was yielded by the watershed during less than 8% of the time. Further examination
indicated that over 50% of the suspended sediment yielded by the watershed during this water year
resulted from a single two day event. Records from the Santa Clara River in Ventura County,
California for the same water year indicate that over 60% of the suspended sediment yielded by the
watershed during the year resulted from a single two day event.

During wetter years, watersheds in Southern California tend to yield an even greater
proportion of their total debris load during short-term storm events. Records from San Diego Creek
for the wet 1979-80 season indicate that over 99% of the annual volume of suspended sediment was
yielded by the watershed during less than 4% of the time. In addition, over 80% of the annual volume
of suspended sediment resulted from a single storm event. Analysis of debris yield records indicated
that the debris yielded by smaller watersheds during short-duration events accounts for an even larger
proportion of the total than was apparent in larger watersheds.

Suspended sediment records do not account for the bedload fraction of the total load, or the
sediment and debris which moves along the streambed by traction and saltation. This portion of the
total debris yield varies considerably with the magnitude of a given flood event, but commonly
ranges from 5% to over 50% of the total debris volume, depending on the nature of debris
movement. Since bedload requires larger amounts of flow to initiate movement, and it is clear that
even the bulk of the more easily-entrained suspended load tends to result from a small number of
larger events, the single-event approach is a necessity for the accurate prediction of debris yield from
floods impacting coastal Southern California watersheds.

In 1963, Mr. Fred Tatum of the Los Angeles District of the Corps of Engineers introduced
a new method for estimating debris storage requirements for debris basins. In the ensuing 23 years,
numerous debris basins have been planned, designed, and constructed using the Tatum method.
However, during that same period, several major floods have occurred, which provided a
considerable expansion in the debris data base. This study seeks to utilize the new data to update
traditional hydrologic procedures and design concepts. As more data accumulates in future years,
updating of the current Method is envisioned. To this end, all agencies with a stake in the control of
debris are encouraged to actively collect useful data for the enhancement of future designs.

This report presents a scientific, application-oriented Coincident-Frequency Analysis
approach to assigning a frequency relationship to unit debris yield based on the total probability of
wildfire and flood. Equations were developed to estimate unit debris yield from coastal Southern
California watersheds on an single-event basis. The estimation method is based on multiple linear
regression between measured unit debris yield and a set of physiographic, hydrologic, and/or
meteorologic parameters found to influence the process of debris yield from these watersheds. Past
experience has demonstrated that a single universal equation, regardless of complexity, does not
adequately describe the complex nature of the process of debris yield from coastal Southern
California watersheds.
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In this study, multiple regression analyses indicated that unit debris yield is most highly
correlated with the unit peak runoff rate from a watershed (or the maximum 1-hour precipitation
depth), the relief of the drainage basin, the contributing area, the fire history, and geomorphologic
characteristics of the watershed. The highest correlation was obtained with a log-transformation
(base 10) of all quantifiable variables used in the final equations.

1.4. Limitations. Limitations on the use of the Method include the following:

1.4.1. Geographic Location. The Method is intended to be used for the estimation
of debris yield mainly from coastal-draining, mountainous, Southern California watersheds (see
Figure 1). Outside of the area from which the data were taken (San Gabriel Mountains), application
of the Adjustment/ Transposition (A-T) Factor must be carefully applied. Use of the Method in areas
outside those delineated in Figure 1 should be done with caution. Conditions different from those
of the San Gabriel Mountains needs to be addressed. Because vegetation types and density are far
different in desert-draining than coastal-draining watersheds, the effects of wildfire will not be the
same. Therefore, the Fire Factor (FF) variable, which accounts for the impact of wildfire on debris
yield from these watersheds, must also be carefully applied.

1.4.2. Drainage Area Constraints. The Method was developed for use in watersheds
of 0.1 to 200 mi?2 in area. Use of the Method in watersheds smaller or larger than this must be done
with caution. Because the data from which the regression equations were developed fall entirely
within this range, and calibration was not performed on watersheds outside of this range, use of the
Method should involve careful comparison with nearby watersheds for which debris data are
available.

1.4.3. Topographic Constraints. The Method is intended for watersheds with a high
proportion of their total area in steep, mountainous terrain. It is not intended for use in low-sloped
valley areas, watersheds with a significant portion of their total area in residential or commercial
development, or in areas with a large portion under agricultural usage. Use of the Method for
watersheds with a high percentage of alluvial fan or valley fill areas (primarily depositional
environments) may result in debris estimates higher than would actually be yielded by the watershed.

1.4.4. Frequency Constraints. The Method is intended to estimate debris yield from
runoff or precipitation events of greater than 5-year recurrence. Estimates below this generally
display large errors, and the Coincident-Frequency Analysis (CFA) program may even yield negative
estimates for these events.

1.4.5. Input Constraints. The Method should not be used to estimate debris yield
resulting from runoff events of less than 3 cubic feet per second per square mile (ft*/s/mi2), or for
events during which the maximum 1-hour precipitation is less than 0.3 inches per hour (in/hr).
Because the equations were derived using data from saturated watersheds, best results will be
obtained for watersheds which have undergone significant antecedent rainfall. In most cases, this
antecedent rainfall condition will be satisfied when the watershed has received at least 2 inches of
prior rainfall in approximately 48 hours. When the Method is applied to watersheds which have not
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undergone sufficient antecedent rainfall, predicted debris yield may be considerably greater than that
actually yielded by the watershed.

2. METHOD OF DATA ANALYSIS.

2.1. Multiple Linear Regression Analysis. Multiple linear regression analysis was selected
as the method by which unit debris yield would be estimated in this study for several reasons. It has
proven to be relatively rapid and accurate in prior studies (e.g., Refs. 8.1, 8.2, 8.7, 8.12 and 8.21).
Italso provides the investigator with a certain degree of flexibility and allows extrapolation of results
to watersheds possessing similar geology, climate, and vegetation, within certain broad limitations.

Multiple linear regression yields a mathematical equation correlatively relating a dependent
variable (in this case, unit debris yield in cubic yards per square mile - yd3mi?) to a group of
independent variables chosen for their value in explaining variation in the dependent variable (Ref.
8.27).

Twenty-four watershed variables used in prior studies were initially analyzed to determine
their importance in the explanation of variation in debris yield by a simple graphical correlation
between measured debris yield (calculated per unit area) and the independent variable chosen for the
appropriate watershed. Correlation coefficients yielded by simple correlation of debris yield and the
appropriate parameters are presented in Table 1. On the basis of this initial selection process, 19 of
the 24 variables were selected for regression analysis. These variables are discussed in Section 3.

