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ABSTRACT

Development and Hydrologic Routing of the Probable Maximum
Flood for the Proposed Manantali Dam in the
Senegal River [asin
by
Gary F. Zych, Master of Science

Utah State Lniversity 1983
Major Professor: Dr. J. Paul Riley
Department: Civil and Environmental ngineering

The objective of this project was to develop and route the
probable maximum flood for the Manantali Dam in the Senegal River
Basin, West Africa. The study was divided into two main areas of
research: 1) the formuialion and1 calibration of a hydrologic
rainfall-runoff-routing model, and ?) an estimation of the probable
maximum precipitation.

The precipitation value was input into the model in order to
develop the probable maximum flood. A number of reservoir routings
were conducted for various initial soil moisture conditijns and
assumed lake Tlevels. Results of the routings were analyzed to
determine the capacity of the reservoir to safely pass and attenuate
large flnods. The runs were also reviewed as to their relationshin to
the operation of the dam during flood conditions.

(130 pages)



CHAPTER I
INTRODUCTION
Background

The Senegal River is the second largest river in West Africa.
The headwaters originate in the rainfed Fouta NDjallon Mountains and
the river empties into the Atlantic Ocean near Saint-louis, Senegal
(Figure 1). As the river carves its way from the mountains to the
sea, it traces a 1800 km long path and drains approximately 290,000 sq
km (Senegal-Consult 1970). The drainage area is located in four
countries: fGuinea, Mali, Mauritania, and Senegal.

The Senegal River has been under study for potential development
since 1935 when the"Mission pour 1'Amenagement du Senegal (M.A.S.)"
was formed (. S. Bureau of Reclamation 1979). Many studies have been
made over the years identifying feasible and beneficial projects. In
1972, the Senegal River Development Program came under the direction
of an international planning organization called Organisation pour la
Mise en Valeu du Fleuve Senegal (OMVS). The OMVS was formed to plan
and implement the development of the water resources of the Senegal
River Basin. The members of the organization are the three West
African countries of Mali, Mauritania, and Senegal.

To date, development plans for the Senegal River Basin include
the construction of two dams along the river for purposes of irriga-

tion, domestic and industrial water supply, flood control, hydropower,
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and navigation. The NDiama Nam is a low diversion dam and ocean salt-
water barrier near the mouth of the Seneqai River. The Manantali Dam,
Tocaterd some 1200 km unstrean from the ocean on the Bafing River, is
designed as a multi-purpose structure,

With respect to flow contribution, the Bafing River is the main
tributary to the Senegal River. [ts watershed covers 38,000 sq km (18
percent of the total drainage area) yet it delivers more than one-half
of the annual streanflow ({(Gannett Fleming Corddry and  Carpenter
1980). The river is situated in a region called the Upper Basin and
can be characterized by steep slopes, rapids, and falls. The topo-
graphic conditions of the Bafing River wvalley, wanstream of the
Manantali Dam site, lends itself to the creation of a large storage
reservoir. The reservoir will receive inflow from 27,800 sq km.

Four main studies have been completed on the feasibility and
design of the Manantali Dam. These are:

1. Feasibility Survey for the Requlation of the Senegal River--
Design of a System of Water Management Planning in the Unper Senegal
River Catchment. (Seneqal-Consult 1970.)

2. Programms Integre de Developpement du Bassin du Senegal.
(Norbert Beyrard 1974.)

3. A study by experts from the Republic of China. 1975 (oral
report).

4. Ftude d'Execution du Barrage et de 1'Usine Hydroelectrique de
Manantali. (Groupement Manantali 1977.)

One design criteria that was not addressed in detail in the above
reports 1is the development and hydrologic routing of the probahle

maximum flood (PMF) on the Bafing River.



Ohjective

The main objective of this study was to develop and route the
inflow hydrogranh of the probable maximum flood (PMF) to the Manantali
Reservoir. The PMF is used primarily to determine the spillway
capacity required to safely discharge the peak flow of the flood
without causing any major damages to the structure itself,

Though the design of the dam had been finalized before the onset
of this study, the project was continued to serve as a check on the
current design of the Manantali spillway and to follow the suggestions
and standard practices 5% such agencies as the ), S, Bureau of
RecTamation and World Meteorological Organization (WMO).

It was also desired to determine the effect of various initial
water surface elevations of the reservoir on the flood peak. The
results for each condition could then provide input to the hydrologic
operational studies that will be conducted in a later phase of the

Senegal River Project.

Scope of Study

The project was divided into two main areas of research: a)
Rainfall-Runoff-Routing Model, and b) Estimation of the probable
maximum precipitation (PMP).

To meet the objectives of the project, the following tasks were
performed:

1. LITERATURE REVIEW - A general review of the existing reports
completed for the Senegal River Development Program was conducted.

These reports were considered to be the majocr source of data for the



project. The review also included research on the hydrologic methods
for modeling and estimating the PMP, These references 1included
texthooks, manuals, professional papers and individual contacts.

2. DATA COLLECTIOM -~ The hydrologic/hydraulic data extracted
from the available ovroject reports  provided a fair data base.
Additional data concerning rainfall records were obtained through the
cooperation of the OMVS staff.

3. DEVELOPMENT OF THE MODEL - To determine the PMF inflow hydro-
graph, an estimate of the excess precipitation (runoff) and its dis-
tribution over time was required (see Task 4). NDevelopment of a
hydrologic model was required in order to transform this runoff into
the PMF inflow and outflow hydrographs at the Manantali Dam. Applica-
tion of the rainfall-runoff process to predict excess precipitation,
channel routing to account for basin storage and Tlag time, and
reservoir rou:ing to attentuate the inflow flood hydrograph were
utilized in the model. Calibration and verification of the nydrologic
model was necessary hefore it could be applied to the project area.

4. DEVELOPMENT 0OF THE PMP - The probable maximum Fflood is the
result of the probable maximum precipitation (PMP).  An estimate of
the PMP was accomplished by studying past storms and rainfall records
and using accepted methods for maximizing storm events.

5. MODEL APPLICATION ~ND RESULTS - Once the model parameters
were calibrated for the Bafing River basin, the probable maximum flood
hydrograph was computed and routed through the Manantali Reservcir. A

number of routings were conducted for various assumed initial water



Tevels in the reservoir to determine the capacity of the dam to reduce
large flood peaks. The peak discharge and maximum reservoir lTevel
elevation for each routing are presented.

5. SUMMARY AND CONCLUSIONS - A summary of this study and an
evaluation of the results are given. The evaluation focuses on the
spillway capacity and attentuation of the flood peaks provided by the
Manantali Reservoir. Suggestions for other applications of the mode]

are also presented.



CHAPTER 11

LITERATURE REVIEW

Previous Senegal River Basin Reports

To become familiar with the Senegal River Project, a review of
the existing reports on file was conducted. The contents of the
reports varied from hydroloqic analyses to agricultural practices to
socio-economic studies. 0f main interest to this author were the
reports on the anaiyses for the Manantali Dam and the summaries of
precipitation and streamflow data. Unfortunately, not all of the
cited reports and references vertaining to this subject were on file
or available. [In addition to some missing revorts, one other limiting
factor during the review was that most of the available material was
written in French. Despite these Ffactors, the existing reports
provided the majority of the information required in this study.

The following presents a brief summary of selected reports that
were most heneficial to the success of this study:

1. Feasibility Survey for the Requlation of the Senegal River -
Design of a System of Water Management Planning in the Upper Senegal
River Catchment. (Senegal-Consult 1970.) This report, further
referenced as the Senegal-Consult Report, was prepared by a qgroup
formed by four engineering consulting companies. It consists of two
parts. The first part is a preliminary study for the requlation of

the Senegal River and the second is an investigation of a control
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system for the flows from the upper reaches of the Senegal River.
Their work involved the siting and assessment of potential locations
for control <iructures. After detailed hydraulic and economic
analyses, Seneqal-Consult recommended the reservolr site at Manantali
as havina the most potencial for regqulating the river flow. This
recommendat ion was accented and implemented into the initial stage of
the development project. Results of the analyses are presented in
nine volumes. The volumes most often referred to during the course of

the study were:

Volume 2 Topography
Volume 3A Hydrology - Text and Annexes
Volume 38 Hydrology - Appendices

2. FEtude d'Execution du Barrage et de 1'Usine Hydroelectrique de
Manantali. (Group=ment Manantali 1977.) Groupement Manantali is a
consortium of three organizations. Their study was divided into three
phases: 1) desian of the Manantali Dam and a preliminary summary
report; 2) oreparation of a detailed preliminary plan; and 3)
selection of a contractor and supervision of the work. Phases 1 and 2
are presented in a multi-volume report, of which Mission A.1.2., -
Hydrologie and Mission A.2.2.- Modeles physique et mathematique
contained the most useful information.

3. Reports conducted by the U. S. Bureau of Reclamation (1975,
1976, 1979) for the U.S. Agency for International Development pravided

detailed assessment and evaluations of the relevant studies on the



Senegal River and Manantali Dam. These reports and an evaluation
report by Riley (1976) not only provided a translated summary of the
previous reports but also recommendations for future work which
stimulated this hydrologic study.

4, The Gannett Fleming Corddry and Carpenter report (1980)
contains backqground information necessary for an understanding of the
water resources of the Senegal River Basin. [t includes general
descriptions of the hasin, discussions on climate and streamflow, and
presents the major results of the Groupement Manantali report.

