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INVESTIGATION OF SOIL CONSERVATION SERVICE
URBAN HYDROLOGY TECHNIQUESa*

By Duke G. Altman1 , William H. Espey, Jr.. and Arlen D. Feldman 3

INTRODUCTION

Today's engineer/hydrologist is often required to estimate flood dis-
charges for various recurrence intervals in urban areas having little or no local
rainfall and/or runoff data. Since rainfall frequency information is available for
most of the country (e.g., National Weather Service-Technical Paper 40, 1961),
methods that transform rainfall into runoff are often used to make these estimates.
Some widely used methods can be grouped as: 1) rational method equations;
Z) synthetic unit hydrograph methods; 3) regional flood frequency equations; and
4) kinematic wave methods. Quite often the synthetic unit hydrograph method is
selected due to limitations of the other methods.

Two traditional synthetic unit hydrograph methods, the Snyder Method
(Snyder, 1938) and the Clark Method (Clark, 1945), rely heavily on coefficients that
are related to watershed physiography and/or runoff characteristics. These coeffi-
cients must be adequately determined to sufficiently define the time-varying flow
ordinates of the unit hydrograph. To accurately define the effect of urbanization on
these two coefficients, and ultimately the unit hydrograph shape, an analysis of
regional or hydrologically similar urban watersheds is required; however, there is
still a large number of areas where these studies have not been done due to a lack of
need and/or data. Empirical unit hydrograph equations as reported in Espey 2t 11.,
(1965), Espey et al., (1968), Hamm et al., (1973) and Espey, Altman and Graves
(1977) offer other means of obtaining synthetic unit hydrographs based on the
physiographic and urban characteristics of a watershed. These equations were
developed from data on watersheds located throughout the United States.

The Soil Conservation Service (SCS) methods in urban hydrology are
outlined in SCS-TR-55 (SCS, 1975) and have been developed in a generalized fashion
to allow for relatively straight-forward determinations of storm runoff magnitudes,
time-sequence and volume that appear applicable in many urban studies. For the
more complex hydrologic investigations in urban areas, the National Engineering
Handbook-Section 4 (SCS, 1971) and SCS-TR-Z0 (SCS, 1973) model can be utilized
with SCS-TR-55 procedures to more precisely describe the runoff process.

Original work funded by the U.S. Army Corps of Engineers, Hydrologic Engineer-
ing Center, Davis, Calif. and included in the report "An Evaluation of the Effects
of Urbanization on Flood Discharges" by Espey, Huston & Assoc., Inc. (1979).

I Sr. Staff Engr., Espey, Huston & Assoc., Inc. Austin, Tex.

Z Pres., Espey, Huston & Assoc., Inc. Austin, Tex.

3 Chief, Research Branch, HEC, U.S. Army Corps of Engineers, Davis, Calif.
* Paper presented at the American Ceonhysicni1 Union U.S. - Canada Mvdrolom.

Symposium, Toronto, 4 tav 1Q9R,.
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The SCS curve number method of determining rainfall loss rates is easy
to use because it is based on soil and land use characteristics that are generally
determinable from existing information. However, rainfall intensity is not con-
sidered in the method and only daily rainfall-runoff records from small agricultural
watersheds were used in its development. The effect of urbanization on rainfall loss
rates is dependent on the selection of appropriate curve numbers. Some problems
may also be encountered in accurately determining an urban areas' curve number
due to the compaction of soil by heavy equipment, inability to estimate variable
vegetation conditions, introduction of fill material and mixing of surface and
subsurface soils.

SCS relationships for hydrograph lag time in urban areas are based on
limited data and analysis so additional study and evaluation is definitely needed.
Use of a dimensionless unit hydrograph derived from numerous unit hydrographs for
rural watersheds and then modified to reflect urban runoff relationships has a
degree of uncertainty associated with it. However, familiarity with using the SCS
method and the hydrologic processes involved will overcome much of this uncer-
tainty.

