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Mr. A. 0. Friedland

Department of Public Works

City and County of San Francisco
San Francisco, CA 94102 '

Dear Mr. Friedland:

This report contains the latest results from our control strategy
studies in Vicente Basin. It is intended to be the completion report
for the simulation studies initiated in 1972 as a joint effort by your
staff and CSU. An interim report addressed to the same problem was sub-
mitted on April 20, 1973. We subsequently discussed with Messrs. Giessner,
Moss and Coffee the continued Vicente Basin simulation work reported
herein. For full understanding, this report should be used in conjunc-
tion with our report '"Metropolitan Water Intelligence Systems, Completion
Report, Phase III,'" 1974.

In order to be useful this work should be presented to your technical
staff members responsible for implementing the wet weather portion of the
Master Plan. Toward that objective, I can arrange such a presentation at
your convenience. For the information of persons not familiar with the
SFDPW-CSU cooperative studies, I have ﬁescribed the background leading to
the presentation of the report in a '"Foreword' section of this report.

Speaking for myself and the othems at CSU who have worked on this
project, we feel that the concepts presented for wet weather control in
the Master Plan offer substantial promise for a cost-effective solution
to the wet weather problem. We feel that the technical work contained
in this and in related reports has a great deal to offer those who will
implement the automatic control system necessary to best utilize this
innovative system. We therefore hope|that our work will continue to be
of use in this effort. With best regards,

Yours very truly,

L Srss

Neil S. Grigg
Associate Professor
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FOREWORD

By Neil S. Grigg

This report represents the partial results of a two year cooperative
research effort between Colorado State University and the San Francisco
Department of Public Works. The focus of the investigation has been on
the development of techniques for computer control of the wet weather
portion of the 1973 '"Master Plan for Wastewater Management."

The work reported herein has been completed with financial support
from the U. S. Department of the Interior, Office of Water Resources
Research. The title of the three-year project was '"Metropolitan Water
Intelligence Systems" (MWIS). A number of other reports have been
issued. They are listed at the end of this section.

This cooperative work was initiated through the efforts of Murray B.
McPherson, Director of the ASCE Urban Water Resources Research Program.
The work was essentially started in summer of 1972. Professor McPherson
described the work plan for CSU as f:jilows (from his July 5, 1972

memorandum to Mr. William Giessner).

BOLORADO STATE UNIVERSITY



Telephone: 617~ 631-7137

AMERICAN SOCIETY OF CIVIL ENGINEERS

URBAN WATER RESOURCES RESEARCH PROGRAM

ADDRESS REPLY TO:

M. B. McPherson, Director

ASCE Urban Water

Resources Research Program

23 Watson Street

Marblehead, Massachusetts 01945

HEMORANDUN

Toi Mr. Williem R. Giessner, Planning end Studies Head, Division of Sanitary Engineering,
DPW, San Francisco '

From: M. B. McPherson, progran director

Subject: Preliminary work plan for Colorade State University project for a supplementary
input to the first step of the DPW/SF Plan for Research, levelopment and
Demonstration Period of Wet-Weather Upstream Control Program

Date: July 5, 1972

Under a memorandum of June 20, 1972, I sent to Mr. A, O, Friedland my interpretation of
"City end County of San Francisco, Plan for Research, Development and Demonstration Period
of Wet-Weather Upstream Control Program, June, 1972-February, 1977," 34 pages. Please see
pages 29 and 30, particularly the latter, for wy general summary of CSU's intentions. The
following is the prelininary CSU work plan for "Demonstration of Control Development
Capability" as prepared last week by Prof. Neil Grigg and subsequently modified by me:

1. Obtain physical definition from DPW of Vicente catchment, including catchment boundary,
sewer layout, and related factors that the DPW have been using for analysis of rainfall-
runoff data on the catchment. |

2. OUbtain one-minute interval ra‘-falles (or shoster interval, if available) and associated
stagea or flows for the about one dozen etorms of record applicable to the Vicente |
catchment, Presumably, the DPW is currently using this same data in analyais of the
Vicente catchment, ‘

3. Using a simple model, determine the runoff cocfficient, or aimilar parameter, and |
other necessary catchment response characteristics, for the atorms of record at the
flow gage sites.

b, Apply these calibrations to the Vicente catclment as changed by the addition of the
new storage basins as sized and located for the preliminary Master Plan of 1971 end
make tha following tests:




MEMORANLUM - 2 - July 5, 1972

6.

7.

a. Simulate operation for the same storms of record for a range of withdrawal-to-
treatment rates and possibly a range of storage-use.

b. Explore effects of potential equipwent malfunctions on capabilities for meating
the preceding ranges of control objectives.

Subsequent to a review of findings on "4" with DPW persoonel, reach agreement with
them on design storms or serics of storms to be applied in subsequent teste. For
exemple, large-volume and small-velume extremes could be used or a seriles of large-
volume storms based on the U.8. Weather Service page record might be elected instead.
Also, review with DPV personnel overall City storm movement-pattern characteristics
as they wight affect individual catclment responses.

Using the storm series selected:

a. OSimlate operation for the same range of operating criteria as before except
for different storage volumes and/or locations.

b. Study potenticl equipnent malfunctions as before, plus the effects of changes
1n control criteria during a storm or deviation of rainfall from predicted
behavior during a stoim,

Prepare summary of findings for the DPV and raeview these with DPW for the purpose of
insuring their maximm utility to the DPW.

Proceed to expand the Vicente case study into a generalized epplication, (This is
Fhase I1I of the CSU study). Whether or not this phasc would coumence with analysis
of other SF catcluwents would Le up to the DFW,

Any and all reports prepared by CSU dealing with SF, directly or by implication, would be
' reviewed by the DPV before distribution by CSU, and revised as required by the DPW with
regard to interpretation. For example, there should be no suggeastion included that operating
| criteria studied are necessarily among those the DPW will ultimately adopt, inasmuch as

DPW work will have proceeded independently of the CSU project.

Your carly reaction to this preliminary plan for CYU is earnestly requested.

cey

Dr., Neil Grigp, CS5U
Dr. G. F. Mangan, OWRR



Following the early coordination necessary to initiate the project,
a number of visits were exchanged between SFDPW and CSU personnel. A
great deal of data and technical guidance was furnished by SFDPW to CSU.
Extremely helpful initially were W. R. Giessner and Frank Moss and later,
Harold Coffee.

Since the work described by Professor McPherson was initially con-
cerned with a catchment study, the Vicente Basin, an effort was mounted
at CSU to launch a city-wide study concerned with control strategy. A
grant from NSF-RANN was approved to begin this study on July 1, 1973.
The principal result of this so far has been one Ph.D. dissertation
entitled, '""Real Time Control of a Large Scale Combined Sewer System' by
Bruce H. Bradford; and one paper scheduled for publication by ASCE en-
titled, "Automatic Control of Large-Scale Combined Sewer Systems'' by
John W. Labadie, N. S. Grigg and B. H. Bradford.

A proposal to OWRR entitled "Implementation of Optimal Computer
Control for Combined Sewer Systems' was submitted in January, 1974. The
objective of that planned work is to continue and assist in the imple-
mentation of the work described in this report. The proposal has not
been acted upon at the Time of this writing.

Other MWIS Reports that have been issued are as follows:

Technical Report No. 1 - "Existing Automation, Control and
Intelligence Systems of Metropolitan Water Facilities"
by H. G. Poertner. (PB 214266)

Technical Report No. 2 - "Computer and Control Equipment"
by Ken Medearis. (PB 212569)

Technical Report No. 3 - "Control of Combined Sewer Overflows
in Minneapolid-St. Paul" by L. S. Tucker. (PB 212903)



Technical Report No. 4 - "Task 3 - Investigation of the
Evaluation of Automation and Control Schemes for Combined
Sewer Systems' by J. J. Anderson, R. L. Callery, and
D. J. Anderson. (PB 212573)

Technical Report No. 5 - "Social and Political Feasibility of
Automated Urban Sewer Systmes' by D. W, Hill and L. S. Tucker.
(PB 212574)

Technical Report No. 6 - "Urban Size and Its Relation to Need for
Automation and Control'" by Bruce Bradford and D. C. Taylor.
(PB 212523)

Technical Report No. 7 - '"Model of Real-Time Automation and
Control Systems for Combined Sewers' by Warren Bell, C. B. Winn
and George L. Smith. (PB 212575)

Technical Report No. 8 - "Guidelines for the Consideration of
Automation and Control Systems'" by L. S. Tucker and D. W. Hill.
(PB 212576)

Technical Report No. 9 - "Research and Development Needs in
Automation and Control of Urban Water Systems' by H. G. Poertner.
(PB 212577)

Technical Report No. 10 - "Planning and Wastewater Management
of a Combined Sewer System in San Francisco' by Neil S. Grigg,
William R. Giessner, Robert T. Cockburn, Harold C. Coffee, Jr.,
Frank H. Moss, Jr., and Mark E. Noonan. (PB#-to be assigned)

Technical Report No. 11 - '"Optimization Techniques for Minimization
of Combined Sewer Overflow'" by John W. Labadie. (PB#-to be
assigned)

COMPLETION REPORTS

"Metropolitan Water Intelligence Systems Completion Report -
Phase I," by George L. Smith, Neil S. Grigg, L. Scott Tucker
and Duane W. Hill. (PB 212529)

'""Metropolitan Water Intelligence Systems Completion Report -
Phase II," by Neil S. Grigg, John W. Labadie, George L. Smith,
Duane W. Hill and Bruce H. Bradford. (PB 221992/1)

""Metropolitan Water Intelligence Systems Completion Report -
Phase III," by Neil S. Grigg, John W. Labadie, and Harry G.
Wenzel. .
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CHAPTER I

INTRODUCTION

A. Background for the Report

Since 1971 Colorado State University has been involved in a project
entitled "Metropolitan Water Intelligence Systems' under the sponsorship
of the U. S. Office of Water Resources Research. The overall objective
of this study is to examine criteria, rationale and guidelines for
planners, managers and designers concerning the development and imple-
mentation of automation and control facilities for urban storm and
combined sewer systems. The study was divided into three phases with
completion reports issued for each phase [9, 5, 6] in addition to eleven
Technical Reports as of June 30, 1974.

The need for this study grew out of the increasing concern about
water quality, particularly in urban areas. The cost of significantly
improving the quality of wastewater, particularly in combined sewer
systems, is very high and thus any effort in this direction requires
careful and extensive planning. The San Francisco Master Plan for
Wastewater Management [4 ] satisfies these requirements. At this point
it is a preliminary plan with four alternative design levels for storage
and a general operational scheme established as the wet weather plan.

In order to proceed to the next planning stage, it is necessary to
examine in detail the capability and cost-effectiveness of an automated
control system which is operated so as to make the most efficient use
of the detention reservoir system in terms of pollution reduction.

The development and study of control strategies for accomplishing this
was one of the principal objectives of Phase III of the study. Figure I-1
is a chart which summarizes the steps leading to on-line operational

control of the wastewater system. The efforts described in this report
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begin in the preliminary planning stage and carry over into subsequent

stages.

B. Objectives of This Report

This report was prepared specifically for the City of San Francisco
as a supplement to the MWIS Phase III Completion Report. 1Its objective
is to concentrate on the results and techniques for control strategy
development. In addition, certain data and analyses which were gathered
or performed during the course of the study and not presented in the
Phase III report appear here.

Although considerable reference to the Phase III report is made,
the material concerning control strategy development is organized
differently. Primary emphasis is placed upon results and theoretical
development is minimized. This report should be regarded as a supplement
to the Phase III report. It focuses on the control strategy aspect
and is written for the planner and engineer rather than the researcher.

The material that is not in the Phase III report is contained
primarily in Chapter IV and the appendices. A quantitative summary of
the thesis results of the second author concerning a specific city-wide
control strategy technique are presented in Chapter IV. Detailed rainfall
data for large storms in San Francisco, analysis of storm parameters
and a summary of subcatchment data are presented in the appendices.

This information is presented as reference material for possible future

use.



CHAPTER 1II

RUNOFF HYDROGRAPH PARAMETER IDENTIFICATION MODEL

A. Model Description

Of basic importance in any simulation model is the evaluation of
the parameters or coefficients which are used, i.e., the calibration of
the model.

The rainfall-runoff model used in the Vicente Subbasin simulation
model is based on the instantaneous unit hydrograph. This is a rela-
tively simple model requiring two parameters: a runoff coefficient, C ,
and a routing constant, K .

Because rainfall data are available from the San Francisco raingage
network and runoff data are available from the flow gage system it is
possible to calibrate the rainfall-runoff model using actual field data.
To do this a parameter identification model was developed to determine
C and K using actual data for Vicente Subbasin.

The rainfall data was supplied by the City of San Francisco in the
form of an average mass curve for each storm with values at 15 minute
increments. This data was formulated from the raw raingage data using
the City's SYMAP computer program. The runoff data was in the form of
sewer level readings at 15 second intervals for Flow Gage 125 located in
a 6.0 ft. diameter sewer at Vicente St. and 34th Avenue. The rating
curve used by the City to convert level readings to discharge was based
on the application of Manning's equation with n=0.013.

The objective of the parameter identification model was to deter-
mine the values of C and K which produced the best agreement between the
predicted outflow hydrograph from the rainfall-runoff model and the
actual hydrograph as measured by F.G. 125. The runoff coefficient is

easily computed as the ratio of runoff volume to rainfall volume for

5



any storm. However, because K is primarily a mathematical parameter
rather than a physical one it is the parameter which can be adjusted to
maximize hydrograph agreement.

The model was set up to determine the outflow hydrograph using one
of two methods, both based on the instantaneous unit hydrograph. The
first method treats the watershed as a single linear reservoir. The
second employs a linear reservoir-linear channel or Clark [2] model
using either a triangular or specified time-area histogram. Two types
of hydrograph fitting criteria were used. One identified the K value which
minimized the standard error between the entire observed and calculated
hydrographs. The other identified the K which minimized the sum of the
relative error for the peaks and time to peaks. Further details are
explained in the Phase III MWIS completion report.

A listing of the FORTRAN program for the model is given in Appen-

dix A.

B. Flow Gage 125 Rating Curve

Initial results from the parameter identification model indicated
runoff coefficients greater than unity for some storms. Since it was
unlikely that the precipitation data caused this problem a hydraulic
analysis of F.G. 125 was performed to check the validity of the assump-
tion of uniform flow in developing a rating curve. The analysis is
described herein because it points to potential problems at other flow
gage sites as well.

Flow Gage 125 is located 8 ft. downstream from the outlet of a
junction structure which combines the flow from three inflow lines. A

schematic with the pertinent information is shown in Figure II-1. The
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slope of all four pipes is hydraulically steep throughout the range of
possible open channel flow. Therefore if unsteady effects are ignored
the water surface profile in the entrance region of pipe 4 is either
uniform or type S-2, depending on the water level in the junction structure,
It is difficult to determine theoretically if the water level in
the junction structure will, in general, be high enough to generate the
S-2 profile, however it appears that at least at high flows this would
be the case. A check was made at a total steady throughflow of 50 cfs.
Specific energy values at the exits of pipes 1, 2 and 3 were computed
using Manning's equation with n=0.013. The specific energy for critical
flow at the entrance to pipe 4 was computed as well. The results are

shown in Table II-1.

Table II-1

Specific Energy for Q=50 cfs

Pipe Assumed Q Depth Specific Energy

(cfs) (ft.) (ft.)
1 12.4 0.56 2577
2 18.6 0.63 3.82
3 19.0 (6 5 g 1Al
4 50.0 1.92 2.56 (critical flow)

Table II-1 shows that sufficient energy is available to cause some
pooling in the junction structure at this relatively low flow. Pooling
would also be encouraged by the inflows from the three upstream lines
colliding in the structure.

It therefore seems possible that the depth at F.G. 125 is above normal

and possibly near critical depth. It is difficult to be more precise




without field measurements because of the complex flow pattern in the
entrance region of pipe 4. With this in mind there are two approaches
to developing a new rating curve. The first and most simple is to

assume that critical depth occurs at F.G. 125. This will produce the
lowest flows for a given level reading commensurate with the hydraulic
conditions. The second is to assume that critical depth occurs at the
entrance to pipe 4 and to construct appropriate water surface profiles
for various flows to determine the corresponding depth at F.G. 125.

The results of the first approach are shown in Figure II-2 to-
gether with the uniform flow curve. For flows below 200 cfs both curves
are linear on the log-log plot, thereby facilitating their mathematical
description. Letting Qn and Qc represent the discharge assuming
normal and critical depth respectively at F.G. 125 the relationships

shown on Figure II-2 apply. They can be combined to yield

Q = 0.522 Qg‘951

e Qn,Qc < 200 cfs (1)

which shows that the discharge is approximately 50 percent of the value
obtained using the uniform flow rating curve.

The second approach was used for three discharges. The resulting
depths at F.G. 125 were applied to the critical flow rating curve to
obtain corresponding discharges. The ratio of the actual discharge to
the value obtained from the rating curve is the correction factor which
should be applied if the critical flow rating curve is used. The results

are shown in Table II-2.
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Table 1I-2

Rating Curve Correction Factors

Actual Q Q from Rating Correction

(cfs) Curve Factor
(cfs)
50 29T 1.26
100 78.1 1.28
300 250.0 1.20

In this case the flow is approximately 25 percent higher than if critical
depth occurred at F.G. 125.

As a result of this analysis the critical depth rating curve shown
in Figure II-2 was used in the parameter identification model. This
results in reasonable runoff coefficients and the results are discussed
in the next section.

It can be concluded that if the data from any flow gage is to be
used for model calibration or verification a hydraulic analysis of that

particular gage is necessary.

C. Results of Hydrograph Parameter Identification Model

A total of 19 storms were processed through the model. The results
are summarized in Table II-3. In this table the Time Increment is the
increment associated with the rainfall hyetograph and T is the time
difference between the centroids of the hyetograph and the outflow
hydrograph. For the Clark routing a symmetrical time-area graph was used
with a total base time of T .

The resulting runoff coefficients are reasonable with the exception
of the final value in the table. The average of these values is 0.633

which is close to the 0.66 value commonly used for preliminary design



Table II-3

Results of Hydrograph Parameter Identification Model

Storm Date | Duration Time Total Precip. Runo ff Optimum K (hrs) T
Year | Day (min) increment | Precip. (in) | Excess (in) Coef. Peak Fit | Overall Fit| (hrs)
' (min) CritTréon CCriirrion
Clark LR lar SLR
1971 342 375 15 0.28 0.17 0.600 | 0.51 |0.51 0.41 |0.61 0.84
1971 343 600 30 0.31 0.16 0.518 | 0.54 |0.04 0.04 |0.44 1.28
1971 I 345 705 15 0.44 o | 0.697 | 0.65  0.74] 0.95 |0.85 0.86
1971 346 525 15 0.46 0.29 0.625 | 0.97 |0.97 0,67 067 | 0.57
1971 | 348 120 15 0.07 0.04 0.58110.19 |0.09 0.29 |0.69 0.83
1971 348 330 15 0.12 0.11 0.905] 1.22 |1.22 0.52 '1.02 1.17
1971 358 600 60 0.54 0.30 0.547 | 1.01 0.011] 0.01 IO.OI |
1971 358 400 10 0.56 0.28 0.507 | 0.87 |0.87 0.07 |0.57 0.83
1971 359 600 20 0.48 0.29 0.610]| 0.92 |0.92 032 |0.42 1.23
1972 22 150 S5 0.26 0.12 0.453]1 0.37 |0.47 ] 0.37 0.57 0.62
1972 22 300 60 0522 0.17 0.776 1 0.72 |0.02 0.02 ID.OZ 1.19
1972 26 330 30 0.29 0.20 0.683] 0.41 [0.01] 0.21 l0.21 0.66
1972 , 27 150 5 0.26 0.15 0.591| -- I -- | 0.20 10.40 0.47
1972 35 480 30 0.49 0.34 0.697 ] 1.29 |l.19 1.38 |1.19 1.39
1972 52 135 15 0.32 0.19 0.596 | 0.25 |0.35 0.35 " 0.55 0.71
1972 52 300 60 0.19 ORLS 0.676 | 0.61 I0.91 0.7110.71 Y22
1972 52 100 10 0.12 i B 0.904 ] 0.26 ]0.36 0.36 |0.76 0.77
1972 | 81 165 15 0.14 0.06 0.427| 0.03 l0.03 0.13 |0.43 0.62
1972 I 102 150 10 0.09 0.13 1.4421 0.25 ;0.65] 0.35 ] 0-65 0.87
c=.633
0=,133

ZI
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of the system. The high values are usually associated with a low total
precipitation which is reasonable since in this case errors in base
flow estimation seriously affect the precipitation excess value. If
storms with total precipitation less than 0.20 in. are excluded from
the analysis this problem will be considerably reduced.