2.2. Logarithmic Transformation of VVariables. In prior regression analyses (Refs. 8.12 and
8.21), logarithmic transformation (base 10) of all variables was carried out, for the following
reasons:

1) a simple linear relationship is obtained among the transformed variables;

2) the distributions of the transformed variables resemble a normal distribution more closely
than do those of untransformed variables; and

3) the variation of the points along the regression line is more homogeneous (i.e., variance
is stabilized).

Therefore, in this study, all variables (with the exception of the non-dimensional Fire Factor)
were log transformed. A log-transformation of variables in hydrologic studies may introduce a bias
in itself if the record includes a predominance of small events and a relatively small number of large
events, since the use of least squares of transformed variables in a multiple regression technique
gives greater weight to more commonly occurring smaller values than to larger values (Ref. 8.27).
In this analysis, however, debris yield measurements tended to encompass a broad range of values.
When log transformed, the distribution had little skew, and in fact, very closely approached a normal
distribution. Inaddition, debris yield records were chosen not only for their applicability to the study,
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but also on the basis of their representation of a broad range of hydrologic conditions and physical
characteristics.

In this study, the group of variables which explained the greatest amount of variance in unit
debris yield by examination of statistical indices (maximization of the coefficient of multiple
determination adjusted for degrees of freedom - R?, and significance at the 95% confidence level)
was selected for use in the final regression equations. Selection by statistical indices ensures that the
sum of squared residuals of the dependent variable is minimized (Ref. 8.10) and consequently, the
regression equations chosen are the best possible, considering the range and quality of the available
data. A comparison of the study results with those of other methods developed for use in this area
is presented in Table 2. In addition, a statistical summary for two of the equations presented in this
study is shown in Table 3.

Intercorrelation was minimized by successive substitution of similar variables to determine
that which produced the highest degree of quantifiable contribution (R?).

Some variables expected to contribute significantly to unit debris yield explanation (such as
the Hypsometric-Analysis Index, Elongation Ratio, and Mean Channel Gradient) were found to
possess less correlation with measured unit debris yield than more simple measures of watershed
topography such as drainage area and relief ratio (see Table 1). This was determined to be either
indicative of the homogeneity of certain characteristics in the studied watersheds, or that the variable
was not an adequate indicator of the characteristic that it was intended to describe. This is not to
imply that these variables would not appear highly significant in other studies on this topic.

2.3. Selection of Regression Package. A multiple linear regression analysis computer
program, the "Statistical Package for the Social Sciences" (SPSS, Ref. 8.14), was chosen for this
analysis. This program yields a large number of useful statistics and has the added benefit of being
relatively simple to use. In the selected stepwise regression routine, independent variables are
progressively added by the program in order of decreasing significance. Variables determined to be
significantin earlier stages of the computations may be deleted upon introduction of more significant
variables at a later stage. This process allows for determination of the effect of an independent
variable on the dependent variable as well as the change in the relative value of this variable upon
the inclusion of additional variables.

In addition to the regression equation(s) derived by the SPSS package, the following statistics
were also calculated:

1) The coefficient of multiple determination (adjusted R2 or R2), which represents the
variation in the dependent variable accounted for by the regression equation, adjusted for
degrees of freedom. An R2 value represents the overall test for "goodness of fit" of the
regression equation, with a value of 1.0 representing perfect correlation between estimated
and observed, and a value of zero representing no correlation. R2 is the unadjusted value.
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2) A simple correlation coefficient (B), which is the square root of the coefficient of
determination for each independent variable, or the proportion of the variance of the
dependent variable explained by the independent variable.

3) Multiple correlation coefficient (R), which is the square root of the unadjusted coefficient
of determination (R?).

4) The change in the coefficient of multiple determination (AR?) that occurs upon inclusion
of an additional independent variable.

5) The "F" ratios, which are used in tests of significance for the individual coefficients. The
square of the "F" ratio, with an appropriate sign, is the "T" statistic, commonly used to
evaluate the significance of each variable at a desired level of confidence. Simply stated, the
higher the "F" ratio, the more likely that the variable chosen for analysis is appropriate.

6) A plot of residuals which indicate the difference between the estimate yielded by the
regression equation and the observed value.

In addition, the SPSS package includes several options that may be chosen to enhance the
usefulness of a regression equation. An important option chosen for use in this analysis enabled the
regression equations to be forced through the origin. This simulates the process in which no debris
yield will result (nor will be predicted) when no precipitation or runoff occurs within the basin
(although considerable debris movement in the form of "dry ravel” or "gravity movement” may
supply sediment to the channel system within a watershed). Furthermore, regression equations which
were not forced through the origin had significantly lower R2 values and higher standard errors
associated with the coefficients.

3. EVALUATION AND SELECTION OF VARIABLES FOR ANALYSIS.
3.1. Hydrologic Variables.

3.1.1. Precipitation. Recorded data indicate that there exists a great deal of variability
in unit debris yield over a narrow range of rainfall conditions. Because comprehensive rain gage
networks do not exist within most of the watersheds where historic debris yields were measured, a
considerable amount of variation in rainfall behavior exists which was not accounted for in the
recorded data. Factors not recognized include local variations in the volume and intensity of rainfall
due to orographic and other effects, geographic aspect of the drainage basin, wind circulation effects,
and other unmeasured parameters. A large number of precipitation variables were collected and
evaluated to determine their influence on unit debris yield. Isohyetal maps were then prepared or
obtained from local flood control agencies for each storm period for which debris yield
measurements were available.

Precipitation variables pertaining to the storm event which caused debris inflow (as well as
mean annual rainfall) included the following:
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1) Maximum 15-minute rainfall
2) Maximum 30-minute rainfall
3) Maximum 1-hour rainfall

4) Maximum 3-hour rainfall

5) Maximum 6-hour rainfall

6) Maximum 24-hour rainfall
7) Maximum 72-hour rainfall

Since it was noted that antecedent soil conditions are highly important in the debris yield
process, rainfall values were determined for the period following partial saturation of the soil mantle.
Evaluation of the data indicated that antecedent rainfall of about two inches in a period of about two
days was necessary in order for significant debris yield to occur. Thus, antecedent rainfall of
approximately two inches within an approximately 48-hour period was used to designate the
initiation of the rainfall period used in the regression analysis.

Precipitation values were determined by reduction of available data from several sources,
such as county rain gage records, and isohyetal maps prepared by local agencies, NOAA, and the Los
Angeles District (LAD) of the Corps of Engineers.