In order for the professional community to gain confidence in the ability
of SCS methods in predicting the effects of urbanization or flood discharges, these
methods must be evaluated with data from a number of watersheds having a range
of physiographic, urban and climatic conditions. The purpose of this study is to
provide data and information to which additional evaluations can be added and allow
for a better appreciation and understanding of the advantages and limitations of the
SCS urban hydrologic techniques.

WATERSHEDS STUDIED

An urban and a matching undeveloped watershed were selected in each
of two "regions" as study areas. The selected watersheds in each region have similar
climatic and physiographic features. In this manner the hydrologic effects of
urbanization are isolated to allow testing of the SCS procedures in evaluating such
effects. The Wailer and Wilbarger Creek watersheds were respectively chosen as
the urban and undeveloped areas in the Austin, Texas region while the Turtle Creek
and Spanky Branch watersheds respectively represent the urban and undeveloped
areas in the Dallas, Texas region. Table 1 summarizes the physiographic and urban
conditions of the four watersheds selected for analysis.

Since the Waller Creek watershed was undergoing urbanization during
the period of record of rainfall and runoff gaging, it is studied for three distinctly
different periods (degrees) of urbanization as shown in Table 1. The Turtle Creek
watershed was fully urbanized prior to the regular analysis of storm event data by
the U. S. Geological Survey (USGS) allowing only one urban condition to be studied.

CALCULATED VERSUS OPTIMIZED CURVE NUMBERS AND LAG TIMES

The first means of evaluating the SCS urban hydrologic techniques is
accomplished by determining and comparing "calculated" versus "optimized" values
of SCS runoff curve numbers (CNs) and hydrograph lag times (Ts) for the four
watersheds.

- - -- -
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The general method used to calculate CNs for each of the four
watersheds is outlined as follows:

1) Determine the areal portions covered by the different SCS hydro-
logic soil groups and land use/cover conditions utilizing detailed
and/or general SCS soil maps, aerial photographs, land use maps
and discussions with local SCS and city officials (see Tables 2
and 3). Calculate a CN representative of the entire watershed
utilizing the procedures outlined in Sections 7, 8 and 9 of SCS
(1971) and Table 2-2 of SCS (1975) (see Table 1).

Equation 3-2 of SCS (1975) was selected as one of two methods of
calculating watershed lag times as the data was available to allow use of a
consistent method in each watershed. This equation is provided below:

TL(C) -- 0.8 (S+I) 0 .7

1,900 Y0.5

where TL(C) = calculated watershed lag time (hours)

I = hydraulic length of watershed (feet)

S = 19000 - 10 (CN' is a retardance factor and is equivalent to the
CN'

runoff curve number)

Y = average watershed slope (percent)

Values of TL(C) in Table 1 represent the "calculated" method utilizing this equation.
Input data used in the equation are also presented in Table 1. The general method
used to calculate respective watershed TLs is outlined below.

1) Evaluate Equation 3-2 of SCS (1975) utilizing the physiographic/
urban conditions listed for each watershed in Table 1.

Z) Adjusting the lag time for each urban watershed obtained in
1 (above) utilizing Figs. 3-4 and 3-5 of SCS (1975). Values for
CN(C), percent of main channel modified (MHL), and percent of
watershed impervious cover () used to evaluate the necessary lag
time adjustment with Figs. 3-4 and 3-5 are found in Table 1.

The second method of calculating lag times was developed after a review
of the results obtained from Equation 3-2 (SCS, 1975) appeared low for the urban
watersheds when compared to results of other methods. Since the determination of
calculated lag times directly affects other evaluations in the overall investigation of
SCS techniques (such as subsequently provided in the peak discharge frequency curve
analysis), an alternative method was also used. This alternative method is based on
lag time relationships developed by Carter (1961), Eagleson (1962), Van Sickle
(1962), Espey (1965), and Espey, Altman and Graves (1977). Each watershed was
evaluated by techniques outlined in the listed references in addition to overland and
channel travel time estimates and a representative lag time obtained from the
results. The lag times developed from this alternative method are denoted as TL(A)
values in Table 1.

