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FOREWORD .

This report is composed of three volumes: Volume I
is the Research Report; Volume II consists of recommendations
for establishing design manuals and Appendices B, C, D,
E, F, G, and H, which are the design aids required for
establishing design manuals; Volume III consists of Appendix
A, an accumulation of the data base used in the study.
FHWA chose to arrange the report as described to facilitate
distribution of the results. The methods reported herein
and designated as the Federal Highway Administration Methods
are designed to be applied to watersheds smaller than 50
square miles but may be used on areas up to 100 square

miles in size.

This document is disseminated under the sponsorship
of the Department of Transportation in the interest of
information exchange. The United States Government
assumes no liability for its contents or use thereof.

Sufficient copies of Volumes I and II will be dis-
tributed to provide a minimum of one copy to each FHWA
Regional office, FHWA Division office and State Highway
Agency. Volume III will be distributed only upon special
request since it will be of interest primarily to individ-
uals wishing to verify equations or develop new equations.
Direct distribution is being made to the Division offices.

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The
contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein. The contents
do not necessarily reflect the official views or policy of the Department
of Transportation. This report does not constitute a standard, specification,

or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are considered

essential to the object of this document.
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VOLUME I: RESEARCH REPORT

RUNOFF ESTIMATES FOR SMALL RURAL WATERSHEDS AND
DEVELOPMENT OF A SOUND DESIGN METHOD
kby

Joel E. Fletcher, A. Leon Huber,
Frank W. Haws, and Calvin G. Clyde

Introduction

Problem statement

A basic consideration in the design of bridges and culverts is the esti=-
mation of the rate of runoff expected during peak flow periods. Watershed area
alone does not account for the wide variation in peak rates of runoff found
among watersheds. Area alone is insufficient even within homogeneous physio=
graphic areas. The addition of other indices such as precipitation, topography,
etc., is needed to reduce the unexplained variation in the magnitude of peak
rates of runoff to workable limits. However, this technique does not always
explain the large discrepancies between the estimated and measured peaks that
sometimes occur. '

Potter (ref. 13) realized that a design engineer cannot always wait for
streamflow measurements. He used watershed data at hand and developed the
method commonly known as the ¢¢Bureau of Public Roads Method?’’ or simply Potter’s
method. This method is the subject of the present investigation.

Objective

The objective of this study is to improve the accuracy of Potter’s method
using more recent data while retaining its basic simplicity and independence
from complicated computational aides.

Statement of work

Work conducted in the present investigation proceeded as follows:

1. Verify, update, and extend Potter’s method.
2, Refine Potter’s method and other methods.
3. Field visits and evaluation.

4, Evaluation and analysis.



Summary of Potter’s Method

Introduction

The method proposed by Potter (ref. 13) depends on a graphical correlation - -
between the logs of the 10~year peak flow and the logs of the area, a topogra-
phic factor, a precipitation factor, and a correction factor largely represent=~ - -
ing the drainage density. The procedure begins with an estimate of the 10~year
peak, q4 (ATP) ? based on the area, a topographic factor, T, and a precipitation
factor, 8 z.built-in check using the topographic factor, T, estimates an
approximate error at this point. If the error is greater than 30 percent, the
correction factor, C, is utilized. Prior to any computations the unknown
watershed 1s classified from a physiographic map into a zone depending on and
reflecting its climatic and geologic properties.

Procedure

1. Zone. Locate the desired crossing on a United States Geological Survey
(USGS) 7% minute quadrangle topographic map. Carefully outline the watershed '
boundaries leading to the location of the desired culvert. By eye locate the - |
center of mass of the enclosed area and record its latitude and longitude.

With this location enter Potter®’s zone map and read the proper zone.

2, Area, Carefully measure the watershed area outlined in No. 1. This
may be done by planimetering, digitizing, or counting the Intersections or dots
on a dense grid. The area is expressed in thousands of acres.

3. Topographic factor, T. On the topographic map, carefully measure the
distance up the main stream channel to its most remote point shown as either a
solid or broken blue line. This distance is expressed in miles and designated
as L'. Record the elevation, E{, at the culvert site. At a point 0.7 L up~-
stream from the culvert site again read the elevation. This is elevation Eg.
Lastly determine the elevation of the most remote point on L'. This elevation -
is E3. From these elevations Eq, Ep, and Ej and distances Lj and L3 the topog-'
raphic factor, T is calculated as follows:

T = O.?L’/'(sl);i+0.3L’/(sz);‘r" Y ¢ ) SR
where 0.7L' = L! and 0.3L' = L!
2 0.707) 13 :Eo 31,*)1 -5
or T . 2)

;5 ’ ;5 . « . . . . . . - .

4. Precipitation factor. Utilizing the location of the centroid of the -
watershed to the nearest second, locate this centroid on the 1-hour 10-year

rainfall map and read the precipitation to the nearest 0.01 inch. This value
is recorded as the precipitation factor, PGO' '

5. Drainage density. Measure the total length of all drainage channels
shown as blue lines on the watershed map., This length in miles is called LL.
Drainage density, DD, is computed by dividing this length by the watershed area ~
in thousands of acres. The units of DD are miles per thousand acres.

2 .
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6. "C" factor. Potter (ref. 13) constructed correction factor curves by
plotting the logs of the ratio, q10/ﬁ10 AT ,» against the logs of the ratio,
T/Tpp. After he had obtained the curveg, B% called the values of the ratio
31OIQ1O(AIP): read from the curves "C." Thus "C" is the value the estimated
q10(AIP)‘mUSt be multiplied by to obtain qTO(ATPC)' .

7. Potter’s flood frequency. Potter (ref. 12) develo?ed what can be
termed an upper and lower frequency curve method for extrapolating short records .
to determine the less frequent flood peaks. In Potter’s own words,

Frequency studies of the maximum annual peak rates of runoff
were made for each watershed. In order to minimize the error that
might result from the many short periods of runoff record, relatioms
between peak rates of high and low frequency were used to obtain
values of peaks that could be expected to be equalled or exceeded
on an average of once in 10 years (qqg) and once in 50 years (qSO)‘
It has been found that when the maximum annual peaks for these :
watersheds were plotted on extremal probability paper, they defined
two straight line frequency curves. (Potter, ref. 12)

A high degree of correlation (r2 > 0.9) was found to exist between the 10=year
peak as defined by the lower curve and the 10- and 50-year peaks as defined by
the upper curve. Thus, it is only necessary to determine the qqg on the lower
curve to estimate the true qqg or qsg. The lower curve is usual?y well defined
by even short records.

8. Peak flow estimate. Enter the appropriate zone curves with the area,
A, the topographic factor, T, and the precipitation factor, P, and read peak
flow 4qg. This yields a value for 610(A$P . Now, enter the corresponding
curves for the relation between T, A, and P and read a value for T(AP)- Express
the difference between this value and the measured value of T as a percentage
of error or

T -7

3|5

error x 100

AP

If this error is smaller than 30 percent, the estimate of 910(ATP is considered
to be an adequate estimate of the 10~year peak flow. If the erro% is greater
than 30 percent, the estimate q109(ATP) must be multiplied by a "C" value
obtained by entering the correction curve with T/:AP..

9. Errors and assumptions described by Potter.

a. Map scale. Potter (ref. 13) did not specify the scale of the USGS maps
from which he determined the watershed parameters. He presumably preferred
the 1/24,000 maps. From Potter®s notes, however, it appears that four or five
of his watersheds were located in areas where only 1/62,500 scale maps were
available., He made no mention of any adjustments for map scale.

b. Area. Potter used the published USGS areas which are in square miles
and converted them to thousands of acres by multiplying by the factor 0.640.
He recognized that these areas are subject to periodic revision.
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PHASE I

Verify, Update, and Extend Potter’s Method

Parameters and measurement

1. Map scales. Only two map scales were encountered on the Potter water~
sheds, 1/24,000 and 1/62,500, No corrections were made for map scale until
the section on areal extension of the Potter method. These effects will be
discussed at that time.

2. Area, Potter’s areas and those determined by Utah State University :
(USU) differ by only about 1 percent (1.08). Errors in area appear insignifi-
cant so no correction for map scale need be made. The major differences
found were due to new and more accurate maps which actually indicated some
differing watershed boundaries.

3. Operator differences. The differences between operators were small
and non-significant so long as the same external controls were applied. In
the most complex operation, that of determining the topographic factor, T, the
differences, though larger, were still not significant as indicated by Students
t test (ref., 16). Both sets of topographic factors are given in Table 1 (p.
5=9) along with other data on the Potter watersheds. These data are basic to
all additional studies in this paper.

4, Interrelationships among parameters. Potter (ref. 13) stated that he
found a close correlation between drainage density, DD, and the topographic o
factor, T, and thus decided to discard DD in favor of T. The Utah State
University data show a significant correlation between DD and T but there is
sufficient residue to justify retention of DD. Furthermore, there are better
interrelationships among all of the other parameters that Potter did retain
than between DD and T. ‘o

5. Comparison between Potter’s original curves and new curves using
Potter’s data. The values of the 10-year peak flow, 410, were determined by - -
USU as outlined by Potter (ref. 12). For example, Figure 1 (p. 10) shows the
extraction of the qqp upper value for Potter Zone I Watershed 19. 1In this
particular 16 years of record the values read from the upper and lower fre= -
quency curves are not materially different. The second example is for a shorter - -
(10=year) record station, Figure 2 (p. 11). 1In this example, there is a sharp
break upward because of the outlier at 0.99 thousand cubic feet per second (Mcfs)

The regression line for the relationship between Potter’s 10-year peak
flows, 910> and the USU 10-year peak flows, qqg, has a one to one slope and an
r2 value of 0.94 using 96 watersheds. The two series of peak flows are not
significantly different as indicated by the t test.

The derivation of the curves for the relationships between the individual
parameters and the 10-year peak flow can also be influenced by operator dif=- L
ferences, The curves for the relationships between qqy and area were fitted
graphically as Potter described plus a least squares fit in the ordinary

4
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Table 1. Continued. Explanation of numbered column headings.

lpotter's zone and watershed number.
2pRS#, These are the numbers the Agricultural Research Service has given to thelr experimental watersheds.
3USGS#. ‘These are the standard gaging station numbers used in the U.8. Geological Survey water supply papers.
“lat, This column is the latitude of the watershed center. Degrees and minutes.
long. This column is the longitude of the watershed center. Degrees and minutes.
6USU Area. The watershed area as measured by Utah State University personnel. Thousands of acres.
Pt Area. - The watershed area.as reported by Potter. Thousands of acres.
8pTR ZN. Potter zone.
9PR Area. Soll Conservation Service problem area.
10prP P60. The 10-year l-hour precipitation as reported by Potter. Inches.
Hysy P60. The 10-year l-hour precipitation as determined by the authors. Inches,
2pTR T. .The T value as teported by Potter.

T = 0..7L//—+03Ll"’_

135y T. The T wvalue as determined by the authors.
l"‘USU P10. The 10~year 10-minute precipitation intensity in inches per hour.

15ysy L. The length in miles up the principal drainage channel from the cdulvert site to end of the channel delineated as either a solid or dashed

blue 11ne on the 7% minute topographic map. -
16USU DD.  The drainage density as determined by the authors. Miles per 1000 acres.
17ysy STR.. Percent storage. The percentage of the surface area of the watershed occupied by lakes, swamps, playas, etc.
181'/RTS. The length of the principal drainage divided by its mean slope. )
19pyy ZN. ~ The physiographic section of the watershed center from the map of Fer n and Johnson,
20pTR Q10. : The 10~year instantaneous peak runoff as reported by Potter. Thousands of cfs.
21USU Qi0. . The Io-yeat instantaneous peak runoff as determined by the authors with runoff data prior to 1958, Thousands of cfs.
2258, (M. The 2. 33~year instantaneous peak runoff from data prior to 1958. Thousands of cfs.
23584 25.. The 25~year instantaneous peak runoff from peaks prior to 1958. Thousands of cfs.
4584 Q50. The 50~yeatr instantaneous peak runoff from peaks prior to 1958.
25Q2 33. The 2.33 year instantaneous peak runoff from peaks for the entire period of record.
26910. The 10-year instantaneous peak runoff from peaks for the entire period of record.

27010 106, The 10-year instantaneous peak runoff from peaks for the entire period of record and uaing log Gumbel paper with a graphical method.