As stated earlier, the above reports do not constitute an all
inclusive listing of studies reviewed. Other documents on file were
read to obtain an overall understanding to the developments of the

Senegal River Project.

Hydrologic Models and Processes

Three existing rainfall-runoff models were examined during the
early phases of this project - HEC-1, the Streamflow Synthesis and
Reservoir Regulation Model (SSARR), and the Stanford Watershed Model
(SWM),

HEC-1 Flood Hydrograoh Package (Y. S. Army Corps of Engineers
1973) was originally developed in 1967 by Leo R. Beard and other
members of the Hydrologic Engineering Center staff. [t can perform
most ordinary flood hydrograph computations. The model is applicable
only to a single ctorm event since there is no provision for precipi-
tation Tloss rate recovery during periods of no precipitation. Cap-
abilities to perform reservoir routing were not provided in the 1973

HEC-1 version but were available in HEC-5 Reservoir System Operation
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for Flood Control. Revisions of the model in 1978, made to enable
expedient hydrologic evaluations of the safety of small non-federal
dams, included the ability to route inflow hydrographs through a
reservoir., However, the model requires that a complete discharge
curve be inputted so for various spillway scenarios, the user would
have to calculate the total discharqe curve manually,

The Streamflow Synthesis and Reservoir Requlation Model, SSARR,
(U. S. Army Corps of Engineers 1975) was developed initially to meet
the needs of the North Pacific Division of the 1. S. Corps of
Engineers. The needs were to provide mathematical hydrologic
simulation for systems analyses as required for the planning, design,
and operation of water control works. The model performs similar
functions as HEC-1 does but is not limited to a single event.
Developments in the model have provided the versatility for
operational river forecasting and river management activities. It was
designed for large basins and has been apnlied to varions river
basins, such as the Mekong River in Southeast Asia (U. S. Army Corps
of Engineers 1971).

Crawford and Linsley {1966) designed the Stanford Watershed Model
(SWM) to synthesize a continuous hydrograph at the outlet of a
watershed. FEach process in the hydrologic cycle is defined in a model
that gives a detailed accounting of the balancing of precinitation.
The model wutilizes a hydrologic watershed routing technique to
translate the channel inflow to the watershed outlet but does not have
the capability to perform flood routing through a reservoir.

In addition to reviewing the previously mentioned models, the

author has had experience with two other simulation models, TR-20
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(U. S. Soil Conservation Service 1973) and DAMS-2 (li., S. Soil Conser-
vation Service 1971). Both of these models use soil-land use informa-
tion in developing the runoff hydrographs. The SCS curve number
approach as described in the National Engineering Handbook (Y. S. Soil
Conservation Service 1972) is used to compute the surface runoff.
These two models are applicable mainly to small watersheds and do not
provide much flexibility when vrouting through a reservoir with

controlled spillways.

Since the advent of the digital computers, many mathematical
models have been developed for flood prediction and simulation.
Various methods of expressing the rainfall-runoff relationship,
channel routing and reservoir routing can be found in the litera-
ture. These methods range from deterministic models to parametric
models to statistical models to stochastic models. The nature and
scope of this study did not warrant a full scale literature review of
processes and models as that would constitute a major undertaking in
itself. The following nresents a review of those methodolngies that
the author examined throughout the duration of the study.

The rainfall-runoff relationships were reviewed from the text-
books of Chow (1954), Linsley et al. (1975), and Viessman et ail.
(1977). Also examined were the runoff methods incorporated into the
computer models HEC-1, SSARR, and SWM. The relationships hetween
rainfall and runoff can be grossly categorized as those which deal
with runoff volumes, peak discharqge estimates, and time distribution

of runoff,
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Time distribution involves the wuse of wunit hydrographs as
proposed by Sherman (1932) or the instantaneous unit hydrograph (Clark
1945), Nash (1957) considered a drainage basin as "n" identical
linear reservoirs and routed instantanecus inflow through the reser-
voirs. DNooge (1959) developed the instantaneous unit hydrograph for a
basin by envisioning a series of alternating linear channels and
linear reservoirs,

Runoff volumes can be calculated by application of the water
budaet as incorporated in the Stanford Watershed Model. This apphoach
is the basic conceot in hydrology. Correlations between rainfall and
runoff using the antecedent oprecipitation index have heen developed
(Kohler and Linsley 1951). Fmpirical relationships (not reviewed by

the author) exist that correlate two or three variables to runoff.

Flood routing, as defined by Fread (1981), i< a mathematical
method (model) for predicting the changing magnitude and celerity of a
flood wave which propogates through a river, reservoir, or estuary.
In his paper, a brief review of the development of hydroloqic and
hydraulic flood routing is presented.

During the review of hydrologic routing techniques, articles and
manuals referenced the Muskingum method quite frequently. A few
selected authors included the U. S. Army Corps of Enqgineers (1960);
Carter and Godfrey (1960); (i1l (1978); and Cunge (1969). 1In the
SSARR model the Corps of Engineers applied a successive incremental
type storage routing known as multiple storage. The channel s
visualized as a series of small "lakes® which represent the natural

delay of runoff from upstream to downstream points. Gilcrest (1950)
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describes the working R and 0 flood routing procedure. This method is
considered more advantageous than the Muskingum method if a variable
storage constant must be considered. Flood routing by time displace-
ment of average inflow has also been used to approximate flood wave
shapes. Two such methods are the Successive Average-Lag Method (Tatum
1941) and the Progressive Average-Lag Method (Y. S. Army Corps of
Engineers 1935).

As in channel routing, reservoir routing can be computed using
hydrologic and hydraulic methods. The hydraulic routing techniques,
normally apnlied to channels, have been successfully used in reservoir
routing for complex unsteady flow conditions. The Tennessee Valley
Authority (Garrison et al. 1969) simulated the passage of a flood wave
through a proposed reservoir. The National Weather Service Dam Break
model (Fread 1982) has the capability to use either dynanmic routing or
storage routing.

However, for reasons of convenience and economy, the hydrologic
routing methods are more frequently used. The modified Puls method is
commonly discussed in most hydrology texthooks (Chow 1964, Linsley et
al. 1975, Viessman et al. 1977). The progressive average-lag method,

mentioned above, has also been applied to reservoir routing.

Probable Maximum Precipitation

Probable maximum orecipitation (PMP) is defined as the qreatest
depth of precipitation for a given duration meteorologically possible
for a given hasin at a particular time of year. A review of
historical reasons for the PMP concept and its evolution in the United

States is given by Myers (1967).
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The procedures for estimating the PMP based on the meteorologic,
or traditional approach are described in "Manual for Fstimation of
Probable Maximum Precipitation™ (World Meteorological Organization

1973). Essentially, the approach consists of moisture maximization

and transposition of observed storms. These methods have been used
for specific project areas and for generalized mapping. (See the
Hydrometeoroloqgical Renorts Mo, 39-53, National 0Oceanic and

Atmospheric Administration (1963-1982)). Generally, these methods are
applicable in the middle latitudes for bhasin sizes of up to about
50,000 km2 and are considered to be 1inappropriatc for the tropics,
because rainfall cannot be related to minor fluctuations in humidity.
Hershfield (1965) has developed a statistical method of esti-

mating the PMP based on the general frequency equation (Chow 1961):

Xp = X, + KS,
where
Xt = rainfall for return period t,
Xn = mean of a series of n annual maxima,
Sn = standard deviation of a series of n annual maxima, and
K = statistical variahle.

The value of K has heen computed to be 15. Application of this method
is demonstrated in the WMD manual.

Jennings (1950) enveloped the wmaximum point rainfall values
observed throughout the world. Fletcher (1950) subsequently developed
an equation to envelope maximum precipitation in the United States

using the duration of the storm event and areal extoent.
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Procedures using the above three methods are presented hy Koelzer
and Bitoun (1964). The authors direct their attention to areas with
limited hydrologic data, primarily areas outside the United States.
To contrast, a differing viewpoint on the concent of the prohahle
maximum precipitation for design floods is presented by Benson
(1973). He states that the method is subject to serious criticism on
both technical and ethical qrounds. Technical hecause of subjective
factors in the computational process and the lack of specific or
inconsistent meaning in the result. Ethical because it implies a

design that is virtually risk free.
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CHAPTER TIiI

AVATLABLE DATA

Topographic Maps

Complete mapping of the Senegal River basin has been done by the
"Institut Geographique National (France)" (IGN). Maps at a scale of
1:500,000 for most of the basin and at a scale of 1:200,000 for the
whole basin above the city of Bakel were available to Senegal-
Consult. Since these existing maps were not suited for detailed work,
Senegal-Consult undertook mapping in the reservoir areas and dam sites
at a larger scale.

0f these maps, only a few are included in the Senegal-Consult
Report - Volume 2, Topographical DNata. The maps availahle for this
project covered 74 percent of the drainage area above the Manantali
Nam site. Of this mapped area, 49 percent was at a scale of 1:600,000
and covered the lower portion of the catchment. The remaining fifty-
one percent of the area was available at 1:200,000.  Though not com-
plete, the maps were sufficient enough to delineate subbasins and to

provide pertinent input data used in the computer model.