,,. ,m i ... ... , -... .. :- " . - .. . ... .. .. . . '_ .. .. . - : " 77 -,"



TABLE .

WATERSHED HYDROLOGIC SOIL GROUP AREAL COVERAGE

SCS Hydrologic Soil Grous (% of Watershed)
Watershed A B C D Total

Austin, Texas Region

Waller Creek - 1 87 1Z 100

Wilbarger Creek - - 51 49 100

Dallas, Texas Region

Turtle Creek - 8 51 41 100

Spanky Branch - - 23 77 100

TABLE 3

WATERSHED LAND USE/COVER AREAL COVERAGE

,.Ld, Uae/Covr Classifications % of Watershed
Watershed (1) (2) (3) (4) (S, (6) (7) (VI (9) (10) (11)

Austin, Texas Region

Waller Cr"k

1958 11.1 7.3 5S.0 5.3 1Z.6 8.7

1964 IZ.3 7.3 56.7 5.3 15.0 3.4

1973 13.6 7.5 57.3 5.6 12.6 3.4

Wflbarger Creek 50.3 ZS.6 7.3 15.5 1.3

Dalla Texas RVegn

Turtle Crek 1 5.9 6.6 58.9 8.7 8.1 .0

Spank Branch 33.1 55.1 10.6 1.Z

NOTll (1) * Commercialt (Z) * todualtlal: (3) - Sinqle-family residential; (4) - Muiti-family residentialt
(5) a Psg*s (6) u PautuelruqIp/umlsd: (7) - Row crops (atraiqbt Poli (8) u Row crop (co
toued)t (9) - Row crops (contoured and terraced): (101 - Wooded& (11) * Road*

.... ..



The HEC-1 computer program was used to optimize CN and TL values
representative of each watershed and, in the case of the Waller Creek watershed,
three different urban time periods. Storm rainfall and runoff data from USGS for
several events were used in the optimization process for each watershed. The
storms selected had relatively large peak discharges (in a single peak, if possible)
and evenly distributed temporal and spatial rainfall throughout the watershed of a
relatively constant intensity. Table 4 lists the dates of storms utilized along with
other storm-specific information.

The methods used to obtain the optimized CN values representative of
each watershed are given below.

1) The 5-day antecedent moisture conditions (AMC) previous to each
storm was obtained from USGS daily rainfall files and is provided
in Table 4.

Z) An AMC-TT CN was determined from Table 10.1 of SCS (1971) for
each storm for which an optimization analysis was performed.
These determinations are provided in Table 4.

3) The results from 2 (above) were then used to select a represen-
tative Condition Il CN for each watershed and, in the case of
Waller Creek, each time period. These Condition 11 CN values are
denoted as CN(O)s in Table 1.

Due to difficulties such as finding storm events with spatial and
temporal uniform rainfall over the watershed and the unsynchronized timing of
observed hydrographs with their related hyetographs that can occur, it was
determined that the results of the individual storm HEC-1 optimizations of lag
times require a more selective review than the approach used in obtaining the
optimized CN values. This process is generally described below and the results are
presented in Tables 1 and 4.

1) The HEC-1 optimizations were reviewed closely to identify those
storms having acceptable computed versus observed (recorded)
runoff hydrographs. Hydrograph timing and peak discharge com-
parisons between the computed and observed hydrographs were
considered to be the most important factors in measuring the suit-
ability of each optimization.

Z) An additional review was given the collective results of the several
storm optimizations performed for a single watershed or a water-
shed urbanization time period in an effort to select the best
representative lag time.