28Q25. The 25~-year instantaneous peak runoff from peaks for the entire period of record.
29050, The S0-year instantaneous peak runoff from peaks for the entire period of record.
30910/A. The 10-year runoff peak per unit of area for the entire period of record.
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manner and with log qqg minimized. These curves for Potter group 1 watersheds
are shown complete with Potter’s data points and USU measured data points in
Figures 3 through 6 for Zones I through IV, respectively (p. 13-16). Potter’s
curve through the mean is also shown for reference. The reader is invited to "~
draw his own conclusions regarding goodness of fit. In an effort to determine
exactly how Potter obtained his line USU also minimized the log x deviations
squared for the same data points. This line was nearer but still did not agree -
with Potter’s line. The qqg vs. area relationships as represented by Potter’s
curves would tend to overemphasize the parameters other than area below the

mean and reverse this affect above the mean. The most plausible explanation

for the seemingly poor fit of Potter’s line to the data is that Potter used
graphical correlation to fit the data points and must have plotted the data -z
to different scales than those used in Figures 3 through 6 (p. 13+16). The fit
obtained by graphical correlation is scale dependent and can produce results :
similar to those in the referenced figures. TFigure 7 (p. 17) shows the regres
sion line relating ten year peak flow, qqg, to the watershed area, A, for all “
Potter watersheds with no zoning.

. The watershed parameters and other appropriate data as determined by both: -
Potter and USU are tabulated in Table 1 (p. 5-9). These basic data were either
determined from USGS maps or from the publications of the USGS, the Agricultuf i
Research Service (ARS), the Soil Conservation Service (5CS), and various State
agencies concerned with water data.

Statistical t tests (Steel and Torrie, ref. 16) show no significant dif-
ferences between the values of any of the basic parameters such as A4, P factory
T factor or qqq determined by Potter or USU. The individual differences on
watersheds appear to be higher or lower on an essentially random basis since
there were no significant group differences. In the instance of drainage
density, Potter’s values were not published so could not be compared. However,
the high correlation mentioned by Potter between DD and T factors ylelded an
12 value of 0.1602 with a log-log transform on 96 watersheds. This value is
significant at the 1 percent level but obviously does not account for a major
portion of the variability by itself. -

The correlation between DD and area is similar to that between DD and T “°
having an r2 value of 0.1647 with the same 96 watersheds. Both of the DD .
relationships are much less correlated with area than the T factor where the
r? value 4is 0.5479 using the same watersheds and 0.2405 with 545 watersheds .-
(watersheds from all of the United States).

The relationship between the T factor and L//§ has an r? of 0.9216 using
96 watersheds, and the t value between them is not significant, thus, there
appears to be little choice between these parameters. This relationship is . .
similar to the precision obtained for the two sets of measurements. L//S is:
a simpler parameter to visualize so should be 2 preferred parameter if all elwe
were equal. It appears that the value of T published by Potter for the Zone II
Watershed 29 is in error, possibly in printing, since the (1) in front of the
decimal should be deleted to agree with the measured value. L

12



€T

o, mw e i O . n, B nDOMN DR eH B O e
SR X s TR gc T ET TORL T E g 0T T e T
Be - * * (=
10 o
= 1 T T 1T T T 1111 T T T ITTT] I~ T LPTTTE
S '® USU DATA | | ' |
- ® POTTER DATA B
| ' L —
' ~ e —
- s s -
s REGRESSION _
~ OF LOG q,,ON A ]
@ — e MEAN -
o POTTER DATA s
O B ° _—
2
o I USU DATA 7]
& ,
orb— ZONE 1,gp.I POTTER CURVE,T=026
— » -
.05 _
~ REGRESSION OF LOG A ON LOG q,, ]
| " USU DATA -
of L1 1 ilill L1 luml L il L 1 1111l

.0t 05 ol .5 | 5 10 50 100

AREA (Thousands of Acres)
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curve for QIO(AI) reported by Potter that goes through the mean of the data.
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Potter zones. A study of the performance of Potter’s four zones seemed
to be in order. The map, "Problem Areas in Soil Conservation," Figure 8 (p.
19), was entered with the centroid location of each of Potter’s watersheds to

obtain the problem area. The problem areas indicated are: -
Zone 1 Zone II Zone III Zone IV i
B-2 A-6 B~8 ‘ B-10
B=7 B-5 B=11 ' B~-11
B-8 B=-8 B-13 B=12
- B-9 B=15 B=14 B-13 n
B~14 C=4 B=16 =
B~15 D24 .B=17 ‘
B=16 B~=20 r
c-8 B~26 ‘L
c-9 i
c-10 ¢

Note: B~8 appears in three zones, B~15 appears in two zones, and B~16 .
appears in two zones.

PN

The 10-year peak flow per 1000 acres (q10/A) was chosen as the parameter

to represent runoff. The qqg/A values were tabulated, and t values were com-
; puted for each pair of problem areas where sufficient samples existed. The - -
i significant t values are compiled in Table 2 (p. 20). €J

; The t values suggest the following conclusions: ..
§ 1. Problem area A=-6 is significantly different from all other problem areaéf
where sufficient data exist to make the t test.
£
2. Problem area B-20 is significantly different from problem areas B-10, 1§M
and 16, and no other significant differences exist.

PN

If this information is applied to Potter’s zones, it suggests that Zone [
is significantly different from the other zones except for the inclusion of “*
problem areas B=-8 and B-15. Because B-13, 16, and 20 are all in Zone III, the
are differences between Zones III and IV. The t value for Zone II was signi i
cantly different from the other zones except III and in Zone III the value ¢ .
was just below the 5 percent level. The same weak differences are borme out b
the similar slopes of the lines for each zone in Figures 3, 4, 5, and 6 (p. ™3
16). TFurthermore, if log q10/A is plotted against log A, the range of diffe e
between the extremes is in the order of 14 percent which is certainly within t
point spread about the lines. .

Graphical correlation. If we adopt the division of watersheds of Pottéc
(ref. 13) into Group 1 and Group 2, follow the graphical correlation technique
as outlined by Ezekial and Fox (ref 6), and construct a set of curves from 1
Group 1 data for the relation between log Q9 and log A, the curves of Figugi.:
3 through 6 (p. 13-16) are obtained for each respective zone. All values are
those derived by Potter. The residual y deviations or Ayq values from the - -

18
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Table 2. Significance of t values for differences between peak flows per
unit area and pairs of problem areas.

Problem Area B8 B1O Bll B13 Bl4 B16 - B20 C4
A6 *k %% k% %%k % k% ¥ *%
B8
B10O : *
Bll- :
‘B13 *k -
Bl4 :
B16 * o

*t value significant at the 5 percent level.

%% e e
t. value significant at the 1 percent level.

Blank spaces and missing problem areas indicate non-significant t values- -
or insufficient data to make the t test.

respective curves of Figures 3 through 6 (p. 13~16) are regressed against log
T. Table 3 (p. 21) gives the equations derived during this process for each -
zone along with the correlation coefficient, r, indicating the goodness of f !
of each equation. Note that the relative magnitude of the effect of T is sma]
when compared to A as represented by the much smaller exponents and smaller .

values given by the 5y1 vs. log T relationship.

i
LR

The residual y deviations from the regression of Ayq on log T or Ayp
are next regressed against the log of the precipitation factor PéO’ to get t «
relationships also shown in Table 3 (p. 21). ;

In order to allow some of the beneficial effect of the interaction that-
may exist among the three independent variables being considered, A, T, and
. Pgps. 8 correction equation is then obtained by regressing qqg against a10(Aff:
as estimated from applying the proper zone equations for each of the 52 Group
Potter watersheds. This results in the correction equation also shown in T¢

E

3 (p.'21) and shown graphically as Figure 9 (p. 22). L

The results of the above derived equations were then tested against th(”
Group 2 watersheds, data from which were not used in the derivation of the i;
equations and are tabulated in Table 4 (p. 23). The error for the Group 2
‘data seems to be of the same order of magnitude as that for the Group 1 date-
thus indicating the validity of the approach. Lu

When Potter tested his graphically derived equations against the Group 2
data, it became apparent that a correction factor was necessary. His appro ;
was to relate the correction factor, C, to an error in the estimate of the .
topographic factor, T(AP s, as a function of area and 10~year 60-minute pre=-
cipitation. He found that the relative errors in the Group 2 data could be ~

20
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Table 3. Equations relating 10. year peak flow, dj9> to area, A, topographic
* factor, T, and the 10 year~60 minute precipitation, P60’ derived
from Potter Group 1 data.

1B

' ,
:ﬁ ] Zone ‘ Equation (;) (i)
: N - 0.5218
; 1 doay = 0.5043 A 11 0,893
—_ by, = 1.0863 10-0%% 11 0.147
- o 2.1855 | |
; DY, = 0.2239 Pg 1 0.592
‘ . 0.5759
AT pr, = lo790 1°%3% 24 0.117
o A pl 8489 '
| DY, = 0.2643 P/ 24 0.839
g oI dioeay = 0-4647 4749 9 0.754
ich,
SET pr, = l.0053 100080 9 0.013
duall : ' , ,
- DY, = 0.2852 P ;7% 9 0.323
o . . 0.6646 o st
trhe ‘
R | by, = 1.0018 1°-0102 8 0.027
o | _ 1,7523
DY, = 0.2515 Pg} 8 0.224
All Zones . 1.0810
Correction do(k) = 1.02901 43 (ATP) 52 0.963

Equation

Notes explaining the column headings:

(1) n is the number of watersheds used in the analysis.

(2) r is the correlation coefficient between two variables x + y. It

wp 2 - is calculated by:
>¥ ‘ach _ _
g, - A r = I(x -x) (Iy - ¥)
PO Via - )21 - 72

where x and y are the independent and dependent variables respectively,

21
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Table 4. Comparison of 1l0-year runof £ vpeaksi- and est:imates (Potter me‘thod?).

. Watershed - - : ~ Brror | wate_reh;d . R . Error
Yo, 90 Yo(Atrgy MO % of | C o Fe. - Y10 Yoarrgy  Y10(k) % of
. . Hefs Mcfs Mefs oy o Mcfs Mcfs vets ~ Y0m
= Zone I ) ‘ | Zone IT (Continued)
Group 1 1 0.096 0.121 0.105 8.5 |Growp 2 20  L.420 L.477 ~  1.569 9.5
- 2 0.270 0.231 0,211 ~27.9 | - 22 0.230° 0.657 0.653 64.8
o 3 5,440 0.424 6.407 81 23 . 0.385 0.737 6.740 47.9
‘ 4 0,400 0.340 0.321 -2%.8 | 27 - 0.918 L.oss - 1.102 16.7
6 1.060 0.921 0.941 -12.6 28 0.530 0.549 0.973 5.8
12a 0.110 0.217 0.197 46.2 - 30 0.830 0.935 0.957 . 13,3
39 0.830 0.938 '0.960 13.6 3 0.590 0.979 1.006 413
42 1.050 1.263 1,324 20,7 32 0.320 1,024 1.055 50.7
44 0.860 1.280 1.364 - 36.0 - 34 0920 1.083 1121 - 16.6
50 1.550 1.189 1.261 -24.9 | | C35 1.140 bz Lan 2.7
58 3.900 1.652 1770 -120.3 S 36 1,250 . 1148 1.196 - 4.5
) = - 40 1,100 1.245 1.304 15.7
Group 1 §; mean = 0.9605 Mcfs . 45 2100 - 1.587  1.695 -23.8
Percent Standard Error of Estimste = 77.§ 48 - .. 2.350 1.609 1,721 ~36.6
Group 2 5 0.690 0.530 . 0.518 -33,2 | Group 2 q,, 'mean = 1.0202
8 0.860 0.818 0,828 - 3.8 | percent Standard Error of Estimate = 36.7
9 0.860 0.930 0.952 9.6 | - X i
10 0.910 0.905. 0.924 1.5 | Zone IIT :
19 1.750 1.523 1.622 = 7.9 { Group 1 2 " 0.635 0.546 -0.53 -18.
20 1.800 0.957 0.981 ~83.4 3 0.370 . 0.566 0.552« ;3}
22 5.600 2.638 2.938 -90.7 4 0.490 0.580: 0.571 14.2.
© 13 0.142 0.344 0.324 56,1 5 1.150 1.134 1,179 2.4
18b 0.179 0,344 0,324 44,9 10 2.000 1.225 1.281 56,1
38 0.660 0.982 1,009 134.6. 12 1.500 1.372 - 1.448 - 3.8
41 1.300 1.125 1.169 - 1.7 14 0.580 1.356 1,430 . 59.4
47 0.820 1.256 1.316 31.7 17 1.720 1.347 1.420 ~21,1
49 1.150 1.429 1.514 24,0 22 2.500 1.586" 1.694 1.6
53 1.870 . 1.739 1.872 0:1 o Lo ~ TH
55° 2.050 1.812 1.956 - 4.8 | Group 1 q,, mean = 1.2167 )
56 2.050 1.396 1.476 ~38.9 | pPercent Standard Exrror of Estimate = 44.3
Group 2 q;, mean = 1.4182 : © lGrewp’2z . 1 0.014 . 0.070 - 0,058 75.9
Percent Standsrd Error of Estimate = 55,7 . ¢ . .10 0.662 0.659 - 7.8
v ) ] ' o7 3.600 1.229 1.286 ~180.0-
. @ [ Zome I1 ‘ 13 3,900 1.820 1.965 =98.4
L Group 1 1 0.107 0.129 0.112 4.9 ©o18 2,380 L.729 1,860 ~28.0
: 2 0.061 0.057 0.047 -31,2 19 1.850 1.418 - 1.501 -23.2
i 3 0.155 0.200 0.181 14.2 20 . 1.550 1.433 . 1.518 -l
T . 4 0.092 0.102 0.087 - 5.5 . 21 . 8700 2.441 . 2,700 -222.2
: 5 0.096 0.103 0.088 - 8.9 gr 2 4., mean = 2,838 . ’ :
by 6 0,092 0.137 0.120 23,3 p * e : L
i d 7 0.420 0.393 0.375 -12.0 | Percent Standard Error of Estimate = 97.0
8 0.620 0.472 0.457 -35.7 | zone 1Iv s Co
9 0.160 0.176 - 0.157 - 1.7 , v
[ 10 0.295 0.233 0.213 ~38.4 | Group 1 2 0.490 0.575 0.566 13,4
: 1 0.150 0,230 0,210 28.6 & © L2600 1,223 1.279 3.1
t 14 0.900 1,011 1.041 13.6 7 2.900 1.536 1.636 -77.2
ey 15 0.630 0.444 0,428 ~47.3 10 2.200 2,048 2.235 L5
- 16 0.320 0.461 0446 28.2 12 2,900 2,427 . 2.683 . - 8.1
21 0.630 0.630 0.624 0.9 15 2,280 3.293 3.732 38.%
. 2 1.400 1.071 1.108 -26.3 18 2.130 3.155 3.563 40.2
: 28 0.660 0.868 0.883 25.3 17 3.700 3.616  4.129 10:4
: 4 13 6.940 1.234 1.292 27,2 | ¢ 14 - 2. -
=4 t 37 1.300 1.153 1.200 gi3 ] Srour 1 4,4 mean = 2,230 A
i 1 43 2.300 1.627 1.742 ~32.1 | Percent Standard Error of Estimate = 44.8
] 46 . 1.900 1.571 1.677 ~13.3] Growp 2 - 3 1.910 .
- ke ; 51 1.420 1.660 1.780 0.2 o e L e
T ! , : 5 0,740 1.652 1,214 39.0
~ 57 3,950 [2.252 2,475 «59.6 8 .
2 1.060 1.715 1,844 42,5
o 5.600 4.36 5.060 -10.7}- 9 1.150 1.818 1.963 41.4
Group 1 4, mean = 1,008 . i; ) (];.ggg 2,302 2.534 36.9
Percent Standard Error- of Estimate = 38,7 ' . i 2.238 2.482 6.8 .
: Group 2 9, mean = 1.202
) Percent Standard Error of Estimate = 100.3