Precipitation and Evaporation Data

Observation stations in and around the Upper Basin of the Senegal
River are presented in Volume 3A-Annex 3.07 of the Senegal-Consult

Report (1970). Summarizing, there are:
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. 11 synoptic statfons (main climatological stations of the
region).
18 climatological stations (auxiliary climatological stations)
. 52 rainfall stations
For the stations Jlocated in the country of Mali, daily and
monthly precipitation values were obhtained for the years of record up
to 1965 (ORSTOM 1966). The only source of precipitation records was
the Mali data, of which, only efight stations were pertient to the

study. Those stations used in the analyses were:

Name Years of Data
Bafing Makana 3
Bafoulabe 34
Bamako-Aero 45
Falea 9
Guene-Gore 10
Kenieba 24
Kita 35
Sagabari 7

The National Center of Atmospheric Research (NCAR) has world
monthly surface climatological data for all stations (glubal) in the
WMO network through 1980 on two magnetic tapes. These tapes were
obtained from George H. Hargreaves, Research Director Ffor the
International Irrigation Center at !tah State University, and the data
for the study area were transferred to hard copies. Though there were
numerous gaps in a number of the station records, the data was quite

useful for the analysis of the probable maximum precipitation.
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Maps of annual, and some monthly, isohyetes of precipitation are
given in both the 3enesal-Consult and the Groupement “Manantali
reports.,

Evaporation data have been recorded in the Senegal River Basin
for at least 20 years at several spots.  Rates of evaporation Ffrom
free water surfaces have been recorded by the use of Piche evapori-
meters, the Colorado-type evaporation pan, and estimated by the Penman
equation (Seneqal-Consult, Volume 3A 1970). Theso data for selected
stations on an annual and morithly time basis are presented in the

Senegal-Consult report.

Streamflow Records

To study the flow regime of the Upper Basin, the Senegal-Consult
team examined many stream gage records and discharge measurements.
Their detailed analysis of the data led to a considerable reduction of
the list. The records finally used for their study are presented in’
section 4.2.2 of the Hydrology volume. A description of the gaging
stations is in the Appendices to the Hydrology volume.

Also included in the Appendices are the correlation aquations and
coefficients that were computed to estimate the missing discharges in
the existing data. These correlations were limited to monthly and
annual discharges. A summary of these streamflow values from 1903-68
are presented for 12 gaging locations throughout the Upper Basin of
the Senegal River, in particular the Dibia, Soukoutali and Dakka -
Saidou stations on the Bafing River (see Figure 1).

Frequency analyses of the 66 years of available records (1903-68)

were conducted by Senegal-Consult for peak flood discharge values and
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annual yields of runoff volume. The Gauss-Gibrat probability

distribution was used to estimate both the flood peaks and yields.

Flood hydrographs at four gaging locations - Bakel, Galougn,
Dibia, and Gourbassi - for six years of record are included in the
Senegal-Consult report. Those figures provided the only source of

daily flood measurements that were helpful in the current study. A
report published by ORSTOM (Rochette 1965) lists daily flows on the
Senegal River from 1903-65 at Bakel, Matam, and Dagana (see Figure
1). However, these stations are downstream from the study area and
thus were not directly used in the analyses performed by the author.

The project conducted by Groupement Manantali reports similar
types of hydrologic data as those reported by Senegal-Consult. Linear
regression equations of strecamflow were determined to complete the
records through 1977. Differences exist between the two sets of
regression data but result in only minor differences in the computed
flood flows.

The Pearson III distribution was used for the frequency analysis
conducted by Groupement Manantali. Comparison of the flood flows
associated with particular frequencies indicates that the Senegal-
Consult values are consistently Targer than those computed by
Groupement Manantali.

Hydrograhs at Soukoutali 1966-77 and Dibia 1951-77 are given in
the Hydrologic (Mission A.12) portion of the Groupement Manantali
study. Though these hydrographs present a large volume of data, the
scales are such that daily flow rates cannot be interpolated from the

plots.
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Other historic data and evaluations are presented and discussed
in the two reports (Senegal-Consult and Groupement Manantali). This
information, though it may not have been used directly, previded
valuable knowledge for understanding the hydrologic characteristics of

the Bafina &iver basin.

Nam and Reservoir Characteristics

The most recent dam design and relevant reservoir data were taken
from the Groupement Manantali report  (1979), In Mission A.2.2.,
Modeles physique et mathematique, complete descriptions of the
spillway system and rating curves are reported. The spillway consists
of 8 gated openings, 9 x 6.5 meters, for emergency releases and 7
gates, 3.8 x 4.8 meters, Ffor reqular operation of the reservoir. In
the appendix to Mission A.2.2, the emergency and principal spillway
rating curves for a single gate are presented as a family of curves
for varying gate openings.

The elevation-surface area and elevation-storage volume curves,
as presented in Volume 7 of the Senegal-Consult report, were used as
fnput for the reservoir routing subroutine in the hydrologic model.

A summary sheet taken from an OMVS report (1979) is included as
Table 1 to provide the reader with data to develop a better

understanding of the complete Manantali Nam project.
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Manantali Dam summary table (from OMVS 1979).

MANANTALI DAM
ANALYTIC DATA SHEET

| - DAM SITE

The Manantale dam site 15 on
the Bafing niver. one of the ma-
jor tnbutanes of the Senegal ri-
ver and s lfocated 90 km South-
East from Batoulabe, i the Re-
public of Mah

Il — PROJECT
OBJECTIVES

Exhaustive studies conducted
by the OMVS have shown that
in order to achieve the fundamen-
tal objectives of intewrated Je-
velopment of the Senepal niver
basin resources. a repulated 300
m3/sec. niver flow should be se-
cured from the stirt

The Manatah dam, as 1t has
been designzd, s the work that
best meets this prereguisite. Ty
construchon  will  sausfy  the
following muluple purposes

— arneatnon of 2550000 ha
of land w the valley

— year round navigabihty of
the S:nerxal niver bewmween
Saint-Lours and Kayes. by
securing  a 1{X) m3/sec.
flow that could be recover-
ed in the nver mouth area
for the arniganon of an
additional 120000 ha |

— a firm S0 GWhyear

electric power generation

— the development at a later
date of two  downstream
hydro<iectric productuon
sites  that would  double
the capacity of the Manan-
taly plant

— abatment of the crest n
order to reduce sufficient-
ly the 1 000 year and 10O
year flood to respecuvely
the present 1O vear and
10 year flood crests, and
thus ensure protection of
the population centres and
of the crops cultivatzd 1
the valley, and to reduce
the cost of the embank-
ments |

— the supply dunng a tran-
sition pertod of a 200 m3/
sec. regulated flow and the

release for one month i flood  recession  farming,
August - September  of a pending expansion of irn-
2500 mdosee. aruficial cated ayriculture through.
flood 0 mamtan opumal out the Sencgal river
condiions  tor - traditional valley. B

I — TECHNICAL CHARACTERITICS

Dam ;v s 2 dam ot the combimed tvps (low regalaoon and
hydro-electric power productiont composed of 1 concrete structure in
s middle pare that houses all surfaces hydraulic structures, and of
two lateral rock-Nilled dikes

— lenpth of the concrete structure 492.8 meters
length of the rochfilled dikes 992.0 »
maximum hewcht above foundations 65 »
normal water storave level 208.0 meters IGN

—owater level corresponding to the 1000
year flood 2105 » »

—— crest elevaton 2125 » »
storage volume It hillion m3

flood spillway ©eight (8) 9 meter wide bays equippzd with radial
gales
penstocks * seven (7 38 mox 4.8 bays equipped with radial gates.
- headworks © five 14 m x 134 m extended by five conduits of
a 4.8 m dameter.

Power plant: The power plant will be constructed at the foot
of the concrete dam buttresses

ar Turbines

- design capacity 40 MW
- maximum  discharge 113 m3/s
normal head 40t 53 m
- rotation velogity 150 r.p.m.; 50 HZ
— diameter of runner 380 m

b Generarors

—umt capacuy 46 MVA
— ratation velocity 150 r.p.m. 50 HZ
20 pairs — 6 poles
normal voltage 13 800 volts
- annual power production
® firm 300 GWh
® maruinal 130 10 200 GWh.
¢) Transformers
-— capacity 16 M/A
— length 6.5 meters
— width 4.5 »
— height 60 »
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CHAPTER TV

HYDROLOGIC MODEL DEVELOPMENT

Introduction

The planning and development of water resources usually involves a
dam and other types of control structures. For major projects, such
as the Manantali Dam, the design criteria should he stringent enough
to ensure a sound, safe project. It is for these reasons thal the
hydraulic structures of such projects must be desiqned to operate
under extreme conditions. A~ standard practice is to design the
spillway system to pass the probable maximum flood (PMF) without
extensive damage to the structure. The PMF results from the prohable
maximum precipitation (PMP) that could occur in the arainage basin
during a storm containing the most critical meteorological conditions
considered probable for a particular time of year (Viessman et al.
1977).