WATERSHED PEAK DISCHARGE FREQUENCY CURVES

To test the SCS hydrological techniques in determining peak discharge
frequency curves, annual series and synthetic frequency curves were developed for a
comparative analysis. Annual series frequency curves for each of the four

• -----.- # . ... .* _ .*--.... _ I . . --- -i+ +- - - - ---.T . . . .. . . . . . ...-- ' .+.+--. .. . ... . . .. .. + , .,,_ ---
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ATUlSUM S1Ol3 SA $, AwrCZDM 40IR'I5JT ConlIONS, I~

Mi MUS M tIM USm/D:r ' :s ;Ii MC-i o .zz-raotis

"Jaterubal 5-Day Curve 4-bers Las Tlaes
(USGS Gage 4.) 3torm nates .4C/Rhj.a.. (.n) Stars Coodiciau El (Hrs)

AusEci. Tex
Resion:

Waller Creek at 20-21 .Utcb 1957 :10.50 57.1. 95 0.16

23rd Street 26-28 AprIl 1958 1/0.69 83.0 93 0.23

(08157500) 8 April 1959 1/0.03 80.2 91 0.17

23 Sept 1959 1/0.11 77.4 90 0.19

Avg 92 Avg 0.19
3-4 Jima 1962 111/2.87 84.9 70 0.32

27 Sept 1964' 1/0.19 75.5 89 0.57

16 May 1965' 11/1.,4 80.5 81 0.55

18 May 1965 1I/3.14 90.3 78 0.62

Avg " 79 Avg - 0.32

21-22 Juze 1971 Z/0.03 79.7 91 0.18

1-2 hay 1972 :11/2.33 83.4 67 0.35

21-22 Oct 1972 ZZ1/1.,7 81.9 82 0.22

12-13 Oct 1973 T.1/5.94 93.3 84 1.Z0
Avg " 81 Avg - 0.49

VWTbarger Crek 30-31 may 1964' 1/0.2 76.3 89 1.11.
(08139150) 15-16 June 1964" 1/0.1 76.1 89 1.03

16-17 June 1964' Z12/4.1 90.8 so 1.0

18 May 1965' 11/1.6 87.4 87 1.73

Is Oct 196* 1/0.2 71.3 86 1.91

17-18 140V 1971 1/2.0 73.0 73 i.26

21-22 Oct 1972' I11/3.0 84.4 69 1.80

11 ft 1973' t/0.5 82.6 93 1.13

13 Oct 1973' 1.1/2. 97.3 92 L.0

23-2. N4ow 1974' 1/0 65.9 82 1.69

9-10 Iwe 1973* t/0.4 80.9 92 1 .-..

Avg * 85 Avg 1.464

Da.Llas, Texas
Rest.on:

Turtle Creek 21 April 1967' 1/0.9 88.7 96 0.73
(08056300) 3-4 Oct 1971" 1/0 76.0 89 0.50

18 Oct 1971' 1/0.5 91.5 97 1.00

19-20 Oct 1971' 111/4.1 96.. 90
11-12 may 1973' /0. 90.9 97 1.52

17-19 April 1976- 1:/2.0 88.9 39 1..85

Avg 9 33 Avg - 0.71
Spooky rea h 30 Oct 1973- t/1.1 -8. 96 0.94.

(08037120) 7-8 Apr11 1975' I:1.5 92.1 ?2 .

Z$ Jime 1975* 1/0.. 95.9 21
Avg , 90 Avg - 1.31

* tim md to obtali optimized lag t ilm. as ibm in Table 1. Excluded storms 4,ed poor
optimalaim eultS.



watersheds previously described in the Austin and Dallas, Texas regions were first
developed utilizing USGS streamflow data and procedures of the U.S. Water
Resources Council, Bulletin 17A (1976). These annual series frequency curves were
developed utilizing the Pearson Type M distribution with log transformation of the
peak discharge data and an expected probability adjustment applied to each curve.
A generalized coefficient was weighted with the computed skew for each watershed
data set as specified in Bulletin 17A. Figure 1 presents these frequency curves for
the urban and undeveloped watersheds in the respective regions. The nonstationary
(urbanizing) status of the urban watersheds was not considered in the construction of
the annual series frequency curves.