The optimum K values vary considerably and it is difficult to
correlate this variation with any of the storm parameters. Some of this
variability is caused by the optimization scheme which simply seeks the
value of K which minimizes the error criterion and does not consider
variation in the criterion around the optimum value. In other words,
the relative reduction in the fit error may be small over a range of K
values but a minimum is achieved at an extreme value. This could explain
some of the very low values shown. The K values for the Clark method
are generally lower than those for the single linear reservoir method,
particularly when using the overall fit criterion which could be ex-
pected. There is some correlation between T', which is a measure of
travel time, and K. It can be concluded that the uncertainties in the
data together with the approximations inherent in the model do not
justify the use of an optimization scheme for choosing K which ignores
these uncertainties. It would be better to exercise some judgment based
on experience gained from processing more storms on various sizes of
subcatchments through the hydrograph model.

The data in Table II-3 are all for one size of subcatchment. The
subcatchment sizes used in the Vicente simulation model were much smaller
and thus these results are of little value in assigning K values in that
case. Therefore an analysis of rainfall-runoff data from small sub-

catchments would be quite useful and would probably result in a better
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fit between observed and predicted hydrographs. Time did not permit
this to be done in the context of this study. In fact the general
question of the optimum level of aggregation to be used in the simula-

tion model remains to be investigated.




CHAPTER II1

SIMULATION APPROACH FOR CONTROL STRATEGY
DEVELOPMENT FOR VICENTE SUBBASIN

A. Vicente Simulation Model

The Vicente model is described in some detail in the MWIS Phase III
report. It was developed to investigate the response of the Vicente
Subbasin detention reservoir drainage system to various reservoir control
strategies. The model is general in that it will accept as input storms
with temporal and spatial variation. The manner in which these storms
are obtained is arbitrary. It is a distributed deterministic model using
the instantaneous unit hydrograph concept to generate runoff. Level pool
routing is used for the detention reservoirs and a modified Muskingum
routing scheme is used in the sewer lines.

The Cunge-Muskingum routing method described in the MWIS Phase III
report was modified somewhat from the original approach as proposed by
Cunge [3]. The Cunge method treats the travel time through the reach as
a variable based on the wave celerity which is computed at each step in
the routing process. It was found that this process resulted in a loss
of water volume under the downstream hydrograph. In other words, conser-
vation of mass was being violated. This was an unacceptable situation
because of the importance of reservoir overflow volume as a performance
parameter for evaluation. Therefore a constant value of wave celerity
was used for each reach, regardless of the actual flow. This value was
computed assuming that the pipe was flowing half full. Although this
may have produced some minor changes in the resulting hydrographs, they
no longer violated the continuity equation and therefore this modification

was adopted.

15
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The input data for the Vicente model in addition to the rainfall
data is summarized in Table IV-2 of the MWIS Phase III report. Pipe
geometry and slope data were average values estimated from the detailed
information in the San Francisco Department of Public Works Master Plan.
The runoff coefficients for all but two subcatchments are for similar
residential areas and a value of 0.65 is reasonable based on Table II-3.
The two subcatchments with C=0.35 are park areas with a larger propor-
tion of unpaved area than the others. The K values are estimates based
on approximate travel times for the subcatchments. Since the data in
Table II-3 are for the group of subcatchments upstream from F.G. 125
the values shown there are not applicable. The two subcatchments with
K=0.2 are for the park areas which have a lower sewer density, hence
the higher value of K. The dry weather flow values used in the model
are based roughly on an average value of lcfs/sq.mi. The results are
not sensitive to this value since the flow during storms is usually
much higher. The data from F.G. 125 as well as other flow gages could
be used to estimate the dry weather flow more accurately.

It is clear that the model calibration as described above is not
precise. Good calibration of F.G. 125 as well as flow measurements at
other points in the system are needed. However, the purpose of the
model was to compare control strategies, and for this purpose it is
adequate.

Appendix B contains a FORTRAN listing of the model which is in-
cluded as a subroutine in the statistical analysis program discussed in

Section D.3.
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B. Effect of Control Strategy on Vicente Subbasin System Performance

B.1 Possible Approaches

These are two basic approaches which can be employed to develop
control strategy. One is to assume various strategies and to test
them using the model. The second is to determine the optimum
strategy for a series of storms and to attempt to generalize the results.
The criterion for optimality using the Vicente Subbasin model is to
minimize the volume of overflow from the detention reservoirs. The
second approach has the advantage of directly yielding the desired
results. However, the resulting strategy may be quite complex and
difficult to specify as a function of individual storm event characteris-
tics. The first approach has the advantage of the prior knowledge of
the general form of the control strategy. The strategy parameters can
then be manipulated to produce the best results within the context of
that particular form of strategy. However, there is no guarantee that
some other general strategy would not produce still better results.

The problem of developing an optimal control strategy for the entire
city system is indeed a challenging one. This study is just a first
step in solving that problem. Hopefully, by examining a particular
subbasin in some detail some idea of the relative improvement in system
performance gained by real time reservoir control can be achieved. With
this in mind a single general strategy was chosen for investigation.
It is a logical one, easily described and could be readily implemented.
It thus could serve as a basis for evaluating the possible improvement
which might be expected for the city-wide system performance as a result

of real time control.
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B.2 The Control Strategy Selected for Study

The general strategy is described in Chapter IV, Section C.2 and
illustrated in Figure IV-1 in the MWIS Phase III report and is summarized
here. The outflow from each of the three upstream reservoirs in Vicente
Subbasin is uncontrolled until the inflow exceeds a value Qimax o NI
and when this occurs the outflow is controlled at Qimax and the excess
inflow is stored in the reservoir. If the reservoir becomes filled the
excess inflow becomes overflow. This may take the form of street
flooding in the case of the upstream reservoirs, or would be discharged
into the receiving waters in the case of the downstream reservoir
(reservoir 12-2). The control is maintained until the inflow drops
below Qimax in which case the outflow is uncontrolled again. The

~

maximum outflow is described in terms of a reference flow, Qi

(2)

I
2
2

Q

imax
where
Q; = C, (0.3 in./hr.)A (3)

where Ci and Ai are the runoff coefficient and drainage area upstream
of reservoir i . A value of 0.3 in./hr. was used in Equation (3) since
this rainfall intensity was one of the values for the design capacity

of the lines discharging from a subbasin in the San Francisco Master
Plan. This procedure proportions the controlled outflows according to

drainage area yet permits Q to be specified for all reservoirs

imax

simply by specifying the value of a . Therefore a , which can be
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termed the control Level, is the parameter which completely describes
the specific control strategy for the upstream reservoirs. The maximum
outflow from the downstream reservoir is governed by the overall
operating strategy for the city-wide system. It can be viewed as the
link between the various subbasins. It has an upper limit established
by the capacity of the proposed line leading to the interceptor. This
corresponds to a, = 1.0 since the line has a design flow equivalent
to 0.3 in./hr. The subscript on a refers to the fourth reservoir
(12-2) in the subbasin system. The case where outflow is limited to

the treatment plant capacity (0.1 in./hr. over the entire city) is

represented by a, = 1/ 3.

B.3 Results of Control Strategy Application

The control strategy described in the previous section was developed
and applied for Alternate B storage using the techniques described in
Sections C and D. The important results are summarized here for

emphasis rather than at the end of the chapter.

The evaluation of a strategy must be done on a statistical basis
to be meaningful. To use a few individual storms for this purpose could
be very misleading. Therefore, the average values and probability
distributions of performance parameters which result from the applica-
tion of a long term historical rainfall record to the Vicente simulation
model are meaningful and serve as a valid means of evaluation.

Within the general control strategy under study a number of
variations or controf Level strategies were investigated using the semi-
continuous simulation technique. In order to facilitate discussion they

are numbered as follows:
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Control Level
Strategy Number Description

1 No control. Maximum upstream reservoir

outflow = outflow line capacity. a v 3.0.

2 Zero overflow rule curve, Figure III-4
*

3 Optimization rule curve [a = a from Equation 8]
Effective duration defined by PraxPi = 156
Minimum o = 0.4.

4 Optimization rule curve, [Equation 8]
Effective duration defined by PP * .0
Minimum a = 0.5

5 Constant o (weighted average) for all storms
a = 1.416 for a, = 1.0 from strategy 4 results
a = 0.735 for a, = 1/3 from strategy 3 results

6 Constant o (mean value) for all storms

@ = 0.829 for a, = 1.0 from strategy 4 results.

4
Strategy 1 is the do nothing strategy and serves as a common basis
for comparison. Strategy 2 was developed using the zero overflow curves
with a, = 1.0 as described in Section C.1. Strategies 3 and 4 are
based on the rule curve developed from the optimization technique dis-
cussed in Section C.2. The adaptation of this rule curve to non-
uniform intensity storms is discussed in Section D.3 and these strate-
gies represent different adaptation criteria. Strategies 5 and 6 were
included to show the results of using a constant value of o for all
storms. This implies that no storm forecasting procedures are employed.
The value of & used was computed in two ways. In strategy 5, a was
computed as the mean of the a values for each overflow producing

storm from strategies 3 and 4 weighted according to the overflow volume

from each storm. In strategy 6, the simple unweighted mean of the o
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values from strategy 4 for a, = 1.0 was used. The corresponding case
for a, = 1/3 was not studied.

The average values of four system performance parameters resulting
from the 66 year historical rainfall record for San Francisco are given

in Tables III-1 and 2 for a, = 1 and 1/3 respectively.

Table III-1
Average Results of Control Level Strategies
for a, = 1.0
4
Control Level Strategy
Parameter 1 2 3 4 5 6

Ave. Vol. of OF /yr. [in.] 0.058 0.032 0.072 0.036 0.036 0.046

Ave. Number of OF/yr. 0.641 0.300 1.760 0.920 0.500 0.580
Ave. Vol. of OF/OF [in.] 0.091 0.106 0.041 0.039 0.072 0.079
Ave. Dur. of OF [hrs. ] 0.770 0.730 1.430 1.070 0.870 0.800

* OF = overflow

Table III-2
Average Results of Control Level Strategies
for a, = 1/3
Control Level Strategy
Parameter 1 2 3 4 5 6

Ave. Vol. of OF/yr. [in.] 0.953 0.960 0.635 0.693 0.908 -
Ave. Number of OF/yr. 7.390 7.450 4.200 5.610 7.180 -
Ave. Vol. of OF/OF [in.] 0.129 0.129 0.151 0.124 0.126 -
Ave. Dur. of OF [hrs.] 2.000 2.060 2.790 2.570 2.260 -
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The initial conclusion which can be drawn from these results is that
substantial improvement in system performance can be achieved by utili-
zing some type of control strategy over a no control policy. Reduction
in average overflow volume per year of up to 38 percent and in overflow
events per year of over 50 percent were achieved. Although only one
subbasin of the entire system was considered it is believed that equal
or better performance than shown in Table III-2 is possible for the
entire system since advantage can be taken of the spatial variation in
rainfall intensity as well as the variation in travel time from the
subbasins to the treatment plant. This can be done by individual control
of the outflow from each subbasin, i.e., adjusting the value of the
equivalent of ey for each subbasin.

There is, however, one important qualification which must be placed
on the above conclusion. The results for strategies 2, 3 and 4 were
obtained using historical rather than predicted hourly rainfall values.
The question of prediction capability and its effect on system perform-
ance should be regarded as a high priority research topic which must be
undertaken before an intelligent decision regarding control system
design can be made. It appears at this point that storm prediction is
the weakest link in the system control process and therefore merits
attention.

A second conclusion from the results is that the most important
single parameter in determining subbasin system performance is not the
control level strategy but Gy i.e., the maximum allowable outflow
from the subbasin into the interceptor. Comparison of the figures in
Tables III-1 and 2 shows that the variation of performance parameters

within either table is insignificant compared to order of magnitude
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change from &y = 1.0 to 1/3 . This observation leads to a recognition
of the importance of the city-wide control strategy relative to the
subbasin strategy. A total system strategy which maximizes the allowable
flow to the treatment plant subject to treatment rate limitations can

be much more effective than a sophisticated subbasin strategy alone.

The above conclusions are of major importance from a practical
viewpoint. Some comments concerning specific control level strategies
follow.

In Table III-1, strategy 2 gave the best results while strategy 3
was best in Table III-2. Strategy 2 was developed specifically for the

case of o, = 1.0 . Its use in the case of a, = 1/3 gave results even

4 4
poorer than the no control strategy. This is because all of the «

values from strategy 2 are above 1.0 since for a, = 1.0 only the larger

storms will cause overflows. The use of o > 1.0 for small storms will
increase the overflow volume they may cause. Since restriction of

@, to 1/3 greatly increases the overflow producing potential of small

4
storms, the use of strategy 2 in this case produced poor results.

If a single strategy regardless of oy is used, then strategy 4
is best. It resulted from the use of optimization techniques for both

a, = 1.0 and 1/3. The results generated from the rule curve thereby

4
produced were a function of the definition of effective storm duration
and depth used in Equation 1 as described in Section D.3. Strategy 3
produced somewhat better results for a, = 1.0 . This is primarily
because a minimum value of a = 0.4 produced overflows from some
smaller storms in the case of il 1.0 which would be eliminated
using a minimum o = 0.5 . In other words, strategy 4 achieves a

better trade off between reduction of overflow from large storms and

elimination of overflow from smaller storms than does strategy 3.
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Strategies 5 and 6 were studied with the idea that no storm pre-
diction methods would be used. In this case a constant value of «
would be used, based on the historical rainfall record, It is clear at
the outset that such a strategy will produce the best results when the

variability in depth and duration of overflow producing storms is

minimum. Since this variability is much less for o, = 1.0 than

4

o, = 1/3 one might expect better results in the former case. Two

methods of computing the value of o to be used were employed. For
strategy 5, a weighted average was used, with the overflow volume from
each overflow producing storm from strategy 3 or 4 serving as the
weighting factor. In strategy 6 the unweighted mean o from strategy 4

was used. Strategy 5 produced fairly good results for a, = 1.0 but

very little improvement over strategy 1 for a, = 1/3 . This is not

surprising because of the difference in storm variability as a function

of o, as discussed above. For the case of oy

number of small overflow producing storms resulted in a low o which

= 1/3 the large

in turn caused larger overflow volumes from the larger storms. It is
likely that an optimum a could be found, but it would be a function

of &, . A value of a independent of o

4 would probably result in

4
little if any improvement over strategy 1.
The average duration of overflow for constant o, was generally
higher for strategies 2 through 6 than for strategy 1. This is due to
the increased attenuation of the hydrograph caused by the additional
control as it passes through the reservoirs. The overflow duration

also increases as o, decreases which is caused by the reduction of

4
allowable inflow to the interceptor.
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Although much information is conveyed by the average values in
Table III-1 and III-2, a more complete picture of the variation in
system performance parameters is provided by their probability distri-
butions. Another advantage of the simulation technique applied to long
term data is that a good estimate of the probability distributions is

obtained. The probability distribution is particularly useful in

conveying the idea that since rainfall is a natural event, no practical
design will eliminate overflows and that the effect of different design
alternatives is to change the probabilities associated with the perform-
ance variables. The design decisions are then in terms of acceptable
levels of probability that certain variables will be exceeded.

Cumulative probability distributions for the first two variables
in Tables III-1 and III-2 for strategies 1 and 4 are shown in Figure III-1
and III-2. The average values in the tables are equal to the areas under
the respective probability curves. It may be useful to fit theoretical
distributions to these curves. This information would be useful in
estimating probability distributions associated with other mean values
of these parameters.

The Poisson distribution, which requires only the mean value of
the variable, was found to describe the number of overflows per year
very well. The probability density function for this distribution is

given by
By
n =M

fm) = == (4)
n!

v
where n = the number of overflows per year and u = the mean value of n.
This is discrete distribution and the resulting cumulative distribution

function is computed as
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N
PIN>A]=1- } £m (5)
ui
n=0
The volume of overflow per year is a continuous variable and the
Gamma distribution was found to fit the data rather well. The disadvan-
tage of using this distribution is that both the mean and standard
deviation of the variable must be estimated. The probability density
function is given by

l(kx)kule_lx

£(x) =

where x = the volume of overflow per year, k = [u/c]2 y A =Kk/u, o= the
standard deviation and T(k) is the Gamma function evaluated at k ,
which is tabulated in common books of statistical tables. The cumulative

distribution is computed as

X
P[X > x] = 1 - [ f(x)dx (7)
(o]

which can be evaluated using tables.
These theoretical distributions were computed corresponding to the
curves in Figures III-1 and III-2 and correlation coefficients were cal-

culated. The results are shown in Tables III-3 and III-4.
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Table III-3

Correlation of Overflow Volume per Year
with Gamma Distribution

*4 k 2 g fl Tk correlation
Strategy [in/yr] [in/yr] finiS coefficient

10 0.058 0.102" 0.3258 5. 572 2.769 0.976

1.0 0.036 0.074 0.240 6.675 3.786 0.957

1/3 0.953 0.558 2.912" 3.056 1.847 0.996
1/3 0.693 0.469 2.188 3,152 1.095 0.997

E e -

Table III-4
Correlation of Number of Overflows per Year
with Poisson Distribution

Correlation

H Coefficient

Strategy 4

1.0 0.64 0.999
1.0 0.92 0.994
1/3 7:39 0.996
1/3 5361 0.998

B - B

The correlation coefficients are all above 0.95 indicating that the

distributions fit the data well.

C. Techniques for Developing Control Levels for the General Strategy

Under Studz

Once the general control strategy is selected, which in this case
is described in Section B.2, the problem then becomes one of deciding
specific values for the strategy parameters. For the strategy under
consideration the choice of control level, i.e., values of o , must be
made. Two techniques were used. The first was an empirical approach

which involved the evaluation of limiting depths which would just cause
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overflows for storms of various durations. This is termed the zero
overflow curve approach. The second technique involved the application
of an optimization scheme and in retrospect was clearly the better
approach. Both techniques were based on uniform intensity storms and

then adapted for use with non-uniform historical storms.

C.1 Zero Overflow Curve Technique
Of fundamental importance in developing control strategy is a method

of determining if a particular storm will cause an overflow and if so
the volume of that overflow. The Vicente simulation model can provide
that information. However, to avoid the necessity of using the model
for each storm of interest and to gain insight into the nature of over-
flow producing storms the concept of a graphical representation on a
depth-duration plot of the boundary between storms which would and would
not produce overflows is useful. This boundary is called a zero overflow
curve. If historical storms were used to determine this curve, it would
not be unique because of the temporal non-uniformity of the storms.
Therefore, in order to establish a unique zero overflow depth for each
duration only uniform intensity storms were considered.

The procedure followed was to select a set of storm depths at
each of a number of durations and for each of these determine the over-
flow volume for a set of o values using the Vicente simulation model.
In all cases the maximum allowable outflow from reservoir 12-2 was
03 dn.fhr. , d.e., a, = 1.0 . For each duration, each value of a ,
and each reservoir a plot of overflow volume vs. storm depth was made
and a curve drawn from which the storm depth at which the overflow
vanished could be obtained. These curves were linear so interpolation

was easy. Then a plot of o vs. overflow volume at constant duration
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was made for all four reservoirs. The value of o corresponding to
the minimum overflow from any reservoir was then chosen as a most
gavorable value, as shown in Figure III-3. The value of the overflow
volume expressed in inches is the ordinate on the zero overflow curve
for that duration. The resulting curves for alternates B and D are
shown in Figure III-4 and the zero overflow curve for alternate B is

shown in Figure III-5.