In previous studies (Senegal-Consult 1970, Groupement Manantali
1977) conducted for OMVS, the de.ign flood for the Manantali Dam was
based on statistical analyses of runoff data in the Senegal River
basin. The results of the analyses predict the design-peak discharge
associated with a recurrence interval of 10,000 years. Though the PMP
or PMF are not usually assigned a probability level, it is widely
accepted engineering practice to estimate the probable maximum values

using a return period of 10,000 years. Therefore, the previous
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methods and results from the other studies are censidered accept-
able. However, to serve as a check on the current design of the
Manantali spillway and to follow standard practices (). S. Bureau of
Reclamation and World Meteorological Organization), the probable
maximum flood (design flood) was developed hased on the concept of the
PMP (World Meteorological Orqganization 1973).

To estimate a flood peak from the PMP, one must develop a
relationship between rainfall and its consequential runoff for that
particular basin under consideration. When this relationship is
expressed as mathematical formulas, a model is formed. For the Bafing
River basin, within which the Manantali Dam is located, no such model
existed or was being applied. Therefore, it was considered
appropriate to establish the use of a hydroloqgic model for the Bafing
River basin. There are numerous existing hydroloaic models that could
be used to develop the PMF, sucn as HEC-1 (Y.S. Army Coros of Fngi-
neers 1973), SSARR (U.S. Army Corps of Engineers 1975), and Stanford
Watershed Model (Crawford and Linsley 1966). These models were
considered but due to the limited availability of data on the water-
shed and the limited computer capabilities available to OMVS it was
decided to build a model more specific for the basin.

A computer program was written in standard FORTRAN to be compat-
ible with OMVS's Digital PDP-11 Computer. The program was developed
to simulate the rainfall-runoff processes on large, natural water-
sheds, such as tne Bafing River watershed. The primary intent of the
model was to determine the PMF for the Bafing River bhasin and to route
this flood through the Manantali Reservoir using the current design

characteristics of the reservoir (Groupement Manantali 1979). The
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model can also bhe used to simulate outfiow hydrographs for Tlesser
floods and to help estahlish operating rules to meet the requirement
of the artificial flood releases during the early phases of the

Senegal River Development Project.

General Description

The model incorporates three major components of hydrology. These
are the rainfall-runoff relationship, channel routing, and reservoir
routing. It is classified as a hydrologic model which implies that
only the conservation of mass is employed to define the shape of the
flood wave as it progresses downstream. DNue to the limited availabil-
ity of detailed hydrologic and climatic data, the computer model is
based on simple hydrologic concepts and processes. That is, given a
rainfall event and an estimate of the soil moisture conditions, the
rainfall excess is estimated as a percentage of the precipitation.
This percentage is obtained from a curve that relates the runoff
coefficient to the sofl moisture condition. A more detailed descrip-
tion is presented later in this chapter under the section - Component
Description.

Processes such as interception, depression storage, infiltration
and deep percolation are not included in the model. During large
flood events, the impacts of these processes, 1in general, occur only
during the first few hours of a storm and have 1ittle effect on the
runoff hydrograph from a storm system which may last several days or
whose rainfall valwes are significantly higher than their upper

limits.
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The concept of the model 1is to divide the watershed of interest
into subbasins, develop runoff hydrographs for each subbasin, combine
and channel route the hydrographs to the upper end of the reservoir,
and then route the resulting flood hydrograph through the reservoir to
obtain the outflow hydrograph downstream of the dam. Figure Z shows
the Bafing River basin as it was divided into subbasins for this
project.

The rainfall-runoff relationship is used to predict the quantity
of precipitation that accounts for the increase in streamflow. This
quantity, also referenced as runoff, is presented as a hydrograph
which gives streamflow rates with respect to time. After computing
the runoff hydrograph from a watershed, channel routing techniques are
applied to account for channel storage and lag time as the flood
hydrograph progresses downstream. These two process components are
utilized for each subarea within the basin of interest and the
resultant is a single, inflow hydrograph at the upstream end of the
reservoir. The hydrologic reservoir routing process is used to
attentuate and translate the inflow hydrograph to the dam, where the
outflow is requlated by the spillway system.

The computer program called MAIN was written as a modular pro-
gram.  AlT of the major components of the model are separate sub-
routines, the order in which they are called is given by the user
through an input file called SEQEXE.DAT (sequence of execution). The
three main subroutines of the program are RUNOFF, ROUTE, and RESVOR
with five supplemental routines callad SUM, DTCURV, INTERP, APPROX,
and FERROR. Fach component is further discussed in the following

section.
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Component Description

MAIN
MAIN provides the central control to the model. In this part of
the model the type of measurement units being used (English/Metric) is
established and appropriate conversion factors are assigned as
constant variables. The sequence of execution is read during this
mode and an output file 1is established, A1l of the three main

subroutines, SUM, and ERRNR are controlled through MAIN,

RUNOFF
This subroutine calculates the amount of excess precipitation
from an individual subbasin and transforms that value into a runoff
hydrograph at the onutlet of the subbasin. The methods wused: are a
comhination of the ideas presented in the HEC-1 and SSARR models
(U. S. Army Corps of Engineers 1973, 1975). In general, the runoff
hydrograph is computed based on a time-volume histogram of the basin
which presents the volume and time distribution of total runoff.
These volumes are converted to a flowrate and stored in a one-
dimensional array called QIN(I). To take into account the basin
storage and to define the shape of the hydrograoh, an artificial
linear reservoir 1is imposed at the outlet of the subbasin. A

straight-forward routing in the form of

QOUT(I) = CQIN * QIN(I) + (1-CQIN) * QOUT(I-1) ........ (1)
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is then applied wher2 NQIN(I) anrd 00UT(1) represent the inflow and
outflow streamflow respectively and CQIN is a routing constant. The
array QOUT(I) now contains the runoff hydrograph from the basin.

The parameter CQIN is a routing constant which is related to the
routing time interval and an attentuation constant for the subbasin.
CQIN must be calibrated for each new river basin to which the model is
being applied. Initial values of the parameter can be ohtained from
known flood hydroaraphs, if available, using a graphical procedure.
The procedure, fully illustrated in the HEC-1 User's Manual (Y. S.
Army Corps of Engineers 1973) is to determine the flowrate (Q) and
slope (dQ/dt) of the hydrograph at the inflection point of the
recession limb. These two values then define the attentuation

constant, R, having the dimension of time.

Ro= - 0/(d0/dt) ..vvvviiinnnnnnnn, I 4
COIN = 528 e e (3)

For the Bafing River, a value of 1 day was used for At, the routing
time interval.

The values of QIN(I) are computed using two input tables char-
acteristic of the subbasin and the amount of precipitation that
occurs. 0One of the input tables, called a time-area curve (Linsley et
al. 1975) defines the shape of the time-volume histoqranm praviously
mentioned. The time-area curve is determined by dividing the subbasin
into time zones separated by isochrones, or lines of equal travel time

to the watershed outlet. The area between isochrones is measured and
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a table 1is then constructed of time of travel versus cumulative
drainage area. Magnitudes of the time-volume histogram are calculated
by multiplying the ordinates of the time-area curve hy the precipita-
tion excess.

The second input curve, a relationship of soil moisture content
versus runoff (SMI-ROP), is defined and calibrated for the subbasin.
Actual soil moisture values are not available and so a soil moisture
index is used in the model. The tahle defines an average relationship
between the soil moisture index and the percentage of rainfall that
contributes to direct surface runoff. The user has the option of
defining 1-5 curves to represent the relationship. I[f rainfall
intensity is expected to be a major factor in determining the runoff
coefficient, more than one curve should be developed for various
rainfall rates.

Knowing the antecedent soil moisture index, desiqnated as SMIT,
the SMI-ROP table is entered and an interpolated value of ROP, named
ROCOEF, is used to calculate the amount of excess rain, EXRAIN, that
contributes to the runoff, This EXRAIN value 1is applied to the
ordinates of the time-area curve to establish the magnitude of
QIN(I). The soil moisture index is adjusted at the end of each time
interval in the following fashion:

EXRAIN = TRAINT * ROCOEF............. ceesecncaae N )

INFILT = TRAINT - EXRAIN. .. oviiiiirrinnnnsncsannsssenses(B)
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in which
EXRAIN = excess precipitation (mm/in)
TRAINT = total rainfall during the time interval (mm/in)
ROCOEF = runoff coefficient associated with SMIT as defined
by SMI-ROP curve
INFILT = amount of precipitation assumed to infiltrate into

the soil (mm/in)

SMIT = s0i] moisture index at the beginning of the time
interval (mm/in)
ET = amount of moisture lost through evapotranspiration

(mm/in).

The above procedure is carried out for the duration of the stoem
and for each subbasin separately. This then allows for time and
spatial variability of rainfall and differences in subbasin
characteristics. The outflow hydrograph as calculated by Equation 1
is automatically extended by 25 time increments past the duration of

the storm event.

ROUTE

ROUTE performs channel flood routing using the Muskingum
method. The channel routing procedure is used to move the computed
flood hydrograph downstreem to either the upper end of the reservoir
or to a point where it will be combined with a runoff hydrograph Ffrom
another subbasin. General effects of channel routing are an
attentuated and lagged runoff hydrograph. These effects occur because

of channel storage and the time of travel required to propogate the

flood wave downstream.
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The Muskingum method, developed by McCarthy (1938) based on
observed data from the Muskingum Conservancy District, Ohjo, is cited
as one of the most commonly used hydrologic channel routing procedure
(Chow 1964, Linsley et al. 1975, and Viessman et al. 1977). The two
parameters which are used in the method are calculated from known
flood hydrographs or are easily assumed for a subbasin. The first of
the parameters, X, is a storage time constant having units consistent
with the time interval and the second, x, 1is a weighting factor
applied to the inflow ordinates. Fquation 7 shows the Fform of

relationship according to McCarthy.