E £fq G - &
rror % o qlﬁ‘@@ is @efiged a8 4y, ; *qi’O(Ka x 100
5 E

) o

percent standard error of estimate is defined as 100 

.. 910 mean




greatly reduced by the development of a correction factor derived from using
the Group 2 data. However, this left no possibility of an independent check . .
of the method as this exhausted the data available to him at that time, but
gave the best fit he could achieve by graphical methods, which he then pub-
lished. USU tested an extension of the method described above which may be
termed as a modified Potter method and is described in the following sections.

” oy

Improve Potter’s Method ﬁith Additional Years ®f Data' ‘e

A

Determination of 10-year flood peak

Climate, record length, and the procedure for determining the 10-year
annual flood peaks influence the values obtained. Schmidt (ref. 14) comparedr"
the commonly used distributions for determination of flood frequencies on 167
watersheds within the Great Basin and the Colorado River Drainage Basin. He
found that within the range of the data, the inverse cubic polynomial fit the, .
flood data consistently best; and Gumbel, log normal, and log Pearson III wer '
good fitting functions within the range of the data. b

1t was mentioned earlier, that the Potter values of ¢y and those derive%f
by USU using the same upper and lower frequency method were not significantly,
different by the t test. The r?2 value for this comparison was 0.789 indicating
that some differences in the form of "noise" exist but are sufficiently rando™
in nature that the t value is not significant. The r2 values for Potter 910 { -
versus USU qqy with additional years of record were 0.679 and for USU qqg to "~
1958 and qqp to date, 0.895. The difference or unexplained variation is ran%q
in nature. Note that there is a greater difference between operators than !
between the two different sets with different numbers of years of record. t

Other return periods

Table 5 (p. 25) shows the simple correlation coefficients between dif~ ’

ferent return values of annual flood peaks determined from the data through (-
1958 and to the present. Some watersheds were discontinued during the period .
between 1958 and the present so the record lengths are variable but most watdr"
sheds had additional years of record between 1958 and the present. The distg;-
bution of the record lengths may be seen in Figure 10 (p. 26). -
|

The correlations between the various frequencies are all close but there
is a consistently closer relation between the qqp and q5g values than betweeﬁ‘
qqg and qp_ 33. There is a poorer relation with the qqg values derived by the

log extreme method than between values derived from different record lengths.
The correlations between the peak flow values to 1958 and the same frequencies
of q to date are as follows: 2.33 yr., r = 0.743; 10 yr., r = 0.9463 25 yr.
r = 0.885; and 50 yr., r = 0.765. This suggests that Potter showed wisdom ii.:
working with 440 values and then calculating other return periods from the ¢qg
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Table 5. Correlation coefficients, r, for various frequencies and record

lengths.
Usu Potter UsU Logsg Usu USU
4y to 08 90  Yptedate " 10 45 150
USU to 1958
1, — 0.888 0.972 0.963 0.921 0.890
4 33 0.835 0.933 0.812 0.856 0.708 0.661
ay5 0.963 0.786 0.923 0.903 — 0.858
45, 0.883 0.682 0.830 0.809 0.970 —
USU to Date.
1, 0.972 0.862 — 0.985 0.943 0.916
4, 53 0.827 0.871 0.832 0.838 0.714 0.683
45 0.921 0.795 0.932 0.936 — 0.992
450 0.890 0.752 0.916 0.897 0.992 —
log q;, 0.963 0.888 0.985 — 0.932 0.897

Effects of record length on interrelationships
among parameters

Table 6 (p. 27) shows a group of correlation coefficients for watershed
parameters for the period through 1958 and with the records to date. Con-
sistently, the coefficients are higher as the record gets longer, as one would
expect. All relationships have the same number of watersheds (96) in the
correlation.

Map scale effects

Map scales effect the physical parameters read therefrom principally
because the smaller the map scale ratio, the shorter are the lengths of the
drainages drafted in blue lines. If scales are other than the 7% minute
quadrangles, a correction factor must be used to make values comparable.
Figure 11 (p. 28) shows the relationship between L values derived from the
1:24,000 and 1:250,000 scale maps. The r2 is about 0.9 for this relationship.
It appears to be within the errors in the determination of 410> but note that
the curve slope is not 1:1 and that maps with scales nearer the 7% minute maps
would be between the 1:1 and the line of Figure 11 (p. 28).

Figure 12 (p. 29) gives the relationshig between DD from the 1:24,000 and
the DD from the 1:250,000 scale maps. The r+ for this relation is naturally
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Table 6. Correlation coefficients, r, fbr wétefshed parameters &ith 10~year
peak flows, q1g» derived from watershed records through 1958 and
with additional years to date. . :

Usu 99 to 58 ‘qlo to Date ‘ qlolA to Date
Linear ' o
USU Area 0.691%x 0,711 | —0.498%*
Usu T 0.417%% 0.470%* : ~0,529%%
UsyU P60 - 0.215% - 0.266% : 0,552%%
L , 0.523%% 0.545%* -0.601%%
"USU DD ~0.240 ~0.179% - 0.244%%
Storage ~0.173 ~0.168 : 0.518%%:
P10’ 0.209% 0,234 10.558%%
950 0.883%% 0.830%* o -0.172
Log~log : '
USU T 0.619%%  0.641%% ~0.727%%

USU DD -0.275%% ~0.288%* ' 0.367%%

* is 5 percent probability.
*%* 1ig 1 percent probability. ‘
{Note that the transformed data correlates better than the untransfprmed.)

somewhat poorer than for the L values, but the DD values ‘are still usable if no
better maps are available.

The mean slope of a watershed can readily be determined even on , the _
1:250,000 map. Thus an estimate of L/v/S can readily be made. The relation
between Potter’s T and L//S values measured from the same scale maps are given
in Figure 13 (p. 30). The r2 for this relation is 0.9216, so it could be used
with confidence. o '

Extend Potter’s Method to Additional Areas '
in States Sampled by Potter

‘Location of Potter and new watersheds

The locations of Potter’s watersheds and the additional watersheds in the
same States are shown in Figure 14 (p. 31). The descriptions of each of the
Potter watersheds are given in Table 1 (p. 5-9) and the data for the additional
watersheds considered in this phase are given in Table 7 (p. 32-36). As may be
seen in Figure 14 (p. 31), the Potter States are Delaware, Illinois, Iowa,
Kentucky, Maryland, Missouri, Nebraska, New Jersey, New York, North Carolina,
Ohio, Oklahoma, Pennsylvania, Texas, Virginia, and Wisconsin.
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'L FROM THE 7172 MINUTE QUADRANGLE MAP

Figure 1l.
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“Table 7. Continued. Explanation of numbered column headings.

' ’Area 1n squarenmilgs. ;
ZArea. 1 {

alldrainagA'hannels on the watershed in miles divided by the watershed area., Miles/

ither a solid or. broken blue line ou the topographic map. -, Miles
Figare 20:, . "' 2
Thousands of. cfs.
Thousands' of cfs.

Q ! The' 5 year: p
1QIO/A The, O-year_




Watershed parameters

‘ The data showing the additional watersheds and parameters are given in
Table 7 (p. 32-36). The values for the parameters in the additional watersheds
from the Potter states are considered to be representative of the Potter water=
sheds themselves except that the additional watersheds represent more physi-
ographic sections than Potter’s original watersheds.

Deviation of the modified Potter method
curves for testing the new data !

The method described previocusly relating the 10~year peak flow to area,
topographic factor, and precipitation using only Potter Group 1 data was now
repeated using the USU extended data from all 96 Potter watersheds. Potter’s
zonation was retained primarily for testing purposes. The derived equations
are given in Table 8 (p. 38) and are shown graphically in Figures 15 through
18 (p. 39~42). Equations for each of the four Potter zones as well as a set
lumping all the zones together were derived. The equations were then tested
against a sample of 25 watersheds selected randomly from Table 7 (p. 32-36).
The sampling was done by first randomly selecting one watershed from each
State, then by taking one more sample from each State in which six or more
watersheds were shown in Table 7 (p. 32-36) until a total of 25 watersheds
were selected.

Estimation of 10=-year peak flow
from Potter type curves

, Three different estimates of the 10-year peak flow were made for compari-
son purposes for each of the 25 watersheds. This comparison is given in Table
9 (p. 43). A 10=-year peak flow estimate is obtained as follows using Figures
15-18 (p. 39-43): First, enter Figure 15 (p. 39) with the watershed area and
read the qlogA% value from the proper curve (zone or lumped). For example, if
the area is 5.200 thousand acres in Zone I, read d10¢a) as 1.15 Mcfs. Second,
enter Figure 16 (p. 40) with the value of T and read DYq. To continue the
example, if T for the above Zone I watershed was 1.15, read DYy as 0.99. Di,
is similarly determined from Figure 17 (p. 41) using Pgy as the argument.

For example, if the above watershed had a Pgg of 2.20 inches, read DYy as 1.70.
The fourth step 1s to multiply the three above numbers together to obtain

q o(aTpy; = 1-15 % 0.99 x 1.70 = 1.94 Mcfs. The final step is to enter Figure
1% (p.‘ZZ) with ﬁ1 (ATP) - @5 the argument and read ﬁ1 which is the estimate
of qqg. To concluge tge above example, entering Figure 19 (p. 44) with a value
of 1.94 on the a10(AIP) axis the value for dqgcx) is read as 2.66 Mcfs. Alter-
natively, the same value could have been obtained by solving the respective
Zone I equations given in Table 8 (p. 38) for §ygcay, DYy, DYy, and &10(K).

The values given in the comparison, Table 9 (p. 259, were developed in a manner
similar to that described above.