The most favorable values of o as a function of storm duration
then form a control level policy for uniform storms. The application
is discussed in Section D.

It should be emphasized that this approach represents an initial
attack on the problem. The development of curves such as shown in
Figure III-1 required considerable effort. Altheugh the results
are useful in providing insight into the problem, the desired
control level policy could have been achieved much more easily using

the optimization technique described in the following section.

C.2 Optimization Technique

The Vicente simulation model can be viewed as a basic tool in
directly obtaining the optimum control level policy. A simple search
scheme was used to determine a* for the three upstream reservoirs as
a function of total depth for uniform intensity storms. The use of
the same value for u* for each upstream reservoir is reasonable since
the reservoir volumes are approximately proportional to the respective
drainage areas and the inflow hydrographs into the reservoirs are all
of similar shape. A flow chart describing this scheme is shown
in Figure III-6. The overflow volume for a given storm was computed for

increasing values of o wuntil a minimum was reached. A typical curve
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of overflow volume vs. a for uniform storms has a single, well-defined
minimum, unless the overflow volume reaches zero, within the feasible
range of a between zero and 3.0. Therefore the search scheme worked
well and curves of the optimum control level, a* , as a function of
storm depth for various durations could be obtained. The results for
both o, = 1.0 and 1/3 plotted as straight lines as shown in Figure III-7.

4
These lines can be expressed by a single equation.

06 ~-1.405

* L
4 =3.41 plEE T s T (8)

where D = total storm depth in inches and T = storm duration in hours.
A plot of overflow volume vs, storm depth using the optimal control
levels is shown in Figure III-8 for a, = 1.0 and 1/3. The intercepts
of these curves on the depth axis are the ordinates for the optimum
zero overflow curves for these values of oy This can be seen by
comparing the values on the most favorable control level curve of
Figure III-4. However, in this case these results are a by-product of
the technique rather than the first objective as was the case in the
previous section.
A comparison of the two techniques shows that the optimization
approach is far superior. It produced more general results, i.e.,
a control level policy for both «, = 1.0 and 1/3, with less effort

4

than the overflow curve approach.

D. Techniques for Evaluation of Effect of Control Strategy on

Vicente System Performance

D.1 Rainfall Data
Any technique for system performance evaluation requires rainfall

data of some type. Since a long term rainfall record (66 years) from
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the gage on the Federal Office Building in San Francisco was available
it was decided to use this data even though it was on an hourly basis
only. As data from the new raingage system accumulates it will be of
greater value since storms with durations less than one hour will be
well defined. Comparison on the basis of individual storms could be
misleading and therefore the average values and probability distri-
butions which result from the use of a long term record outweigh the
advantage of analyzing a small number of well-defined storms.

The rainfall record is essentially a continuous one. However,

a continuous simulation over this period of time would be prohibitive

because of computer time costs. Therefore it was decided to run the
simulation only during storm periods. Since the model used constant
runoff coefficients the only potential problem this created was the case
of storms so close in time that the reservoirs would not have an oppor-
tunity to drain before the next storm began. A rough hydraulic analysis
indicated that 3 hours would be sufficient drainage time. Therefore a
storm was considered as terminated if three successive hours of zero
rainfall occurred following any non-zero hour.

In order to investigate the statistical effects of various assump-
tions concerning precipitation data several criteria were investigated.
The results are summarized in the MWIS Phase III report, Table IV-4.

The principal conclusion is that the assumption that all hourly pre-
cipitation values less than or equal to 0.05 inches can be safely
ignored without significantly affecting the results of the simulation.
This means that the number of storms in the 66 year record was reduced
by 44 percent and that none of the storms thereby eliminated would

generate overflows. The only statistical parameter that this would
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affect is the probability of overflow from any storm which would be
increased by the above percentage. Therefore, all semi-continuous

simulation work was done using the above storm definition criterion.

D.2 Zero Overflow Curves

In order to evaluate overflows for the historical rainfall record
using this approach it was necessary to develop an overflow criteria
for non-uniform intensity storms and then to estimate the overflow
volumes. Since the overflow curves were developed for uniform intensity
storms any such criteria will result in some error. The criteria

adopted was that if the mass curve for the storm rose above

the zero overflow curve at any time or if the rainfall during any hour
was greater than the overflow ordinate at the first hour then an over-
flow was assumed to occur. In that case the volume of overflow was
computed using the maximum difference between the mass curve and the
zero overflow curve at any time. This difference was assumed to be
proportional to the overflow volume using curves generated from the
analysis of uniform intensity storms. The curves are shown in

Figure IV-9 and IV-10 of the MWIS Phase III report.

This technique has several disadvantages in comparison to the
semi-continuous simulation technique. First, a zero overflow curve must
be developed for each design alternative, control strategy and allowable
interceptor flow. This makes the method prohibitive for evaluation of
a large number of such cases because considerable effort is required to
develop the overflow curves. Furthermore some error is introduced
because of the adaptation of the overflow curves to non-uniform inten-
sity storms. This error was not evaluated numerically but it could be

significant, particularly in regard to overflow volume evaluation.
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The use of zero overflow curves was an initial approach to the
evaluation problem. It provided some insight but was definitely

inferior to the semi-continuous simulation approach.

D.3 Semi-Continuous Simulation

This technique proved to be very useful in performance evaluation.
It is termed semi-continuous because of the time gap between storms as
discussed in Section D.1. It consists of three basic steps:

(a) Definition of storms from historical data and deter-
mination of specific control level for each.

(b) Evaluation of overflow volume using Vicente simulation
model.

(c) After all storms have been processed a statistical
analysis of the results is performed including
determination of probability distributions for number
and volume of overflow per year.

The program for step (a) is given in Appendix D using the control
level strategy described by Equation (8). However, this equation was
developed for uniform intensity storms and required some modification
for use with the non-uniform historical storms. This was done by
defining an effective duration and depth. These definitions were
developed by selecting a series of historical storms and determining o
for each using an optimization procedure similar to that of Figure III-2.
However, since for some of the storms the curve of overflow volume (ob-
jective function) vs. o had more than one local minimum in the feasible
range of a , this simple search procedure did not always yield the
optimal value for a, and the entire objective function over the feasible

range of o had to be examined. A set of the 16 largest overflow
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producing storms plus a set of 19 smaller overflow producing storms were
selected as a basis for establishing a definition of effective duration
and depth. It was found that the most intense period of continuous
rainfall during a storm was the important portion of the storm in
correlating the actual o« to the value obtained from Equation (8).
Therefore the following definitions were adopted:

1. The effective duration is the number of consecutive

i S is
hours in any storm where pmax/p1 < r , where Prax

the maximum and P; is any hourly rainfall during a
storm and r is a constant. Values of r of 1.6 and
2.0 were used.

2. The effective depth is the total rainfall which occurred

during the effective duration.

These definitions, when applied to Equation (8), produced excellent
estimates of u* except for small storms which resulted in a* < o
The objective function for these small storms usually was minimum at
@ % 0.5 and therefore a minimum value of a* = 0.5 was used in cases
where Equation (8) resulted in a lower estimate.

It must be pointed out that this adaptation of the rule curve
to non-uniform storms means that the resulting control level is sub-
optimal in the strictest sense. However, for practical purposes the
results are very close to optimal, particularly for the large storms.
Modification of the minimum value for a* would result in the elimina-
tion of overflow from some of the smaller storms which, when using

*

a = 0.5, produce very small overflows. This adjustment was not done,

however, because the results of the same rule curve strategy for

ay 1.0 and 1/3 was desired so that the variation with oy could be seen.
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The results for the most favorable control Level strategy curve of
Figure III-4 were obtained by fitting an equation to the curve of the

form

o= 1.0+ 0.147e_'1226D (9)

where D = the total storm duration in hours regardless of how non-
uniform the rainfall intensity was. Equation (9) was then used in
step (a) to determine the specific control level for that storm.

The statistical analysis consisted of determining the number and
volume of overflows for each year from 1907 to 1972 inclusive, com-
puting average values over this period for a number of variables, and
determining cumulative probability distributions as described in step
(c) above. It should be pointed out that the number of overflow events
per storm is limited to one even though it is possible for overflow to
start and stop again during a storm. A FORTRAN listing of the statis-
tical analysis program which includes the Vicente model as a subroutine
is given in Appendix B. This listing includes the logic needed to imple-
ment Equation (5) as the control level strategy.

It is concluded from the experience gained in using this technique
that it is greatly superior to that described in the previous section,
The question of whether a particular storm produces overflow and the
value of that overflow is determined directly by the Vicente model.
Furthermore the rule curve is applicable to both a4y = 1.0 and 1/3
and presumably to values within this range as well, thereby making it
of more general value. Finally, it is relatively easy to investigate
different strategies simply by changing the logic in step (a), the other

steps remaining unchanged.



CHAPTER IV

LARGE-SCALE SYSTEM CONTROL

The development of a control strategy for the entire reservoir
system is the long term goal of this line of study. It would be opti-
mistic indeed to expect this goal to be achieved by this initial project.
However, considerable effort has been devoted to the large-scale problem
and this is discussed qualitatively in Chapter III of the MWIS Phase III
report.

Because of the size and complexity of the total reservoir system,
some type of formal approach to the control problem is necessary.
Because the control strategy should, in some sense, make the best use
of the storage capability, it is logical to consider optimization tech-
niques as useful tools. However, the direct application of such
techniques to a system of the size of the San Francisco Master Plan
would be infeasible because of the computer requirements. Therefore,
special methods developed specifically for large-scale system optimiza-
tion must be employed. There are many such methods. All of them break
the total system down in some way and consider the total problem as
a group or series of smaller system problems which are connected or
related. The smaller problems are then solved while maintaining their
relationship to the total problem. . Two such techniques are discussed

below.

A. Decomposition

Decomposition is a methodology whereby a large system is decomposed

into several subsystems which are mfdly {nferlinked. The subsystems are
treated independently then recombined by a master program in such a way

as to achieve an overall optimum strategy.

45
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In the case of a combined sewer system the subsystems are called
subbasins. A subbasin is defined here as an area which is tributary to
a particular trunk sewer which flows into the interceptor sewer. An
interceptor sewer delivers sewage directly to the treatment plant (i.e.,
sewage in the interceptor sewer cannot be diverted into a detention
reservoir). The only interlinking between subbasins, therefore, is the
treatment plant and the interceptor sewers. This minimal degree of
interlinking between subsystems makes decomposition a feasible method
for analysis of a combined sewer system.

Decomposition applied to a sewer system of this type would involve
separate determinations of optimal control for each subbasin. The
master problem would then check to see if the interlinking constraints
(interceptor and treatment plant capacities) and optimality conditions
are satisfied. If they are not, another iteration or cycle would take
place in which the master problem would adjust influences on the subbasin
problems and the subbasin problems would be solved again. Iterations
would continue until an optimal solution for the entire system was
determined. Figure IV-1 illustrates this two-level approach for a
system which has been decomposed into four subbasins. A more detailed

account of decomposition is contained in reference [7].

B.  Aggregation

Another multi-level approach which is applicable to the combined
sewer control problem is aggregation [10]. Here, the highest level
problem, where the individual reservoirs in each subbasin are aggregated
together so as to represent one large reservoir, determines the overall

policy for each subbasin. At this level, only the overflow from each
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subbasin, the throughflows into the interceptor, and the total detention
storage utilized in each subbasin are determined.

With this overall policy specified, the lower-level problems can
deal with each subbasin independently. The lower level problems further
disaggregate the subbasins and find more specific control policies
within the constraints of the overall interceptor inputs, overflows and
storage utilization determined in the higher level optimizations. This
series of successive level problems continues until the control policy
for each detention reservoir is determined.

Figure IV-2 illustrates this procedure for a system of four sub-
basins. Subbasins 2 and 4 contained few reservoirs and two levels were
sufficient to determine the control for each of the reservoirs in these
subbasins. Subbasins 1 and 3 contained a larger number of reservoirs,

and three levels were required to totally disaggregate these subbasins.

C. The Large-Scale Linear Programming Problem for the San Francisco
System

The aggregation technique was chosen for application to the San
Francisco system which is modeled schematically in Figure IV-3. 1In order
to develop a system model certain basic data are necessary. A summary
of these data for all of the subcatchments is given in Appendix C. The
proposed system contains 58 detention reservoirs based on Alternative C
storages and 56 reservoirs based on Alternative B.

Flow carried by existing lines past proposed lines into the inter-
ceptors is modeled as overflow even though this flow usually has a chance
to be intercepted by shoreline detention reservoir. This simplification
is believed to be justified since the shoreline reservoirs and pumps and

lines leading from these reservoirs to the interceptor are sized only
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for the downstream tributary area.

It is now necessary to choose the number of time increments to
be considered and the total time period of analyses. From Appendix C
it is seen that travel times throughout the system range from about 10
minutes to 150 minutes. All inflow hydrographs are lagged by their
travel time. Therefore, after the input hydrographs have been lagged
the decisions regarding the most upstream reservoir do not begin until
time t=150. Of course, one would wish to consider a period of predicted
input from this subcatchment. This means that the total time period
of analysis must begin by time t=10 and end after time t=150. This is
in terms of the time as viewed from the treatment plant (i.e., actual
time plus travel time). The time interval chosen was from t=10 minutes
to t=190. This time period is discretized into 9, 20 minute periods for
formulation as a linear programming problem.

These values and the system model define the entire large-scale
linear programming problem. Those constraints which are redundant are
ignored. For instance, constraints on flowrates in the interceptors are
not considered since either the constraints on subbasin flowrates into
the interceptor or the treatment plant capacity constraint is more
restrictive. The resulting large-scale linear programming problem is

one of approximately 2000 variables and 1000 constraints.

D. Multi-Level Aggregation of the San Francisco System Model

The large-scale problem is seen to be of enormous size. There-
fore, it will be necessary to go through many successive levels of
disaggregation in order to determine the control at each reservoir. The

highest level problem divides the city into three sections corresponding
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to detention reservoirs 1-31, 32-49, and 50-58. The next lower level
consists of three problems which further disaggregate these sections.
In all, six levels and 39 linear programming problems are required.

Figure IV-4 describes the various levels and 1.p.'s involved in
this application of the aggregation technique to the San Francisco
system. Each problem was formulated from the original large-scale problem.

FORTRAN IV programming language was used to develop the computer
model for execution on the Colorado State University CDC 6400 computer
system. The model consists of seven programs, AGREGAT, LEVEL 1, LEVEL 2,
LEVEL 3, LEVEL 4, LEVEL 5, and LEVEL 6. AGREGAT reads in data which
describe the system model and the initial state of the system (i.e.,
flow and storage constraints, travel times, initial storages, predicted
hyetographs at the raingages, etc.). It then generates the lagged,
discretized subcatchment hydrographs. All of the necessary information
is then transmitted to temporary disc storage for use in the six re-
maining programs.

Program LEVEL 1 is executed next. It reads the information ob-
tained from AGREGAT. In addition, it reads information which is
particular to the highest (first) level optimization problem (i.e.,
number of variables, number of constraints, penalty coefficients for '
aggregated reservoirs, etc.). The objective function, A-matrix and
B-vector of the first level optimization are then defined via FORTRAN
programming, and a linear programming subroutine is called to solve the
problem. The results of the problem are printed and the information
required for the next lower (second) level problems is transmitted to e

temporary disc storage.
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This procedure continues until the control policy for each deten-
tion reservoir has been calculated and printed. Each program reads
information from AGREGAT and the next higher level optimization and
transmits that information which is required by the next lower level
problems. A series of successive computer programs, rather than a main
program with many subroutines is used since this requires far less
computer storage for the compiled program.

Subroutine SIMPLEX is used to solve the linear programming problems.
It was developed by the RAND Corporation and utilizes the explicit

inverse form of the simplex method.

D.1 Use of Aggregation Technique

The examples which follow are presented to demonstrate the use of
this technique. In real-time operation the predicted subcatchment hye-
tographs and system conditions would be supplied by other components of
the water intelligence system. These conditions were, of course, merely
read in for these runs.

Two examples are presented. The same storm is used in both examples,
but one is based on Alternative C storage capacities while the other is
based on Alternative B.

The storm is a hypothetical one which is assumed to be uniformly

distributed over the City. Its hyetograph is shown below:

Time (minutes) 0-5 5-10 10-15 15-20 20-25 25-30

Rainfall (inches) .04 .08 .22 5 . .06 .04

It is not necessary to assume that a storm is uniformly distributed.

The computer model starts with a separate predicted hyetograph at each
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of the City's 30 raingages. A separate hyetograph for each subcatch-
ment is then determined as a weighted average of the hyetographs of
the six closest raingages.

The complete output from each example run consists of the inflow
hydrographs for each subcatchment and the results of each linear pro-
gramming problem. This, of course, includes the control and storage
policy for each reservoir from its beginning time interval through the
final time interval. This output is quite lengthy and difficult to
interpret. Therefore, efforts have been made to present these results
in a condensed, interpreted form.

In these examples, the penalty coefficients on overflows, Pi(k) 3
and credit coefficients on throughflows entering the interceptor,

Ci(k} , decrease as k increases so that no overflow will occur until
the corresponding reservoir is full. These coefficients were not varied
with respect to the location of the outfall for simplicity in analyzing
results.

Example 1: Alternative C Storage

The storm used represents an intense rainfall (roughly a 5-year
recurrence interval). Examination of the subcatchment inflow hydro-
graphs indicates that significant local flooding and overflows would
occur if system storage were not utilized. However, control of Alter-
native C storage was sufficient to completely eliminate overflows and
street flooding.

The effects of real time control are shown below in units of

inches of water over the entire drainage area:



56

Total Runoff = .378 in.
Total Overflow = .000 in.
Delivered to Treatment = .169 in.
Diverted to Storage = .209 in.

The control strategy determined was one which allowed zero over-
flows and maximized the delivery of sewage to the treatment plant. This
can be seen from the results of the first level optimization shown in
Table IV-1. The values listed under the columns labeled '"B" are
deliveries to the treatment plant which were already in the interceptor
at the beginning of the storm. The columns labeled "A'" represent
results of the first level optimization. The values listed in columns
labeled "B" represent flows that were already in the system at the
beginning of the storm. These were assumed to be dry weather flows
since they were released before the beginning of the storm.

Only the level 1 results are shown in Table IV-1. At this level
the system is aggregated into three sections. Section 1 is the west
side of the San Francisco and contains reservoirs 1-31. Section 2 is
the northeast side and contains the subcatchments tributary to reser-
voirs 32-49. Section 3 contains reservoirs 50-58 and is located in the
southeast section of the City. These sections correspond to the areas
which are tributary to the existing Richmond-Sunset, North Point and
Southeast treatment plants.

The results are presented at the level 1 degree of aggregation
since showing the complete control policy would require 58 columns
similar to the three columns of Table IV-1.

In periods 3 through 9 the total delivery to the treatment plant

was 1550 cfs which is the plant's capacity. In the first two periods
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TABLE IV-1

Example 1 - Level 1 Mass Balance

Section 1 Section 2 Section 3 Total De-
Reservolrs 1-31 Reservoirs 32-49 Reservoirs 50-58 |[livery tol
k A B A B A B Treatment
S 0.000
1 F 782.
Q 462. 36. 53. 67. 618.
0 0.
S 0.387 £
5 F 4547. _
Q 1413, . 53. 67. 1535.
0 0.
S 4.147
3 F 3712,
Q 1430. - 53. 67. 1550.
0 0.
S 6.885 0.000
4 F 1102. 680,
Q 773. - 53. 680. 44. 1550.
0 0. 0.
S 7.279 & 0.000 0.000
g F 198. 45. 3649. z
Q 1113. - 45, 50. 342. - 1550.
0 0. 0. 0.
S 6.181 0.000 3.969
6 3 103. 875. 3290.
Q 0. - 265. 40. 1245, . 1550.
0 0. 0. 0.
S 6.304 0.732 6.423
o F 92. 2913, 865.
Q 0. - 1488. 9. 480. - 1550.
0 0. 0. 0.
5 6.415 2.959 6.886
8 F 91, 2613. 273,
Q 0. - 1488. - 62. - 1550,
0 0 0. 0.
S 6.524 4.309 7.140
9 R 91. 1727. 132.
Q 0. - 1488. - 62. - 1550.
0 0. 0. 0.
SRS 6.634 4.597 7.224
Notes:

S = Diversions to storage (106 fts}

F = Runoff (cfs)

Q = Deliveries to treatment (cfs)

0 = Overflow (cfs)

A = Values oceurring after the bepinning of the storm

b = Throuphflows veleasad before the *beginning of the storm but arriving at the
trentront piant after the beginning of the storm
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the maximum delivery to the treatment plant was limited by a combination
of total system inputs and individual line capacities. For instance,

in period 1 the controlled releases into the interceptor (i.e., releases
from reservoirs 20, 25, 26, and 31) totalled 462 cfs. Table IV-2
demonstrates that this is the maximum delivery possible from these
reservoirs during time period 1.