S = K[xI + (1-x) 0]........ P (i &

in which

storage at time t

5

I

inflow

0

outflow
Substituting this equation into the basic hydrologic principle of

continuity, the Muskingum form is written as:
Dt = COIt + ClIt_l + Czot_l-..-oo-ooounuocc.cooooott-uo(8)

The coefficients are defined as:

. = Xx + 0.5 At
CO e K - KX + 0.5 At ooooooo oc-oocooooooccocouoonooono-(g)

_Kx + 0.5 at
Cl - K - KX * 0.5 At oou-ooonoooooc--toooo.ooocoocoaot(lo)
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_ X-Kx - 0.5 at
C -K—Kx+0.5At ll000000lll.l0....00.0...!.&.0‘.0.‘(11)

2

As a general principle, K can be assumed equal to the time of
travel through the channel reach. A value of X, between 0.0 - 0.5, is
chosen based on engineering judgment and experience or from an
analysis of results from several trials of varying x. The most common

value is about 0.2 (Linsley et al. 1975).

RESVOR

This third major component of the model is the reservoir routing
subroutine. Its purpose, as implied, is to hydrologically route the
computed runoff hydrograph from the entire watershed through the
reservoir and calculate the discharge hydrograph from the dam. In
RESVOR, the basic hydrologic storage-routing procedure, also known as
the Modified Puls Method (Viessman et al. 1977), was used. This
method is represented by Fquation 12.

Liog * I - 0y + 2/ats, = 2/8t*S, + 0 veeeea(12)

t-1 g

Characteristics of the reservoir are provided through a data file
named DAM.DAT. This information includes the stage-storage curve and
stage-discharge data for the principal and emergency spillways. Since
the rating curve for a multi-gate spillway system consists of a family
of curves, a table of elevation and corresponding discharge from each

curve is given (see the section on INPUT in this chapter).
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The wuser provides an initial set of gate openings for the
spillway system and from this information an elevation versus total
discharge curve, H-TOTALD, is computed internally. Also computed is a
curve known as the storage-indication curve, TOTALQ-STOQ, (Linsley et
al. 1975). It defines a relationshinp betweer the total discharge and
the term expressed as the right side of Equation 12. ONOnce these
curves are develoved, the actual routing procedure can beqin, given
the initial water surface elevation of the Take.

ror consecutive time intervals, the left side of Fauation 12 is
calculated since all of the varfables are known. With this value, the
TOTALQ-STON curve 1is entered to obtain the corresponding discharge
from the dam, TOTALD. The elevation of the water level in the
reservoir, WSEL, is interpreted hased on the H-TOTALD curve that was
computed earlier. The volume of stored water is obtained by entering
the stage-storage curve at a stage equal to WSEL. This procedure is
repeated for a maximum limit of 50 time intervals.

A feature designed to let the user vary the gate settings during
a run has been built into RESVOR. At one meter increments of watar
surface elevations, the routing procedure is interrupted and the user
is given an opportunity to reset the spillway gates. TIf the user does
not wish to change the existing settings, the program continues the
routing using the previously calculated curves. If a change in the
spillway qate openings is desired, the program returns to that portion
of the model where the gats openings are set and then recalculates the
necessary curves based on the new spillway conditions. Once the

reservoir routing procedure is completed, the user also has the option
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to reroute the inflow flood hydrograph through the resarvoir for

varying initial water surface elevations and/or spillway scenarios.

SuM

This subprogram is used to combine two hydrographs at the outlet
of a subbasin. A1l hydrographs are referenced to the time of the
first occurrence of rainfall anywhere within the basin. For example,
suppose that the hydrographs from subbasins 1 and 2 in Figure 7 are to
be added, however, the storm in subbasin 1 started on day 1 and the
storm in subbasin 2 did not beqin until two days later. The
hydrograph from subbasin 1 is stored as FLOW(1) through FLOW(51).
Likewise, the hydrograph from subbasin 2 i< stored as 00UT(L) through
00UT(51). But NOUT(1) andODUT(2) are equal to zero since the storm in
subarea 2 did not start until day 3.

Note that the hydrograph from subbasin 1 is not stored in array
QOUT but in array FLOW. This was accomplished by executing SUM before
the runoff from subbasin 2 was calculated. In order to reduce the
required storage space for arrays, tne runoff hydrographs from
subbasins are printed to an output file, and QOUT 1is used only as a
temporary array. When SUM is called, the resulting summation is

stored as FLOW.

FLOW(I) = FLOW(I) + QOUT(I) s eiiiinenneennnennnsneaa(13)

FLOW is passed to the subroutines RONTE, RESVOR and ERROR and, thera-

fore, SUM must be executed immediately following the execution of
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RUNOFF,  The argument in arrays FLOW and QOUT are relative to the

first occurrence of rainfali anywhere in the basin.

ERROR

This subroutine was designed as an aid in calibrating the
model. Its purpose is to compare the computed runoff hydrograph to a
knowr flood hydrograph. The subroutine ccmputes various measurements
which are used to evaluate the effectiveness of the orogram. These
measurements include the ahsolute errors, relative errors, an average
relative error for the run, the sum of errors squared, and a coeffi-

cient of determination. The absolute error, ABSERR, is calculated as

the simulated flow (SIMO) minus the recorded flow (RFCN).
ABSERR = SIMQ - RECQ....... et reereece et e (14)

Relative error, RELERR, defines the absolute error as a percentage of

the recorded streamflow.

_ ABSERR
RELERR = RECG LT 0 5 (15)
The coefficient of determination, RSO, is computed as the standard

statistical definition of

RSO = cov2 (SIMQ, RECN) (16)

Also calculated are the runoff volumes for the simulated and

recorded hydrographs, presented in units of streamflow rate x time.



ERROR can be executed at any location within the watershed as long

as there is a known hydrograph at that location.

DTCURY, APPROX and [NTERP

These three subprograms cannot be invoked by the user, but are
automatically called when RESVOR is executed.

OTCURV is called to set the initial openings of the spillway
gates and whenever the user wishes to adjust the gates. Within the
subroutine, the stage-total discharge curve and storage-indication
curve {(discussed in the section on RESVOR) are calculated.

APPROX and INTERP are interpolYation routines used in the program
to estimale values from either the input tables or calculated curves.

APPROX  interpolates and extrapolates using Lagrange's formula

(Carnahan et al. 1969); and INTERP is a linear internolation routine.

Model Calibration and Verification

To apply the computer model, MAIN, to the Bafing River basin, the
parameters used in the mode! required calibration. Since the number
of parameters to be calibrated is small, a manual procedure was used
instead of an internal ontimization routine such as the systematic
pattern search refined by Lumb et al. (1975). The parameters
calibrated were: XMUSK, the weighting factor in the Muskinqum routing
equation; CQIN, the routing constant used to define the shape of the
runoff hydrograph from the subbasin; and the SMI-ROP curve which
relates percent runoff to soil moisture conditions.

The manual orocedure emnloyed was that of a trial-and-error

method whereby the parameter vzlues were adjusted for each execution
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of the program until the computed hydrograph satisfactorily matched
the known hydrograph, The subroutine ERROR was wused during this
procedure to provide some statistical analysis of the match between
the two hydrograpohs. A satisfactory match was a subjective Judgement
but hased on the following criteria: 1) magnitude and timing of the
peak discharqge; 2) match alonq the rising segment of the hydrogran to
the inflection point on the receding segiment of the hydrograph, 3) the
overall correlation between the computed and known ordinates using the
coefficient of determination, R?, desired to bhe Targer than 80
percent, and 4) the relative error and average relative error of 20
percent or less.

In this study initial values for the SMI-ROP curve were taken
from a U. S. Corps of Engineers study on the Mekong River (U. S. Army
Corps of Engineers 1971). This reference provided a qood estimate
which was later adjusted to closely approximate the volume of runoff
given a recorded hydrograph. Changes to the initial curve were made
after examining the computed daily soil moisture indices and runoff
coefficients with the computed and recorded hydrographs. It was not
possible to define a unique SMI-ROP curve for each subbasin since the
flood hydrographs were recorded at only one gaging location.
Accordingly, an assumption of hydrologic homogeneity was made in order
to determine a general curve that would be characteristic of the
entire hasin.

During the calibration it became clear that a single curve was
not representative of the runoff during different storm events.
Exanination of the rainfall-runoff records suggested that rainfall

intensity played a major role in determining the percentage of
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rainfall excess. Therefore, a two additional SMI-ROP curves were
added to the model for estimating runoff during high intensity
rainfalls. During the calibration process, the following three
intensity ranges were established and a different SMI-RNP curve was
developed for each: 0-19 mm/day, 20-44 mm/day, and > 45 mm/day. The
SMI-ROP curves were a major parameter in defining the volume of runoff
and, to a large extent, the peakedness and general shape of the
hydrograph.