The comparison shown in Table 9 (p. 43) was designed to indicate the value
of zoning as opposed to lumping all of the data together to derive a single set
of equations. In addition, a third comparison was made to evaluate whether
~ there was much difference between the USU derived equations and those curves

published by Potter (ref. 13).
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Table 8.

Equat:.ons relating 10 year runoff peak, . ‘110’ to. area‘ Ay
. factor;-T, and 10~
. - Potter’ wate,xsheds

»topagra hic

year. 60 minute precz.pa.tation, P,
using USU data.

1 S100 - 0. 45894 A0-35730
] by, = o0.98877 T oziks
DY, . = 0.15197 Pgo"""*“
dio = 1-08688 Aio?:;ls’?
: ‘u 0. 59009 A° 57097 .
: ‘ 002191
: - = o 351.13‘ 1’% “‘9032: L o
; \ V- 1. 07015 a%o%ﬁgg: . 13301 : ‘35,.7;; '"
] o -
T gy o “’989 1072208
) ' bY; = 1.01359 10-0%8€2
. k ‘_ DYp = 0.01752 gy 'P37? ’
. ém(x) = 1.0072 “?og(gg? 2.269 . '.Q,;IH'O" SR
w ' 10'3 Ao 43263 :
™ » | | -\
- } G0, = 1 03877 go%igg : .' 2'67.‘2! . "50 .-
. ) meed V S

0.98095" i"° 02’"’3

. 998&7

Ls64 694 S

W

iR (2)'

3

’ ("f,)

Not:es explaini.“

STt e calculated by the equation-

q 0 115 the mean V IOyear pe.ak k

PSE ;i:s the standard error of estimate exptessed ‘as a percent ‘of thé ‘zoﬂé""?{lé.i' .

“(y*-y)'
'\/z(x- x)z Iy —y)

vhere x and ¥y are any two independent aud dependent var:lablea, respectively.
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Figure 15. The relationship-of the 10-year peak flow to area fo_i' Potter watersheds using USU gata.
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" Table 9. A selected sample . of watersheds from Potter's states used to test the areal extension of
- Potter's method to other watersheds in the original states. - - :

Lumped Zone Eq. __Potter Curves

. q A 3 ~ lst . . - 2nd o . : 3rd

State Werershed Potter  ie 1000 T Pso  %o(®)  Errer N0 . Error  G10(ATPC) grror

0. ne cie Acres Inches Percent Mcfs Percent Mels Percent
Delaware 2 v 0.387 2.464 1.159 - 2:42 ©1.397 72.3 1.317 . 70.6 0.126 -207.3
I1linois 12 1 0.228 9.792 2.389 1.96 2.008 88.6. 2.572 ’ 91.1 ~1.230 81.5
Illinois . 13 I 1.860 3.469 0.576 2.08 1.219 -52.5 1.579 -17.8 1.60 ~16.3
Iowa 23 B 4 1.779 5.197 1.148 2.21 1.771 ~0.4  2.689 33.8 1.800 . 1.2
Jowa 30 I 1.620 6.784 1.436 2.49 2.710 40.2 5.341 . 69.6 . 4.100 '60.5
Kentucky 35 171 8.944 14,336 1,387 2.19 . 3.316 -169.7 4.023 ~122.3 6.760 . -32.3
Kentucky 40 v 1.128 1.101 0.368 - 2.23 0.687 -64,1 0.745 -51.4 0.169 -567.6
Maryland 45 v 1.585 6.72 © 1,795 2,50 2.701 41,3 2.178 27.2 0.702 ~125.8
Maryland 54 v 1.222 11.776 0.891 2.28 3.229 © 62,0 2.081 41.3 1.960 37.7
Missouri 60. I 0.934. 0.832 0.301 2,52 0.754 -23.9 1.219 .- 23.4 0.830 -12.5
Missouri 68 111 0.847 0.398 0.134 . 2,39 0.427 -98.3 0.479 -77.0 0.580 =46.0
Nebraska 74 I 4,529 14.72 2.421 2.45 4.243 - 6.7 8.792 48.5 7.600 40.4
Nebraska 90 I 1.090 4.346 1.230 2.43 1.939 43.8 3.472 68.6 1.700 35.9
Nebraska 98 I 3.429 13,888 2.193 2.32 3.639 5.8 6.739 49.1 6.000 42.9
New Jersey ’ 101 1T 1.909 13.824 2,128 - 2.06 2.802 31.9 3.255 41.4 5.440 64.9
New York 108 Iv 0.068 4.160 0.674 2.18 1,512 95.5 1,198 94.3 0.300 77.3
s N. Carolina 118 1I 0.120 0.160 0.378 2.58 0.273 56,2 0.266 54.9 0.268 55.3
L N. Carolina 129 | v 0.525 2.464 1.300 .. 2.82 1.86 71.8 2.056 74.5 0.050 ~950.1
Oklahoma 134 I1 0.940 14.720 2.27 2.59 4.799 80.4 5.020 81.3 12.500 92.5
Pennsylvania 141 I 0.934 6.528 '0.852 T 1.74 1.227 23.9 1.199 22,1 1.200 22.5

Texas 147 v 0.446 0.947 0.251 3.12 1.311 66.0 1.856 -76.0 0.600 25.7
Virginia 151 v 0.884 4.890 3.010 2,60 - 2.366 62.6 2.153 ..58.9 '0.029 | -2948.6
Virginia - 169 II1 0.325 . 5,331 0.432 2.16 1.759 - B81.5 1.803 - . 82.0 1.836 82.3
Virginia 163 v 0.262 5.472 0.246 2.72 3.000 . 91.3 2.531 89.7 . 2.640 90.1
Wisconsin 173 1 0.422 10.688 2,146 1.98 2,178 80.6 2.875 85.3 2,280 81.5

8 mean 1,4567 Range absolute error ' 0.4 to 169.7% 17.8 to 122,32 . 1.2 to 2948.6%
.10 - ' Mean absolute eérror C60.5% 62.1% 232,0% -
) Standdrd deviation 1.856 Mcfs 2.291 Mcfs 2.870 Mcfs

Standard error of estimate percent
: of measured 127.4% 157.3% ‘ 197.0%
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Figure 19. Mass error curves for 25 sample watersheds located in 1
States. v ;
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The first error estimates were made using the lumped curves or equations.
The range in absolute error as a percent of the estimated qqg9 was from 0.4 per-
cent to 169.7 percent with a mean absolute error of 60.5 percent. The standard
error of estimate was 127.4 percent of the mean d19+

The second error estimates utilized the zone equations. They proddced a
mean absolute error of 62.1 percent with a range from 17.8 to 122 3 percent
and a percent standard error of estimate of 157.3.

. The third error estimates utilized the published Potter curves directly.
They produced a mean absolute error of 232.0 percent ranging from 1.2 percent
to 2948 6 percent. The percent standard error of estimate was 197 0 -percent.

" The mass error curves for these three comparisons are shown in Figure 19
(p. 44). The géneral conclusion evident from this phase of the study and sup=
ported by the testing on the 25 independently selected watersheds is that a
Potter type method is reliable and that the error distribution was not signifi-
cantly 1mproved by zoning.

PHASE II

Refinemenc of Potter’s Method and Other Improved Methods

Flood frequency studies

ftCamparison of methods. The common comparisons between frequency methods
generally compare the goodness of fit of a particular set of data to a curve of
a known distribution. This criterion was used by Bock, Enger, Malhotra and
Chisholm (ref. 3) on 459 watersheds in the United States with Chi-square as a
test of the goodness of fit. Their trials indicated that thé log normal distri-
bution was superior to Gumbel or log~Pearson Type I1II distributions and log
normal and Gumbel were both superior to log~Pearson Type III distribution.

In the first portion of the present study, data from 167 watersheds in the
Great Basin and Colorado River Basin were studied. The data were ranked, nor-
malized and plotted on extremal probability paper against the plotting position,
(n + 1)/m, where n 1s the number of years in the array and m is the position
in'the array. Selected return period values were computed and tabulated for
each watershed and each distribution. The distributions and fitting equations
used were the cubic polynomial, the log normal, log-Pearson III, Gumbel, log~-
-Gumbel, gamma, the normal, Pearson III, and log-gamma

Within the range of the data (11 to 100 years) the cubic gave the best fit.
All others except log-gamma fit sufficiently well to be satisfactory. Since the
cubic polynomial scored best by every goodness of fit test! over the range of
the data, it demonstrates the inability of the goodness of fit tests to indicate

, 1These. tests were Chi-square, probability of Chi-square, Smirnov~Kolmogorov,
binomial, Cramer=-VonMises, and Anderson-Darling.

45



-Athe extrapoletlon rellablllty of any distribution.n Because of this,
xswe;e all. plotted along w1th the three most commonly used distributiof

The flood frequency plots are included as Appendix A to this r‘

Ten-year flood peake from these computations were compared on’ the 'otter
watersheds to the Potter values of qqy and Potter’s (ref. 12) graphical upper
and lower frequency method by USU. T ge differences were not statistically dif~
ferent by the t  test. The absolute values of the: peaks were somewhat higher
with the Gumbel dlstributlon though not significantly so.',A o

:3

;'é Ektrapolatlon., In the previous section we dealt with the problem of fit- [
,ting 'a set of data to a distribution or an equation. “In" this™ ‘section” we will
consider record 1engths and extrapolation to return periods “eyond the range of
the data. 7 e : 1

CA search was made for very long records which would most 1ikely be a sample "
of the variability of the local climate. TFour such records were located, i.e.,
the Lake Erie outlet, Logan Rlver, Santa Fe, New Mexico, precipitation and
Mississippi River at Cairo,; Illinois. The same kinds of results were obtained
for the four records so-the illustrations presented here will ‘be drawn from the
Santa Fe precipitation record. Figure 20 (p. 47) shows curves constructed by
by dividing the hundred plus years of record into consecutive. periods of 5-:
year, 10 year, 20 year, 50 year, and 100 year reoords., The highest and lowest

Luo. points at 10 years were- ‘derived in- similar fashion from t ,;J“
grecords and so on until the upp’r,and lower curves are,co*'le e.

o The thlrd curve is the mean value of all ‘the members ‘o ieach grou derived t
from ‘the same groups of records from which the extremes were drawn S o

R Flgure 21 (p. 48) has similar curves to those in,Figure 20 (p.”v‘;‘

“the SO-year event is forecast from the different record 1engths. :
'49) is constructed similarly to: Figures 20 (p. 47) and 21 (p+ 48) exce_
”.100-year event 1s being pred1 ted from each record lengthf f, :

N Flgures 23 through 28 (p. 50-55) show the same error distrib'
the log-Gumbel and” log-normal distributions. The Gumbel distrib tion.appears
to be somewhat superior to either of the log methods” for general: ‘extrapolation, |
- “but. apprec1able errors may be present when records ‘are shorter. than about 25
' years on any of the &1stributions.p This observation contrastS'with con= - .
~ clusions found by the f1tt1ng of “eurves within the range of ‘the dat e only |
.11 years of tecord. produced satisfactory data’ flts ‘to‘a distr utio 1s” -,
finding is sxmllar to that of Bensou (ref. 2) for a’ synthetic»1000 years’of
record. )

... .One item observed is that one consecutive record period of even up to‘SO
years in length may have a w1dely dlvergent population from the- next . 0O=year b
record indicating long term persistence of climatic highe and’ 1ows rather~than
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Maximum error distribution in the 10-year storm prediction.
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Figure 26.
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Log Normal distribution

Maximum error distribution in the 50-year storm prediction.

Santa Fe, New Mexico distribution.