Synthetic peak discharge frequency curves were generated utilizing the
calculated and optimized CN and lag times values determined for each watershed as
discussed previously, along with design storms of various frequencies. Synthetic
peak discharges for the Z-, 10-, 25-, and 100-year frequencies were used to develop
the curves as shown in Figs. 2, 3, 4, and 5. Specifically, NWS TP-40 rainfall
amounts for the 2-, 10-, 25-, and 100-year frequencies were distributed according
to an SCS Type 1I, 6-hour storm and input into the HEC-1 computer model to
generate the peak discharges for each of the sets of calculated and optimized CN
and lag time values.

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Although it is impractical to make final conclusions concerning calcu-
lated versus optimized CNs and TLs based solely on the results of this study as
shown in Table I, the following points deserve mentioning.

1) In four of the six watershed conditions studied, the CN(O) was
greater than CN(C) especially in the Dallas, Texas watersheds.
The exceptions were the Waller Creek watershed for the 1962-65
and 1971-73 study periods.

2) The undeveloped watersheds in the two regions had greater propor-
tions of soils with a high runoff potential in comparison with their
matching urban watersheds (see Table 2). This partially explains
the small difference of CN(C) values for the undeveloped and urban
areas.

3) There was considerable variability in CN(O) and TL(O) values
especially the latter. This presented some problems in selecting
representative values for each parameter.

4) TL(C) values, utilizing Equation 3-2 and Figs. 3-4 and 3-5 of SCS
(1975), appear to be high in comparison with other methods of
calculating lag times. Additional study is needed to evaluate the
accuracy of this particular SCS method of computing lag time.

5) The alternate method lag times, TL(A)s, were closer to the TL(O)s
than the TL(C)s for each watershed condition. The TL(C) values
were the hi 'hest of the three methods in each instance.
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Fig. 5 Spanky Branch Frequency Curves

6) From Nos. 1, 4, and 5 (above) it appears that the SCS methods may
provide relatively low peak discharge estimates in urban areas if
using Equation 3-2 and Figs. 3-4 and 3-5 of SCS (1975).

The following general statements are made to aid in interpreting the
results shown in Figs. Z through 5 as related to the ability of the SCS procedures in
predicting changes in flow frequency due to urbanization.

1) The annual series curves (Fig. 1) show opposite trends for the
Austin and Dallas Regions when comparing peak discharges per
square mile versus recurrence interval between the urban and
undeveloped watersheds.

Z) The frequency curves generated from CN(O) and TL(O) values are
higher than those originating from CN(C) and TL(C) values.

3) The frequency curves generated from TL(A) estimates and CN(C)
values closely approximate the annual series curve for the Waller
Creek and Turtle Creek watersheds.

--------------. .-



4) Frequency curves developed utilizing lag times calculated from
Equation 3-2 and Figs. 3-4 and 3-5 in SCS (1975) are relatively low
in all but the Wilbarger Creek watershed.

5) There is little difference shown between the Waller Creek and
Wilbarger Creek synthetic frequency curves generated from CN(C)
and TL(C) values. This is partially explained by the larger drainage
area of Wilbarger Creek and its soils which have an overall higher
runoff potential than those for the Waller Creek basin. This is not
the case for the synthetic frequency curves generated from CN(O)
and TL(O) or CN(C) and TL(A) values for the two watersheds.

6) The synthetic frequency curves representing the Turtle Creek and
Spanky Branch watersheds indicate higher discharges for all fre-
quencies for the urban versus undeveloped watersheds when com-
paring curves generated from the same method. The urban
discharges are generally less than 50 percent and never more than
100 percent greater than those for non-urban areas utilizing this
comparison.