The parameter XMUSK could not be calibrated from historical
hydrographs at two adjacent streamgages as presented in the hydrologic
textbooks such as linsley et al. (1975) and Viessman et al. (1977).
Actual upstream and downstream hydrograhs were not available and local
inflows are significant, so that an accurate calculation of channel
storage was not possible. The procedure used involved reconstituting
a Flood hydrograph at the Soukoutali gaging location (Figure ?) based
on a recorded hydrograph at Dibia and regression pacameters determined
by Groupement Manantali (1977). Local inflow, due mainly to the
tributary Balin-ko, was computed by executing RUNOFF (using avarage
estimates of the parameters). The reconstituted nydrograph was routed
down the 50 km reach of the Bafing River, Tocal inflow was added to
the routed hydrograph and the resulting hydrograph was then compared
to the recorded values at the Dibja station. This procedure was
repeated for different values of XMUSK. The value of XMUSK which
yielded the greatest coefficient of determination was chosen to be
characteristic of the other reaches in the Bafing basin.

COIN was calibrated based on runs which modeled the basin in a

sequential fashion. Fatimates of CQIN were determined by the
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procedure described earlier in this Chapter. Flood hydrograpns at the
gaging stations of Soukoutali and Dakka - Saidou were estimated using
the recorded hydrographs at NDibja as presented in the Senegal-Consult
Vol 3A (1970) and the regression parameters in the Aroupement
Manantali report.

First, the upper portion of the Bafing River basin, the drainage
area above the DNakka-Saidou streamflow station (see Figure 2), was
modeled. Subbasins 1 and 2 are similar (drainage area, channel
Tength, and slope) so it was assumed that COIN for each would also be
similar. Different values and combinations of COIN were inputted for
both subbasins 1 and 2 and for subbasin 3 during various runs. Those
values whicn resulted in hydrcgraphs  correlating well with the
estimated hydrographs at Nakka-Saidou were used as the initial values
for the second stage of modeling.

The second stage modeled the hasin above the Manantali Dam site
at Soukoutali.  During this stage parameters for subhasins 4 and 5
were determined. In addition, the previously estimated parameters for
the upper three subbasins were altered as required to match the
hydrograpn expected at Soukoutali. Finally, the entire watershed
above the Dibia station was modeled to reconstitute the hydrographs
obtained from the Senegal-Consult Report. The parameter values
obtained through this third stage were considered to be the calibrated
parameters for the basin.

Inherent to the calibration of a hydrologic model is the use of
good 1input data, and consistent procedures and criteria. Since
rainfall is the major input to a rainfall-runoff model, inaccurate or

inconsistent data can greatly affect the results. Therefore, for
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ca]ibration of this model, the Thiessen method of areal distribution
of precipitation was used. Changes to the diagram were considered if
there were reasonable causes and if the corrections were consistently
followed.

Four of the six years of flood hydrographs available were used to
calibrate the model parameters following the above procedures. The
four sets of calibrated parameters were examined for similarity (the
objective of a lumped parametric model) and a compromised set of
values was established and used in the verification of the model.

In verification or model testing, the basic fssue is to determine
if the hydrologic estimates achieved by calibration are acceptable
(James and Burges 1982). Therefore, the process involves running the
model for an event or period of time other than that used for calibra-
tion. In this study, other events were not available or applicable.
Instead, verification was defined as showing the model's applicability
to the Bafing River Basin. Verification of MAIN consisted of
executing the model Ffor the four floods using the averaged
parameters. Results of these runs were judged on the four criteria
presented at the beginning of this discussion. If the computed
hydrographs were considered acceptahle, the averaged values were
chosen as the parameters used to represent the basin. If
unacceptable, the calibration runs and model itself were examined to
define problem areas. The results of the calibration are described in

Chapter VI and selected verification runs are presented in Appendix B.
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INPUT and OUTPUT

Inpur

Most of the data required to execute MAIN is read Ffrom input
files that the user must establish prior to running the program. Data
files are read during the routines MAIN, RUNOFF, and RESVOR. The
first data file associated with running the program is named
SEQEXC.DAT.  This file contains the sequence of subroutines that are
to be executed during the run.

While executing RUNOFF, information concerning the subbasin and
rainfall pattern must be supplied. These data are read sequentially
from a file named SBX.DAT, where "X" corresponds to the number of the
respective subbasin. From the schematic of the watershed in Figure 2,
one would require five data files: SBL.DAT; SB2.DAT; SB3.DAT and so
forth. The type of data required are:

1. Watershed characteristics.

2. Time-area curve.

3. Storm hyetoqraph.

4. Soil mofsture index - runoff coefficient curve.

DAM.DAT is a data file used by RESVOR and contains the physical
characteristics of the reservoir and dam, such as the stage-storage
relationship and stage-discharge curves.

Other information used in the program is suppiied by the user
through interactive commands. The user is prompted to enter such data
as gate settings and inftial water surface elevation as well as
responses to some instructive questions. See the INPUT-OUTPUT section

of Appendix A for exact details and formatting of the data files.
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OUTPUT

Results from a run are stored in output files but are not
automatically printed to the terminal. The main output file is called
FLOOD.DAT and contains results from ROUTE, SUM, and RESVOR (see
example printout in Appendix A). Intermediate values of the runoff
hydrograph are printed each time the hydrogranh is routed through a
channel reacih or whenever runoff from a subhasin is added to the
hydrograph. These intermediate values are shown in the tables
entitled, "Routed Hydrograph at the End of Reach # X" and "Comhined
Hydrograph at the Outlet of Subbasin # X". The hydrograph values in
these two tables represent only the direct surface runoff and do not
include the haseflow. Results from the reservoir routing are listed
under "0Outflow Hydrograph from Manantali Dam" and are presented as the
inflow hydrograph to the reservoir including baseflow, the outflow
hydrograph, water surface elevations, and storage volumes. Also
printed are the initial watcr surface elevation, maximum water surface
elevation, and maximum discharge from the dam.

The runoff hydrograpns computed during RUNOFF are stored in a
separate file named HYDRO.DAT, and the table, "Runoff Hydrograph from
Subbasin # X", presents the calculated runoff hydrographs from the
model, TNTALD. If ERROR is executed within a run, an output tahle is
established which presents the computed and recorded streamflow values
as well as the statistics mentioned in the description of the sub-

routine.
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CHAPTER Vv

DEVELOPMENT OF THE PMP

Introduction

The Senegal River basin lies within a meteorological zone whose
climate is influenced primarily by prevailing easterly winds and the
scuthwest monsoon (Figure 3). During the rainy season (late spring
through summer), the monsoon brings the humid Atlantic air inland
while during the dry season, the prevailing easterlies bring the dry
air from the Sahara Desert. Throughout the watershed, the climate
varies significantly. At the northern boundary, a semi-arid climate
prevails. As one moves south, the climate becomes more sub-tropical
and finally tropical in the southernmost portion of the basin. Three
climatic regions have been defined, the Sahelian, Sudanian, and
Foutanian (Senegal-Consult 1970).

The Sahelian region is characterized by its semi-arid climate.
Rainfall is very irregular with annual values ranging from 250-700 mm
occurring within a three month period (July-Sept). Much of the
Senegal River basin, including the lower portion of the Bafing River,
lies in the Sudanian region. The rainy season in this region usually
extends from June through October and delivers 600-1200 mm of rainfall

in the form of intense, short duration storms. 1In the Foutanian
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Figure 3. Maps of the prevailing winds (from State Climatologist,
Utah 1982).



45

region, the climate shows its tropical characteristics with a wet
season that 1lasts 6 to 8 months and receives 1500-2000 mm of
precipitation per year. Though the regions differ greatly in annual
precipitation amounts, all three exhibit a well defined rainy and dry
season. The length of the rainy season and quantity of precipitation
received generally decreases from the Foutanian region (south) to the
Sahelian region (north) (Figure 4).

The climatic variations in the basin, as well as the entire West
African subtropics, are controlled by the annual north-south movement
of the Intertropical Convergence Zone (ITCZ) (Nicholson 1980). Figure
5 shows its typical range between January and July. A gross summary
and the implications of the ITCZ are presented here so that the reader
may appreciate some of the complexities and variances in the precipi-
tation patterns.

The ITCZ is a zone which separates the moisture-laden maritime
air mass over the Atlantic Ocean and the dry continental air mass over
the Sahara Desert. The northward migration of the zone follows the
northward shifts in the location of the overhead sun and so by July or
August the ITCZ reaches its maximum northern extent. The migration of
the ITCZ and the duration of the prevalence of each of the air masses
account for the differences in the Tengths of the wet seasons in the
regions described above. In addition to 1its variations in the
seasonal positions, the ITCZ also exhibits considerable variations in
the diurnal positions it occupies. From fiqgures presented in 0jo

(1977), these fluctuations range between 36-60 km.
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To the south of the ITCZ jies the moist air associated with the
southwesterly winds and the high potential for rainfall. Though the
potential for precipitation is high, rainfall is not quaranteed. The
reasons for this are the influences of the local conditions and the
upper-air mass ahove the moist air that may inhibit the development of
rain-bearing clouds.