As the various level problems are executed the releases shown in
Table IV-1 are distributed in greater detail with the total release
remaining the same. For example, the interceptor input from section 2
during time period 9 is shown in Table IV-1 to be 1488 cfs. The total
1488 cfs is distributed among four aggregated interceptor input points
in the Level 2 problem pertaining to section 2. These are in turn
distributed to the eight actual section 2 input points in four Level 3
problems. Level 3 is the final level required for these reservoirs.

(See Figure IV-4). Other interceptor inputs would require six levels

of disaggregation before they were distributed to the actual input points.

Similarly, the storage utilization from level 1 is allocated to
specific reservoirs as the multi-level problems are executed. Table IV-3
shows the final storage in each reservoir and the totals are compared to
the final storages in the three sections of level 1. Slight roundoff
errors occur because of the passage of rounded-off information from one
computer program to the next.

In this example, it is obvious that the control strategy determined
would be optimal for the original large-scale problem since no street
flooding or overflows occur and delivery to the treatment plant is

maximized.
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TABLE IV-2

Example 1. Flow Availability for Time Period 1

(cfs)
Maximum
Qi i Flow Subcatchment
i MAX F (1) Available Release
19 1)
20 85 .28 29 29
22 82 41 41
23 165 1 15
24 170 17 17
25 253 307 366 253
26 73 147 147 73
29 380 83 83
30 432 79 79
31 107 79 241 107
Total = 462

Notes: 1.Dry weather release from previous time period
2. All flowrates are in cfs

= Subcatchment number ’@
— = Subcatchment input (cfs)
— = Throughflow rates (cfs)

SCHEMATIC REPRESENTATION
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TABLE IV-3

Final Reservoir Storage versus Aggregated Reservoir Storages of Level 1

Example 1
Section 1 Section 2 Section 3
(Res's 1-31) (Res's 32-49) (Res's 50-58) |
i si(1iQ) § S1(10) g S1(10)
(106£¢2) (108£t3) (108£t3)
1 . 650 32 .376 50 .286
2 1.057 33 .142 51 .144
3 .240 34 147 52 2.211
4 .026 35" .189 53 .329
5 .079 36 . 609 54 2.604
6 .097 37 .132 55 .044
7 .161 38 .121 56 1.084
8 .063 39 .003 57 .109
9 .086 40 (178 58 411
10 . .206 41 .480 \
11 .557 42 .006 i
12 .203 43 . 391
13 .008 44 .082
14 . .007 45 .034
15 .071 46 . 361
16 .007 47 .110
17 .050 48 . 222
18 .180 49 1.019
19 92
20 .135
21 .836 .
22 .187 i
23 .398 :
24 .167
25 .032
26 .098 .
27 317 .
28 .526
29 .197
30 .012
31 .008
Totals 6.633 4.597 7:222
Level 1 6.634 4.597 7.224
Total 13.390 10.970 11.160
Available

i = Reservoir Number

s*(10) = Final Storage in Reservoir i
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Example 2: Alternative B Storage

In order to illustrate the aggregation technique in a situation

requiring overflows, Example 2 is based on Alternative B storage.

Reservoirs 2 and 38 do not exist in Alternative B.

As these reser-

voirs are assumed to exist in the formulation of the various l.p.'s,

it was necessary to specify their storage capacities to be zero.

It

is obvious that overflows will be required in this example since the

total storage utilized in Example 1 (18.46 x 10° ft3) is greater than

6

the total system storage capacity of Alternative B (16.85 x 10

£t3).

Table IV-4 presents the results of the first level optimization.

Total throughflows are again maximized and are therefore identical to

those of Example 1.

Note that at this point it appears that the total

system's storage capacity can be utilized since the final storage in

each section is equal to that section's total storage capacity.

In this example, each level results in a slightly less desirable

solution than that implied by the previous higher level.

is storage utilization for overflow.

in units of inches of water.

The exchange

This is illustrated in Table IV-5

TABLE IV-5

Example 4 - Total System Mass Balance

Level 1 | Level 2 | Level 3| Level 4| Level 5| Level 6
Total Rumoff (in) .378 .378 .378 .378 .378 .378
Delivered to .169 .169 .169 .169 .169 .169
Treatment (in)
Total Overflow(in) .018 .025 .030 .034 .034 . 035
Diverted to Storage| .191 .184 .179 2 E7 6 .176 .174

(in)
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TABLE IV-4

Example 2 - Level 1 Mass Balance

Section 1 Section 2 Section 3
Reservoirs 1-31 | Reservoirs 32-49 { Reservoirs 50-58

k A B A B A B Total
S .000

1 F 782.
Q 462. 36 D9 67 618.
0 0. 0.
S . 386

2 F 4547,
Q 1413. 2 53 67 15355
0 0 0.
S 4.147

3 F 3712.
Q 1430. - 53 67 1550.
0 571. 571.
S 6.200 .000

4 F 1102. 680.
Q 1102. B 53 SO 44 e
0 0. 53 0. ) 0.
S 6.200 .000 . 394

5 F 198. 45, 3649,
Q 264. - 45. 50 1190. - 1549,
0 0. 0. 0. 0.
S 6.120 B .000 3.345

6 F 103. 875. 3290.
Q 0. = 92. 40 | 1418. = | 1550,
0 36. 03 201. 237,
S 6.200 940. 5.350

- F 92. 2917. 865.
Q 92. - 583. 9 865. - 1549.
0 0. 0. 0. 0.
S 6.200 3.741 5.350

8 F 91. 2613, 273
Q 91. - 1186. 2735 - 1550.
0 0. 128. (435 128.
S 6.200 5.300 5.350

9 F 91. 1727. 132,
Q 91. < 1327. - 132. = 1550.
0 0. 401. 0. 401.

S S 6.200 5.300 : 5.350

Notes: 6
Diversions to storage (10 fts)

Runoff (cfs)

Deliveries to treatment (cfs)

Overflow (cfs)

Values occurring after the beginning of the storm

Throughflows released before the beginning of the storm but arriving at the
treatment plant after the beginning of the storm

m>Oo00TW0
(O T ]
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The optimal solution to the actual large-scale problem is known to
be bounded by the results of the aggregation technique and the results
implied by the first level optimization. In other words, the actual
minimum amount of overflow required would not be less than 0.18 inches

nor more than 0.35 inches.

E. General Comments on the Aggregation Technique

The foregoing results were obtained on a CDC 6400 computer. Approxi-
mately 64000 octal words of memory were required and execution time was
about 90 seconds. It is believed that this indicates that the aggre-
gation technique is a feasible method for real time operation. The use
of minicomputers would require furthur modification to reduce the dimen-
sionality of the various linear programming problems. It appears that
this could be achieved by using an upper bounding code rather than the
explicit inverse code to solve the linear programming problems. It is
also believed that this change would result in a savings in execution
time requirements. The method can also be used in a feedback mode so
that control could be determined several times during a storm based on
the most recent system data and storm predictions.

The foregoing examples and other examples not included herein
indicate that many solutions obtained by the aggregation technique
represent optimal solutians to the original large-scale problem. In
others it is only possible to establish upper limits on the degree of
suboptimality, However, comparison of various examples indicates that

the solutions determined were not highly suboptimal.



CHAPTER V

SUMMARY AND CONCLUSIONS

A. Principal Conclusions

This report describes what might be regarded as an initial approach
at control strategy development. Emphasis was placed at the subbasin
level and the storm prediction problem was not considered. Only one
general subbasin strategy was investigated but several techniques were
employed to develop specific control level rule curves for that strategy.
The system performance parameters used were number and volume of over-
flow. A semi-continuous simulation approach was employed using the
66 year San Francisco rainfall record as input.

The results showed that a 25 percent or better reduction in average
number and volume of overflows per year can be achieved by a control vs.
a no control strategy at the subbasin level. Furthermore, the maximum
allowable outflow from the subbasin into the interceptor proved to be
an important parameter in determining system performance. As this outflow
is increased the performance parameters are substantially reduced. This
leads to the conclusion that a good city-wide control strategy is one
which makes full use of the storage capacity while at the same time
maximizes inflow to the interceptors. These conclusions are subject to the
uncertainty imposed by storm prediction capability. This is discussed
in the following section.

Water quality parameters were not used in the simulation model.

This was not regarded as a serious deficiency for the purposes of this
report. However, since the objective of the system is to minimize the
pollution of the receiving waters caused by overflows, the final form of
the simulation model must include water quality parameters. Which para-

meters to include and the level of sophistication of the model will
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depend to some extent on details of water quality regulations which must
be met. Since the regulations change with time this may be a difficult
decision. However, the state-of-the-art of water quality modeling is
rapidly advancing and it is unlikely that quality model generation will
be much of a technical problem.

What could be a problem, however, is model calibration. The lack
of good quality urban calibration data, both for water quantity and
quality, is perhaps the greatest problem today in the modeling area.
The flow gages which are presently installed in the San Francisco sewer
system can provide useful data. However, it is likely that problems
such as those discussed in Chapter II in connection with Flow Gage 125
exist with other gages as well and perhaps hydraulic analysis of each
gage site would be worthwhile. Of even greater importance is the need
for water quality data. The current lack of in-system quality data is
so great that even the most inexpensive data gathering program would be
of great benefit as long as the quality of the data is such that it
could be confidently used.

Optimization techniques have been shown to be a valuable tool for
control strategy develdeent at the subbasin level and are essential at
the total system level. The specific techniques employed in this study
are not the only ones which could be used. There are a wide variety of
large-scale optimization‘techniques. The aggregation technique described
in Chapter IV is not ﬂecessarily the best but is a viable approach at
this stage of urban systems control research.

The simulation approach to system evaluation has been shown to be
a most valuable tool. A system of the size and cost of San Francisco's

certainly justifies this evaluation technique rather than considering




67

the results of a few specific design storms. The stochastic nature of
the input to the system requires that the output be considered as a
stochastic variable as well. Average values and probability distri-
butions of performance parameters based on long term simulation provide
a true picture of how the system functions. It is important that the
decision makers be aware of the uncertainty associated with any design
and the expression of results in terms of uncertainty would and in this
awareness. An additional uncertainty variable which was not used in
the analysis is the #{sk. Risk can be defined as the probability of
exceeding a specific performance parameter value at least once during
a given period of time, usually the project life. It is based on the
probability of exceeding the particular value in any year (the inverse

of the recurrence interval) and given by
Rim 1 o Ol Y

where P = probability of exceeding the value in any year and N = the
project life in years. Risk is particularly useful in pointing out the
high probability of even storms with relatively large recurrence inter-
vals causing overflows sometime during the life of the project. For
example, for a 100 year project life the risk associated with an 11 year
recurrence interval event is 1.000, for a 22 year event is 0.990 and for
a 100 year event is 0.634. For a 50 year project life these events
would have associated risks of 0.992, 0.900 and 0.395 respectively.

These high risks give a much better picture of the chances of an overflow
event occurring during a given period of time than does the more abstract

concept of recurrence interval.
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B. Future Studies

Much work needs to be done in the area of control strategy develop-
ment. Two problems should be given high priority. Although this study
has demonstrated that significant technical improvement in system per-
formance can be achieved by system control, the cost effectiveness has
not been evaluated. Because the level of sophistication of the control
system can be quite variable, it is important that economics be brought
into the analysis in order to reduce the feasible range of control system
designs. This is not an easy task since water quality standards change
with time. Furthermore, dollar costs must be assigned to various pollu-
tion levels or a decision concerning maximum allowable pollution levels
with associated probabilities must be made. This is not a technical
but a political problem, but it has strong design implications.

On a more technical level, the effect of storm prediction uncer-
tainty must be incorporated into the strategy development process. This
may have the effect of eliminating some of the more complex strategies
from consideration since their potential advantage may be overshadowed
by the uncertainty of the input data. There are two basic approaches
fo evaluating storm pre@iction uncertainty depending on the equipment
available. The use of a telemetered rain gage system will provide only
daté on what has occurred. Any future projection must be done on the
basis of data for the current storm and past history. The addition of

»
weather radar may considerably reduce the short-term prediction uncer-
tianty. However, the question of cost-effectiveness must again be
considered.

There are other possible future studies which are discussed in the
Phase III report but most of these would be affected by the studies

described above.
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Appendix A

Hydrograph Parameter Identification Model

PHNGRAM ROUTE CINPUT OUTPUT«TAPEG=OUTRUT)

DIMENEION STIME (S0« TOCALCISO) +LABRAINISD 601 +FRACTN(SO) +0ORD(S0)
PIMENSTON PRECIP(50) «N0BSYVD(50) «QCALCIR0I+CIBIWPRPECIP(50)

REAL LAGRATM

c A = DPAIMNAGE ARFA IN S0. MI, » U = IMPERVIOUS AREA/TOTAL AREA
c ¥PAFL = PRECIPITATION EXCESS IN INCHESs TRAIN = DUSATION OF PRFCIPITATE
c _EXCESS TN HOURSs NELT = TIME INCREMENT IN HOURS K
c MPRFC = NUMHEE OF PRECIPITATINN INTERVALS. NRUMOFF = NUMBER OF RUNOFF
C POTMTS INCLUDTNG FIPST AND LAST NASERVATIONS WHICH ARE USUALLY =0
Lt 1TL 1Z = 1 20
99T READ 100+ (C(1)+0=1+8)
100 FOSYMAT (RALD)
“PRINT 190+(C(T1+1=1sB)
190 FORMAT ("1"sBA10)
REAMN 101+AsUs RATHMIN«DELTMINWNPRECIP+NRUNOFF s KOPT
101 FORMAT(4F10.4+3710) _
PEAD 10BsIFIT +IPLOTs[ROUTE i
108 FORMATIAT1O0)
BRINT 10T+Asl
107 FORYAT(" THIS ORAINAGE BASIN HAS AN AREA OF"sF1l0.4»" SQ.MI.M/" AND
| AN URSaNTIZATION FACTOR OF"+Fl0.4) :
NELT=DELTMIN/GED,
TRAINSPATNMINSGD .
C PRECTIPII) = EXCESS PRECIPITATION IN INCHES FOR EACH PRECIPITATION
c TI%F INTERVAL.

READ 102+ (PRECIP(I)+I=lsNPRECIP)
PRINT 102+ IPRECIFII)+1=1+NPRECIP)
162 FORMATISFL0.2)
C AORSYRIT) = THE DBASERVED FLOW IN CFS FOR EACH RUNDFF TIME INTERVAL
MENP] = HRUNOFF
REAN 102« (QDASVODII)e I=1+NROPL)
N &éa T=1+MROPI
444 ONNASVYDI(T)=.5222°0NASVDLT) #2,9506
PRINT 102+ (QORSYD(I}s I=1snNROPL)
aTOT = 0.
PMASS = 0.
No 47 1 = 1 » NPRECIP
4T PMASS = PMASS + PRECIP(I)
NN 4R I = 1 » NROPL
48 OTNT = GTOT + QORSVD(I) :
TPREVAL = (52B80,.%e2) # 4 * ([PMASS/12.)
TRUNOR = E8. * DELTEHN 8% 0707 =
PUNOECF = TPRUNOF/TPREVOL
XPRECTP = PMASS # RUNOFCF
PRINT 126 +RAINMINs PMASSs TPREVOLs TRUNOF+RUNOFCF.XPRECIP
126 FORMATIMGTHIS STORM LASTED "1F6als MINUTESH/" A& TOTAL OF "eF5.2+"
1 TNCHES OF RAIN FELL. (EQUIVALENT TO A TOTAL VOLUME OF "4F10.1+" CU
ZRIC FEETIM/" THFE TNTAL RUNOFF WAS ".F10.1+" CURIC FFET"/" THIS RES
JULTS TN B RUNDFF COEFFICIENT OF"sF6.3+"WITH &N EXCESS PRECIPITATIO
4N OFM.FE, 24" [NCHESY)
DO 49 [ = ls NPRECIP

49 PRECIP(I) = RUNOFCF * PRECIP(I)
cesssn
c THIS ELOCK FINDS THE MAX, OASERVED FLOW &ND ITS TIME TO PEAK
nPrsMax=0,

TTRRAS=0,.
npn TRl [=2yNAOPL
[ MNORSYDIT) LE.GRESHAXIGO TD TO1
OO SHAX=0NASYNIT)
TTPOHS=([=1)=*0ELT
Tt CONTINUE
Ceazes FmD OF BLOCK
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TO

75

BO

85

S0

95

100

105

170

125

130

OO0 00

o0 0

2

308
o7

309
306
all

310

aie

ala
dol
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PHOAMEMT = FIRST HMOMENT OF THE EXCESS PRECIPITATION
.PHMASS = AREA UNDER THE PRECIPITATION CURVE

BHOMEMT = FISST MOMENT NOF THE O3SERVED RUNOFF HYDROGRAPH

EMASS = AREA UNDER THE OASERVED HYDROGHAPH

PHAMEMT=0.

PMASS=0 .

QHOMENT = 0,

PMASS = 0,

MAOM ] =NRUNOFF=1

CALCULATE THE CENTROID OF THE EXCESS PRECIPITATIONM.

DO 1 I=1«+NPRECIP

PUMAMENT=PMOMENT ¢+ PRECIP(I])® (I*DELT-DELT/2.)
PHMASS=PMASS+PRECTIR (I}

PCFMTRD=PFPMOMENT /PMASS

CALCULATE THE CENTROID OF THE OBSERVED HYDROGRAPH

DO 2 I =1 s NANM]

BMOMENT=RMOMENT +QORSYD (I ¢DELTH (I#DELT+0ELT /2. ) ¢ (QORSYD(I+1 ) =-0NRASY
ID(TIYRDELT/2.#(T9DELT+2./3.%DELT)
RMASS=RAMASS+ (QNBSVDLT ) +QORSVD [T+ 1)) F2.2DELT

FPCENTRD=AMOMENT /RMASS

Ta=RCENTRD=PCENTRO

TROUTE=1=SINGLE LINEAR RESERVOIR

TROUTE=Z=APPROXIMATE 2 TRIANGULAR TIME AREA HISTOGRAM FOR CLARK ROUTIMNG
IRONTE=3=READ IN TaAY FOR CLAHK ROUTING

IF{TROUTE=21301+302+303 B
READ 304,174

FORMAT(I10)

READ 305y (FRACTNII)»I=1+1T4)
FOEWAT (AF10.4) *
Ta=TT4=DELT

GO TO 306

ITa=IFIX(T&/DELT)

SumM=0,

Do 307 J=1+1T4

xJ=d
IFCIXRI=oS ) *DELT.GTTa/2,160 TO 308
NRN(J)I =& o ® (N J=S)#DELT/(T42T4)
G0 TO 307

NAN(J) =6 o FTE={ K= SI®DELT®4, / (T4oTH)

SuM=SUM+ORD(J) '

no 309 J=1.1T4

FRACTNIJ)SORD(J) #SUM

PRINT 311+ (FRACTN(J) »d=1+1T4) ¥
FORMAT(" THE DIMENSIONLESS TIME AGEA HISTOGRAM FOR THE CLAHX ROUTI
ING PRNCEDURE TS AS FOLLOWSY/10FA.4)

JMAY=NERECTP+T Th=1

no 310 J=lsJMAX

no 310 T=1+NPRECIP

LAGRATN (I« J) =0,

N 312 I=1+NPRECIP

JLAST=I+IT4=1

0N 312 J=IvJLAST

LAGRATNIT «JI=FPACTN (J=T+1)=BRECIP(T)

no 313 J=1aJdMax

PHECTP [J)¥=D«

DO 313 T=1.MPRECTP

PEECTIR[J)=PRECIP(JI+LAGRATN (I +J)

CONTINUE

CALCULATE ¥K1 RY THF RPEGRESSION EaUATION

XK1=, RAT#ASS( ,40) o], +U)ee(=],6R3] eXPRECTIPSS (=, 24) 8 TRATINGS(,294)
¥K=Th

CALCULATE THE OUTFLOW HYNRNGPAPH HASED OM & SINGLE LINEAR RESERVOIR
FIAST WITH XK =T& THEN WITH XK = XK2.