Debris yield measurements from watersheds in which wildfire had not occurred for at least
ten years (to eliminate the possible effects of wildfire) were regressed against each of the
precipitation variables calculated for the storm event in question. Correlation of unit debris yield
with any precipitation variable was poor for watersheds greater than about 3 mi2 in area, although
short-term maximum rainfall proved to be significant in the analysis of smaller watersheds. This is
probably due to the nature of prevailing storm systems that impact the Southern California area.
Debris producing storms tend to be highly variable in intensity over large areas, making runoff a
better indicator variable than short-term precipitation when dealing with the debris yield from large
watersheds.

The choice of 3 mi? as the dividing line between Equations 1 and 2, and between the use of
precipitation or runoff as the hydrologic variable, was based on several factors. Runoff data is
generally unavailable for watersheds under 3 mi? in area, and the data that was available displayed
poor correlation with measured unit debris yield. Watersheds larger than this were more likely to be
controlled by reservoirs, which also commonly possessed inflow records for the debris yield event
of interest. Peak unit inflow for these larger watersheds exhibited good correlation with measured
unit debris yield. Precipitation over these larger watersheds exhibited greater variation areally than
that falling on smaller watersheds, which resulted in poor correlation with unit debris yield when
compared to unit peak runoff.

In a study by Ferrell et al (Ref. 8.7), the use of a short-term rainfall intensity variable had not
proven to be as valuable an indicator of debris yield as 24-hour or longer precipitation variables.
Long-term precipitation variables, however, do not account for the intensity of a given storm. Scott
and Williams (Ref. 8.21) developed a factor that included both short-term intensity in conjunction
with long-term precipitation. In the current study, the inclusion of short-term intensity in conjunction
with long-term precipitation failed to improve R2 and only increased the error of the estimates.

Los Angeles District Debris Method February 2000



Maximum 1-hour precipitation was adopted for use in the regression equation dealing with drainage
areas of under 3 mi? because of its high correlation with measured debris yield (see Table 2).

3.1.2. Runoff. The inclusion of a runoff factor in the analysis (where this was
available) proved to be a good predictor of debris yield from larger watersheds. Values of maximum
24-hour inflow, maximum 72-hour inflow, (both expressed in acre-feet per square mile - ac-ft/mi?),
and peak inflow (in ft3/s/mi2) were obtained from local flood control agencies and LAD for reservoirs
and selected debris basins. Results indicated that unit peak runoff values from small watersheds were
poor indicators of unit debris yield.

For watersheds over 3 mi2 in area, however, unit peak inflow (ft3/s/mi2) proved to be highly
significant in all phases of the analysis. The lack of correlation in small watersheds is attributed to
errors in the estimation of runoff rates and the highly sporadic nature of debris movement in small
watersheds, rather than an actual lack of correlation between debris yield and runoff. Unit peak
inflow was adopted for use in the regression equations dealing with drainage areas of 3.0 to 200 mi?2
because of its high correlation with measured unit debris yield.

3.1.3. Physiographic Variables. Selection of physiographic variables to be used in
the analysis depended on several factors. First, the variable must have demonstrated some physical
significance in other studies. Second, it must also be easily calculated with relative accuracy using
readily-obtainable maps or data. Third, the variable must be relatively inexpensive to obtain and
evaluate. Fourth, the variable must have exhibited a high degree of correlation with measured debris
yield.

Although several variables used in other research have proven to be of considerable value
in the determination of debris yield (for example, Anderson's "Surface Aggregation Ratio", Ref. 8.1),
collection of the data necessary for the quantification of such variables was determined to be beyond
the scope of this analysis.

Variables selected by the aforementioned criteria for inclusion in the preliminary analysis are
discussed below.

3.1.4. Drainage Area. This is defined as the contributing area of the watershed
upstream of the chosen debris collection site (measured in both mi2 and ac). Drainage area has been
found to possess a high degree of correlation with debris yield in prior studies (Refs. 8.9 and 8.12),
as well as in the current analysis. Drainage area was selected for use in the set of final regression
equations.

3.1.5. Total Stream Length. (L1, L2). This is the total length of all streams in the
watershed in miles. This variable was calculated for the extent of streams indicated by a blue line
representing perennial or ephemeral flow on a standard USGS 1:24,000 scale topographic map
(method 1 for L1). Method 2 (L2) used the blue lines as well as extension of the lines into areas on
the map where a series of VV-shaped contours indicate a stream or gully (as described by Morisawa,
Ref. 8.13). Extension of streams by the latter technique was felt to better indicate the true extent of
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the stream network, although this refinement did not prove to be statistically significant. Neither L1
or L2 were used in the final regression equations.

3.1.6. Drainage Density. (DD1, DD2): The ratio of the sum of all stream lengths (in
mi) to drainage area (in mi?). This factor was also calculated by both of the methods indicated above
(using L1 and L2) to establish DD1 and DD2, respectively. It has been stated that stream density
appears to reach a maximum in areas of high debris yield (i.e., badlands topography, see Ref. 8.22),
and as such it was felt that this factor should be included in the analysis. These variables, however,
did not prove to be as statistically significant as other variables and were not used in the final
regression equations.

3.1.7. Mean Bifurcation Ratio. (BR): The mean of the ratios of the number of
streams of each order to the number of streams of the next order such that all first order streams are
summed and divided by the number of second order streams, second order streams are summed and
divided by the number of third order stream, etc. The mean bifurcation ratio is the average of all of
these ratios. Stream order is defined as follows: the smallest stream channels in a drainage basin are
"first order". When two first order streams join, they form a "second order" stream. When two
second order streams join, they form a "third order" stream, and so on. For example, if a watershed
has 24 first order streams, 12 second order streams, 4 third order streams, and 1 fourth order stream,
the Mean Bifurcation Ratio is 3.0 to 1 ([24/12 + 12/4 + 4/1] /3 = 3). This factor was also calculated
by both methods discussed in Section 3.2.2 above. However, it did not prove to be as statistically
significant as other variables and was not included in the final regression equations.

3.1.8. Hypsometric-Analysis Index. (HI): This variable represents the relative height
at which a watershed may be divided into two equal ground surface areas (Refs. 8.11 and 8.23). For
example, a watershed with a maximum elevation of 3000 feet, and a minimum elevation of 1000 feet
would have a Hypsometric-Analysis Index of 0.50 if the area of the watershed was equally divided
at the 2000 foot contour line. The watershed would have a Hypsometric-Analysis Index of 0.75 if
the area of the watershed was equally divided at the 2500 foot contour line. Although the HI has
proven to be significant in other studies (Ref. 8.23), it did not prove to be as statistically significant
in this study and was not included in the set of final regression equations.