During the wet season in the Rafing River basin, rainfall is
commonly generated by convective disturbances. Other disturbances
that produce significant precipitation are associated with the
southwesterly flow, Tline squalls, and disturbance lines. The
disturbance lines and line squalls are generally oriented north-south
and move east-west. Their occurrences are largely associated with the
easterly winds and, therefore, occur frequently during the early and
Tate times of the rainy season when the southwesterly flow is weak.
Rainfall during these disturbances is intense but usually lasts for
only several hours. The southwesterly disturbance is usually accom-
panied by an extensive area of bhad weather with rainfall less intense
but longer than the other Jisturbances (0jo 1977). As indicated by
the above descriptions, storm events are of short duration. Recorded
daily precipitation indicates substantial quantities over 2-3 consecu-
tive days and then a 1-2 day period of 1ittle or no rainfall before
the next burst.

Such disturbances can be widespread. Rieh] (1979) describes a
mesoscale rain system that usually covers an average area of 2000 sq
km. Most of the precipitation of rainstorms comes Ffrom these systems,
where a rainstorm is defined as an event whose daily area-averaged

precipitation exceeds the seasonal daily average precipitation. By
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this definition, the duration of a rainstorm is varijable and ranges of
1-9 days has been observed by Riehl. Though the disturbances are
widespread, rainfall is still variable and sporadic. As Rieh] (1979)
points out, there is no apparent continuity in the day to day rainfall
pattern. He believes that the rainfall results from in-situ

developments rather than any type of travelling system.

Analysis of Rainfall Data

Daily rainfall records for stations in Mali were available for
varying years of record up to 1965. Prior to using these data, they
were checked for any inconsistencies that may be reflected in the
values by conducting a double-mass curve analysis. Cumulative Auqust
rainfall totals were plotted aqainst the cumulative values recorded at
Rafoulabe. In general, a double-mass curve will plot as a straight
line if the data have a constant proportionality between them. Plots
of the Mali data showed a more-than-desirable deviation from a
straight line as seen in Figqure 6. Analysis of Fiqure # indicates
that during a period of time (line B), the Kita data does not have the
same relationship with the Bafoulabe data as represented by the
earlier years (line A). Similar breaks are represented by lines C and
D. Since information pertaining to the history of the rainfall
stations is not available, no logical reason can be given for these
discrepancies. In general though, the deviations are not too great
and no continuous trends or breaks could be identified in the data
analyzed. [t was therefore concluded that, for this study, the

recorded values were consistent and that no adjustments were required.
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As mentioned earlier, the rainfall in the basin is variable and
sporatic. To examine this characteristic, single mass curves were
drawn for selected periods corresponding with the available flood
hydrographs. For the flood period, a chart of cumulated rainfall
versus time was plotted for each precipitation station on the same
figure (see Figure 7). The curves verify that no definite daily
correlation exist amonqg the qages. However, the curves do indicate
widespread areal extent of rainfall throughout the flood period as
suggested by Riehl (1979). This suggests that the assumption of
rainfall occurring over much of the basin at the same time is quite

realistic.

The traditional or meteorological approach to estimating the
probable maximum precipitation was not applicable to the Bafing River
basin. This 1is because a high atmospheric moisture prevails during
most of the rainy season, and therefore, there is no theoretical or
empirical reason to relate rainfall potential to minor fluctuations in
humidity (World Meteorological Organization 1973). Instead, an
approach combining the statistical and  Thistorical methods was
developed. The steps involved are:

1. Fitting a probability distribution to the annual maximum
monthly precipitation.

2. Selecting a return period that is related to the probable
maximum value of rainfall.

3. Determining a reasonable duration for a flood producing storm
and a reasonable percentaqe of the maximum monthly rainfall that would

be likely to occur over the duration selected.
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4. Distributing the selected proportion of rainfall over the
chosen duration to produce the most critical runoff situation with
respect to peak discharge from the reservoir.

In step 1, the maximum monthly precipitation recorded for each
year at a station was ranked and plotted using the Weibull nlotting
position (Haan 1979). Only those stations whose record length
exceeded 17 years were examined. The gamma distribution then was
fitted to the data using a computer program presented by Hardee
(1971). Selection of the gamma distribution was based on the Hardee
(1971) report and on the references presented in Haan (1979). These
articles recommended fitting rainfall data for long durations, such as
weeks or months, with the gamma distribution. Figure 2 shows a plot
of the gamma distribution fitted to the Kita station data.

As cited earlier in this report, the probable maximum precipita-
tion (PMP) is not normally associated with a probability level.
However, it has become accepted engineering practice to use a 10,000-
year return period when referring to an extremely rare event. Based
on such practice, a recurrence interval of 10,000 years (P(X) =
0.0001) was selected to estimate the PMP for a monthly duration.

Thus far in this study, the procedures used were fairly straight-
fForward and objective in nature. The remaining steps of the metho-
doTogy are more subjective and judgment and assumptions were required
in analyzing the historical data.

To determine the duration and percentage of the monthly rainfall
that should be used to develop the probable maximum storm, rainfall

events were examined that corresponded with peak flood hydrographs.
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Storm events were selected on the criteria that they started on or
after the day preceding the initial rise in the hydrograph and ended
by the time the peak discharge occurred. Using these criteria, daily
precipitation records, and the recorded flood hydrographs, 25 storms
were selected. The data showed storm durations of 4 to 10 days, with
an average duration of 7 days. Assuming 7 days as an appropriate
duration for the maximum storm, an analysis was conducted of the
maximum consecutive rainfall amounts for durations of 1 through 7
days. Three such studies, described in the following paragraphs, were
completed using selected rainfall stations and years of record. These
were performed to aid in determining the temporal distribution of the
rainfall.

Initially, a duration - percentage curve was completed for each
of the 3 stations listed in Chapter 3. Only one curve was developed
for each location using the daily data of the recorded maximum
month. Once plotted the initial curves indicated a slight tendency to
differentiate between two sets of data. One set seemed to represent
those stations located in the lower portions of their respective river
basins, while the other curves represented the stations located in the
neadwater portions. Average curves were drawn to reflect the two
sets.

Upon completing the initial duration curves, two other sets of
data were analyzed in a similar fashion. The data used were from two
stations only, Kita and Falea. DNata were selected on the criterion
that the total precipitation for a particular month was larger than
the average monthly total for that station. The plotted results

clearly identified one outstanding curve for each station. The three
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sets of results were compared and a composite curve was constructed
representing the maximum percentages for each duration from 1 to 7
days. Depicted on Figure 9 is the composite curve along with the two
average curves developed in the initial analysis. The composite curve
shows a maximum daily percentage of 26.6 percent and a maximum 7-day
percentage of 53 percent of the monthly total while the durations in-
between follow a smooth curve. Figure 9 was developed hy analyzing
the daily data of a maximum month. When dats for the entire wet
season were similarly anlyzed, the duration-percentage curves resulted
in slightly lower values.

One other study related to step 3 was conducted on the 25 storms
that corresponded to five flood peaks. The concern of this study was
concentrated on the maximum daily precipitation that occurred within
these storms. Findings of the study indicated that for each flood, at
Teast one station recorded a maximum daily precipitation between the
range of 45-55 percent of the total store rainfall. This range
corresponds well with the percentages obtained through the duration -
percentage curves if one assumes the 7-day percentage as 100
percent. A trend in the temporal distribution of the one day amount
during an event does not exist in the diti. That is, the maximum one
day amount randomly occurs at any time during the storm event.

To further verify the maximum daily amount, the data at the
stations of Kita and Falea were examined. This study yielded a
maximum daily percentage in the range of 17-35 percent of the monthly

total, with the exception of a few isolated one day events. Based on
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this and the preceding analyses, a maximum one-day precipitation
amount equal to 25-35 percent of the monthly value would be a
realistic occurrence in the PMP storm.

Guidelines for the temporal distribution of the PMP value are
very limited. Distribution of the rainfall to obtain the most
critical situation is generally placed upon the individual hydrologist
for his specific needs (Hansen et al. 1982).  The Hydrometeorological
Branch of the National Weather Service presents some gquidance for
sequencing the rainfall based on the historical storms that they have
studied (Hansen et al. 1982). 1In general, it is suggested that the
increments of rainfall progressively decrease on either side of the
greatest incremental value. This procedure defines a storm with a
single peak. Placement of the peak is arbitrary but it is recommended
that it not be placed at the beginning or end of the sequence.

The same agency also conducted a study to estimate the probable
maximum precipitation in the Mekong River basin which is under the
influence of monsoon winds (/. S. Weather Bureau 1970).  The time
distribution developed in thejr study is a 7-day duration with a
sequence of two 3-day storms interrupted by a day of Tittle rainfall.

These recommendations were followed for distributing the rainfall
data over the 7 day period. Various distribution schemes were tried
and the final selection was made based on which scheme resulted in the

highest lake level during the flood routing analysis.



59

CHAPTER VI

MONEL APPLICATION AND RESULTS

Calibration Results

Numerous runs of the computer model were made to determine the
values of the model parameters that would best represent the runoff
characteristics of the Bafing River basin. Throughout the calibration
procedure, various sets of parameters were established that would
better simulate one flood than the next. However, the main goal of
the calibration was to find one set of parameters to adequately
simulate all floods. After averaging and compromising, a final set of
parameter values was determined that reproduced the Ffour recorded
flood hydrographs reasonably well using the available input data.
Table 2 presents the calihrated parameters for the subbasins and
channel reaches in the study area.