In conclusion, the results of this analysis indicate that the generalized
SCS techniques have potential in predicting effects of urbanization on flood
discharges. However, additional research is needed to better define the capabilities
and limitations of these techniques, especially concerning the estimation of lag
time. Recommendations concerning future research should begin with a contin-
uation of the analysis presented within this report. The scope and result of this
study served to point out the need for additional work which is required to produce
conclusive results. Comparisons of calculated versus optimized (from recorded
storm data) watershed curve numbers and lag times can be accomplished utilizing
relatively short periods of simultaneously recorded rainfall and runoff data. Various
matching regional urban and nonurban watersheds having a multitude of physio-
graphic and/or urban conditions should be incorporated into such a study.
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collaboration with persons from other organisations, for presentation
at various conferences, meetings, seminars and other professional Price
gatherings. $2.00ech

# 1 Use of Interrelated Records to Simulate Streamflow, Leo R.
Beard, December 1964, 22 pages.

# 2 Optimization Techniques for Hydrologic Engineering, Leo R.
Beard, April 1966, 26 pages.

# 3 Methods of Determination of Safe Yield and Compensation Water
from Storage Reservoirs, Leo R. Beard, August 1965,
21 pages.

# 4 Functional Evaluation of a Water Resources System, Leo R.
Beard, January 1967, 32 pages.

# 5 Streamflow Synthesis for Ungaged Rivers, Leo R. Beard,
October 1967, 27 pages.

# 6 Simulation of Daily Streanflow, Leo R. Beard, April 1968,
19 oaqes.

# 7 Pilot Study for Storage Reouirements for:Low Flow Augmenta-
tion, A. J. Fredrich, Anril 1968, 30 pages.

8

# Worth of Streamflow Data for Project Desiqn - A Pilot Study,
D. R. Dawdy, H. E. Kubik, L. R. Beard, and E. R. Close,
April 1968, 20 pages.

# 9 Economic Evaluation of Reservoir System Accomplishments,
Leo R. Beard, May 1968, 22 pages.

#10 Hydrologic Simulation in Water-Yield Analysis, Leo R.
Beard, 1964, 22 pages.

#11 Survey of Programs for Water Surface Profiles, Bill S.
Eichert, August 1968, 39 pages.

#12 Hypothetical Flood Computation for a Stream System, Leo

R. Beard, April 1968, 26 pages.
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TECHNICAL PAPERS (Continued) Price
$2.00 each

013 Maximum Utilization of Scarce Data in Hydrologic Design,
Leo R. Beard and A. J. Fredrich, March 1969, 20 pages.

#14 Techniques for Evaluating Long-Term Reservoir Yields,
A. J. Fredrich, February 1969, 36 pages.

#15 Hydrostatistics - Principles of Application, Leo R. Beard,
July 1969, 18 pages.

#16 A Hydrologic Water Resource System Modelinq Techniques,
L. G. Hulman and D. K. Erickson, 1969, 42 pages.

#17 Hydrologic Engineering Techniques for Regional Water
Resources Planning, Augustine J. Fredrich and Edward F.
Hawkins, October 1969, 30 pages.

#18 Estimating Monthly Streamflows Within a Region, Leo R.
Beard, Augustine J. Fredrich, Edward F. Hawkins, January
1970, 23 pages.

#19 Suspended Sediment Discharge in Streams, Charles E. Abraham,
April 1969, 24 pages.

#20 Computer Determination of Flow Through Bridges, Bill S.
Eichert and John Peters, July 1970, 32 pages.

#21 An Approach to Reservoir Temperature Analysis, L. R. Beard
and R. G. Willey, April 1970, 31 pages.

#22 A Finite Difference Method for Analyzing Linuid Flow in
Variably Saturated Porous Media, Richard L. Cooley,
April 1970, 46 pages.

#23 Uses of Simulation in River Basin Planning, William K.
Johnson and E. T. McGee, August 1970, 30 pages.

#24 Hydroelectric Power Analysis in Reservoir Systems, Augustine
J. Fredrich, August 1970, 19 pages.

#25 Status of Water Resource Systems Analysis, Leo R. Beard,
January 1971, 14 pages.

026 System Relationships for Panama Canal Water Supply,
Lewis G. Hulman. April 1971. 18 Daoe.
This pubication is not availabZe to countries outside of
the U.S.