3.1.9. Elongation Ratio. (ER): This ratio is produced by dividing the diameter of a
circle of area equal to the area of the watershed by the maximum watershed length as measured along
the longest stream from the concentration point to the watershed boundary. Scott and Williams found
this variable to be highly significant in an analysis of erosion rates in the Western Transverse Ranges
of Southern California (Ref. 8.21); however, it was not determined to be statistically significant in
the current study and was not included in the final regression equations.

3.1.10. Relief Ratio. (RR): This factor (akin to the slope of a watershed) is
determined by calculating the difference in elevation (feet) between the highest point in the
watershed (measured at the end of the longest stream) and the lowest point (at the debris collection
site) and dividing the difference between these two by the maximum stream length (in miles) as
measured along the longest stream (Refs. 8.7 and 8.17). This variable proved to be highly significant
in all phases of the analysis and was included in the final regression equations.
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3.1.11. Transport Efficiency Factor. (T1): This variable is the product of the mean
bifurcation ratio and total channel length (both calculated by method 1). Lustig (Ref. 8.12) found this
factor to be highly significant in a regression equation calculated for use in Southern California. It
did not prove to be as statistically significant in this analysis as other variables and was not included
in the final regression equations.

3.1.12. Mean Channel Gradient. (S): The mean gradient of the main stream
(measured at 5% intervals along the main channel) between highest and lowest points in the
watershed (as defined in Sec. 3.2.7) in feet per mile. This variable did not prove to be as significant
as other variables and was not included in the final regression equations.

4. DATA SELECTION.

4.1. Data Collection. Debris yield data selected for analysis included debris basin and
reservoir survey data obtained from the Los Angeles County Department of Public Works
(LACDPW, formerly known as the Los Angeles County Flood Control District), LAD, the Ventura
County Flood Control District (VCFCD), the San Bernardino County Flood Control and Water
Conservation District (SBCFCWCD), the Santa Barbara County Flood Control District (SBCFCD),
and USGS. All known sources of applicable debris yield data in coastal Southern California were
contacted in order to collect the largest possible number of observations for analysis. All agencies
which were contacted responded, although in many cases, short-term debris and sediment yield
measurements are not available.

Debris volume measurements are taken by agencies at intervals dependent on the noticeable
reduction in reservoir or debris basin capacity, and as such, are taken more frequently following
storm periods which yield large amounts of debris. In some cases, it is a matter of years between
debris surveys, and in other cases, as little as a few weeks. There is a great need for short-term debris
yield measurements, especially from less erosive areas, such as portions of Orange, San Diego, and
Riverside Counties. These data are vitally needed to calibrate the Method accurately for use in these
poorly-documented areas.

4.2. Data Evaluation And Selection. The primary goal of this study was to develop a
method to estimate unit debris yield on a storm-event basis, rather than as an average annual volume.
Therefore, each surveyed debris volume had to be related to only the storm period(s) that caused the
debris inflow to the structure. For periods in which only a single large storm event occurred,
apportionment of debris volume to a single peak flow or precipitation value was straightforward. For
periods in which multiple storm events occurred, however, apportionment of debris volume to the
storm events responsible was more complicated.

From a simple linear regression of single storm events, it was determined that debris yield
per unit area is approximately proportional to the peak flow per unit area or precipitation depth for
the watersheds examined in this study. For multiple event storm periods then, debris volumes were
divided up on the basis of being proportional to the magnitude of precipitation or peak flow per unit
area which occurred during the event in question (Table 4). This simple division of debris volume
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may not always be accurate, such as when a wildfire occurs in the period between surveys. However,
the majority of survey periods were unaffected by the complicating influence of wildfire. For periods
during which wildfire impacted the watershed of interest, apportionment of debris volume was
performed on the basis of comparison with similarly-sized watersheds for which single storm event
debris yields following wildfire were available.

Because the debris yield from a watershed is partly a function of the debris in storage within
the floodplain (where present), streams, and hillslope storage sites, unit debris yield attributable to
certain storm events (Feb. 1940, Feb. 1969, Mar. 1978) which closely followed major events (Mar.
1938, Jan. 1969, Feb. 1978) was deleted from the analysis due to generally low volumes. Cases in
which debris volumes were uncharacteristically low resulted from the "flushing" of debris storage
sites during earlier large events. This case is typical of situations in which a watershed has the vast
majority of debris in storage "flushed out” during a large event, leaving little debris available for
transport during later events, regardless of storm intensity or runoff magnitude. Debris yield
estimates for these types of "follow-up" events consistently yielded the largest errors in prediction
of any set of observations included in the analysis. Deletion of these observations was considered
to be appropriate because of the intention to predict the debris yielded by watersheds during discrete
single events of "n-year" recurrence for design purposes, not follow-up events which may yield
considerably lower total debris volumes than is usual.

The highest recorded debris yields in Southern California have historically been the result
of large storms impacting recently burned small watersheds (0.1 to 3.0 mi?) which have not
experienced similar large floods or wildfire for some time. Field investigations indicate that during
certain storms, debris yielded by the flushing of canyon bottom and channel storage sites may have
exceeded that yielded by all other sources of erosion. A small number of storage sites in extremely
small watersheds may result in a moderate debris yield per unit area over a long period of time, or
alternatively, a high yield immediately following a wildfire. However, the largest single unit debris
yields have been recorded from watersheds which yielded little debris for an extended period of time
as sediment moved into storage, followed by a large event (or events) which flushed tremendous
amounts of debris from these storage sites. This may be illustrated by examining the records of
Auburn and Bailey Debris Basins (LACDPW records). Both watersheds suffered 100% extent
wildfires in late 1978. Beginning three months later, in January 1979, several small storms impacted
these watersheds. Debris yields were slightly to considerably lower than might be expected from a
flood event closely following a wildfire. This is especially true in the case of Bailey Canyon. It is
probable that a lack of debris actually measured at the debris basin site was the result of debris going
into storage in the channel system upstream. Hence, during the storm of February-March 1980,
precipitation resulted in unit debris yields higher than that predicted by the regression equation.
Because of the high degree of soil saturation, locally high rainfall intensities, and the availability of
stored debris within the upstream storage sites, these watersheds flushed out much of the debris
considered to have gone into storage during the period of February 1976 to January 1980. This type
of behavior may be expected in some Southern California watersheds, which may typically exhibit
highly sporadic debris movement. However, this type of behavior would not be predicted by the
regression equations, which were developed for a typical (average) design debris-producing event.
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Additional deletions occurred in cases of conflicting information from multiple sources, and
in the case of missing precipitation or peak flow values.

An additional difficulty encountered in the data selection occurred in the case of debris
retention structures located upstream of a site at which debris yields were measured (i.e., two debris
basins in one watershed). In these cases, it was not possible to determine the volume of debris which
"could have" reached the downstream structure and data from these was excluded from the analysis.
An example of this is the case of Morris Reservoir, located a short distance downstream of San
Gabriel Reservoir in the San Gabriel Mountains of Los Angeles County.