Figure 27.
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~'gu1de to 5121ng.~

“short term variability only. Even w1th 50 years of record the 50-year annual

peak from ome period of time might be as. miich as 200 percent  different at the
extreme than the next- 50-year period.; -In: a’ practical record, one is never sure
where his est‘ ; e*may lie 1n th””possible range of - climatic changes for the

Determiﬂation,of?other»ffequenciesﬁfrom}thevq10 value.; Pctter determined
the 50~year»floda peakg}‘sg, from a- curve made by plotting the log of the.qqg
’ of: . : _ Vq10»value is ‘determined: from the estimating
procedure'* Thi 41g-1s T :_, ~the3vertical scale and moved horizontal-
ly to the curve 'wh ‘the v: : - “read from the horlzontal scale.
See Flgur ' e - -

,jshould be
‘tted thus

used where human: lives

. quate for setting»max1m'
. need be made._ﬂ ‘ :

Conclusions. It appears reasonable from th1s 1nvestigat10nwand that re-
ported by Schmidt (ref. 14) as discussed previously to conclude that within the
range of the data, there is little choice between the different dlstrlbutions
or methods except the log-gamma dlstribution. ‘ ,

5 When extrapolation becomes necessary, all of the methods tested~-Gumbel
log-Gumbel, log normal, log-Pearson III, gamma, Pearson III, and normal=--gave
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closer results than the variability of the climate with time. It would appear
to be desirable to establish zonal norms through indirect methods such as tree
rings, varves, or some other technique, in order to determine whether or not a
time period when measurements were available was characteristic of the climatic

range for,the area._

adoPted but ‘all points should be plotted on extremal pager. and"ag. :
‘determination made where the extrapolation line should go. ~The upper and lower ;
‘%frequency procedure ‘of. Potter can.be a good gulde at ‘this point. R B

'i}Extend the Potter Type Procedures ‘:’»5

rlSelection and 1ocatj nlof watershed samples

. Watersheds were selected 80 there were at le even watersheds in each S
;;physiographic section of the United States as defined by Fenneman“ .
(ref.’'7). Whenever more than the minimum numbers of samples were located.in -~
" the same section the watersheds with the lOngest records were retained.- “The ‘e
first samples 1nspected in each sectlon were those complled by Bock, Enger,

}Malhotra and Chisholm (ref. 3) o o L e

Figure 32 (p. 61) shows the locatlon of all the sample watersheds within- B

Agthe contiguous ‘United States. Figure 33. (p.;62) shows the location. of the , ;5
‘watersheds in Alaska, Figure 34 (p. 63) shows -the location of those water= =~
'sheds in the Hawaiian Islands, and Figure 35 (p. 64) shows the 1ocation ‘of i

_watersheds in Puerto Rico.‘

Parameters Investlgated

, Potter limited the parameters used in the method he recommended to a

_ zoning or geologic parameter, a precipitation factor, area, a topographic

_ factor, and a correction factor "C." 1In the USU extension of the: ‘method to

. the balance- of the United States, it seemed desirable to include parameters
“which would tend to make the method simpler and more versatile. .No .attempt
~will be made to ‘make ‘a_literdture review on the subject but’ 1nstead the reader
¢ is referred to the"eviews of Boek, ‘Enger, Malhotra, and ‘Chisholm (reéf:: 3),

. Chow - (ref. 4), ‘Hydrocomp,: Inc. (ref. 9), and Ben Chie Yen (ref. 22)" for .
: references on the subject. -Pottér considered the: parameters.;i'eophysieal
. zone,' area, . Waterehed 810pe or topographic factor, precipitation-fact

" age demsity. and "C" factor. Several of these parameters require'manipulation »
" to obtain a- ‘usable value after the direct measurement. Each of ‘the ‘basic ele= i;
. ments 1is measured in the field or from maps, charts, etc. - . Each parameter to I
"be tested»in this section is considered in the following subheadings. s ﬁf
*Area - A o B / ;5
In this section the area used is that given in the USGS publications or pp

tspes except when thelr area was labeled "approximate." 1In this instance, the
‘ watershed area was planimetered from the largest scaleé topographic map: available
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most commonly this was the 7% minute quadrangle map. No corrections for map
scale were made in the instance of areas. The area is expressed in square
miles.

Snow

In many areas of the United States a large portion of the annual peak run-
off events occur as a result of snowmelt. Fletcher and Reynolds (ref. 8) showed
that percent normal (qj, 33) annual runoff peaks were closely associated with
the percent normal annual 1 April snow waterequivalent. The 1 April snow water
equivalent was thus introduced to supplement the other precipitation factors and
to take advantage of the valuable data by the Soil Conservation. Service Coop-
erative Snow Surveys in the western United States. The parameter used herein
is the l0-year snow water equivalent in inches of water. The values are read
from the appropriate snow water equivalent maps in Appendix F.

Storage

Potter stated that he carefully avoided surface storage in his selection
of the watersheds used to develop his method. It may be seen in Table 1 (p. 5~
9), that, out of 96 Potter's watersheds, only two had significant storage.
Another 7 watersheds had 1.7% of storage or less. Bar-Kochba and Simon (ref. 1)
indicated that small watersheds are much more susceptible to the effects of
storage than large watersheds, but that storages smaller than 25 acre~feet per
square mile could be considered as negligible for watersheds larger than 70
square miles. If this storage had an average depth of 1 foot, it would be
equivalent to less than 4 percent of the total area. In correlations here
storages smaller than 1 percent are considered to be negligible. Because so
many watersheds have values of storage below this value, storage is handled
as a correction after the estimate of §jp is made from the other parameters.
To make this correction Figure 36 (p.65) is entered with the percent of the
area occupied by storage and a multiplier is read off the vertical axis. The
qlo is multiplied by this multlpller to get the proper 10~year peak flow
corrected for storage.

Slope parameter

During the visits to the States several people complained about the com-
plexity of the Potter T. Consequently, the parameter of channel length up to
the_crest of the watershed divided by the square root of the main gtream slope,
L/V8, was investigated. There was no difference between T and L//g‘as measured
by their respective correlations with qlb. In view of this finding USU decided
to extend this reasoning one step further and try the difference in elevation
between the top and bottom of the watershed, AH, as a parameter. Since AH is
read directly from a topographic map, it is much simpler than either of the
other slope parameters and if anything, the correlations between AH and 410
proved to be even better than the more complex slope parameters. AH is in feet.

Precipitation parameters

During the cohfirmation of Potter's original method, some of the log qjq
values correlated poorly with log P factor, P60’ whereas, log 94 correlated
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better with the corresponding arithmetic 10 minute precipitation, Pi0s intEnsity,‘J

even though the two parameters are closely correlated with each other (x2 > 0.9)
through a log-log transform. The third precipitation parameter, the' R value,
was included when a national map became available from Transportation Research
Board Project 16=3. Each of these three precipitation parameters are read from
a map. R is defined as the mean annual rainfall erosivity index, EI, or the
total mean annual kinetic energy* times the annual maximum 30 minute rainfall
intensity (see Wischmeier and Smith (ref. 21) and Dragoon (ref. 5)).

Drainage density parameters

: The so-called drainage density parameter, drainage density, D-factor or DD
is a relatively simple parameter. It is derived from the total lengths in miles

*2 = 112 (916 + 332 log I)d wherein I = rainfall intensity for a ,

constant period of time and d = depth during the same period. These E
values are summed for all storms each year and multiplied by the annual maxi-
mum 30 minute rainfall intemsity to get the year’s EI.
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of all drainage channels shown as blue lines within the watershed, 1L, divided
by the area of the watershed in square miles. The second drainage density

~parameter is the simple primary unit LL. LL is read directly from a 7% minute

quadrangle sheet, where one is available with a map measure. It is the total
length in miles of all blue lines which indicates stream channels within the
watershed boundary on the USGS map. If only a 1:250,000 scale map is available
the curve in Figure 37 (p. 68) is utilized to correct to the 1 to 24,000 scale
value. LL is in miles. DD calculated from a 1:250,000 map may be ¢orrected

to the 1:24,000 scale value with Figure 12 (p. 29).

Shape factors

Potter®’s length of principal drainage channel L' is related to shape of
the watershed. The method Potter used to determine L, however, was map scale
dependent. This measurement was therefore modified to extend the length mea-
sured past the end of the blue stream channel line to the nearest most remote
crest of the watershed. With this modification, it was found that the simple
correlations with qqq were actually improved and the L values were independent

of map scale.

The original USU idea was to use one main axis and two minor axes at right
angles to this main axis as indices of shape of the watershed. The preliminary
correlations, however, indicated that the L/A parameter was equally well cor=
related with qqy so the former was discarded in favor of L/A for simplicity.
This ratio was gater reduced to just L since A was already a parameter.
Whenever the different forms of each parameter showed similar correlation values,
the simplest form was chosen for further investigation. When 958 watersheds
were used in a multiple regression covering all of the states plus Puerto Rico
the parameter most pertinent to the 10~year flood peak was the precipitation
parameter, R, followed closely by area, AH and LL. Pgq, L, and Pyg had some=
what lower weights but were still significant.

The reduction in the percent of explained variation of 440 from these vari~
ables with no zonation, is just under 74 percent. Dropping the latter three
parameters decreased the reduction by about 1 percent only, and substituting L
for the ILL decreased the reduction by about 1 percent additional. The three
variables A, R, and AH give just over 72 percent reduction. :

Zonation

Potter’s original zones were deduced from the SCS problem area map (Figure
8, p. 19). The physiographic sections from the map of the physical divisions
of the United States prepared by Fenneman and Johnson (ref. 7) were selected
for the present zonation which both Potter and USU felt was desirable. The
preliminary work which USU did on the Potter watersheds (Phase I) indicated that
a4 /A could be used as a parameter to show the effects of zonmation. From this
ang using t as the statistical test method, Potter’s Zone II was significantly
different from his other threé zones. As the Potter method was extended to
other watersheds, the similar physiographic boundaries and the smaller amounts
of other data on the map of Fenneman and Johnson made it the most desirable of

the two maps to use.
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When the physiographic sections from the Fenneman and Johnson map were

compared to each other on the basis of th
as the criterion of differences, the phys
hydrophysiographic zones in Potter’s stat

eir qqy/A value utilizing the t test
iographlc sections were grouped into
es. Two or more sections were grouped

in the same zone when the t values between them were not 81gn1ficant and they

were in the same general area.

These USU zones are as follows:

iographic Sectiomns
from Fenneman
and Johnson

usu Phys
Hydrophysiographic
Zone
1

2 3D,

3 3F

4 44,

5 6A,

6 6C,

7 88,

8 8E,

9 9A,
10 9E,
11 114,
12 124,
13 12¢,
136G,

158
14 134,
19 228,

1, 3A, 3B, 3C

3E

4B, 5A, 5B
6B, 7A, 7B
8A
8C, 8D
8F, 8G
98, 9C, 9D
10
11B, 11C, 11D
12B, 13C
12D, 12E, 12F, 13B, 13E, 13F,
138, 13I, 13K, 14A, 14B, 15A,

13D
22¢, 22D, 22E, 21F

These 15 hydrophysiographic zones cover all of the 16 Potter States. The
same zonality test was applied to the balance of the test watersheds in the

United States and Puerto Rico.
as follows:

The additional sections combined are tabulated

Usu V Physiographic Sections
Hydrophysiographic from Fenneman

Zone and Johnson

15 16, 17, 18, 19

16 20A, 208, 23A

17 20¢c, 20D, 20E, 21A, 21B, 21C, 22A
18 21D, 21E

20 23B, 23D, 24A

21 24B, 24D, 24E, 24F, 24G

22 23C, 24¢C, 25

23 No zones available~~Alaska

24 Hawaii and Puerto Rico combined

It is interesting that no significant differences exist between the water~
sheds in Hawaii and Puerto Rico even without zoning of either being considered.
These two were combined since they were not significantly different even though

little physiography was considered.
zones of the contiguous United States is
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A map delineating the USU hydrophysiographic

given as Figure 38 (p. 70).
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Figure38 Usy hjfiidrophysiog:aphic_ ibﬁé;é‘_-for.the,_ cdntigudu__s Uni-_ted-.:Sta_tes_ as determined by ia"”"r'i‘gn_‘&i:ysi_s.
' of the physiographic sections’defined by Fenneman and Johnson (reéf. 7). - " R




The 958 watersheds and their associated basic data used in this phase of
the study are given in Table 10 (p. 72~91) and are grouped within the 24 USU
hydrophysiographic zones defined above.

New Methods

. The basic data used in the development and testing of the new methods. are
compiled in Tables 1 (p. 5-9), 7 (p. 32+36), and 10 (p. 72~91). The watershed
numnbers are in two categories. First, where available, the U.S. Geological
Survey (ref. 19) numbers and second, the USDA Agricultural Research Service
(refs. 17, 18) numbers are used to identify the watershed. The two services
official names are also given for each watershed. The other data have been
discussed earlier under parameters and frequency studies.

The problem of new method development was approached on the basis of sup-
plying directly usable techniques for field use. The methods were investigated
starting from the simplest and most direct to those. of increasing complexity.
They may be summarized as follows: The first procedure was to determine the
probable maximum peak runoff for the United States and Puerto Rico by plotting
the maximum flood peak of record, q,, from Tables 1 (p. 5-9), 7 (p. 32-36), and
10 (p. 72-91) against the area of tge watershed in square miles from which it
came. The curve enveloping the upper perimeter of these points was determined
from the data and is shown in Figure 39 (p. 92).

For many uses the probable maximum peak runoff is needed since it forms
the boundary for the upper limit of runoff peaks for each fixed area. Thus all
finite frequency runoff peaks are smaller than the values represented by the
probable maximum peak runoff curve.