L --001- auk- ------- - ---



TECHNICAL PAPERS (Continued) Price$2.00 each

P27 Systems Analysis of the Panama Canal Water Supply, David C.
Lewis and Leo R. Beard, April 1971, 14 panes.
This pubZication is not available to countries outside of
the U.f.

#28 Digital Simulation of an Existing Water Resources System,
Augustine J. Fredrich, October 1971, 32 pages.

#29 Computer Applications in Continuing Education, Augustine J.
Fredrich, Bill S. Eichert, and Darryl W. Davis, January
1972, 24 pages.

#30 Drought Severity and Water Supply Dependability, Leo R. Beard.
and Harold E. Kubik, January 1972, 22 pages.

#31 Development of System Operation Rules for an Existina System
by Simulation, C. Pat Davis and Augustine J. Fredrich,
August 1971, 21 pages.

#32 Alternative Approaches to Water Resource System Simulation,
Leo R. Beard, Arden Weiss, and T. Al Austin, May 1972,
13 pages.

#33 System Simulation for Integrated Use of Hydroelectric and
Thermal Power Generation, Augustine J. Fredrich and Leo R.
Beard, October 1972, 23 pages.

#34 Optimizing Flood Control Allocation for a Multipurpose
Reservoir, Fred K. Duren and Leo R. Beard, August 1972,
17 pages.

#35 Computer Models for Rainfall-Runoff and River Hydraulic
Analysis, Darryl U. Davis, March 1973, 50 pages.

.#36 Evaluation of Drought Effects at Lake Atitlan, Arlen D. Feldman,
September 1972, 17 pages.
This pubZication is not available to countries outside of
the U.S.

#37 Downstream Effects of the Levee Overtopping at Wilkes-Barre,

PA, During Tropical Storm Agnes, Arlen D. Feldman, April
1973, 24 pages.

#38 Water Oualitv Evaluation of Aquatic Systems, R. G. Willey,
April 1975, 26 pages.

#39 A Method for Analyzing Effects of Dam Failures in Design
Studies, william A. Thomas, August 1972, 31 pages.
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TECHNICAL PAPERS (Continued) Price

$2.00 each

#40 Storm Drainage and Urban Region Flood Control Planning,
Darryl Davis, October 1974, 44 pages.

#41 HEC-5C, A Simulation Model for System Formulation and
Evaluation, Bill S. Eichert, March 1974, 31 pages.

#42 Optimal Sizing of Urban Flood Control Systems, Darryl
Davis, March 1974, 22 pages.

#43 Hydrologic and Economic Simulation of Flood Control Aspects
of Water Resources Systems, Bill S. Eichert, August
1975, 13 pages.

#44 Sizing Flood Control Reservoir Systems by Systems Analysis,
Bill S. Eichert and Darryl Davis, March 1976, 38 pages.

#45 Techniques for Real-Time Operation of Flood Control Reservoirs
in the Merrimack River Basin, Bill S. Eichert, John C.
Peters and Arthur F. Pabst, November 1975, 48 pages.

#46 Spatial Data Analysis of Nonstructural Measures, Robert P.(Webb and Michael W. Burnham, August 1976, 24 pages.

#47 Comprehensive Flood Plain Studies Usinq Spatial Data Manage-
ment Techniques, Darryl W. Davis, October 1976, 23 pages.

#48 Direct Runoff Hydrograph Parameters Versus Urbanization,
David L. Gundlach, September 1976, 10.pages.

#49 Experience of HEC in Disseminating Information on Hydrological
Models, Bill S. Elchert, June 1977, 12 pages.(Superseded by TP#56)

#50 Effects of Dam Removal: An Approach to Sedimentation,
David T. Williams, October 1977, 39 pages.

#51 Design of Flood Control Improvements by Systems Analysis:

A Case Study, Howard 0. Reese, Arnold V. Robbins, John
R. Jordan, and Harold V. Doyal, October 1971, 27 pages.

#52 Potential Use of Digital Computer Ground Water Models,
David L. Gundlach, April 1978, 40 pages.