Although debris volume data exists for Morris Reservoir, it is unknown exactly how much
of the total volume has resulted from flow carried through San Gabriel Reservoir during storm events
and whether or not a significant proportion of this volume has resulted from sluicing. For these
reasons, watersheds with a large part of their drainage area influenced by upstream controls were
excluded from the analysis.

5. DATA ANALYSIS.

5.1. Preliminary Regression Analysis. Preliminary regression analysis provided the means
by which to compare different variables, and was instrumental in the decision to break the data into
different drainage area groupings. Because of data limitations (see Sec. 3.1.1.), one equation was
designed to be used in watersheds under 3 mi2 in area for which runoff data is unavailable. Data for
areas larger than 3 mi2 were initially used to calculate a single equation dealing with watersheds of
310200 mizin area. This single equation did not adequately predict unit debris yield from this broad
a range of drainage area sizes, and hence, equations were developed for several ranges of drainage
area sizes. Data from this preliminary analysis was also used to develop preliminary "Fire Factors"
(a non-dimensional variable relating wildfire impact to debris yield).

In the initial analysis of small watersheds for which runoff data was generally unavailable
(less than 3.0 mi2 in area), it was noted that short-term precipitation (less than 1-hour) intensity did
not correlate well with measured debris yield attributable to the storm event (see Table 1). This is
probably because of the effects of variation in local intensities, wind, basin aspect, and other factors
not accounted for by existing recording devices. Measures of 1-hour precipitation did, however,
possess a strong correlation and proved to be significant in all phases of the analysis of small
watersheds. This variable was defined as the maximum 1-hour precipitation during the storm event.
In areas such as coastal Southern California, where some degree of soil saturation is necessary to
initiate soil movement because of soil binding, precipitation should be measured following an
antecedent rainfall of approximately two inches in 48 hours (see Sec. 3.1.1.). If the Method is to be
used in desert areas where soil binding is minimal, this constraint may be relaxed. Although 3-hour,
24-hour, and 72-hour precipitation also correlated well with debris yield, maximum 1-hour
precipitation yielded the highest correlation.

Lower correlations were also obtained between unit debris yield and mean channel gradient,
mean bifurcation ratio (method 1), Hypsometric-Analysis Index, the transport efficiency factor,
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elongation ratio, and drainage density. An initially high correlation between total stream length
(especially as measured by method 2), mean bifurcation ratio (method 2), Hypsometric-Analysis
Index, and measured unit debris yield proved less significant upon the inclusion of factors such as
relief ratio and the size of the drainage area. These parameters are defined in Section 3.2.

Despite an expected negative correlation between drainage area and unit debris yield,
consistently positive correlations were indicated by statistical analysis. This is probably because of
the high degree of intercorrelation between relief ratio and drainage area in the regression analysis.
Because relief ratio in smaller watersheds (in this analysis) was consistently higher than that of larger
watersheds, drainage area apparently functions as an offset for the differences in unit debris yield
unaccounted for by the relief ratio variable. Given equality in both the hydrologic/meteorologic (Q
or P) and Fire Factor (FF) variables, unit debris yield does decline with increasing drainage area
because the relief ratio consistently declines at a higher rate than the drainage area increases. Thus,
the unit debris yield for large watersheds is less than that of smaller watersheds. This is consistent
with the actual data used in the analysis, as well as other research.

5.2. Development of Fire Factors. The occurrence of wildfire plays a significant role in the
augmentation of erosion rates from Southern California watersheds (Refs. 8.7, 8.15, 8.16, 8.21, 8.23
and 8.24). Highly flammable chaparral species, steep slopes, loose sediments, hydrophobic soil
conditions created by the intense heat generated by wildfire, and the aggravating influence of dry
offshore "Santa Ana" winds provide Southern California with one of the most volatile fire/erosion
complexes in the world.

The combination of these factors is evident in the conclusions of Rowe et al (Refs. 8.15 and
8.16), who estimated that a 100% extent wildfire in their study watersheds was responsible for a
debris yield 35 times that of the watershed in a "normal” or unburned state. Wells (Ref. 8.26) has
documented an event during which debris yield increased by over 100 times its normal rate from an
extremely small (0.02 ac), steep local watershed. Although the increase in debris production is
undoubtedly less severe in larger, less steep watersheds which possess greater availability of debris
storage sites, this example serves to illustrate the powerful influence that wildfire plays in the erosion
of Southern California watersheds.

Using the relationship established by Rowe et al., F.E. Tatum (formerly of the Los Angeles
District, Corps of Engineers) applied this knowledge to correlate measured debris yield to his
computed values by means of a single fire curve. The Tatum curve relates the percentage increase
in debris yield attributable to fire to the elapsed time following wildfire occurrence (Ref. 8.23) and
was used as the basis for the preliminary Fire Factor curve examined in the current analysis. This
curve assumed that watersheds of unequal size and gradient respond (or recover) at the same rate
over a period of time in terms of debris yield. This technique, associated with watersheds of small
areal extent, acknowledges fire and its associated effects as a major component in a debris yield
estimation method. A similar treatment by Ferrell (Ref. 8.7) indicated that debris yield rates
following a complete watershed burn approach 20 times the normal rate.

Poor correlation with measured debris yield was obtained when percent recovery (as defined
by the individual "Fire Factor" curves of Ferrell, Tatum, and Rowe et al.) were used as preliminary
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Fire Factors in the current analysis. It was especially apparent that recently burned watersheds of
greater than 3 mi2 in area exhibit a proportionally smaller increase in unit debris yield when
compared to watersheds of smaller areal extent. Thus, two curves were developed, one for
watersheds 0.1 to 3.0 mi2 in area, and another for watersheds larger than 3.0 mi? in area.

The magnitude of increase in debris yield in larger watersheds impacted less than one year
after burn was on the order of two to ten times the normal rate (as opposed to 20-30 times the normal
rate given by Rowe et al. and Ferrell), when applied to single flood events. Several variations of the
Fire Factor curves were tested before arriving at the final Fire Factor relationships. Each trial curve
was adjusted in a manner that minimized the residuals (the amount that wasn't explained by the
equation), such that the remaining residuals for a given time after burn and drainage area were clearly
not attributable to wildfire impact (i.e., presented no clear trend relating to time since burn or extent
burned).