METHON=]

MURFCZ2=NPRECIP+2

NCALC(1Y=0.

NPEECP]=NPRFCIE]

IF(TRAUTE=21T+390+390



135

140

145

155

165

170

178

180

185

190

195

G ze

200

OO OO0 O0
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390 NPRECPl=uUMAX+1
NPRECZ=JMAX+2
Go TO T 1
7 PO 601 I=2yNPRECP1
nCaLC(I)=0,
IMi=1~1
NO A01 J=1.1IM1 !
601 NCALC(I)=DCALC(I)+645,.33%A%PRECIP(J)/DELT#*(EXP(~(IM1-J)=DELT/XK)
1-EXP(=(I=J)*DELT/XK))
DO A02 I=NPREC2+NPOP1 .
602 NCALCI(T)=RCALC(I=1)2EXP (=(DELT/XK))
IFLIFIT=-2)501+502,502
c
c -
Cesose
c THIS RLOCK FINDS THE MAX. CALCULATED FLOW AND ITS TIME TO PEAK
502 TTPCALC=0,
RCALCMX=0,.
DO 702 I=2+NROPI
IF (RCALC(I) .LE.QCALCMX)GO TO 702
QCALCMX=QCALC(T)
TTPCALC=(1=1)*=DELT
702 CONTIMUE
CHenen END OF BLOCK

SUMSQ = THE SUM OF THE SQUARES OF THE DIFFERENCES BETWEEN THE CALCULA
AND ORSERVED FLOWS.RUMSQ=THE SQUARE ROOT OF SUMSQ=FIT

cEECS
THIS RLOCK DEFINES “FITM AS THE SGUARE RNOT OF THE FRACTIONAL FRROR I
PEAVES SQUARED PLUS THE FRACTIONAL. ERPROR OF THEZ TIMES TO PEAK snunag_
SUMSO=( (HNHSMAX=0CALGMX) /ODRSMAX) 222+ ((TTPORS~TTRPCALC)/TTRORS) 942
FIT=S0RT (SUMSQ)

60 TO 555
Chpl o END OF BLOCK -
L )
C

*501 SUMSU=0,.
N0 4 T =1 « NROPI
4 SUMSN=SUMSAQ+ (NORSVD(T)=QCALC(T)) =2
RUMSQ = SORT (SUMSD/NRUNOCFF)
£ 1T=RUMSA
555 TF(METHOD=2)5+6+299
5 IF(IFIT=-2)503+5044504
503 PRINT 505
505 FORMAT (" FIT=SORT(SUMMATION FROM I=1,NRUNOFF OF (QOBSVD(I)=NCALC(I
]]1*#3?"}
GO TO 506
506 PRINT 507
807 FORMAT("™ FIT=SQRT(((NOBSMAX-QCALCMX) /QOBSMAX) @224+ ((TTPORS~TTPCALC)
1/TTRORS) =22) 1)
506 PRIMT 103.XK+FIT
PMSTA4=FIT
103 FORMAT(//11H WITH K=T&4=,F&,2y"HOURS THE INDEX DESCRIBING THE DEGRE
1E TO WHICH THE CURVES DD NOT FIT="F10.2)
PRIMT 105 )
105 FORMAT("1THE FLOWRATES IN CFS ARE AS FOLLONS"Zlox."TIME".16x.uan@4‘
1ULATED' + 10X+ ""ORSERVEDY) r
po A I = 1 + NROPI
TIME=(1-1)*DELTMIN §
STIME(I) = (I=1)2DELTMIN ) f ¥
B PPINT 106sTIME+OCALC(I)+QORSVD(I)
106 FOIMAT(3(10X,F10,1))
IF (IPLOT = 1 ) 15121524152
152 CALL MAPA(6sSTIME QCALC “319NROP1yHL s HHs VL s VHsBHTIME=MINs AHFL
1NW=CFS+31HCALCULATED AND OBSERVED VS TIMFel)
CAILL MAPA (AySTIME +»Q0BSYD #1sNROP1sHL sHHs VL s VH s AHT IME=MIN BHFL
10w=-NFSy31HCALCULATED AND OHSERVED vS TIME,1)
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LY

205

210

215

220

225

230

235

240

245

255

260

265

270

275

75

CALL MAPA(]1,STIME «QCALC | v 1sNROPL o HL s HHe VL s VH» AHT IME-MIN 4 BHFL
10W=CFS+31HCALCULATED AND NBSERVED VS TIMEs1) s
CALL MAPA(2+STIME +QORSVD s 1sNROPI yHL sHHs VL s VHo BHTIME~-MIN s BHFL

10W=CFSs31HCALCULATED AND OBSERVED VS TIMEs1l)

CALL MAPA(2+STIME  +OCALC v LaNROP1 yHL 4 HHs VL3 VHe BATIME=MINSBHFL
10W-CFS+31HCALCULATED AMND OHSERVED VS TIMEsl)
CAILL MAPA(&4«STIME sQCALC ol1NRnPIqHL.HH.UL.chﬂﬂTIHE-MINvBHFL

10W=-CFS«31HCALCULATED AND NBSERVED VS TIME.1l) ) el ),
151 CONTIMUE
METHOD=METHOD+1
Xn=XK1
G0 TO 7
6 PRINT 104sXKsFIT
PMSK1=FTIT
104 FORMAT(//11H WITH K=K1=+F4.2+«"THE INDEX DESCRIRING THE DEGREE TO W
1HICH THE CURVES DO NOT FIT="+F10.2)
FRINT 105
AN 9 1=1.N30P1
TIMEF=t1=1)*DEL.TMIN

STIME(L) = (T=1)eDNFLTMIN
9 BRINT 106«TIMESQCALC(T) +QNASYDLT) !
IF (IFLOT = 1 ) 16141624162
162 CALL MAPA(A4STIME »QCALC v1sMROPL sy HL s HHa VL s VHs AHT IME =M TN BHF L

10W=-CFS+31HCALCULATEN AND OHSEPVEND VS TIMEs1)
CAILL MAPA(RsSTIME «NOASYD s 1y NPOPLyHL s HHa VL s VH BHTIME=MTN AHFL
10W=CFS+31HCALCULATED AND NDBSERVED VS TIMEs 1)
CALL MAPA(]1+STIMF 3 RCALC 21 e NROPLHL sHH VI s VH s AATIME-MIN AHFL
1NW=CFSy31HCALCULATED AHND OBSERVEN VS TIME»1l)
CAILL MAPA(2+STIME s NOBSYD v 1 sNROPLWHLyHHo VL s VH«BHTIME=-MINy BHFL
10W=CFS+31HCALCULATERD AND 0OBSERPVED VS TIMEs1l)

CALL MAPA(Z.STIME sQCALC ¢ 1y NROP] sHL s HHa VL o VH o AHT IME-MTIN BHFL
10W=CFS«3IHACALCULATED AND ORSERVED VS TIMEW1)
CALL MAPA (4 +STIME +OCALC w1 yNROP1sHL sHH s VL o VHsRHTIME~MIN+AHFL

1NW=CFSs31HCALCULATED AND OBSERVED VS TIME,l)
161 CONTINUE
IF(KOPT.EQ.D01GN TO 999
[F(PMET4 ,GT ., RMSK1)GO TO 201
X2=TFTX(XK121004445)/7100,
X1=1FIX(T4=#100.+,5)/100,
NIRECTN=(XK1=T4) /ABS(XK1=T4%)
RMS=RAMSK1
G0 TO 202 y
201 x2=IFIX(T4#100.,+,5)/100,
X1=TFIX(XK12100.+.5)/100,
DIRFCTN=(T4=-XK1) /ABS(T4=XK1)
RMS=RMST4
202 CONTINUE
XK=X2
203 TXXx = XK
XK=XK=4102DIRECTN
METHOD=METHOD+1
TFITe = FIT
NDO 255 I=1sNROP1
255 TACALC(I)=QCALCI(I)
GO TO 7
299 IF(FIT-RMS)1296+2964+998
296 RMS=FIT
GO0 TO 203
9%9R PRINT 295

295 FORMAT(//" THE STANDARD ERROR HAS STOPED DECRFASINGsCPTIMUM CONDIT

1T0ONS FOLLOW")
XK=XK+«1®DIRECTN
PRINT 298 + TXks TFIT

298 FOIMAT(//" WITH K ADJUSTED TO K = "3F4,2." THE INDEX DESCRIBING TH
)JFE DEGPEE TO WHICH THE CURVES DO NOT FIT=",Fl0.2)
PRINT 105
DO 297 1=1s+NROP1
TIME=(I=1)#DELTMIN S
STIME(I) = (I-1)#DELTMIN ]

297 PRINT 1063TIMETACALC(I)+00B8SVD(I)
IF (IPLOT = 1 )  XIT1elT2:172
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172 CaLL MARA(A+STIMF «TACALE + 1 sMAOP] s HL s HHa VI s VHs AHT IME =M TN BHF|
InW=-CFSs F1HCALCULATED AND OBSERVED VS TIMEsl)
CALL MAPA[A+STIME s GRASVD sl aNROPL o HL s HH3 VL s VHe BHTIME=MT N AHFL
10F=CFS«31SCALCULATED AND NASERVED VS TIME:l)
280 CALL “APA{1+5TIME ATOCALE o laMROPLsHL sHHs VL s VHp AHTIME =M IN+AHFL
. INW=CFS+31HCALCULATFD AND DNRSERYED VS TIMEs1) 1
. ChLL MAPA(2+STIME +NOASYD sLaNBOP] s HL s HMa VL s VH o BT IME=U TN AHFL
1NW=CFS« 3ILHCALCUL ATER aND OWSERVED VS TIME#L)
CALL MAPA(P2.STIME +THCALE s 1sNHAOPL s HL sHHe VL s VHo RHTIME=4 TN BHFL
285 1NW=CFSy ALHCALCULATED AND OBSERVED V5 TIME.Ll)
CALL MAPA(&.S5TIME «TOCALE .I,Mnnp].HL.HH,HL.HH.anrzue-nlu.aurL
10w=CFS+A1HCALCULATED anND NBSFRVED ¥S TIME.1)
171 CONTINUE
993 STNRP
290 END

TYRTCAL DaTa SFT

FLOW GausfF 175 OaTF 1270a7¢]1  TI¥E 4-9 a@

1l.138 .l 110, 15 L 13 1
1 a 1

Nk OE2T L O L0Ne2s LT

LN0NS « 00T +0003

0. +5 7l.5 KL el

1a, 11, Ha? .3 4.8

&, B 1.8 0s
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C pRAGYAl STAT DEFINES STOWRS. OVERFLOW STORMSe AND OVERFLOW
(o VOLUSMES FroM PRECIP SECO¥NS ON “AGMNETLIC TAaFEs
c A FREGUENECY ANALYSIS IS REAFORMED ALSO.
PROGHS STAT(INPUT o OUTPUT s TARF 7 TARPES=INPUT « TAREE=DUTPUT)
COREIE GeVOL L S00) +MNSTORM(S00) +NOVFL (500) +DEPOF (500)
GIVMEMETON YEAR(S00) DAY (500) s ALPHA(4) s DY (500)
NIMFNSTON PRECTPIS00) «DERPILO0) vPREC(25) +RAIN(S00)
NIMENSION S3(100)
TNTEGFR NDAYsYEARWCPRECPRECIP
SALPA=0,
Mliv==130
100 CONT IMNUFR i
C OVERFELOW CURVE COEFFICIENTS ARE RFAD AND CURVE IS COMPUTED IN
> STATEMENT 30,
SEAD(EL150)C1eC2
150 FD4VMAT(2F10,3)
TE(EOF(5) 1018102
102 CONTIMUE
JJ=3
CONMVEFR=12/(52R0,.%52R0,.,%2,.)
(» J 1S A SUHSCRIPT ON YEAR
J=1 i
Cc 1 IS A SUBSCRIPT ON DAY
1=1
IENF=0
Kﬂ‘}FL:O
Al=0,
52=0 .
N 30 Xl=1+72
30 NERIK1)=CleK]l+C2
WATTE(B+H03)ClC2
603 FOBMAT (2184 //5XoNON=OVERFLOW CURVE DEFINED RY FoFbh ol

TR

Appendix B

Vicente Subbasin Simulation Model

12 (DURATTION) +
WRITE(6+600)

2yFé4,2)

600 FORMAT(///+2Xe#YEAR2SX s *NUMBEH 0OF STORMS®,5X«*NUMHER OF OVERFLOWS
12« 7Xs2TOTAL VOL, OF OVERFLOW®*+TXe®aAVER, DURATION OF ®.
P3XFAVER, TOTAL DURe NF#/3S9X s #MILLION CUs FTo®92Xe®INa?98X0
AeNVFRFLOW (HRS,)#,6Xs#0VERFLOW STORMS (HRS.)#®#/)

40

45

50

55

A0

201

50

FIRST 24 PRECIP VALUES AKE READ.
READ(TIDAY(I) +YEAR(I) v {PREC(K) +K=1924)+0Y(I)

no 201 1I=1.2%

IF(PREC(II).LT.6)PREC(II)=0 di -
PRECIP(II)=PREC(II)

CONTIMUE

YFAP(I)=YEAR(I) /10000 e
IYEAR=YFAR(T)+1899

CONTINUE
IF(JJ.ER.3)60

To 51 RS

IF(IEOF JEQ.1)J=d+]

L=d-1

IF(MOVFL (L) .EQ.0)GO TN 700

COMPUTE THE AVERAGE DURATION OF OVERFLOW

AVOFDUR=

ODUR/FLGAT (NOVFL (L))

FOR EACH YEAR.

COMPUTE THE AVERAGE STORM DURATIONS FOR EACH YEAR.
AVSTDUR=FLOAT (xSTORM) /FLOAT (NOVFL (L))

Al=Al+AVOFDUR
AZ=A2+AVSTDUR
KOVFL=KOVFL+1
G0 TO 701
AVOFINIR=0.
avsSTNUR=0,
rcONTIMNUE
TFLTECF<EQal)
[YEAL=TYFAaR+1

[=1+]



76

65 WRITE(6s601) IYEARSNSTORMIL) s NOVFL (L) +HMVICsVOL (L) yDEPOF (L) AVOFDUR
1AYSTDUR
601 FORMAT(3X T4 10XeT3+20X9 395X 345X
1 F13.!ohx'F7.3cIZXoF612012X'F6.21
TFLIEGF LER.1)GO TO S
70 51 CONT IMUE
JJ=0
anu2=0,
NVIC=0
KSTOHM=(0
75 MSTORM(J)=D,
NOVEL(J)=0.
NEPOF (J)=0. 3 y )
VOL(J) =0,
KMAX=74,
80 C GFah A& SERIES OF 3§ PRECLIP VALUFES UNMTIL A NON=-SUCCESSIVE DAY OR
c YEAR [S ENCOUNMTERED,
10 READ(T) OAY(I+1)+sYEAR(T+1) s (PREC(K)+sK=1+24)4+DY(1+]1)
YEAG(J+1)=YFAR(I+1)210000
JIF(YEAK(I+#1) ,EQ.T3)IEOF=1
85 IF(FOF(T))4504+9
450 IFOF=1
G0 10 7
9 CONTINUE
TFIYEAR (1) EQ.YEAR(LI#*1)) GO TO 2
90 DAY (2)=DAaY([+1)
YEAR(2)=YEAR(I+1)
I;l - —
60 TO 3
5 CONT IMNUE
95 IF(KOVFL.GTL0)G0 TO 650 Aty -
WHITF (Bs651)
651 FORMAT (SXy®NO OVERFLOWS OCCURRED OUPING FNTIRE RECORD®)
GO To 100
650 CONT INUE
100 Al=Al/KOVFL
= = RP=A2/KOVFL
H3=54| PHA/KOVFL
wHITE (6+4602)1B1sB2
C /02 FORMAT (//5X+#AVER. NURATION OF OVERFLOW IN HRS.= o,
105 EFB‘?f/-%x--nusn. TOTAL OUEHFLGN STORM DURATION IN HRS, = ‘-Fﬁ 2)
CaLL FREQ ¢
. G0 TO 100 : . - e : -
2 3 JJy=1 . .
Go To 7 § ‘
110 2 IF(DAYAI) .EQ. (DAY(I+1)-1)) GO TO 6
GO TO |
- ) JMAXSKMAX
v KMAX=KMAX+24
- c STORE SUCCESSIVE SETS OF PRECIPVALUES IN A CONTINUOUS nanav OF
115 c LENGTH KMAX,
F DO 202 I1=1+24 =
© 1F (PREGATI) .LTL6) PREC(11) =0
DHECIP(II+JMl11=DRECtIEI
202 CONTINUE

120 I=1+1 .
G0 To 10
c K=LIMTIS  K=1aKMAX .
C. Kl= SUMHER OF SUCCESSIVE NON-ZERQ PRECIP VALUES=STORM DUR. IN HRS.
7 Kl ,
125 4 K1=0 i

N0 G5 M=1,KMAX
59 RATM (MY =0,
NEPTH=0, #

NIFvaYy=0,
130 G0 TN 13 :
c LOOGP ThRU Sﬁal. 13 FIMDS THE FIKST HOUR OF PRECIP ON THF CURRENT
C STURM,

1A K=K+l
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140

145

150

155

160

165

170

Vs

180

185

150

185

200

13

33

@000

803

aoz

805
24

403

56

NODOOOOO O

95

77

NIFMAX=0,

TF(TECF «E0s1 +AND. K.EQ.KMAX)IGO TO S50

NERTH=0

IF (K .GE.KMAX)GO TO 24

Kl=0

IF(PRFCIP(K) EQsD ANDe DEPTH,EN.0.)GO TO 18

[F(PRFCTR(K) ERNIGN TO ROO

NERTH=DEPTH+FLOAT (PRECIPI(K)) /100,

Kl=Kk1+1

PATNIK1)=FLOAT(PHECTP(K)) /100,

TF(RAIN(K]) LGELNEP(1)IDIFMAX=0,1

COMPUTE THE NIFFERENCE BETWEEN THE ACCUMULATER DEPTH AND THE
NVEXFLOW CURVE FOR EACH HOUR AFTER THE BFGINMING OF THE STORM,
NIF=NFeTH=DFP (K1)

IF(DIF.LE.DIFMAX)GO TN 33

NIFMAX=DIF

CONTINUE

IF (KJGF JKMAX)GO TO 24

K=K+1

<0 T 13

THE LOOP THRU STaT, B0S DEFINES THE END OF THE STORM BY LOOKING
FOR 3 HOURS OF ZFRO PRECIP WITHIN THE CURRENT SET OF SUCCESSIVE
PRFECIP DAYS.