The second category of.approacheslwas to assume that zonation was unneces-
sary. Combinations of the physical parameters are utilized to obtain a com~
bination which would be at the first portion of diminishing returns between
accuracy and simplicity. During the preliminary regressions and throughout,
the methods of Steel and Torrie (ref. 16) were used. The reader is referred
to this or other standard texts for explanations of the methods and limitations.

The preliminary filtering of variables consisted of simple correlations
‘with all variables. All of the significantly correlated variables were retained
for the preliminary multiple regression. The weighting of each variable was
determined from the values by the F test. Only those with significant weights
were retained for the later work and involved the seven variables A, R, DH, L,
Pgos P1ps and LL. The F tests further revealed that the most important three
variables were R, A, and DH in that order and the most 1mportant five variables

were R, A, DH, L, and P60’

The first regression equation involving the three most important parameters,
A, R, and DH was derived from data from: all of the watersheds tabulated in Table
10 (p. 72-91) except those that had 4 percent or more of their area in surface
water storage. It is called the 3-parameter all_zone equation and is:
0.56172 R0.9435§ DH0.16887

310‘ = 1.28015 A
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Table 10. Continued. Explanation of column headings for Table 10.

1'

11.

12,

13.

14.
15.
16.
17.
18.

Station. This column has three types of numbers. The first two designate
what state the number applies to. The balance of the numbers fall into
two categories~~the first would be the USGS designation. For example the
first station is 2704015500. The 27 says Minnesota. The. 04 says the
station drains into the Great Lakes basins while the balance of the
numbers designate a particular watershed. The second category of numbers
are the ARS numbers. For example the last station of Zone 01 is 12 ARS
8.3. The 12 says the state is Florida and the ARS says this is an ARS
watershed and the 8.3 says it is watershed No. 3 at Ft. Lauderdale.

Sect. This is the physiographic section from the Fenneman and Johnson
map. '

Area. This is the watershed area in square miles.

Q10. This is the 10-year runoff peak in cfs.

Lat. Latitude in degrees and minutes.

Long. Longitude in degrees and minutes. ,

R. This is the mean annual rainfall erosivify index explained in the

- text.

P10. The l0-year 10-minute rainfall intensity in inches per hour.

P60. The 10-year l-hour rainfall in inches.

DH. The difference in elevation between the intercept of the main drain-
age channel with the watershed boundary and the culvert site. Feet.

L. This is the length of the principal drainage channel from the culvert
site to the watershed rim. Miles.

LL. The total lengths of all drainage channels on a watershed. Miles.

STRG. The percentage of the watershed covered by lakes, swamps, playas,
etc. .

QMEAN. The arithmetic mean of the annual runoff peaks in cfs.
Qz. The 2-year or median runoff peak in cfs.
Q5. The 50-year runoff peak in cfs.

QlOO' The 100-year runoff peak in cfs.

QPEAK' The maximum runoff of record in cfs.

91 .



26

100,000 |

10,000

Q.- 1ot 3:92 + 0.812 (L0G A) - 0.0325 (Lng A)? )

peak

1,000 ]

PEAK FLON, Qp (CFS)

100 |

10 G

1 T .61 R T
DRAINAGE AREA,. A (SOUARE MILES)

Figure 39. The probable maximum runoff peaks and envelope curve for different sized areas in the

United States and Puertq Rico.
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- in Appendix H-00. ‘The curve for the relationship between ‘the measured . andiy
_estimated values of qé with the 95 percent. confidence intervals ‘about -the

~ are shown in Appendix G-OO.f\_g‘

of watersheds used in their development.;

‘ Péo'and is called the 7-parameter all zone}equation.i Thls equation is

In its logqyg linear form, it has a multiple correlation coefficient, r, of
0.854 with 894 degrees of freedom and -a standard error, PS,, of 13 percent
of logyp (qqg). This amounts to a standard error of a point estimate, PSggs

of 119 percent of q10.

A nomograph for the solution of the equation was constructed and is .shown

estimate for the standard error and‘ he‘standard dev1ation of a point estimate

along with the standard error of ‘the estimate of q10 ARDH)Ya
measured. q10 for the data used in its development.an omograp
equation’ were constructed and are shown An Appendix H-1 through-H-Zé.

. . The third regression was .a 5-parameter all -zone. equation. This. equation
is : : : e e

— 1. 5102 AQ é?O? 0 8386 Q 1?18 YO 1?6% 3609 34?6 -

- q1o : .
In its log10 linear form, it has an .r of .856 with 892 degrees of freedom

_.and a percent standard error, PSe,. of 12 percent of 1og10 (q10) " This trans-
lates into a percent standard error of a point estimate, ,PSEE’ of 116 percent

The fourth set of regressions are the equations obtained by zoning and
then determining the 1ndividual zone. regressions using 5 parameters for each

- of the 24 hydrophysiographic zones. These equations are given in Appendix H as

Table .H=2 with their respective percent. standard errors of estimate and numbers

The fifth regression involved the 7 parameters A R BH, L,.LL, ioéﬁéﬂd

~0.0236 ;;0.2613

0 3877 0 8322 0 1461"'

‘"q1° = 1 8816
P -0.1891 0 4668
10 P60 .

‘This equation has an r  of 0.860 in its logyg linear form with a PS, . of 12
Hpercent with 890 degrees of freedom., This yields a PSEE of 116 percent of

d10°
The sixth set of regressions are the equations obtained when the individual

zone data are regressed using the same -7 parameters. The different zone,

equations are shown with the. respective errors of estimate as percentages of

‘the measured Tyq in -Appendix H, Table. H-3.v

An effort to improve the predicting ability of the 3~parameter a11 zone

veouation analogous to that used in the original Potter method was made by

Appendices A is in Volume III ,
Appendices B, C, D, E, F, G, and H are 'in Volume II -
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regressing logyg of the observed 10-year runoff peaks, 910> for each zone
against log ' o the estimated 10-year peaks given by the 3~-parameter all zone
equation, q ( . The correction equations thus derived are given in Appendix
H, Table H-l In addition, a scatter diagram and a plot of the correction curve
derived for each zone along with the 95 percent confidence intervals for .a mean
and for a point estimate are given in Appendix H as Appendixes H~25 through
H~48 for zomes 1 through 24 respectively.. The percent standard error of esti~
mate, PSggp, was reduced for most zones with the average reducing from 91.5 per=~
cent for the uncorrected estimates to 87.1 for the corrected estimates. Al-
though this reduction is not very appreciable, a major reason for using the
correction equation and curves with the 3-parameter all zone equation is to
reduce the bias that it may have when used in a particular zone.

A summary of the respective prediction errors expected from the various
regression equations derived above is tabulated in Table 11 (p. 95). The 3-
parameter all zone equation appears to be nearly as good as the other two all
zone equations, with the PSgg being reduced only 3 percent by including more
than the three independent variables included in the 3~parameter equations and
the r increasing only from 0.854 to 0.860 with a corresponding decrease of
only 1 percent in PS,. The same observation is generally true for the individual
zone equations. In those zones where significant improvement appears, e.g.,
zone 6, the number of observations is small; for zone 6 there are only 12 so the
degrees of freedom are reduced as the number of variables increases (for zone 6
the degree of freedom goes from 8 for the 3-parameter equations to only four
for the 7-parameter equations) and the improvement is not as statistically
significant as it may appear from Table 11 (p. 95). Therefore, the three param=
eter equations, either the all zome or the individual zone equations are prefer~
red for practical use. As mentioned previously all of the equations have been
tabulated in Appendix H and nomographs for graphically solving the 3-parameter
equations have been prepared and are also included there. In addition, the 95
percent confidence limits for a mean and for an individual point estimate as
well as the point scatter are shown in Appendix G for all of the 3-parameter
equations derived from the 898 watersheds having negligible storage.

Methods test

Fifty-one watersheds, one from each State and Puerto Rico, were selected
at random from the watersheds not used in the regressions except where data for
the SCS method were unavailable., Here a second choice was made. For these
watersheds the measured q1g» and qq9 estimates using the SCS method, the 3=
parameter all zone and zoned and the 7-parameter all zone and zoned were calcu=
lated and are shown in Table 12 (p. 96). The standard errors of estimate for
each of the 5 procedures are shown at the bottom of Table 12 (p. 96). The mean
error is the algebraic sum of the percentages of the estimate divided by 51.
The average error 1s the average of the magnitudes of the errors. The percent
standard error of the estimate is a percentage of the mean value of the measured
ten year peaks, E}O.

Summary and Conclusions

A curve was developed which the writers call the probable maximum runoff
peak. It has the equation
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Table 11. Summary of the prediction errors associated with estimating l@year
peak runoff from the various regression equations given in Appendix

H -
3-Parameter Equations | 5-Parameter Equations | 7-Parameter Equatioss mr:’:; ved E.‘B-hnrmur IM] 1 zz"“‘
Zone 450 o | P, PS5, r PSgy  BS, r PS, PS5, T | Poy, Plgy FH, r
cfs X [ 3 z I % z | S 1 4

All Zone 1922 898 119 13 0.854 116 13 0.856 116 12 0.860 118 119 - 13 0,854
1 1058 42 84 13 0,774 76 11 0.844 67 11 0.876 97 92 16 0.393

2 4747 28 60- 7 0.798 59 7 0.818 59 7 0.831 68 67 8 0.754

3 2295 14 108 9 . 0.925 110 10 . 0.930 .97 11 0.934 105 105 9 0.912

4 1979 62 56 g 0.795 . 54 9 0.809 53 9 0.809 63 -60 9 0.770

5 1472 35 44 8 0.927 - 51 8 0.931 45 8 0.942 58 75 8 0.912
[] 2014 . 12 88 ? 0.840 32 4 0.970 33 5 0.971 92 92 10 0.622

7 2306 . 33 76 7 0.918 | 76 1 0.919 79 7 0.929 103 88 7 0.893

8 2079 39 31 - 7 0.952 |- 47 6 0.964 £33 6 0.968 57 62 7 0.944

9 1170 37 85 8 0.850 (. 87 8 0.865 - - 83 8 0.879 88 88 .9 0.800
10 1986 10 ) 67 12 0.682 68 13 0.905 47 17 0.914 76 83 14 0.745
11 . 4320 3R 43 7 0.902 42 6 0.921 39 6 0.923 81 61 : 9 0.764
12 461 34 115 21 0.672 113 20 0.749 a9 19 0.793 106 107 23 0.587
13 2260 166 83 12 0.897 82 12 0.89% 85 12 0.901 108 91 . 13 0,887
14 1304 30 132 17 0.762 134 17 0.78% 133 18 0.7961 133 121 . 18 0.704
15 356 37 91 14 0.795 91 14 0.800 97 14 0.808 118 161 21 0.375
16 624 21 95 8 0.897 3 7 0.940 72 7 0.941 88 73 8 0.893
17 368 56 89 15 0,784 71 14 0.809 76 14 0.825 107 98 18 0.622
18 1311 14 107 23 0.643 88 24 0.708 117 20 0.857 143 124 23 0.520
19 1586 40 83 13 0.833 . 82 13 6.833 82 13 0.838 125 8 . 13 0.807
20 759 42 103 10 0.926 104 g 0.936 106 10 0.937 103 131 12 0.883
21 1625 68 67 8 . 0.924 68 - 7 0.931 69 8 0.3831 9 138 11 0.836
22 1013 22 - 36 5 0.974 34 4 0.979 30 4 0.986 45 38 5 0.966
23 2519 6 35 5 0.961 - - - - - - 47 40 6 0.886
24 12277 18 56 5 0.882 |- 42 4 0.917 3% 4 0.924 92 72 6 0.772

Average error of estimate 77.3% 73.3% 71,22 91.5% 87.1X

Notes explaining the column hesdings: )
Em is the mesn ten year peak flow calculated from the observed ten yesr peak flows for each zome.
n is the number of watersheds used in deriving the equation. '

PSE is the standard exror of estimate expten'ed as & percens of the zone Em. It is calculated by ﬂu eguation:
-G )?
S Hayo = S3005))"
EE T -2
10 . . . -
P'.:»'.B 18 the standard error of the logm linear equation expressed as a p;tceﬁt of 103103'10‘ It ia calculated by the
equation: " - — o
- H
P w —100 \/ (1ogy54)4 ~ 0810010x))
" logyg 4 LR
T is the cerrelation coefficient between LY and qm. It 3a caleulated by the equatioen: E
. = M-8 G- L