The final Fire Factor curves are presented in Figures 2 and 3. These curves represent a 100%
burn condition. It would be desirable to have a single Fire Factor curve for Equations 1 to 5 (see Sec.
5.3 for Equations). However, because of the fundamental difference in the hydrologic variable in
Equation 1 (precipitation) versus the hydrologic variable in Equations 2 to 5 (runoff), it should not
be expected that the curves will be consistent at 3 mi? (the interface between Equation 1 and
Equation 2).

5.3. Development of The Predictive Equations. The variables selected for use in the final
equations were relief ratio (RR), drainage area (A), unit peak flow (Q) or 1-hour precipitation (P),
and the non-dimensional Fire Factor (FF). Each of these variables was determined to be significant
at the 95 percent confidence level.

5.3.1. Equation 1. Regression Equation 1 was selected by statistical criteria for use
in watersheds from 0.1 to 3.0 mi2 in area for which peak flow data is not available. Equation 1 takes
the form:

LOG Dy =0.65 (LOG P) +0.62 (LOG RR) +0.18 (LOG A) +0.12(FF).... Eq.1
where:

Dy = Unit Debris Yield (yd3/mi?)

P= Maximum 1-Hour Precipitation (inches, taken to two places after the decimal point,
times 100)

RR = Relief Ratio (ft/mi)

A= Drainage Area (ac)

FF = Non-Dimensional Fire Factor

The coefficient of multiple determination (R?) for this equation is 0.987. All factors in this
equation are significant at the 0.99 level of confidence (see Table 3 for "F" test values). A total of
349 observations from 80 watersheds were used in the final development of this equation.
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5.3.2. Equation 2. Regression Equation 2 was selected by statistical criteria for use
in watersheds of 3 mi2to 10 mi2 in area for which peak flow data is available. This equation may also
be used for drainage areas less than 3 mi? if peak data is available, using Fire Factors determined
independently (for example vegetation is such that unburned conditions may be assumed). Do not
extrapolate the curves in Figure 3. Equation 2 takes the form:

LOG Dy = 0.85 (LOG Q) + 0.53 (LOG RR) + 0.04 (LOG A) + 0.22 (FF) ... Eq.?2

where:

Q= Unit Peak Runoff (ft3/s/mi?);
All other factors are as defined above.

5.3.3. Equation 3. Regression Equation 3, selected for use in watersheds of 10 to 25
mi2 in area and for which peak flow data is available takes the form:

LOG Dy = 0.88 (LOG Q) + 0.48 (LOG RR) + 0.06 (LOG A) + 0.20 (FF) ... Eq.3

5.3.4. Equation 4. Regression Equation 4, selected for use in watersheds of 25 to 50
mi2 in area and for which peak flow data is available takes the form:

LOG Dy = 0.94 (LOG Q) + 0.32 (LOG RR) + 0.14 (LOG A) + 0.17 (FF) ... Eq. 4

5.3.5. Equation 5. Regression Equation 5, selected for use in watersheds of 50 to 200
mi2 in area and for which peak flow data is available takes the form:

LOG Dy = 1.02 (LOG Q) + 0.23 (LOG RR) + 0.16 (LOG A) + 0.13 (FF) ... Eq.5
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The coefficients of multiple determination for Equations 2 to 5 were all in excess of 0.99.
The RR, Q, and FF variables are significant at the 0.99 level of confidence, while the A variable is
significant at the 0.95 level of confidence (see Table 3). A total of 187 observations from 7
watersheds were used in the development of these equations. Equation 2 may be used for watersheds
with a drainage area of 0.1 to 3.0 mi2 for which runoff data exists. If recorded runoff data is used,
care must be used to ensure that the runoff data is of high quality, and that the adopted peak unit
runoff values are not the result of "debris flow" or landslide heightening of the recorded flow.

Note that some discontinuity exists between Equations 1 and 2 at the drainage area size
juncture. When dealing with borderline cases, such as a watershed of 3.0 mi? in size for which both
precipitation and runoff data exist, it is advised that debris yield be calculated through the use of both
Equations 1 and 2. The higher of the two results should be used.

5.4. Development and Use of the Adjustment-Transposition (A-T) Factor. The use of
regression equations developed from data pertaining to a group of watersheds historically
demonstrating extremely high unit yields will result in overestimation of debris yield when applied
to areas with less volatile erosional activity. Recognition of this limitation, and the importance of
several unquantifiable geomorphic and geologic parameters was taken into account by the
development of an adjustment and transposition variable (A-T Factor). This factor takes into account
the importance of surficial geology, soils, and hillslope and channel geomorphology. Because there
are few debris yield measurements available on an event basis for debris retention structures in low
erosion areas, the A-T Factor was developed using readily available average annual sediment yield
data. Although this factor is subjective in both development and application, there was no practical
alternative that permitted quantification of these variables.

Watersheds of the San Gabriel Range from which the regression equations were developed
would use an A-T Factor of 1.0. Watersheds in areas of less debris yield potential than the San
Gabriel Mountains, such as the Peninsular Ranges of San Diego and Orange Counties would have
A-T Factors less than 1.0. Should a watershed clearly possess a higher debris yield potential than the
San Gabriel Mountains, an A-T Factor greater than 1.0 would be used. The calculation of the A-T
Factor is further discussed in Appendix B and its use is illustrated in Example 3 of Appendix D. The
unit debris yield is calculated using the appropriate equation and then multiplied by the A-T Factor
to give the adjusted unit debris yield. The adjusted unit debris yield is then multiplied by the drainage
area to determine the debris volume for the watershed.

5.5. Measures of Confidence. The regression equations presented herein give debris yield
estimates that should be considered as "expected debris yield" under a given set of conditions.
Prediction of debris yield then, should include measures of confidence or associated risk. This is
accomplished in this study through the use of the standard deviation (SD) of the estimate. The
statistical summary for Equation 1 (see Table 3) gives a standard deviation of 0.465 log units. This
indicates that we can be 67% confident that the "true™ value is within 0.465 log units (1 SD) above
or below the estimate, and we are 95% confident that the "true" debris yield will fall within 0.93 log
units (2 SD) above or below the estimate. Similarly, the summary for Equation 2 (which is very
similar to the statistics for Equations. 3-5) indicates that we are 67% confident that the "true™ debris
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yield is within 0.242 log units (1 SD) above or below the estimates and that 95% confident that it
is within 0.484 log units (2 SD) above or below the estimate.

6. COINCIDENT FREQUENCY ANALYSIS.

6.1. Introduction. The regression equations developed in this analysis include two
determined variables (drainage area and relief ratio) and two estimated variables (discharge or
precipitation and Fire Factor). The magnitudes of discharge (or precipitation) and the fire condition
are associated with an exceedance probability and because the two are independent of each other,
any combination of the two can occur. Therefore, in order to predict the exceedance probability of
debris potential of a certain magnitude for any watershed, all possible combinations of wildfire and
flooding must be evaluated. This is because more than one combination of wildfire and flooding may
result in the same debris yield. This entire range of possibilities is the basis for the total probability
theorem (Ref. 8.3, pg. 58).