IF((K+2)GT,KMAX)GD TO RO2

IF(PRFCIP(K+1).EQ.0 .aND., PRECIP(K+2),.,EQ.0)G0 TO 803

K=K+] :

- Kl=Kls+1

GN TN 13

K=K+2

GO TO 24

JF((K+1).GT.xMAX)GO TO 24

IF(PRFCIP(K+1).EQ. U}GO T0 805

K=K+1

Kl=Klel

GH TO 13 -

K=K+1 : : T i '

CONTINUE

KEEP A& RUNNING SUM OF THE NUMBER OF STORMS IN FnCH YEAR. y

IF(NEPTH.GT .04 )NSTORMEJ) =NSTORM(J) »1 TS

IF(KLGELKMAXJAND.DEPTH.ENR.0.)GO TO 28

JF(K.GE.KMAX)GO TO 403 A N -

IFE(IEOF +EQel) GO TO 403 =R T i T R =3

IF(NEFTF.EQ.0.,)GDO TO 18

CONTINUE

IF(DIFHAX(TL.0,)60 TO 203

IF (.GE.KMAX)GD TO 28

Ny S5 M=leKMAX

RATN (4)=0,

G TO 1

KEER a4 PUNNING SuUM (iF THE FOLLOWINGaseess

1. NOVFL=NUMRER OF QVYERFLOYS IN FEACH YEAQ,

2o KMEXDURZHOURS FrOM HEGINN/NG OF STORM TO TIME WHEN MAX DIFF,
RETAFEN STORM MASS CURVE AND OVERFLOW CURVE OCCURS,

3 KATORM=TNTAL STOMM DURAT IOM,

e VOL=NDVEEFLOW VOL. IN CU FTe FOR EACH YEAR .

S DEPOF=OVERFLOW vOL. IN INCHES FOR EACH YEAR FOR THE 2.0 S0. MT.
VICENTE WATEWSHED,

CONTIMNUE

IPREV=T

K2=K1

RMAX=0,

[NUR=1]

MaXDik=1

RaTI0=3,

no 95 I=likl

IF(HAINIT) oGTHMAX) RMAX=RAINI(I)

PO 95 I=lsk}

TF(REIN(T) JEQ.0.)GD TO 96

PREVA=RATIO

BATIN=RMAX/RAIN(D)

-



a2es
98
210
3 96
215
99
220 103
104
225
97
230
106
235
240
245
Qn
250 31
255
L
28
260
210
265
40
270 211
101

78

TF(PREVRILEL2.0.AND.RATIDLLFE.2.0)G0 TO 938
I0UR=1

0 TO 96

CONTINUE

IOUR=TDUR+1

IF (IDURLLE -MAXDUR)GO TO 96 i i

MAXNUR=TDUR

Imax=]
CONTINUE . - 3
IF (MAXDUR.EQ.1)G0 TO 103
EQDEP=0,.
TMIN=TMAX=MAXDUR+1]
N0 99 I=IMINsIMAX
EQPEP=EQDEP+RAIN(I)
GO TO 104
FODEP=RMAX
CONTIMUE
TDUR=MAXDUR 2 ' e
ALPHALl==], lﬁb'IDUH*GI-l..051¢3. 12EQDEP*IDUR®® (=1,06)
IF(ALPHALLT«0.5)ALPHAL=0,5
TF(ALPHAL GT.3.0)ALPHAL=3,0 . 5 g
DO 97 I=143 ;" ol B waEe
ALPHA(I)=ALPHAL
ALPHA (4)=1,0
VALUME OF OVERFLOW 1S COMPUTED FROM SUBROUTINE vxcsnrz
0O 106 L=1.Kl
SH(L)=rAIN(L)
CALL VICENTE(ALPHA«K]1+RAINsVOFLO»OFDURsDUM)
NVIC=NVICs1
OFDUR=0FDUR/60.
TE(VOFLOLEQOLN.)IGO TO 90
)ﬁlPhﬂxSﬂLPHﬁ*deHil
[=1PHRFV
KSTOLM=KSTORM + x1/4
NOF =VOFLOaCONVER
VOFLO=VAFLO/1000000,
NEPOF (JY=DEPDF (J) +DNF
VAL (J)SVOL(J) + VOFLO
NUR=N0IIR+0OFNLIR
MNOVFLEJ) SNOVEL tJ) +1
CONTINUE ‘
I=[PRFV
TF(TENFLERLL) GO TO 50
IF(KFOQJKMAX) GO TO 2B
BEATH=0,
NIFMAX=0,
x1=0
K=Ksl
no Ri M=1yKMAX
PATN(M) =0,
G0 rh 13 .
IF(JJ.EN.1) GO TD 40
I=T+1
KMAY=P4, \
NN 210 I1=1+24
TF(PRECIIT)4LT4R)PRECIII)=
PEECIP(TII)=PREC(II)
CONTINUE
30 TO 10
J=Js1
N0 211 T1=1.24
IF(PRFEC(TII) JLT+RIPREC(II)=0
PRECIP(II)=PREC(II)
CONTIMUE &
I=1+1
G0 TO S0 .
STOP
EnD
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as

&0

45

S0

65

A

&5

T0

as0

201

ana

20

51

390

10

10

79

SUARGUTINE FREA

TRIS SUR“OUTINE PERFOPMS A FREQUENCY AMALYSIS OF THE MUMBER AND
VOLHMFE NF OVERFLOWS [N A YEAR,

Coaan JaydgL (o S00) «NSTORM (5000 «NOVFLIS00) «DEPOF £500)
NIYFRSTAY MOFPY (300) «PEXSO0I00 L »NOFVOL (600)

IWNTFGFY FOWFL»ZV0L » SUMT«SUMS

Jeak= =1

PELVOL=THFE [NCHEMEMT OF OVERFLOW VOL. USER IN THE FREQ. ANALYSIS.
CELVOL=0.92928

X¥x=12000000,/(52H0,25240:22,.0)

T=1

ZHOVF =0

ZvnL=n

SuMn=n,

SIME=0,

SERNERY =,

SMOFYOL=0,

SHOFPY=Max

Sy~nNER=(0,

SU¥yOL =0,

by KOy,

YN “ax=0, -

NS EUMS «NSTORW ()

SUMOESLUMO+MOVFLET)

SLMYD =SuMyAL VoL (T}

TEINOVFL (D) oGT MaXMOV) MAXNOVSNOVWFL (1)
TFUIVIOL [T} BT VOLYAX) VOLMAX=VOLIT)

I=l+1

TFITaETJdMAR) GO TO S

G Tn 2

CAMPUTE VAMIOUS OVERALL STATISTICAL PARAMETERS AS DESCRIBED INM
FOamaT STATEMENTS 201 anD 200
AMOFPYSSUMOAFLOAT (WA X )

ANFVPF=SUMVOL /S5UY0D

ANFYAY=SLMVOL A JMA X

VEET=a0FVPESNX

WEYI=ANFVPY#XX

PIFFAS=SUMDAFLOAT (SUMS)

WRITE (&= 350)

FwwapT (] #)

RRITEIA+20]1) JMAK«SUMS s SUMD

FO=AT (SX«2ANALYSTIS RASED ON =+]3+% YEARS OF AFCORD=/ /45X

1#TNTA) MUMBER OF STRRMSE o]S//«5K.aTOTAL NUMBER OF OVERFLOWS= 15/
£l

wHITFE (me 2001 ANOFPY « BUFVPEsVPET+ AOFVPY « VPYI « POFFAS
FORMAT (SR 2AVEAd g NUWEER UF NVERFLOWS/YR.= oFT7,2//50«2AVER, VOLs 0OF

1 NWFHFLNS/0VERFLNY FYFNT= #F6,29% MILLION CU, FT.=®

~ FGa3se IMN,2//5Xs ®AVER,

TETVOL . NOF OVERFLOWAYR,= #FT.2+® MILLION CU. FTo=%F6.3+% [N.®//5Ks8P
@S TLLITY NF QWERFLOR FROM aAMY STORM= SF&,4/777/)

he 20 L=leMaxMov

MOFPY(L)=0.

FONTIMUE

J=1

WETTE (Re351)

FOsuaT (SKa#pUMEED OF OVFRFLOWSS+SX«¢PROBARTILITY OF EXCEEDING®.5X»

PERRANSARILITY OF EXCEEDItG AT LEASTE2/ 9 ]l1lX+2PEH YEAR®+ 14X+ *DURING AN
37 YFARS J0Xee0OMCE DURING 100 YEAR PERIOD®=/)

COMTINUE
TFAMNOYFL 1)) 6T 0060 To 300
FHOVF] =7B0VFL+]

e T 310

COkTIMUE

MOEEY (NOYEL () ) SNOFPY (NOYFL (J) 1 +1
r_.'_':l-'l l' I t.;L..E

J=Jd+l

TFLJaFTadMaX) GO TO 10

FD TO é

r=1

=0

pEN=] .=~ IMNOVFL/ASNOFPY



75

as

50

85

100

110

115

120

125

10

1&

10

35%

a0

4]

&00

&10

50

[s N R

asr

80

BiSA=].=(1.,~PZ0)=a]l00

SENAFPYSIMOVFL

wHITE (e 3521 L+ PINRTSK

FORMAT(13Xe]3022X9FS.3+426XF5:3)

CINT TNUE

COMBITE THE PFOGABRILITY OF EXCEENING N OVERFLOWS IN ANY YEAR AND
THE asSOCIATED SIS® HASED ON & 100 YEAR PERIOD.
SENOFPY=SSHNOFRY+NOFFRY (1)
PEAMOITI =]la=(SSNOFPY/SNOFPY)
HTISHS] = (1.~PEROII))®=100
WHITE (ms352) [+PFANDII) 2+ ISK
T=1+1

IFITGT.HaXNOV) GO TO L&
0 Ta 11
KMAX=(YALMAX/DELVOL) +1

0O 30 NelsKMax

NOFVOL (N1=0.

CONTIMUE

WRITE (A 355)
FOOMAT (A /// /TR #VOLUME OF OVERFLOWAYR,*&X,*PAORARILITY OF EXCEECIN
162,51, *020RARILITY OF EXCEEDING AT LEAST®*/2X+*MILLION CUs FT.®45Xy
PEIN. 2o 14 #DUPING ANY YE&R®.]1X+#ONCE DURING 100 YEAR PERIOD®=/)
J=1

THIS LONP DETERMINES THE NUMRER OF YEARS IN WHICH THE OVERFLOW
VOLUME FALLS WHTHIN & PRARTICULAR RANGE.

CONTIMUE

TVOL=vOL (J) FDELVOL ; ' =

TFIVAL(J) .GTL0.)G0 TO 400

zan#?an-l. |

o 10 410 - o

CHNEINUE

annLtIanolinwannLilvuLbllol

CONT IMUE =k

J=d=1

IF{J+GToJMaN) GO TO 50 3 1

GO TO 41 " S : “r £

LMTOT=J™MAX

SMOFVOL=ZVOL

BIV=] ,=SNOFVOL/NTOT G f=t = =
PISK=l.=(l.=FPZvi®e]l0D

WRITE(t« 356 LeL+PZV+RISK

FOSMAT (2Xa110+BX 13+ 19XsFhHeIe26XaFS.3)

1=1

CONTINUE

COPUTE THE PROFABILITY OF ExcE!nINﬂ A PARTICULAR OVERFLOW
VOLUME T% ANY YEAR AND THE ASSOCIATED RISK
SNOFVPL=SNOFVOL+MOFVOL ()

PEXTNEL=l. =(SMOFVOL/NTAT)

Blsr=l.=ll.-PELINEL)=2100

YNF=TANELVOL

MNE=VAF#RX

fHIrErﬁaiﬁTrqu-lﬁF.PEtlnEL.nISK

FORYAT (2% 0,1 o8XaFf 30 lBXsFhade2AXsF5,3)

I=1+1

TFIT.GT.KMaX] RETUEN

tn. TO 91

END

SUEPDUTINE VICENTE (ALPHAZNR«H«TTOVF »DFDURLOUM )

DIMEMSION TIS00)«QUP{SI0] ONNIS500) »QHASINIS00) 4036 (500)A3TOF(500)
1AREALT) o™ (T 4CITI+BASELT) sOCAP (&) s VMAX (&) e S(L0) D (10) «NILD) s
PRELE(101 +TYOVF (&) oLETOVE (%] s NOOVF (4) yALPHA (4] +R(500) «RRI100) »
INFERD (&)

COMMONSVIC/DELTHASDELTREA « JRETAIN» U5+ JDv 2R

FOUIVALENCE [(A3A(1)+03TO0S(1})

FEAl, ®aM

R 1SS0 T=1+500

GuUPtllI=%.

GNMiTI)=0.

CRASTINITI =0,

N3ktT)I=0,

RATN9(11=0.
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20

25

30

35

40

50

55

L1

&5

70

75

il]

a5

150

100

1ol

333

250

200

19

81

CONT TMUE

JFIRUM GT. 0,060 TO 333

HEAMVIS 100 INELTRAS yPELTREAS JRETAIN

FORMAT(2F10,N.[10)

REAN(S100) (AREACT) + I=1aT)

FeaN(Ey 100 (KID) aI=laT)

HEADIS+ 1010 (CLI)al=1+T)

FEANIS=101) (BASE(L)+I=12T)

FEADIS«10L) (BCAP(I)al=lvd)

FEAD IS« 10L ) (GZERDIT) o I=104)

HEAN(S s 1T01) (VMAKTIY s I=1eie)

FOGMAT (4F10.2)

BREAN(S«101) (S({I[)sIx]1s10)

REAN(S+10X)(D(I)«I=1s)10)

REAN (S« 1011 (NI «I=14101)

REAN (%4101 (DELX{TI)I=1010)

CONTINUE

ME=[0

on 250 I=1s+NR i
FRITI=RIL) /4,

no 200 Isl.MA

ng 200 J=l+4

ME=J+(I=1)%4

By l=RRIT)

MH=4ENR - i

NUM=5,0

SUB=-BASIN &

JS=]

Call RASIN(AREA(JS) wK(JS) +BASE (JS)+CUJS) «NR+R+QBASIN+NUP)
FETENTION BASIN 12-3

Jn=l

CaLL RETNTN(OBASINsNUP+QUP«+QCAPLJD) s ALPHA (JD) « VMAK [JD) « TYOVF (JD) »
ILSTOVF{JD) «NDOVF { JD) +»QZERG(JD) )

BEACH S

JRE]

CALL REACHI(QUPyNUP+QDN+NDONSTJRY sD [JR) sNIJR) +DELX (JR) )
SUR=-BASIN 3 3 i p
JE=2

CALL PASIN(AREA(SS] oK [JS)I+BASE(JS) +CIJS) o NR+R+vQBASINSNUP)
IF (NUP ,GE . MNMI NQ=NUP -

IF (MUPLLT.NDN)NG=NDN

0o 1 I=lenn .
AUPITI=08ASINII)+QDNIIY bt b ) ¢ sl
NEP1=NG+1

no 9 I=NGPl:500

puUe(Iy=0aaSTMIL)+0DNEL)

HEACH 4

JH=2

CALL WEACH{OUPs NO+OI6GsNIAS(JRI sNIJRISNIJRY sDELX CJR) )
SUA=RA5IN A

J5=3

CelLL BEASTNIAREA[JS) K [JS) «BASF(JS)sCIJS) vNR+R+NBASTHN«NUP)
RETENTION BASIN 12-4

Jn=g

CALL PETHTNIGBASINsMUPsGQUR+QCAPIJN) ¢ ALPHALJD) s VMAX (JD) o TVOVF LJD) »
ILSTONF €3 s MOONVF (0 ) «AZEAQ (JD) )}

CEACH 11

JE=3

CALL PEACHIQUP s NO+GDNeNUNSIJR]) sDIJRY sNIJR) +DELX(JR) )
SUH=-RASIN 5

Jﬂ:h

CALL PASIN(AREALJS) sK(JS) sBASELISI«CLJIS) sNRyR+BASINNUP)
TF (MUP L GE (NDN) NE=NUP

IF(MNUB LT NONINO=NDY

na 2 1=1.80

GUPLTI=0BASTNIT) +QDNIT)

NOPl=Na+ ]

Do 19 I=MmGP1.500

AUPETTI=0GRASTNIL) +GDN(])

EFACH 10

NEETY

CALL FEACHIGUPs NO+GDN+NDN+SIJRY «DLJR) «NIJPY DELX(JR) )



82

PO 3 T=1,500
3 QUP(T)=UDN(T)
NUP=NMN - * 3
90 c REACH 7
JR=S -
: CALL PEACH(QUP+NUPsODN+NDNsS(JR) sD(JR) sN(JR) +DELX(JR))
c SUR=BASIN &
JS=5
95 - CALL RASIN(AREA (JS) K (JS) +BASE (JUS)}sC(JS) +NRsRyQBASINWNUP) - -
TF (NUP . GE . NDN) NQ=NUP
IF(NUP.LT.NDN)NQG=NDN
DO 4 I=1sNQ = B
4 QUP(T)=QBASIN(I)+GQDN(T)
100 ) NGP1=NG+1
PO 29 I=NOP1+500 : 5 ® gy
29  QUP(I)=QBASIN(1)+QDN(1)

Cc REACH 13
JR=6 =
105 : CALL REACH(QUPs NO+sQDNsNDNsS(JR) sD(JR) sN(JR)»DELX(JR))

IF (NDN,.GE . N36) NUP=NDN
TF(NOM.LT.N36)NUP=N36
DO 5 I=1s+NUP
5 QUP(I)=0DN(I)+Q36(I)
110 n NUPP1=NUP+1 = - : 2
ND 39 I=NUPP1+500
39 QUP(I)=QDN(1)1+Q36(1)
C REACH 3 E
JR=T
115 CALL REACH(QUP+NUP+G3TOSsN3TO09sS(JRID(JR) sN(JR) +DELX(JR))
: B SUB-RASIN 9
JS=6
CALL BASIN(AREA(JS) +K(JS) +BASE (JS)+C(JS) +NRsR+QBASIN«NUP)
(o QETENTION BASIN 12-5
120 Jn=3
CALL PETNTN(ORASINWNUPIQUPYACAP(JD) v ALPHA (JD) ¢ VMAX (JD) » TVOVF (JN) »
ILSTOVF (JD) « NDOVF (JD) «BZERO (UDY)

Cc REACH 9
= JR=A
125 CALL BFACH(QUPsNUP»QDNsNDON+STJR) oD (JR) sN(UR) +DELX(JR))
& SR=HASIN 7
JS=T

CALL FASIN(AREA(JS)+K(JS)+1BASE(JS)sC(JS) +NR+R+QBASININUP)
TF (NUP ,GE . NDN) NO=NUP i
130 TF (MUP LT .NDN) ND=NDN
nO A& T=1«NOQ
6 OQUP(I)=CHASIN(I) «QDN(T)
NOD1=MA+1
NO 49 T=NOP1+500
135 49 " QUP (L) =QHASIN(L) +QDN(1)
‘ c BEACH B
JR=9
CALL REACH(QUPsNUP»QDNsNDNsS(JR) 3D (JR) sN(JR) s DELX (JR))
; no 7 1=1+500
140 7 QUP(I)=QGDON(I)
NUP=NDN
c REACH &
JR=10
ColLlL REACHIQUPsMNUP+NDNeNDN+S(JR) +D(JR) sN(JR) +DELX (JR) )
145 TF (NOHLGE JN3TO9)NO=NDN
IF (MDNLL. T N3TO9)INQ=N3TO9
NO 8 [=1sNA
AR ODN(I)=0NDN(TI)+Q3TO9(I)
NGP]1=pQ+1
150 Nno 59 T=NGP1,500 !
59 QDPN(I)=0LN[1)+Q3T09(1)
(o8 RETFMTION BASIN 12-2
JD=4 _
= CALL RETNIN(QNNs N@+QUP+QCAP (JD) s ALPHA (JD) s VMAX (JD) » TVOVF (JD) »
155 1LSTOVF (JD) s NDOVF (JD) 9 RZERO (UD) )
999 CONTINUE
NOVF=0
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LTOVF=3000
TTOVF=0,.0
160 rg 222 JJ=le%
TTOVF=TVOVF (JJY+TTOVF
IFILSTOVF LJJ) «LTLTOVFILTOVESLSTOVE (JJ)
IF (MNODOVF [ JJ) «GT o NOVF ) NOVF=NDOVF ( JJ)
P22 CONTIMUE