Vic-02 g -9°

where x snd y are iny two {ndepend and depend variables reapectival};.
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Table 12. Comparison of 10-year peak flow estimates by the SC
: S
four USU methods. y method and

uUsu usu Usu usu
8C8 Method {3-Parameter {7-FParameter {3-Parameter (7-Parameter i
State Measured 910 All Zope) All Zone) Zoned) Zoned)
-_qlﬁ %o 5 qlc % 710 % q‘lO % 4 %
410 Estimate Error]° Estimate Error2 Estimate Error 3 Estimate Ervor 4 Eufmn Error5
Alabama ) 2,070 650 -219 2,162 + 4 1,461 - 42 1,362 - 52 1,441 - 44
Alagka 2,131 350 -509 2,457 + 13 1,366 - 56 3,025 + 30 2,104 - 1"
Arizona 265 900 + 71 124 «112 139 - 90 347 + 24 329 + 19 =
Arkansas 1,790 1,200 - 49 1,289 - 39 1,121 - 59 2,145 + 17 1,693 - 6
~ California 385 1,200 + 68 454 + 15 369 - 4 214 - 80 322 - 19
Colorado 271 165 - 64 353+ 23 421+ 36 666 + 59 851 + 68 B
Connecticut 1, 562 350 -346 1,556 +0.3 1,379 - 13 1,172 - 33 925 -~ 69
Delaware 3,489 150 .2226 1,485 -135 1,470 ~137 1,266 -175 1,119 -21l
Florida 2,064 3,500 + 41 3,495 + 41 2,959 + 30 1,162 - 77 2,117 + 2
Georgia 667 70 -853 682 + 2 569 - 17 425 - 56 405 - 65
Hawalii 6,655 5,200 ~ 28 6,473 - 3 10,395 + 36 6,408 - 4 5,465 - 22
Idaho 183 700 + 78 485 + 68 639 + 76 248 + 39 313 + 51
Ilinois 630 290 -117 249 =100 342 - 84 358 - 76 380 - 65 -
Indiana [ 10 + 40 8.8 + 3 40 + 84 10 + 41 19 + 69
Iowa 1,202 950 - 27 632 - 90 593 =103 1, 143 - & 933 - 29
Kaunsas 1,142 1,200 + 5 875 - 31 1,186 + 4 1,858 + 39 2,612 + 56 :
R Kentucky 2,382 380 -527 2,279 - 4 2,213 - 8 4,238 + 44 3,633 T+ 34
Louisiana 6, 457 2,000 -223 6, 824 - 5 5,035 - 28 4,016 - 61 4,558 - 42
Maine 248 500 + 50 446 + 44 368 + 33 345 + 28 285 + 12
Maryland 830 2,400 + 78 825 + 36 934 + 43 430 - 23 421 - 26
Massachusetts 245 350 + 29 606 + 60 581 + 58 436  + 44 364 + 33
Michigan 617 1,000 + 38 872 + 29 910 + 32 516 - 20 172 + 20
Minnesota 2,415 1, 000 -142 1,303 - 84 1,116 -116 2,053 - 18 1,900 - 27,
Mississippi 4,961 2,200 =126 . 5,523 + 10 4,821 - 3 4,294 - 15 4,611 - B8
Minssouri 908 1,200 + 24 460 - 99 572 - 59 681 - 33 640 - 42 B
Montana 531 300 - 77 244 -118 311 - 71 857 + ‘38 893 + 41 S
Nebraska 790 390 -103 403 - 96 196 =303 279 -183 353 -124
Nevada 550 2,800 + 80 551 0 241 -128 189 -191 336 - 64 b
New Hampshire 487 375 - 30 902 + 38 762 + 36 614 + 21 517 + 6
- New Jersey 726 1, 400 + 48 432 . 68 378 - 92 368 - 97 458 - 58 - - -
New Mexico 923 2,000 + 54 849 - 9 925 1] 1,133 + 18 833 - 11 o
New York 1,181 300 294 1,142 - 3 1,221 + 3 701 - 68 1.177 1]
North Carolina 1, 596 440 «263 1,881 + 15 1,362 - 17 1,332 - 4 1,592 4]
North Dakota 102 820 + 88 386 + 73 276 + 63 197 + 48 326 + 68
Ohio 845 800 - 6 596 - 41 519 - 63 1,124 + 25 822 - 3 .
Oklahoma 12,250 28,000 + 86 12,244 0 8,060 - 82 14,962 + 18 11, 657 - 5
Oregon 200 900 + 78 232 + 14 246 + 19 232 + 14 313 + 36
Pennsylvania - 1,710 300 -490 1,784 + 1 888 - 99 1,249 - 42 1,324 - 33 -
Puerto Rico 8,569 8, 900 + 5 6,567 - 30 6, 426 - 33 10,553 + 19 9,484 + 10
Rhode Island 652 300 -117 1,869 + 65 1,698 + 62 1,593 + 59 1,076 + 39 N
South Carolina 3,354 500 <571 5,382 - 38 4, 049 + 17 4,560 + 26 3,989 + 16
South Dakota 98 1,600 + 94 387 + 76 406 '+ 76 208 - 53 393 + 75
Tennessee 3,325 610 ~445 2,704 - 23 2, 994 - 11 3,925 + 15 4,111 + 19 B
- Texas 75,2 30 -150 83 + 10 63 - 19 83.9 + 10 88,2 ~+15 -~
Utah 25 510 + 95 230 + 89 273 + 91 79 + 68 36 + 27 -
Vermeont 972 345 -182 1,218 + 20 985 + 1 1,336 + 27 1,133 + 14
Virginia 22,8 70 + 67 35,9 + 32 41 + 44 30.7 + 26 28,1 + 19
Washington 211 800 + 74 £33 + 60 723 + 71 382 + 45 420 + 49
West Virginia 1, 644 220 -647 1,485 + 10 1,581 - 4 1,921 + 14 1,961 + 16
Wisconsin 68.4 240 + 72 72 + 5 76 + 10 104 + 34 84 + 18 Lo
Wyoming 537 1, 500 + 65 596 + 10 650 + 17 594 + ¢ 690 + 22
Mean error ~145, 75 -3, 14 -15.08 -B. 08 -1, 12
Average error  200.57 40,32 51,24 44,41 37.08 )
Percent Standard Error of Estimate 160 39 62 50 38 o

aErrors 1, 2, 3, 4, and 5 are a percent of the estimate. The standard error of the estimate values are percent of
measured q,q. :
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quadrangle maps.

q 10L3-92 + 0.812. (log &) - 1 0.0325 (log A)2]
P(max)

Basides standard procedures used for sizing of culverts and using ‘rating SuEves

and other factors, the above curve can be used to determine the ‘maximum a&gg

watershed area’that can be used with each size -of culvert installation. Zn fhose

States that administratively use a certain minimum culvert size. this would give the

maximum size watershed which did not require a 310 estimate of runoff pegk.

For practical field use, it appears that a 3-parameter all zone regression
may be used to forecast runoff peaks with a mean standard error of the estipate
of about 119 percent., Additional parameters up to seven did not appreciﬁbiy
improve these estimates. If zoning 18 introduced the standard errors- of ghp
estimate range between 35 percent and 132 percent with an ‘average value 9f 77
percent. - An appreciable portion of the error comes from zones 3, 12, 14, 15,
and 20, It is felt that the map of R might be. the source of at least 4 B

portion of the errors in these zones.

Nomographs have been constructed for the solution of all of the 3+parameggr
equations (see Appendix H). ' .

A1l of the pertinent parameters may be measured from 7%-or 15 minute
When these maps are not available the 3~parameters can be

reliably measured from the 1:250,000 scale maps but the remaining parameters
require use of correction curves.

The writers suggest calling these procedures the FHWA method and suggest
that it not presently be used on areas larger than 100 square miles. ‘

PHASE 1I1I1

Field Visits and Evaluation

Contacts were made with at least one person from each State. As a general
rule, the persommel of the States were very cooperative and candid. Alwgyg,
they went to great lengths to supply the information requested.

Questions

The questions asked in the interviews always embodied some form of thg
following: ‘ v .

1. Have you or do you use Potter’s method? If so, what do- you likc abqu:
it and what do you dislike about it?
2. What methods do you use for the hydrologic design of pulverts-ﬁp;~
' small watersheds? What do you like and dislike about each?
3. Do you utilize the storage provided by fills or borrow areas t
©  decrease peak flows? Do you include such storage in your de:
4, In what form would you prefer to have a design method presen
5. Have the methods you use given you the kind of results: you hld

for?
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6. Do you consider a certain percentage of failures as a normal part of ”
g the risk?
i1 3o &  When there are failures do you or members of your staff have an
opportunity to see and study the failure or are failures buried by
repairs before you are aware of them?

oirgs.
Results

The answers to the questions may be summarized as follows:

s, 1. Only three of the specialists queried had ever used Potter®s method. o
+ w90t three others said they thought the method had been tried in their State N
+ pelgr to the time of the interview. A common academic reaction was that the T \
factor was too difficult to keep straight whether the upper 0.3 or the lower
0.7 was the division point of the slope, thus introducing blunders. Universally,
.personnel liked the. general format of the Potter method. Generally separate oy
sgroups were preferred. They liked cycle graphs, alignments charts, or other
nechanical procedures or aides.
SRR 2. The most common and universally used method was some form of the
. Rational method. Most States used the Rational method for areas smaller than
200 acres, but one State used the Rational method on all drainages regardless
of size even to large rivers. Incidentally, this State reported no knowledge
of failures since adopting the Rational method. From personal observations in
.zthat State, it appeared their designs approached sizes accommodating floods
..approaching the magnitude of the maximum probable flood. Another observation
in connection with the use of the Rational method was the general failure to
.observe the lower limit on the time of concentration or lag time whichever was
»in.use. -

f

By far the most widely used forecast methods were those proposed by the
local U.S. Geological Survey umits for States who had progressed this far in
the small watersheds program such as Texas (Schroeder, ref. 15). In general,
the States have faith in these methods but would much prefer more computational
aids such as those of Schroeder, enabling project engineers to make field checks
if questions arise. In Texas, these aids were furnished. 1In one or two others,
States had constructed their own aids.

: Two States were using some of the old sewerage formulas for watersheds of -
all sizes. In contrast to this, 15 States have multiple methods which they use :
to, dnplicate each flood design estimate. They adopt the result which seems most o
lagical from engineering judgment. ;

. r«No State was completely happy with the method or methods they were using
and most personnel expressed a desire for improvement. With such a desirable
,qgggtude,,improved methods should be forthcoming and will be rapidly adopted.

3. Only five States were using fill or borrow storage to reduce the mag=
nitudes of flows and thus to reduce culvert size. The distinct impression was
gained, however, that an appreciable number of States were contemplating moves
to dnclude storage as a part of the design procedure. In these States, a

& ¥
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: - <
complete flood peak hydrograph of the flow becomes desirable or necessary.
Only one State was beginnlng to. accumulate: hydrograph data. at the timeé of the
V1sit, however. ;

»

4. The preferred format in nearly all States was some type -of graphical
or alignment chart suitable for the use of project engineers in the field
Nearly a dozen States expressed a need to incorporate maximum versatility in
any new method.

~ 5. No State was completely satisfied with its present method. Each State
felt its method either over or under designed or was too complex. Théwfifers
believe the real problem here lies in their concept of a risk factor. ‘Thas it
is also involved in question No. 6. : *3§51

: < T.0
. 6. The great majority of interviewees felt that some failures shé&¥d-occur,

but the same people also felt strongly that failures should only result- frém
unusual events or circumstances. Use of.risk factors needs to be formulateéd in
a better way for convenient field use, If a culvert is designed to accommodate
a 50-year storm with a 5 percent chance of failure, the structure must actually
accommodate a 1000-year flood event. The impression was gained that personnel
were not commonly familiar with this concept.

7. -Nearly all States had the problem of feedback to the: deaigner.’ 1f
failures:'occur on small culverts, the damage is nearly always repaired b¥#'mainte-
nance crews before the design people are aware that any damage occurred. Natural=
ly, this is not true of crossings on larger streams or where bridges are Involved.

It would certainly appear to be beneficial to design people to be informed-of
any kind of failure in time to examine each incident prior to repair, particular-
ly failures from small area floods.

PHASE IV

Evaluation and Analysis

A. Conclusions from a study of flood damage. As a direct consequéfice of
the study of flood damage and the literature, the writers feel that flood damage
can best be expressed by the stage. This is illustrated by Figure 40 (p. 100)
which is computed from the data of Grigg and Helweg (ref. 8a) and fit to & log-
extremal distribution. The maximum stage as used here to reduce’ the data’ to a
common base is the maximum for each group of data and the maximum damage:is the
damage resulting from ‘this maximum head. The data show considerable scatter
depending upon the location but all seem to linearize with the transforms used.

: It seems clear that the eingle most important flood parameter is stage.