6.2. Theory. There are several applications of the total probability theorem in hydrologic
analysis problems encountered in Corp's studies. The application discussed here has been termed
"coincident frequency analysis". The end product is a debris yield exceedance frequency relationship.

The total probability theorem is presented in most statistics texts as:

P[A] = 2 P[A|B,] * P[B,]

i=1

where:

P[A] = the "total" exceedance probability of event A,
P[AIB] = the conditional probability of event A given that event B, has occurred,
= a set of mutually exclusive (only 1 B event can occur at a time), collectively
exhaustive (for every A event, there is a corresponding B event) events, and
P[B] = the exceedance probability of event B,.

In this analysis, A represents the occurrence of debris yield of a given quantity and B
represents a wildfire condition. For calculation purposes, interval probabilities of B; are used and
treated as discrete probabilities. For example, the interval probability of the fire condition being from
2 to 3 Years-Since-100% Wildfire is equal to the incremental difference (probability for 3 Years-
Since-100% Wildfire minus the probability for 2 Years-Since-100% Wildfire) and is treated as a
discrete probability for 3 Years-Since-100% Wildfire. The range of possible fire conditions (Years-
Since-100% Wildfire - B,) should include the year of occurrence of wildfire (time = 0) to complete
recovery (usually 10-15 years after a 100% wildfire) and be divided into i intervals. The number of
intervals (i) should provide adequate definition of the Years-Since-100% Wildfire frequency
relationship (recommended 1-year intervals).
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For each B;, there is only 1 flow - F; (or precipitation value - P;) that produces a specified
debris yield (A). (This connection is determined using the debris response relationships presented
later in this section.) So the probability of debris yield (A), given the specific fire condition (B;),
being greater than or equal to the specified magnitude is equal to the probability of the discharge
being greater than or equal to the flow (F;) that produces that debris yield (A), given the specific fire
condition (B;). That is:

P[A|B;] = P[F,;|B,]

The flow (F)) is independent of the wildfire condition (B;), assuming the impact of debris on
the magnitude of the flow is small relative to the magnitude of the flow. Since F; is independent of
B, the probability of F,, given B, has occurred, is equal to the probability of F,. This is defined as:

P[F,|B,] = P[F,]

Therefore, all other factors being equal, the probability of the debris yield (P[A]) being
greater than or equal to a specified magnitude (A), given the specific fire condition (B;), is equal to
the probability of a flow greater than or equal to F;, where F; is the flow corresponding to the debris
yield A, given the specific fire condition (B;). Thus:

P[A|B,;] = P[F,]
By substitution, the actual calculation for total probability then becomes:

pral = 3 P[F,] + P[B,]

i=1

In other words, the probability of debris yield (P[A]) equaling or exceeding a specified
magnitude (A) is equal to the summation of a product of pairs made up of one exceedance
probability (P[F,]) and one interval probability (P[B;]). Using the debris response relationships,
which define the unique correlation between discharge and fire condition, the complete debris yield
frequency relationship can be determined by iteratively solving the above equation for a range of
specified debris yields

6.3. Data Requirements. A Coincident Frequency Analysis (CFA) computer program was
developed by the Hydrologic Engineering Center of the Corps of Engineers at Davis, California. This
program evaluates the coincident frequency of occurrence of two independent events, in this case,
wildfire and flooding, using the theory discussed above. Appendix C presents the input description,
user's manual, and test input and output examples for using the CFA program.
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The CFA program requires 4 types of data: Years-Since-100% Wildfire frequency, discharge
frequency, debris response relationships, and evaluation values which are used to define the debris
yield frequency relationship.

6.3.1. Years-Since-100% Wildfire Frequency Relationship (entered as years versus
exceedance frequency; see Table A-3, Appendix A). This represents the exceedance frequency of
Years-Since-100% Wildfire occurrence. Appendix A presents a comprehensive description of the
procedure for deriving a Years-Since-100% Wildfire frequency relationship. The number of values
should adequately define the Years-Since-100% Wildfire relationship (the CFA program will accept
up to 20 pairs of values). An example of the Years-Since-100% Wildfire frequency relationship
could look like this:

Frequency” Years-Since-100% Wildfire
(B)
0 0
0.1 1
0.3 2
0.7 3
14 4
2.2 S)
3.2 6
4.6 7
7.2 8
12.0 9
13.1 10
16.7 11
24.1 12
34.5 13
49.0 14
100 15
* The frequency for which Years-Since-100% Wildfire is equaled or exceeded. Cumulative.
This is not P[B]; P[B; is the incremental difference for each Year-Since-100% Wildfire.
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6.3.2. Discharge Frequency (or Precipitation Frequency) Relationship (entered
as discharge per square mile - or 1-hour precipitation times 100 - versus exceedance frequency). The
relationship (for discharge) could be developed analytically using the Corps of Engineers Flood
Frequency Analysis computer program, which is based on Bulletin 17B guidelines. The number of
values should adequately define the discharge (or precipitation) frequency relationship (the CFA
program will accept up to 20 pairs of values). Values for a unit discharge frequency relationship

might look like this:

Frequency” Discharge
(PIFIM (ft3/s/mi?)

(F)

0.2 1489

0.5 1000

1 719

2 499

5 288

10 176
20 96
30 61
40 40
50 29
60 19
70 13

80 8.0

90 3.9

95 2.2

* The frequency for which unit discharge is equaled or exceeded. Cumulative.
** Probability is frequency divided by 100.
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6.3.3. Debris Response Relationships for each Years-Since-100% Wildfire
Occurrence (entered as unit discharge (ft3/s/mi?) or precipitation (inches x 100) versus debris yield
(yd3/mi?)). These relationships reflect the debris yield (A) for the watershed for a range of unit
discharge values (F;) or 1-hour precipitation values (P;) for each interval of the Years-Since-100%
Wildfire occurrence (B,). The number of values should adequately define the debris response
relationships (the CFA program will accept up to 20 pairs of values). The debris yield is calculated
using the appropriate regression equation for the range of unit discharges (or precipitation values)
developed as described in 6.3.2. above, using the Fire Factors associated with each Year-Since-100%
Wildfire value discussed in 6.3.1. above. Examples of debris response relationships might look like
these.