165 OFDUR= [MNOYF =LTOVF+])*DELTREA
. TFINFPUR LT . 0. )0FDURS0. -
FETURN
FnD [

SUALTHITINE HETHTNIGINsMUINsAOUT » JCAR s ALPHA s VMAX » TVOVF « LSTOVF » |
IMPOVE « BZERD)
CIHFNSTON QINISO0IN0UTIS00) VIS0 aT(S00)
COMMON AV ICANELTEASNEL THEASJRETATM S » JDs JR
AuAY TS THE MAXTWUM FLO4 RATE OUT 0F THE RETENSION BaSIN (CF5)
WMAX 1% THE MaxTuauM HETENSTION CARAGCITY (CF5)
VETANT 15 THE QUANTITY OF WATER (CF) INITTALLY [M THE RETENSION BASI|
vOLNF=0,
TFIJHETAIMGEGLUYGO TO 16
10 IF{J2:6T:1160 TQ 50
no 49 I=1.500
NOUT (T =0,
viti=n,
TiIv=0.
15 & LONT TNMUE
a0 CONTINUE
DMaY=ALPHARQTERD
YSTART=0.0
Vi1 =v5TART
20 nn & 1=1+500
IFININITI)=0HAX) T« TR
T IFIVITI1929510
9 yiT+11=0.
AOUTLTI=GINIT)
25 TF{T=-MA TN BaGEell
10 TFAVITI=(NMaX-QTN(TI) ) #80,.*DELTREA)12+12+13
12 NOUTLTI=0INII)+¥I(I) /(60 2DELTRER)
viTs1l)=D.
GO0 TO &
30 13 VIT+1)=SVII) = (OMAX=QIN(T) ) 260 *DELTREA
AOUTITI=0MAX
G0 TO &
A TFIVITIEN.VMAXIGO TO 1
TRFIVIT I« IRINII)=GMaX) #DELTAEASLD .~ VMAX) 14415415

g Reln
.

as 14 VIT+1)1=VITI+ (QINII)-QMAX]) *60,.*DELTREA
AAUTLTI=0MaX
&0 TO 6

15 ROUTITI=0INII)=(VvMaX=VI(T])/(60.2DELTREA)
ViT+1)=VMAaX -
&0 G0 TO &
1 ViT+1)=VMAX
GOUTITI) =QINCI)
& rONTINUE
11 CONTINUE
45 TVAOVF=0. = L i
WRNAVF=0
LSTOVF=3000
po ROZ I=1sMOIN : E
IFIVII=1) EQ.VHAX)GD TO BO1
50 0 TO BOO
ANl QATEFOF=Q0UT(I)=-GMAX i
VOLNF=VOLOF «RATEOF*&0 ., 2DELTREA
TYNVF=VOLOF !
IFIT«LTLSTOVFILSTOVF=1 ipre b =
55 IF(T<GT.NDOVFINDOVF=]
G0 TO BOZ
"A0D CONTIMNUE e
BN2 CONTIKUE
RETURN
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A N0 17 1=1sNOIN
T GOUT(II=GIN(L)
SETUSM
Fnn

SUADOITTIME AASTIN(A¥ +3ASE«CeNRIR»0vNG) .
DU#FNSION Q(500) yR(500)sT(500) +QF (500) +RE(500)
COROM/VIC/DELTRASINELTREA « JRETAINS JS»JDyJR L

BEA. K ;
TF(I3.6T.1160 To 11 : ik
FO0 59 1515590
s 0 1) =0
T L) =Ry
AF(T)=0. My 1
WA (T)=0,
CONTINUE .
.[10 4 T=]eNR
Ba(1)=R([)=C
DFLT=NELTRAS/R0,
0(11=0,
T‘llzﬂ.
1=}
2 I[=1+1
Jel=I=-1
NET)N=04] .
na ] J=laIMl
1 C(I)=0(T)+645,33%8 2RB(J)/DFLTR(EXP(=(I=J=1)2DELT/K)-EXP(=(T=J)®
INELT/X))
TII)=IM12DELTHAS
IF(I4).LT.NR) GO TO 2
QEND=C(T)
3 1=T+1 I
l=1-1
A(T)=N(T=1)*EXP (-DELT/K)
TIII=NFLTRAS®IM] g
IF(O(I).GT..012GEND) GO TO 3
NO=T
NRP1=MR+1,
F=DFLTHAS/DELTREA
NO=(NB=-1)#F+1.5
no 7 J=1sNQ |
FI=(J=1)/F+1.
11=FI
TF((IT+1).6T.NQIGO TO T < x
GFID =TI+ (FI-ID)A(Q(II+1)=0(I1)) '
CONT INUE - .
nn ”R J=l+NQ G . -
8 0(J)=0F (J)
Til)=0,
Q(1)=0(1)+BASE ° i=1 e o -
PN 6 1=2+500
T(I)=T(I=1)+DELTREA !
6 R(TI=G(I)+BASE = SR 3 5T
PETUARN
END

SUARGHITINE REACH (UJeMDaQJPL1eNNJPL+SaDeNIDELXK)
DIZENSTION QUIB00) «Qk1(500)T500)

REAL Nk «KHYDELT
COMMON/VIQ/DELTRASDELTREAJRETAIN,JS+JDs IR
TF(JR,6T,1)60 TO 50

PO 49 [=1,500

AJBL(T)=0.

TiT)=0,

CONT INUE

CONTINUE

p=n/2,

DELT=CELTRESA -
Ttli=0,

=1



15

20

25

30

35

40

45

50

55

60

10

85

GUMAX=0,
ANMAX=0.
nJR1(1)=0Jd(1)

0= 14 1A%DFD/B 7] L4RE/NF(D/G,) 25  666T#SART(S)
CALL FALFA(D+SeHaMsNELXsKeALFHA)

X=(1s=ALPHA) /2,

Cl=(l.+2.2X)}/(3.=2.7X)
C2=(1.=2s#X)/(3s=2.%X)
C3=(1a=7+%X)/(3e=2,2X)

K=K/t0.
KRYNEL T=K/DELT
TET+1)=12DELT

TF(AJ(T) aGT.OUMAX) GUMAX=0JLT)
TFIQJPLI L) AGT.NDMAX) GDMAX=QJPL (1)
IF(T(T+]1)-KueGT04) GO TO 1

NJA=0J(1)

L 0J214=0UP1 (1)

13

G0 TO 2
FUU=I+1-K8YDELT
JO=FJ0
F=(FJB=-J0)

NJB=JLJ0) +F=(QJ(J0+1)=0J(JO))
IF (*3YDFLT.GT.1.0)1G0 TO 13

FJUN=T+1-KRYDELT
JO=FJ0
JOMl=g0~1

NJPLIB=0JPL (JOML) + (FU0=JOM]) *(RJPL(J0)=QJIPL (JOM]))

GO Tn 2
CONTINUF

NJP1A=0JIRPL (JO0) +F&(QUP1(J0+1)=-QJP]1 (J0))

CONTIMUE
IF(I.LT.NGQ) GO TO S
NJIT+1)=0J(1)

NJP1(T1+1)=C1*QJB+C220J(TI+1)+C32QJP1B

I=1+1

JF(T«GENAIQJ(I+1)=0J(1)
IF(I.LT.NQ+10) GO TO &

NQUPLl=I
SuUvl=0,
SUmM2=0,
DO 55 T=2sNQJPI1

SUM]I=SUM]+,.5%(RJ(I)+QJLI=1))
SUMP=SUMZ+,5% (QUPL(I)+QUP1(I=1))

VOL1=SUM]I=DELT#60,
VOL2=SUMZ2%DELT*60,
IP1=1+1

Ao 1 J=Ir1«500
QP (J)=04Pr1 (1)
EFTURN

END

SUARQUTINT KALFA(QsSsRyMaNELTX s Ky ALPHA)

HEAL NaE

TMITIALIZE T (THE CENTRAL ANGLE THETA) AT 3.14

}'=3.lﬁ
I1=0

CHECK TD SFF IF 0 IS GRFATEP THAN THE FULL FLOW CAPACITY,
1F IT IS LFT T=3.5 anp 659 TOo 13 AFTER PRINTING G FULL AND Q FNTERED

=] A9 /NB (H/2,) 8, ARTR3,1415%R*RASQRT (S)

TF(N=GMLT.0.)G0 TO
T'—'305
0 TO 13

1

wITH T CALCUILATE ARFA (4) AMD HYDRAUILIC PADIUS (RH)
A=((R822) /2, ) (T=-SIN(T))

D= (RE(T=SIN(TI) 2,

CALCULATE FLOW (OT)

7))
FEOM MANNING EQUATION

NT=(1.89/N) AR (Rnea (2, /3,) )8 (59%.5)
COMPARE ORSERVED AND CALCULATED

IF(ARS(R=Q1)=-.00009%)

Habr b
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[F MEEDEDy ADJUST T (THETA) Ta GET ARETTER CALCULATEDR FLOW
CALLIMG FT THE DIFFEHENCE HETWEEN 9 AND QT WE

FIND FT=0 Y NEwTONS METHOD,

NET 15 THE FIRST OERIVATIVE OF FT (WITH RESPECT TO T)

NETE=(({+46832pas(B./3a]8528,5) /N8
1005 /3,10T08 (=2 /3, )0 00T=-SINIT) o2 (2./3.))

29 (1e=COSITIIN=({(2:/3)BT00[=5,/3,))"
AMLT=SINITI ISR IS, /3,00 000

FT=0=01 5
APPLYING NEWTONS METHOD

T=T={FT/DFT)

T=T+1

IFI1.FR.20) GO TO 99

&D TG ]

TEST T FOR EXTREMES

IF({TelEsal) Tmy]

IFITGEL3.5) T=3-5

CALCULATE K

EIRST CALCULATE DS/DUs THEN K=DELTX®(DS/DQ)
NSPN=s ({3, e0) A (2. ARe (Fe2(2,/3,) )2 (500,5)) )8
LO1=COSETII A (Lt T=SINITI ) A(2.0T) )00 (2. /3.0 )%

PUII5./8)®11a=COSUTIII={UIT=5INITII/T)})

K=DELTX#D50Q

Cc=1./NS0OG

CALCULATE ALPHA

AL PHAS (K&Q) / (2eS8Re (DELTAS#2 ) @5IN(T/2410)

1F t*l.pﬂiiﬁ?o 1 - }‘LPH"‘! -

a0 TO 100

weITF(Asl2)

FONMAT (& TTERATINNS OVER 20 THEREFNORE STOP®)
RETURN

EnD
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APPENDIX C

SUBCATCHMENT DATA

Reser- st [2] gl [3] Drain- Reservoir Runoff Dry
voir [1] max max i age Routing Coeffi- Weather Travel
No. SFMP  Alternate C Alternate B Omax Area  Constant, K cient Flow Time
(i) No. (105 f£t3) [108® £t3) (cfs) (acres) (hrs) o (cfs) (min)
1 16-6 .66 .32 530 456 .1239 .66 4.6 50.0
2 5 1.09 LT 240 748 .1586 .66 7.5 48.3
3 4 .24 12 260 168 .0752 .66 107 45.9
4 3 .16 .10 295 112 .0614 .66 US| 42.0
5 8 .30 .14 226 204 .0828 .66 2.0 44.2
6 2 .13 .10 370* 88 .0544 .66 .9 40.8
7 1 .22 .22 18 90 .0550 .66 0.9 43.6
8 7 .18 .10 25 124 .0646 .66 152 39.4
9 14-1 .14 .14 63 60 .0449 .66 33.1
10 2 .79 .38 119 541 .1349 .66 5.4 32.7
11 13-11 .57 .27 155 387 .1141 .66 3.9 33.6
12 10 .23 11 190 153 .0717 .66 1.5 27.7
13 9 .25 12 140 165 .0745 .66 1.6 27.3
14 8 .21 .10 250 145 0698 .66 1.5 28.5
15 7 .15 .10 95 101 .0583 .66 1.0 29.1
16 6 23 .10 185 154 0720 .66 1.5 24.9
17 5 1.45 .70 419 1012 .1845 .66 10.1 22.1
18 4 .18 .10 110 126 .0651 .66 1.3 30.7
19 3 .18 .10 200 122 .0641 .66 1.2 25.1
20 2 .27 .13 85 186 .0791 .66 1,9 19.4
21 1 1.13 .54 151 770 .1609 .66 7.7 24.7
22 12-3 .19 .10 82 129 .0659 .66 1.3 15.9
23 5 .40 .19 165 276 0964 .66 2.8 29.4
24 4 .32 .15 170 222 L0864 .66 2.2 22.2
25 2 .95 .46 253 655 +1484 .66 6.6 10.4
26 1 .54 .25 73 370 .1116 .66 3.7 13.2
27 11-1 .26 .12 35 175 L0767 .66 148 24.1
28 4 1.10 .53 151 761 .1600 .66 7.6 28.8
29 2 .27 .13 380 182 .0782 .66 1.8 13,2
30 5 .36 17 432 246 .0910 .66 2.5 15.1
31 1 .24 .11 107 165 .0745 .66 1.6 13.2
32 21-4 .44 .21 210 299 .1003 .66 3.08 1560
33 3 .16 .10 33 w7 .0600 .66 1.20 155.6
34 2 .16 .10 78 109 .0606 .66 Tl 35
35 1 77 37 207 529 « 1334 .66 5.3 145.3
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APPENDIX C

Reser- si [2] st [3] Drain- Reservoir Runoff Dry

voir - [1] max max i age Routing Coeffi- Weather Travel
No. SFMP Alternate C Alternate B Qmax Area Constant, K cient Flow Time
(i) No. (108 £t3) [105 ft3) (cfs) (acres) (hrs) e (cfs) (min)
36 28-1 .76 .36 102 517 .1313 .66 8,2 156.8
37 24-3 .14 .10 84 102 .0586 .66 1.0 158.1
38 2 .13 *.00% 70 90 .0550 .66 .9 154.7
39 1 .59 .28 220 405 .1167 .66 4.0 145.6
40 37-8 .40 .19 54 271 .0955 .66 2.7 125.8
41 7 .48 .23 155 330 .1054 .66 3.3 121.8
42 9 .67 .32 340 453 .1234 .66 4.5 127.308
43 (3 1.33 .63 183 923 1762 .66 9.2 106.8
44 3 .45 .21 60 303 .1010 .66 3.0 99.0 N
45 4 .16 .10 22 111 L0611 .66 1.1 101.0
46 30-1 .39 .18 52 262 .0939 .66 2.6 132.0
47 37-6 1Y .11 200 80 .0519 .66 .8 129.7
48 37-2 .23 .10 180 161 .0736 .66 1.6 130.1
49 37-1 3.60 3. 71 587 2463 .2878 .66 24.6 121.9
50 44-3 .68 .32 93 469 .1256 .66 4.7 81.5
51 2 .32 .15 44 220 L0860 .66 2.2 85.7
52 &5 3.34 1.59 n1393" 2289 2775 .66 22.9 71.0
53 40-1 .34 .16 46 235 .0889 .66 2.4 98.5
54 4a-1 3.31 1.87 532 2528 .2798 .66 23.3 90.2
55 48-1 .15 .15 12 62 .0457 .66 .6 91.7
56 54-1 1.13 .54 153 774 .1614 .66 739 91.6
57 52-2 .79 .36 260 540 .1348 .66 5.4 82.5
58 52-1 1.10 .51 136 749 .1587 .66 7.5 92.6
Notes:

1. Corresponding numbering San Fraucisco Master Plan

2. S:mx = The storage capacity of reservoir i

3. Q:a = The flow capacity of the line }epding from reservoir i to an "
% jnterceptor or another reservoir.
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APPENDIX D

Statistical Analysis of San Francisco Storm Data

As discussed in Chapter III, the semi-continuous simulation
approach requires that storm events be defined from the continuous pre-
cipitation record. The definition that was adopted was that a 3-hour
period of zero precipitation signified the end of a storm. In addition,
all hourly precipitation values less than or equal to 0.05 inches were
ignored in order to eliminate many small storms from consideration which
would not cause overflows.

A statistical analysis was performed of the average depth and
number of storms as a function of duration for the 66 year San Francisco
rainfall record using the above definition. Two cases were examined:
all hourly precipitation values less than or equal to 0.05 in. ignored
and all values used. The average depth as a function of storm duration
is shown in Figure D-1. The data is approximately linear with the
difference in slopes of the lines approximately equal to 0.05 in./hr.
This difference is expected since this average rate of rainfall is
being neglected in the former case.

The cumulative probability curves for duration for the two cases
are shown in Figure D-2. It is interesting to note that for the same
exceedence probability the average storm depth depth obtained from using
the corresponding durations in Figure D-1 is approximately the same for
the two cases except at low durations.

This data is presented for reference purposes since it may be of

interest in future work.
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APPENDIX E

Rainfall Data

During the earlier phases of the study considerable rainfall data
were gathered. Although not all were used in the analysis, some effort
was spent in the gathering and the data may be of subsequent value,
therefore it is summarized here.

Rainfall depth-duration-frequency analyses were obtained from
three sources [1,4,8]. The three analyses were not in perfrct agreement.
A detailed study to find out the reason for this was not carried out
but the same basic data may not have been used and the analysis pro-
cedures probably were not the same. Typ%cal intensity-duration-frequency
curves are shown in Figure E-1.

In addition, 5 minute precipitation data for excessive precipi-
tation storms from 1896 to 1973 were obtained from the National Climatic
Center, Federal Building, Asheville, North Carolina. These data were
obtained with the tipping bucket raingage located on the roof of the
Federal Office Building in San Francisco. They are presented in the
following table. The 5 minute values are in hundredths of an inch and

where these values were not available, hourly totals in inches are given.
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TABLE E-1
EXCESSIVE PRECIPITATION DATA

Date: 1/20/1894 Total Precipitation: 2. 33"

Hour

1 2 3 4 5§ 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 25 24
Minutes

S

10 =

15

20

25

30

35
40 >
45

50

55

60

.10 «25 35 .05 .10
HOUR TOTAL 10 20 .20 05 .20/ .20 <13 .05 057005 .05 .05 .05 .05 .05

S6



~ Date: 11/23/1896 Total Precipitation: 2.27"

Hour

idaedade S 6 _7 & 9 .10 11 12 18 14 15 16 17 18 19 20 21 22 23 24
Minutes _
5
10
15
20
- 25 —

30 g
| .