The peak flows are. exponcncially rclated to stage. Thus the advantages of using
fills to reduce culvert sir ¢ carefully weighed against the increased
flood hazard as a result of ir ,

[ t

B. Frequency problcﬁh is o tht frnquancy problema have ‘been
discussed in earlier sectio CPRTR
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Figure 40, The relationship of percent of maximum stage to the percent of damage at maximum stage.
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discussed here. Figure 41 (p. 102). shows.the percent chance of having floods
in the size for the different return periods occur in different time periods

from one year to 100. years. The randomly generated frequency curves do not

generally coincide with the curves from actual data. For example,  Figure 42

(p. 103) shows a generated set of data compared to the measured data for the

USGS watershed numbered 06658500, Laramie River near Jelm, Wyoming.

C. Conclusions from emtire study. The validity of Potter’s approach was
verified and updated equations and graphs were produced using current and cor-

-rected data for the 96 watersheds originally selected by Potter for deriving

his method.

When 25 watersheds were chosen at random from the same States from which
Potter chose his watersheds, the standard errors of estimate were as follows:

 4{0(ATPK) = 127 percent, zoned into Potter zomes 157 percent and q 0(ATPC)

(using Potter’s published curves) = 197 percent of the measured valués

The ;parameters used by Potter were simplified into their measured com=
ponents and one additional parameter, R, introduced. Furthermore, the zoning
used by Potter was extended and simplified through the use of the physiographic

‘sections of the United States. Through use of the measured 10-year peak runoff

per unit area and the statistical t test, these zones were grouped until 24
covered all of the United States and Puerto Rico. The parameters measured on
a large sample of watersheds representing these 24 zones were area (A), 10-year

- peak runoff (qqg), location (Latitude and Longitude), iso-erodent value (R),

10-year 10-minute precipitation (Pg), 10-year 60-minute precipitation (Pgg),
difference in elevation between the watershed rim at the extension of the
principal drainage and the culvert site (DH), the length of the principal
drainage (L), the total lengths of all drainages on each watershed and the
storage (8).

Regressions between qq4 and these parameters were made using various trans-
forms and each parameter wegght evaluated with the statistical F test. These
regressions were made both on an all sample basis and by the above hydro-
physiographic zomnes.

It was shown that most of the variation in qqy could be accounted for by
area, A, R, and elevation difference DH. The standard error. of estimate for
the three parameters, when q o estimated was compared to qqi(Q measured as a
percentage of the measured for about 900 watersheds, was 119 percent and with
seven parameters it was 116 percent. After zoning the same errors as means
became 77.3 percent for the three parameters and 71.2 percent for the seven
parameters,

When the qqq for each zone’s watersheds were estimated with the 3-parameter
all zone equation uncorrected for zone and then corrected for zoning, the mean
standard errors were 91.5 percent and 87.1 percent respectively.

A 51 watershed sample (one from each State and Puerto Ricoj, correcting
the estimates for storage, and comparing the SCS method on the same watersheds
gave the following percent standard errors of estimate; SCS, 160; all zone
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S4pdrameter, 39; all zone 7-parameter, 1433 3-parameter zoned, 50 and 7-parameter
zoned, 38 as percentages of the measured values, None of these watersheds were
used in development of the equations.
~aoiisllgs '
.8 E4Flood risk is related to the flood stage as well as frequencies so must
be considered except where using maximum likely flood peaks for the entire USA.
No single distribution will fit all flood peak frequency data but some are
more likely to fit than others. The writers recommend that measured points be

plotted along with the fitted distributions for extrapolation.

A greatly improved method for forecasting runoff peaks at known recurrence
flatervals is 81mple and more reliable than previously existing methods.

%‘(.t. ASSEELT
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CROSS REFERENCES TO APPENDICES

FHWA decided to print Appendix A separately from the other
appendices to facilitate a plan to selectively distribute
Appendix A in its entirety or in parts applicable to a given
State. .
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APPENDIX A

Appendix A consists of approximately 220 pages . of flood frequency
curves and data that were used in the study. .This appendix is printed
in Vol. III which is report No. FHWA«RD<~77-~160. Appendix A as a whole
will be of interest to researchers who wish to develop new equations
and to sclentists who wish to -validate the equations that have been
developed. Otherewise only portions of Appendix A will be of interest
to a given State. .

In the first printing we will keep Appendix A intact but will make

very limited distribution. In subsequent printings, we plan to separate

Appendix A by States if it is needed to enhance design procedures pro=
moted by FHWA.

APPENDIX B

Appendix B consists of a detailed Hydrophysilographic zone map for
each State. Appendix B is included in Vol II which is Report No.
FHWA-RD-77-159.

APPENDIX C

Appendix C consists of a detailed Iso-erodent map for each State.
Appendix C is included in Volume II.

APPENDIX D

Appéndix D consists of a detailed 10-year, 60-minute precipitation,
P60, map for each State. These maps are necessary to use the
5-parameter prediction equations. Appendix D is included in Vol II.

APPENDIX E

. Appendix E consists of a detailed 10-year, 10—minute precipitation,
P10, map for each State. These maps are necessary to use the
7-parameter prediction equations. - Appendix E is included in Vol II,
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APPENDIX F

Appendix F contains the 10-year, April 1 snow water equivalent
maps for each of the Western United States including Alaska.
Appendix F is also included in Vol II.

APPENDIX G

Appendix G contains scatter diagrams for the relationship between
the measured and estimated 10-year peak flows with 95 percent con-
fidence intervals for the mean as single samples for each of the

24 hydrophysiographic zones using 3-parameter lumped and zone equa-~
tions. Appendix G is included in Vol III which is report No.
FHWA-RD-77-160.

APPENDIX H

Appendix H contains the equation and nomographs. The 3-parameter,
5-parameter, and 7-parameter equations are listed for the "all
zone" situation in which all the data were lumped together and

for each of the 24 zones separately. Nomographs are included for
all the 3-parameter equations. Appendix H also contains scatter
diagrams and correction curves for the 3-parameter all zone equa-
tion with 95% confidence limits for a mean and a point estimate.
Appendix H is included in Vol II.

KU.S. GOVERNMENT PRINTING OFFICE: 1978-261-264/189
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U. S. DEPARTMENT OF TRANSPORTATION

FEDERAL HIGHWAY ADMINISTRATION

Transmittal,of_ﬁesearch Report NOS.
FYRAERD- 772158 and FHWA-RD-77-159,F "Runoff | FHWA BULLETIN

Estimates for Small Rural Watersheds and [Geptember 6, 1978
Development of a Sound Design Method,"
Volumes I § IT ' |

This bulletin covers the distribution of the subject
reports which describe a new method for predicting runoff
from small rural watersheds. These reports will be of
interest to engineers concerned with highway drainage.

Volume I is the research report which describes the analy-
ses made to develop the method. Volume II describes how
to use the method for design but it leaves the designer
with several options that appear to have approximately

the same reliability. For example, options include using
7-parameter, 5-parameter, or 3-parameter equations, all of
which have approximately the same standard error of esti-
mate. To simplify use of this research report, the
3-parameter equations will be extracted and presented in a
summary guide in the future.

The Water Resources Council (WRC) is planning to check the
validity of this method along with other selected methods

for estimating runoff. - :

Sufficient copies of the reports are being distributed to
provide a minimum of one copy to each Regional office, one
copy to each Division office, and one copy to each State
highway agency. Direct distribution is being made to the
Division offices. Additional copies for official use may
be requested from Mr. David Solomon, Chief, Environmental
Design and Control Division, FHWA, HRS-42, Washington, D.C.
20590. See the attached Report Request Form. These requests
will be filled while the supply lasts. Additional copies
for the public are available from the National Technical
Information Service, U.S. Department of Commerce,

5285 Port Royal Road, Springfield, Virginia 22161. A
small charge will be imposed for each copy ordered from

i NTIS. 4
¥ | F-% G. D. Lov :
Asgociate Administrator for
Research and Development
. Attachments |
4 pistRiBuTion:  Headquarters , or: HRS-42
Special: . Regions ,

- N

-Divisions”

il T o
— -




Reports FHWA-RD-77-158 § FHWA-RD-77-159
"Runoff Estimates for Small Rural Watersheds and
Development of a Sound Design Method"

Frequency analyses of more than 1,000 small watersheds in the United
States and Puerto Rico were used to develop the estimation method for
design of peak flow for ungaged watersheds. This method, called the
Federal Highway Administration (FHWA) method, is conceptually similar
to the Bureau of Public Roads (BPR) method developed by W. D. Potter.
The FHWA method relates the runoff peak to easily determined hydro-
physiographic parameters and is intended for use on watersheds smaller
than 50 square miles. The concept of risk is incorporated into the
recommended design procedure. The risk is the probability that one

or more events will exceed a specified peak flow within the usable
lifetime of the drainage structure. The return period of the design
flood peak can then be modified according to the risk the designer

is willing to take. Another concept dealing with the probable maximum
runoff peak derived as a function of watershed area is included. The
flow obtained from this relationship is considered to be the upper
limit of the design flow that may realistically be expected to ever
occur. As such it may be appropriate to use in situations where the
consequences of failure are extremely great.

To obtain additional copies of these reports, please send in the
request form below. '

REPORT REQUEST FORM

. "Rumoff Estimates for Small Rural Watersheds and
Development of a Sound Design Method"

Please send copies of FHWA-RD-77-158, Volume I "Research

Report' and/or copies of FHWA-RD-77-159, Volume II "Recommendations
for Preparing Design Manuals; and Appendices B, C, D, E, F,G, § H"

Name

Agency Route Symbol
Street

City

State ' . Zip
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY
RESEARCH AND DEVELOPMENT (FCP)

The Offices of Research and Development of the
Federal Highway Administration are responsible
for a broad program of research with resources
including its own staff, contract programs, and a
Federal-Aid program which is conducted by or
through the State highway departments and which
also finances the National Cooperative Highway
Research Program managed by the Transportation
Research Board. The Federally Coordinated Pro-
gram of Highway Research and Development
(FCP) is a carefully selected group of projects
aimed at urgent, national problems, which concen-
trates these resources on these problems to obtain
timely solutions. Virtually all of the available
funds and staff resources are a part of the FCP,
together with as much of the Federal-aid research
funds of the States and the NCHRP resources as
the States agree to devote to these projects.”

FCP Category Descriptions

1. Improved Highway Design and Opera-
tion for Safety ‘
Safety R&D addresses problems connected with
the responsibilities of the Federal Highway
Administration under the Highway Safety Act
and includes investigation of appropriate design
standards, roadside hardware, signing, and
physical and scientific data for the formulation
of improved safety regulations.

Reduction of Traffic Congestion and
Improved Operational Efficiency

2

H

Traffic R&D is concerned with increasing the
‘operational efficiency of existing highways by
advancing technology, by improving designs for
existing as well as new facilities, and by keep-
ing the demand-capacity relationship in better
balance through traffic management techniques
such as bus and carpool preferential treatment,
motorist information, and rerouting of traffic.

* The complete T-volume officin) statoment of the FOP s
available from the Natlonal Technlenl [nformalion Retviée
(NTIS), Springfield, Virginin 22161 {(Order No, PH 24U0AT,

price $45 postpaid). Single coplex of the intEmluctory
volume are obtainable without  cohurge  From Yrogrim -

Analysis (HRD-2), Offices of Resonrel nnit Davis praoi
Federal Highwny Administoation, Wnnhingtan, J.C 20N

3. Environmental Considerations in High-
way Design, Location, Construction, and
Operation

Environmental R&D is directed toward identify-
ing and evaluating highway elements which
affect the quality® of the human environment.
The ultimate goals are reduction of adverse high-
way and traffic impacts, and protection and
enhancement of the enviroment.

4. Improved Materials Utilization and Dura-
bility
Materials R&D is concerned with expanding the
knowledge of materials properties and technology
to fully utilize available naturally occurring
materials, to develop extender or substitute ma-
terials for materials in short supply, and to
devise procedures for converting industrial and
other wastes into useful highway products.
These activities are all directed toward.the com-

mon goals of lowering the cost of highway

construction and extending the period of main-
tenance-free operation.

5. Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural
Safety
Structural R&D is concerned with furthering the
latest technological advances in structural de-
signs, fabrication processes, and construction
techniques, to provide safe. cfficient highways
at reasonable cost,

6. Prototype Development and Implementa-
tion of Research
This entegory is concerned with developing and
transferring rescarch and technology into prac-
iee, or, as it has been commonly identified,
“technology transfer.”

7. Improved Technology for Highway Main-
fennance

Mauintenanee K&D objectives include the develop-
ment and application of new technology to im-

owrien, and 10 increase operational efficiency
sy in the  maintenance of highway
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