_ Years- Unit Discharge (ft3/s/mi?)
Sl o= | = | o= | = | o= | o= | @= | o= |o=
(B) 1489 1000 719 499 288 176 96 29 2.2
Debris yield (yd®/mi2) (A)

1 185,417 | 127,559 | 93,585 | 66,325 | 39,612 | 24,877 | 14,025 | 4,515 | 405

2 161,677 | 111,227 | 81,603 | 57,833 | 34,540 | 21,692 | 12,230 | 3,937 | 353

3 140,977 | 96,986 | 71,155 | 50,429 | 30,118 | 18,915 | 10,664 | 3,433 | 308

4 125,357 | 86,240 | 63,271 | 44,841 | 26,781 | 16,819 | 9,482 | 3,053 | 274

5) 115,465 | 79,435 | 58,278 | 41,303 | 24,667 | 15,492 | 8,734 | 2,812 | 252

6 106,770 | 73,453 | 53,890 | 38,193 | 22,810 | 14,325 | 8,076 | 2,600 | 233

7 99,896 | 68,724 | 50,420 | 35,734 | 21,341 | 13,403 | 7,556 | 2,433 | 218

8 93,100 | 64,049 | 46,990 | 33,303 | 19,889 | 12,491 | 7,042 | 2,267 | 203

9 87,791 | 60,396 | 44,310 | 31,404 | 18,755 | 11,779 | 6,641 | 2,138 | 192

10 83,397 | 57,373 | 42,093 | 29,832 | 17,817 | 11,189 | 6,308 | 2,031 | 182

11 79,607 | 54,766 | 40,180 | 28,476 | 17,007 | 10,681 | 6,022 | 1,939 (174

12 73,901 | 50,841 | 37,300 | 26,435 | 15,788 | 9,915 | 5,590 ([ 1,800 | 161

13 68,336 | 47,012 | 34,491 | 24,444 114,599 | 9,168 | 5,169 | 1,664 | 149

14 63,190 | 43,472 | 31,894 | 22,604 | 13,500 | 8,478 | 4,780 | 1,539 | 138

15 57,299 | 39,419 | 28,920 | 20,496 | 12,241 | 7,688 | 4,334 [ 1,395 | 125
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6.3.4. Response Frequency Parameter (Evaluation) Values. This a set of debris
yield values input by the user (or can be generated by the CFA program) which will be used to define
the debris frequency curve. The number of values should be enough to adequately define the debris
frequency relationship (the CFA program has a maximum of 30 values).

6.4. Example Calculation. The following example hand calculation is included to illustrate
application of the coincident frequency theory described above. Differences will result between the
hand calculations and the CFA program calculations primarily due to the methods used for
interpolation and integration.

In the hand calculation, the intervals for Years-Since-100% Wildfire are chosen using the
values provided on the probability distribution. Interval probabilities are determined using linear
interpolation and numerically integrated using the "trapezoidal rule” (Ref. 8.5).

The CFA program improves on this by using cubic spline interpolation to define a smooth
curve through all of the frequency curves and Gauss Quadratures for numerical integration (Ref. 8.5)
to obtain a more accurate estimate of the total probability than is obtained by the trapezoidal rule.
Three points (Gauss Quadratures) are used to obtain the exceedance probability of the intervals
rather than only the two end points used by the trapezoidal rule. The CFA program then uses cubic
spline interpolation to obtain the conditional probability values at the quadrature points within each
interval. The more values used in the hand calculations, the better the agreement would be.

Using the example data above, the procedure for calculating the total probability for a debris
yield greater than or equal to 10,000 yd3/mi? is:

Step 1/. Using the debris response relationships (6.3.3. above), determine (using linear
interpolation) the discharge necessary to produce 10,000 yd3/mi2 (A) for each Year-Since-100%
Wildfire. Then, use the discharge (or precipitation) relationship (6.3.2 above) to determine the
frequency of the discharges, as shown below:
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Years-Since-100% Discharge Frequency” Probability™
Wildfire (ft¥/s/mi2)
[Bi] F P[F}
1 67 28.0 .280
2 78 24.7 247
3 89 21.5 215
4 101 19.0 190
5) 111 17.3 173
6 120 15.7 157
7 129 14.5 145
8 139 13.3 133
9 148 12.4 124
10 156 11.6 116
11 164 10.9 109
12 177 9.9 .099
13 193 8.9 .089
14 210 7.9 079
15 233 6.8 .068
* The frequency for which discharge is equaled or exceeded. Cumulative.
** Probability is frequency divided by 100.

Step 2/. Determine the incremental exceedance probabilities for each duration of the
Years-Since-100% Wildfire relationship from the Years-Since-100% Wildfire frequency relationship

(6.3.1).
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Years-Since-100% Probability
Wildfire
[B] Cumulative Incremental
(from 6.3.1) (P[Bi])

0 .000 .000
1 .001 .001
2 .003 .002
3 .007 .004
4 014 .007
5 022 .008
6 .032 .010
7 .046 014
8 072 .026
9 120 .048
10 131 011
11 167 .036
12 241 074
13 .345 104
14 490 145
15 1.000 510

Step 3/. Determine the total probability for a debris yield greater than or equal to
10,000 yd3/mi?2 (A) using the equation below:

P[A] = 2 P[F,] - P[B,]
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This would result in a table such as:

Years-Since-100% P[F] P[B] P[F]* P[B]
Wildfire

1 0.280 0.001 0.00028
2 0.247 0.002 0.00049
3 0.215 0.004 0.00086
4 0.190 0.007 0.00133
5 0.173 0.008 0.00138
6 0.157 0.010 0.00157
7 0.145 0.014 0.00203
8 0.133 0.026 0.00346
9 0.124 0.048 0.00594
10 0.116 0.011 0.00128
11 0.109 0.036 0.00393
12 0.099 0.074 0.00733
13 0.089 0.104 0.00924
14 0.079 0.145 0.01149
15 0.068 0.510 0.03485

Sum (P[A]) ==> 0.0854780

(Frequency = 8.5)

This calculation represents one point on the debris yield frequency curve. The complete
debris yield frequency relationship is determined by iteratively solving the above equation for a set
of debris yields (evaluation values) covering the range of possible yields. Note: the accuracy of the
hand calculations will approach the results from the CFA program by increasing the number of
debris yield values in the set.

6.5. Program Output. The Coincident Frequency Analysis program output consists of:
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a. a reprint of the input data.

b. the computed percent chance exceedance values for the response values (evaluation
values). This is a range of debris yields (input by the user) and their corresponding exceedance
frequencies which define the debris yield frequency curve.

c. atable of interpolated debris yield results equaled or exceeded for frequencies of
0.2,0.5,1.0, 2.0, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0, 95.0, and 99.0 percent.

Note: There are two options in CFA which allow the user to increase t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>