#53 Development of Generalized Free Surface Flow Models Using
Finite Element Techniques, D. Michael Gee and Robert C.
MacArthur, July 1978, 23 pages.

#54 Adjustment of Peak Discharge Rates for Urbanization,
David L. Gundlach, September 1978, 11 pages. V.I



TECHNICAL PAPERS (Continued) $00 each

#55 The Development and Servicing of Spatial Data Management
Technioues in the Corps of Engineers, R. Pat Webb and
Darryl W. Davis, July 1978, 30 pages.

#56 Experiences of the Hydrologic Engineering Center in Main-
taining Widely Used Hydrologic and Water Resource Computer
Models, Bill S. Eichert, November 1978, 19 pages.

#57 Flood Damage Assessments Using Spatial Data Manaqement
Techniques, Darryl W. Davis and R. Pat Webb, May 1978,
30 pages.

#58 A Model for Evaluating Runoff-Ouallty in Metropolitan
Master Planning, L. A. Roesner, H. M. Nichandros,
R. P. Shubinski, A. D. Feldman, J. W. Abbott, and A. 0.
Friedland, April 1972, 85 pages.

#59 Testing of Several Runoff Models on an Urban Watershed,
Jess Abbott, October 1978, 56 pages.

#60 Operational Simulation of a Reservoir System with Pumped
Storage, George F. McMahon, Vern Bonner and Bill S.
Eichert, February 1979, 35 pages.

#61 Technical Factors in Small Hydropower Planning, Darryl W.
Davis, February 1979, 38 pages.

#62 Flood Hydrograph and Peak Flow Frequency Analysis, Arlen D.
Feldman, March 1979, 25 pages.

#63 HEC Contribution to Reservoir System Operation, Bill S.
Eichert and Vernon R. Bonner, August 1979, 32 pages.

#64 Determining Peak-Discharge Freouencies in an Urbanizing
Watershed: A Case Study, Steven F. Daly and John Peters,
July 1979, 19 pages.

#65 Feasibility Analysis in Small Hydropower Planning, Darryl
W. Davis and Brian W. Smith, August 1979, 24 panes.

#66 Reservoir Storage Determination by Comouter Simulation of
Flood Control and Conservation Systems, Bill S. Eichert,
October 1979, 14 pages.

#67 Hydroloaic Land Use Classification Using LANDSAT, Robert J.
Cermak, Arlen D. Feldman, and R. Pat Webb, October 1979,
30 pages.
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TECHNICAL PAPERS (Continued) Price

$2.00 each

#68 Interactive Nonstructural Flood-Control Planning, David T.
Ford, June 1980, 18 pages.

#69 Critical Water Surface by Minimum Specific Energy Using the
Parabolic Method, Bill S. Eichert, 1969, 14 pages.

#70 Corps of Engineers' Experience with Automatic Calibration
of a Precipitation-Runoff Model, David T. Ford,
Edward C. Morris, ind Arlen D. Feldman, May 1980,
18 pages.

#71 Determination of Land "se from Satellite Imagery for Input
to Hydrologic Mode : , 4. Pat Webb, Robert Cermak, and
Arien Feldman, April 1980, 24 pages.

#72 Application of the Finite Element Method to Vertically Stratified
Hydrodynamic Flow and Water Ouality, Robert C. MacArthur
and William R. Norton, May 1980, 12 pages.

#73 Flood Mitigation Planning Using HEC-SAM, Darryl W. Davis, June
1980, 23 pages.

#74 Hydrographs by Single Linear Reservoir Model, John T. Pederson,
John C. Peters, Otto J. Helweg, May 1980, 17 pages.

#75 HEC Activities in Reservoir Analysis, Vern R. Bonner,
June 1980, 16 pages.

#76 Institutional Support of Water Resource Models, John C. Peters,
May 1980, 23 pages.

#77 Investigation of Soil Conservation Service Urban Hydrology
Techniques, Duke G. Altman, William H. Espey, Jr., and
Arlen D. Feldman, May 1980, 14 pages.