96

- 45 __ .
50 : iﬁki’ ey
55 3 T

60 B
i S
HOUR TOTAL e ot .08 .15 .20 .44 .44 .17 .06 .04 .07 .16 .27




Date: 11/24/1896 Total Precipitation:

152 -3 ApSect. 7 & 90A0 11
Minutes
5
10
15
20

25 B

30 . -

35 o ot
40 - i '

45 m—— Py

50

55

60

.01 .12 .02 .03 .07
w .05 .03 .01 .24 -06 .07

Hour

12

.02

L3 J4ants

073"

l6 17

18

1 20 21

22 23 24

L6



Date: 2/11/04 Total Precipitation: o, 75"

Hour

—— e 45607 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Minutes

5

10

15 : bd
20

25

30 ik 1

A —— 35
'-—.__a,_._‘ﬁ == " — ’ —-—

45 _
50 R T
55 ‘ e
60 o=

e
N R = D R R
b

ﬁwn—-.ﬁ-p—-
!
=L e B e e

N R = N e N e e
86

—
L L -

a
L]
4
L S
—

'HOUR TOTAL




2001

Total Precipitation:

2/12/04

Date:

Hour

24

23

22

12 1% 34 15 16 17" 18 19 20 21

11

7 L R R 1

1

Minutes

10
15
20
25
30

1 L. "%

1

2

35

99

— = e
o ~— —
— =
™ =t ™
=i e
Lo B ¢
— - -
™~ =~
o R S
r = LY

55

60

HOUR TOTAL



Date: 9/23/04 Total Precipitation: 3.58"

Hour
. kg A B b7 8 9 30 1R GI2 23 34 1S 16 17 1B 190 20 21 22 23
Minute:z :
5 4 3 8 1 2 . S |
10 A 2 ; S
15 1 4 6 4 T 1 4
20 1 13 4 ) : S S 2 7
-~ 25 1 13 5 - 2
30 z 1 7.2 2 1 S - it 1 2
- s— 35 I B O 2 SIS 1 8
o) 1 1.2 1 & T — o
45 2els 2553 1 9 3 E
50 1 3 5 20 B 1
55 % 3 3 BV g4 - 1 1 2
60 1 2 a3 T — 1 3




Date: 3/5/12 Total Precipitation: 2.07"

Hour

2N ARESE 6 7 8RO TT e IS kg 15 16 b7 18 19

Minutes
5
JE N2 1
10 20 1 3 1
15 1 200 1 2 1
20 3 24 1 4 1
25
3 10 1 ) 1
30 Sl 1 1 1 1
35 2 | 1 1 1
40
o R ¢ i 1 3 1 1 1
45 2i0 2 48 1 1 2
50 12T 1 ol 2
- 1
55
A0 1 2 1 1
60 4 2
. L— 1

HOUR TOTAL

10T



328"

Total Precipitatic

Date: 12/3/15

-

- |

4 . .5.6.7 8 9 10 11 12 I3 14 15 16 17 18 19 20 21 22 23 24

e

Minutes

=,
- QU S, T SRR T

10
15
20

2

1

6
T 2

102

n M -~

2

25

1 60 Fu
= o R L

1

N
’ 1 1 -
e T -

1
1

2 5
3 5
S 2 kel & 2 Sl

30
35
40

T Ly
5

1

3 2V 5

i S 1
1

¢ R

1

7 T i |
4

1

55




Date: 1/2/16 Total Precipitation: 2.01"

Hour

1020 T ANRREE T 8 SNl 1) P23 g lE ke 19 18 190 20 21 22 23 24
Minutes

5
i0

—
w
N W N =
o5 S R o5 T & B> S o S SN . TR 'S SRS S ' T &% |
o R o T R S T 5 T o LY T 7 B o T -

o~
(0
[ TR PO I S

HOUR TOTAL .06 .32 .40 .30

£0T



Date: 1/3/16 Total Precipitation: 1.66"

Hour

Pan: sttt S b7 . '8 § 10 11 312 X3 T4 15 k6 17 18 19 200 21 22 23 24
Minutes

5 2 1
10
15 . e ——
20 -
" 25
30

I 35 2 2
. . — P
45 2 1
50 1 .
. 55 1 ' 1
60 '

votr -

HOUR TOTAL  -25 .25 3 12 .10 .10
PR, 25 W15 200 .10




2.86"

Total Precipitation:

2/10/19

Date:

Hour

23 24

192021 22

18

15" 16 L7

13 14

2 3 456 7 .8 9710 11 12

I

Minuter~

10

15
20

25
30

35
40
45

3

L2 2

50

55
60

HOUR TOTAL



Date: 1/17/21 Total Precipitation: 2.,40"

Hour
B4 56 7 8 9 .10 11 12 A% 14 15 16 17 18 19 20 21 22 23 24
Minutes
5 2 35 1 .
10 5 ) ) -
15 4 2; ;3. i M _.'.‘ I ’
v 20 3 5 2 1 2
30 I | 1 1 1 1
L 35 ; T 3 gy
——t0 D2 I | ok 1 T 1 =
45 T i 1 K
50 1 Tg . 1 —
55 Sl 1" 8 1
60 3 3 1 1 1
HOUR TOTAL .22 409 28

- 09 : . 23




Total Precipitation: 2_gs"

12/21/24

Date:

Hour

24

23

12 13 14 15 16 17 18 19 20 21 22

11

2 3 45 6 7 8 91

3

Minutes

10
15
20

25
30
35

107

40
45

50

55

60

HOUR TOTAL



i —

Minutes

5
10
15
20
25
30
35
40
45
50
55
60

Date: 2/2/26

Total Precipitation: 1.18"

Hour

2 dabwb~7 8 9 .10 11 12 13 14 15

16 17 18 19 20

1 .4 19 1
1 2_5-’-”—-3"
o i (A 1
; S 9

1 e

1 3 3.

1 1 5
- 2 i |
7 — o |
;s | 3
1 B2

4 10
.04

21

22 23 24

80T



Date: 1/12/30 Total Precipitation: 0.75"

Hour

1 2 5 4 5 6 % 8 910,11 42 13 14 15 16 17 18 19 20 21 22 23 24
Minutes
5 1
10
15 T 1
20
25 1
30 1l ]
35 1l
40
45
50 1
55 I 9
60
HOUR TOTAL .62

01 .01

601



L

—.

Minuter

HoUR T0TAL

Date: 4/13/30  Total Precipitation: 1.14"

Hour

i S P GNSeT 1) APEE 18 15 16 17 18 39) 96 23 22 23, 24

20 £
P— n _ . 5
- l__——'—_—_/ .
. "
1| b
1
T 2,
g 2
5 5
3 4 , 1 AT
3 15

o= R R

£ TR 5 TN 5 S 5 B S )

— =

01T



Date: 12/27/31 Total Precipitation: 1.93"

Hour

1L 2 % 4 56 7 8 8100 382 ki $ 15 16 17 18 19 20 21 22 23 24

Minutes
5 2 L IR T O - O | L.
10 i1 2. -t 2 FiSES a1 1
15 RS w27 2
20 [ o | 3 Lietgy 4- 1 1
25 2B 2 2 3. 2
30 1 $ 2 1 21"2.4 1 1 4
35 I T B 1 : 1
40 s S i W [, 5 1 2 1
45 g1 -2 2 3. -~
50 Te@ 23 3 5 31 1 1
55 bl 5 2 10 21 dhes 1 1
60 S T T 1

HOUR TOTAL

11T



Date: 2/11/36 Total Precipitation: 2.04"

Hour

L3 4 5 6.9 8.9 10" 11 12 ¥3 14 15 16 17 I8 19 20 21 22 23 24

Minutes
5 1 4 1 o 1 1
10 T s 1 1 Josgsg™ 12 - _
15 Laikannil 3" 2 T W T —— =
20 1 z 1 2
25 T 1 1 1
30 9 1 1. 3 1 1 1
35 5 2 . 3 ;|
40 2% 4 1 -1 3
4s 3 2 ¢ - : ~
50 103 3 1 2 1
55 g | 1% G S,
60 1.5 3 17 1

HOUR TOTAL .02




Date: 2/26/40 Total Precipitation: 1.57"

Hour

20 ssadaanin e T asgaaagl 10 1y 1z agioeas i5 L7 L8 8 200 21 22¢ 23 24
Minutes

5 1 1 ]
10 1

15 1
20 1

25

30 ‘ il

35 1

40 i 1 1
45 i 1
50 1 1

55 2 1

60 1

—
—
(S T I S S
(o)
ST S S S T 6 T
ot
O N O -t
t-;-wn-mwn-r—-r-r—‘r—
e i e e e
N N b b e e N b ek b e

b N N =
S I T =
= N N
o N S N

HOUR TOTAL

g1l



Date: 2/28/40 Total Precipitation: 1,18"

Hour

1.2 3 25" 7 8 9 1o, 31032 15 14 15 16 17 18 19 0 21 22 235 24

Minutes
5 1 1 1
10 v 2 ’
15 1 3 . 1
i 20 s N DY . 2 1 1
25 s 1 4 1 5 (S
30 1 17
P— : A A 16 1
40 1 R 1 o
45 1 3 1 -
50 1 5 | 1
59 I 1 5 I
60 e [ 1 1 i T |
HOUR TOTAL




Minute«

5
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

Date: 3/29/40 Total Precipitation: 1.79"

Hour

I 2 23 drbee 7' 8 910 1 12 1504 15 16

S | i

1 1

1 1 %
3

1 3
2

4

2

2

2

5

2 2 1

17

ST T R ¥ - B R S 'S T 6 TR S R R

18

[ T R I S ]

[ ST -5 S S T S

19

i S Y ¥ FR 7S B S B 72 R S

—

L B = = N

23 232
1 1
1
1 3
1 3
1
2
1 5
1
1 1
1
1 1
2 1

23 24
1 1
1 1
1 1
1
2
) [N
1
1
1
|
1

ST



2.18"

Total Precipitation:

Date: 3/30/40

Hour

T2 g2 8 Q.20 e 15 14 15 16 17 18 19928 21 22 2% 24

Minutes

2.
3

b G S S BN
4

1

d

1

31 1 w5 s

1

3

10

A2 2 2 ke

1

2
1

15
20
25

1
1

1 2.a3wea™ 2" 1

=2 4 200

2
1

| [ QT

1

1

116

40

2

1

b i, U R T e |

45

50
55
60

1

1
2

S P ) T

1

L S A ¢

HOUR TOTAL




Minutes

5
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

1

Date: 1/21/41

255300506 T 8. 8

1 I 1
1 1
1 1
1
1
1
2]
1
1
1
1
1

Total Precipitation: 0.98"

Hour

roiedl 12 15 14 15 k6 17 18 19 20 21 22 23 24

16
20
10

LTT



Date: 4/4/41 Total Precipitation: 1.89"

Hour

T 2SS 8 9 10 1)} 32 13 14 15 16 17 18 19 20 21 22 23 24

Minutes -

S5 1 271 4

10 g 1 43 P g gy

15 N TR Lo i s R TS U e

20 : (G T TS | 21 1 p H—

25 e s i U | 1 B

30 S TR O - s 2 1 2

35 1T T T M a1 3

40 I 1 el y i
45 A T e 2 . 2uunt %
50 2.1 1 11 (TSSE YO

55 11 2% . 7

60 1 3 .1 1 A0 s [

HOUR TOTAL )




Date: 3/27/47 Total Precipitation: 1.52"

Hour

E 2T NARSE G 7 BOROSREQE 1) k2l 15 16 17 18 19 200 23 22 23

oy

i
|
rt
m
n

5 1 b 2
10 1 g
15 1 1 1
20 1 1 g
25 1 1 T T
30 1 1 1 5
35 1 1 1
40 1 1
45 2 2.1
50 1 2 1
55 1 2 "z
€0 1 1 10

HOUR TOTAL 01

61T



Date: 10/24/50 Total Precipitation: 2.14"

Hour

_ 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Minutes
S
10
15
20
25
30
35
40
45
50
25
60

T T,

1

S

& g ol en v fun on

0zt

(7, TR, T T T, S T 7 N, S, Y, Y BT, IO
tn thh . G o ol ltn i e an

L ST T S, S ST TV Y R T, BT

HOUR TOTAL




Minutes

)
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

Date: 10/25/50 Total Precipitation:

L 2 & AWEWE6 7 8 9 LD

(7 BN 5 2 BN ¥ B~ S 2

11

= G on on

Hour

T2 LS

e et e

14

LI % T . R S T U R S

1.94"
15 16
il
1
1 2
14
1 26
1 12
3
%2
2
% il
i
-

7 18
1 1
1
5
2
1
1

19 20 21
1
9
1
3
2

4 .
¥ 1 2
1 2
I
%

22

23 24

121



Minutes

5
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

Date: 10/25/50 Total Precipitation:

L 22 3 4 Nheeea 7 8 9 =18

(2 B 2 B 32 (R~ S 72 |

11

Lan L 75 B ¥ 2RI 2 [ 73

Hour

12 13

Pk et

14

oI o T o T S T

1.94"

15

O N

16

14
26
12

17 18
1 1
1
5
2
1
1

19 20 21
1
9
3
2

4 .
T )
1 2
I, (e
gl

22

23 24

121



Date: 10/26/50 Total Precipitation:0.99"

Hour

T2V3 4Nswe 7 8 9 J0 AT 12 13 14 15 16 17 18 19 20 21 22 23 724
Minute- :
5 . 1

10 1

15 1 -y

20

25 e

30

35 1

40

45

50

55

60 1 1 1

T S

vi 1o o»
G e N g tAth

k44!

HOUR TOTAL

T




Date: 10/27/74  Total Precipitation: 3.24"

Hour

1 2 3 4W5ee 7 89 SFos 1l 12 15

=y
A
=
v

16 17 18 19 200 22 22 235 24
Minutes

5

10 1

15 1 3

20 1

25

30

35

40 1

45

50 4

55 1

60

(7 I 70 ¥ - N BN B % o RO 7 B Vs
(52 S o TR ¥ SR ' Y 2 R o R 2 S ¥ N ¥ Y ¥ 2 B 2 H 2
15,0 SN ¥ R 5 1 TR ¥ o NN ¥ o SN & o WAL T I 7 A A ¥ o ¥ SR 3
(52 S 7 N IR ¥z R ¥ o N ¥ c RN a TR ¥ SO ¥ 0 UL & B # 2 B 2 |
L T SO 9o L ¥ O ¥ R 2 A ¥ 2 B 3 |

W ;o o A

(2 IR ¥ 5 S ¥ SR o5 IS oS T ¥ 5 S o]

HOUR TOTAL

gl



Date: 11/29/51  Total Precipitation:0.64"

Hour
1 2 3456 7 89 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
I Minutes

5 5

— 10 ' EH— P
15 ————'——_—__-;'— p——"
. 20 o _ e
F E— ' 5
| B b :
s 5
40 W ' ) 5
45 : 5 1
50 ‘ 3
.55 -

60 /

HOUR TOTAL , -

1748




Minutes

5
10
15
20
25
30
35
40
45
50
55
60

HIOUR TOTAL

1

Daté:

2 3 4 5. 6

11/30/51 Total Precipitation: 0.43"

Hour

AR e HNE TR (S e SR | B 6B T

1 6
5 1
1 2
1 2 1
122
1 1
1 1

1§ 19 200 21

22

23 24

Scl



Date: 12/1/51 Total Precipitation: 2.54"

Hour

¥ 2.3 45 6 7 8 9 10 21 12 13 14 15 16 17 18 19 20 21 22 25 24
Minutes
5 1
10
15
20
25
30 1 1
35
40 1
45
50 1 1
55 1 |
60 2

NN NN N
—
N w
B ¥ ) B - SO S S
[

—
£
[ Y T Y. BT ST, T ST V)

N - N R NN e e R e e
H -
(-
L TORY T e ~C -~ O
Gl Urots
9zl

L3¢ ]

HOUR TOTAL




Minutec

5
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

Date: 1/13/52

Hour

120 Nedeeaiee 6 70 8Os 0l B2 1S 14

(7 I 72 I 5 W ¥ 5 N s S 2 TR ¥ o N S ¥ B 7 % 2 B ¥ 1

(¥ U T 7 B

15

Total Precipitation: 0.86"

16

i

18 20 21

3

=

2

23 24

LT1



Date: 1/14/52 Total Precipitation: 2.06"

Hour

¥ 2 3T 6 7T 8 9 J0031 12 13 14 15 6 17 183 19 20 21 22 28 24
Minutes

5 gis=] 22 2 1
10 1 1
15 1
20 1
25 ) S
30
35
40
45 1 1
50 i, 1
55 1 18
60 1 1 4

=N
—

[ S =
Pt bt e e e e B = G DN A
821

HOUR TOTAL




Date: 1/15/52 Total Precipitation: 1.47"

Hour

1.2 3,45 6 7 & 9 20 1L 32 13 14 15 16 17 ‘18 19 20/ 423 " 220 23 24
Minutes

5

10 ' 1 1
15

20 1

25 1
30

35

40
45

50

55 1
60

Lo SIS B 2 R 7 S 2 L 5
B

62T

T T B R L L

oo 00 N NN

HOUR TOTAL



Minutes

5
10
15
20
25
30
35
40
45
50
b
60

HOUR TOTAL

Date: 4/2/58

I 2 3 9 o 7 8

Liosl

1
1 1
1 1

| A S |

1
5 (e
11 ¥

Total Precipitation: 2.04"

10

e e

11

L N

= RS R el e

Hour

12

L T e T S = N -

S

16

10

11

11

N N B W0

14

15 16 ‘17
1

1

1

1

1

18

19 200 21 22 23(:24

1
1
2
2
b | 1
2
2 1
1 1
1 |
2|

G T 1
2 1

0¢T




Minutes

5
10
15
20
25
30
35
40
45
50
55
60

HOUR TOTAL

1

Date: 5/23/58

2 “Sawis 6 T 8 9

Total Precipitation: 0.63"

Hour

100 L1 32 ¥3 140 15 16 17718

19

19

14

20 21 22 23 24

€T



Date: 10/12/62 Total Piecipitation: 1.92"

Hour
1 2 3 4 % 7 8.9 .36 11 12°3% 14 15 16 17 18 19 28 21 22 23 24
Minutes ‘ :
5 3 1 1 t 2 2 i L 2
T ——— 10 e - L e T | ) g |
15 2. g a G O
20 A | )} gEeqeso. 31 1 2%
25 11 1 1. F o it nall
30 2 1 3 2 s R |
= 35 11 ez 2 1 .2 o
40 _ 8 2 2 2 1
45 e a2 . 2 1 3.2 1 8
50 1 2 1 3 R 1
55 1 1 1 T T (-
60 2 g 1 1
'HOUR TOTAL




Minutes

5
10
15
20
25
30
35
40
45
S0
55
60

HOUR TOTAL

Lo S R B S SR S

e e " D e

e T i = DO e R S R =

Date: 10/13/62

el

e e

= NN N W N

9

Total Precipitation:

10

— e e e

L B o T

Hour

11 12 13 14

1 1 1

1 1

1 1

1 1 1

3

1 12
1 1

1 2

1.80"
15 16
1 2
2 1
A
1

1 1
1

1

1

1 1
1

2 1
1

17 18 19 20
1

7

6

1 1

1

1
1

22 23 24

¢St



Date: 12/17/67 Total Precipitation: 0.70"

Hour

I 2 3 45 6 7 8 9 do B3z 13 14 15 16 17 I8 19 20 21 22 23 24
Minutes

5 1 1
e —
15 -
20 3 1 1 20
25 1 1 11
30
e 35
40
45
50
55 1 1 1
60 1

(5 .
o
B e gy

[%]
e T T = T SR
vel

HOUR TOTAL




Date: 1/10/68 Total Precipitation: 1.15"

Hour

I 2 dendi s 6 70 BRSOl SIS 2 CTE FASLGCTIGE I GEREg s 2. 22 23 24
Minutes
5 1
10
15 1
20
25
30 1
35 15
40 1
45 1
50 L s
55 11
60 11

R T 6 R 5 S R S

NN N NN

o N N -
W

26 1

[ T 5 TR X R - T o5 S 5 T 5 B R S A

= 1 U A

HOUR TOTAL

SeT



Date: 3/12/71 Total Precipitation: 1.35"

Hour

ZES 4NgTe 7 8 9 rgL T2 450 14 15 16 17 18 19 20 21 22 23 24

Minutes
5 1 } S ) S 1
-~ 8 1 2 y b |
- L5 1 g GRS ST e—
20 3 230 et
25 | Ul (G
30 IR I (i E |
35 1 3 2 a3 L 3
40 (B el | 1 b ]
45 1 1 1 1 1 1
50 1 1 s T e s Lt |
55 . 1 I b T R T (RSN |
60 1 1. 2 1

HOUR TOTAL

9¢T



Date: 3/30/73 Total Precipitation:0.40"

Hour

LS TR G R s A MG I SRR e R | D L e N R R

Minutes
5 | D . I 1
10 I3 li
15 1 1 1 1 1
20 T
25 1 I8 | 1 1
30 1 1
35 S T (SN
40
45 e ] 1 1
50 : 1
55 1 1 1 2 1 1
60 1 1

HOUR TOTAL

LET



Date: 10/11/73  Total Precipitation: ]1.74"

Hour

Pz S adeehee 7 8 9 S0 SRl 2N e d )56 17 18 Q98 200 21 22 23 24

Minutes
5 2 27115 1 1 .
10 2 Faauls ST i 1 1
RN — R W T }— 1 1
20 o S0 - OO O |
%i#ﬂﬂ__r_ﬁf_l,_Lf—f“ s s
e 30 2.1 2 N |
35 L .2 215 1
40 i (= S 1]
o
45 S 2.7 1 i &
50 N B 1 1
55 20 3 5 1 e
60 3 2 7. Y5 1 1 1 JE——
_ o W
HOUR TOTAL — .

%
[
=
_1‘\
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