Also shown in Table 2 are the results of the Thiessen polygon
method used to establish the rainfall input data. Because of the
varying years of record, two Thiessen maps were constructed. 0One was
drawn for years prior to 1963 using the stations of Falea, Guene-Gore,
Kenieba, and Kita. The second map was used for floods after 1963 and
included the stations of Bafing-Makana and Sagabari. Subbasins No. 5
and No. 6 required a 50/50 weighting of precipitation from two

stations. The recorded point precipitation amounts were applied
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Table 2. Calibrated mode) parameters and results of Thiessen rainfall

weighting.
SOIL MOISTURE INDEX - RUNOFF COEFFICIENT CURVES (SMI--ROP)
ROP () : ,
SMI (mm) 0-19! 20-441 45 and above
100 5 5 5
120 10 10 10
130 13 13 20
150 18 30 45
200 40 50 65
250 45 65 75
300 50 70 80
SUBBASIN
Parameter 1 2 3 4 5 6
CQIN 0.19  0.19 0.17 0.17 0.17 0.17
T (mm/day) 4 4 4 7 7 7
SMIT (1965) 110 110 110 110 110 110
SMIT (1964) 130 130 130 130 130 130
SMIT (1958) 140 140 140 140 140 140
SMIT (1957) 120 120 120 | 120 120 120

Rainfall weighting
Statjon (- 1963) FALEA FALEA GUE GOR GUE GOR KITA KEN/GG

ROUTING REACH

1 2 3
XMUSK 0.4 0.4 0.2
KMUSK (days) 1.3 0.7 0.8
ABBREVIATIQﬂ_ STATION NAME
GUE-GOR Guene-Gore
BAF-MA Bafing Makana
BAF-MA/SAG Bafing Makana/Sagabari (50/50 weighting)
KEN/GG Kenieba/Guene-Gore (50/50 weighting)

1RamfaH intensities (mm/day).
2In the absence of Falea rainfall, KEN/GG was used.
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directly to the subbasins in accordance with the Thiessen mans.
Observed precipitation quantities were not adjusted for areal extent
because there was insufficient data to determine a reasonable estimate
of the adjustment factor. Also the daily data indicates the
magnitudes of widespread rainfall to he very similar.

Copies of the output tables and plotted nydrographs for the
calibration runs are presented in Appendix B. It should be noted here
that the initial soil moisture conditions (SMIT) for the four
calibrated floods were not constant values. The initial SMIT value
ranged from 110 for the 1965 flood to 140 for the 1958 flood. Varying
the SMIT value was considered acceptable because the parameter is used
to define the conditions prior to a rainfall event., The importance of
not restricting the SMIT to a constant is Ffurther demonstrated by com-
paring the rainfall énd runoff for each calibrated flood (see Table
3).  The 1958 flood recorded the largest flow rate and runoff volume
yet received the least rainfall of all the floods. A possible
explanation 1is that the soil moisture conditions were high at the

beginning of the rainfall event.
PMP Results

The gamma distribution was Ffitted to the maximum monthly
precipitation at five stations in the ipper River basin. Two of the
five stations, Bafoulahe and Bamako Aern, were used only to check the
assumption of using the gamma distribution and were not used in

further analyses of the PMP, The three stations used to estimate
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Table 3. Rainfall/runoff comparison of the floods used in calibration. !

Flood
Subbasin 1965 1964 1958 1957
] 234.4 171.9 132.4 175.3
2 234.4 171.9 132.4 175.3
3 139.6 138.0 139.2 172.7
4 169.8 132.5 139.2 172.7
5 198.8 151.7 192.2 60.0
6 142.0 171.9 125.2 132.4
Duration (days) 10 7 7 10
WGT Rainfall 180.0 153.0 143.0 148.0
Runoff 44.6 34.6 45.8 33.5
Runoff (%) 24.8 22.6 32.0 22.6

"Values Tisted are in units of millimeters unless noted.

the PMP value were: Kenieba, Kita, and Mamou. In general, the
distribution fitted the observed values quite well although the
Kenieba data exhibited some variance in the middle range of the
distribution. Estimates of the monthly probable maximum precipitation
based on a 10,000-year return period are given in Table 4. A
surprising result of the statistical analysis was the higher values
predicted for the Kenieba station when compared to the values at
Mamou. This was not expected bhecause the computed aVerage of the
maximum monthly rainfall at Mamou is 473 mm whereas the average of
Kenieba is 434 mm. The reasons for the difference in the predicted
values seem to be two-fold.

1, The standard deviation at Kenieba is significantly higher
than the value at Mamou. This would tend to decrease the values of
the two parameters in the gamma distribution which in turn relates to

higher estimates.
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Table 4. Monthly probable maximum precipitation (mn) and storm dis-

tribution. B
Station Station Standard Record
Name PMP Mean B Deviation Length (yrs)
Kenieba 1116 434 125 38
Kita 847 361 99 49
Mamou 883 470 83 17
Duration -
Time Distribution of Percentage
Days Monthly PMP (%) Curve (%)
A B
1 3.9 2.8 26.6
2 1.8 9.6 33.7
3 7.4 2.8 39.8
4 7.4 0.0 43.5
5 25.0 7.4 47.4
6 3.7 25.0 50.2
7 2.8 7.4 55.0
L 55.0 55.0

2. Only 17 years of record were available at the Mamou station
compared to 38 at Kenieba. Review of the Kenieha data corresponding
to the 17 years at Mamou showed that those years were typically lower
than the other years. If this trend exists throughout the basin, the
recorded Mamou data may not be a very representative sample of the
true averages.

As previously indicated, to develop the stort <v=-* that would
produce the probable maximum flood, a 7-day diition was uses.  Seven
days was chosen after reviewing the hisi:rical rainfall events
corresponding to flood hydrographs. This dur:ion al<o was nosen on
the basis of the U. S. Weather Bureau report | 1/n} e~ :he probable
maximum precipitation in the Mekong River basin. Based on the

duration-percentage analysis, 55 percent was chosen to be the maximum



64

amount of a month's total rainfall expected to occur over a 7-day
period. (Actual value from the analysis was 53 percent.) The maximum
daily amount had a range of 25-35 percent of the month's total.

The computer model, MAIN, was used to determine the most critical
temporal distribution of the 7-day event. Selection of the PMP dis-
tribution was based on that distribution which produced the highest
reservoir elevation given a constant set of model parameter values.
Several distributions were derived and modeled. Two precipitation
distributions were selected in order to define two possible storm
systems.  Distribution A represents a continuoﬁs 7-~day storm pattern
and distribution B defines a system of two short duration events.
These distributions, A and B, also are given in Table 4 along with the
tabulated values of the composite duration-percentage curve that was

presented in Figure 9.

Model Application

With the calibration completed and the PMP event defined, the
model was applied to the Bafing River hasin to meet the ohjectives of
the project, namely, to develop and route the probable maximum flood
(PMF). A Thiessen polygon, different than the ones used in the
calibration procedure, was developed to areally distribute the
rainfall of the three stations used in the estimates of the PMP. The
previous maps were not applicable to the PMF development because they
included precipitation weightings of stations that could not be used

in the analyses for the PMP. Results of this diagram are as follows:
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Subbasin Station Rainfall
- Mamou
3 Mamou/Kenieba
4 Kenieba/Kita
5 Kita

In the basins that show the influence of two precipitation stations, a
50/50 weighting was used. The same temporal distribution of the
rainfall was used in each subbasin. This assumption was made because
the recorded data did not indicate any type of general storm system
movement across the basin.

Execution of the model to develop and route the PMF was conducted
for varying initial conditions. The initial soil moisture index
(SMIT) ranged from 110-140 and the initial lake surface elevation
varied between 202.0 - 208.0 masl (meters ahove sea level). The
normal operating Tevel for the reservoir is planned at 208.0 which
also is the elevation above which storage is allocated for flood
control.  Therefore, it was considered a reasonable assumption that
the lake would not exceed this elevation except during the passage of
a flood event. The baseflow was assumed to be 1500 m3/s as used in
the Senegal-Consult and Groupement Manantali reports.

Table 5, summary of the flood routings, Tists the maximum inflow
to the reservoir, peak discharge from the dam, maximum lake level and,
if applicable, the number of days the lake level exceeded elevation
212,50 mas1, the crown of the dam. Flow over the crest of the dam was

not included in the stage-discharge curve so elevations computed to he
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Table 5. Summary of the flood routings.*

DISTRIBUTION A:
[NITIAL LAKE LEVEL

‘ 202.00 204.000 206.00 208.00
SMIT = 110 7837.0 8096.0 8422.0 8886.0
INFLOW = 12610 211.54 211.85 212.25 212.81
T e e 3
SMIT = 120 8039 .0 8288.0 8594.0 9070.0
INFLOW = 12868 211.78 212.09 212 .46 213.04
- - _ 5
SMIT = 130 8210.0 8468.0 8757.0 8902.0
INFLOW = 13122 211.99 212.30 21?2 .66 212.83
-- -- 4 4
SMIT = 140 £8392.0 8661.0 8929.0 9067.0
INFLOW = 13365 212.21 212.54 212.86 213.03
- 2 4 4

INITIAL LAKE LEVEL

B 202.00 204,00 206.00 208.00
SMIT = 110 7793 8029 8349 8829
INFLOW = 12533 211.48 211.77 212.16 212.74
- - -- 3
SMIT = 120 8058 8278 8554 8720
INFLOW = 12792 211.81 212.08 212.41 212.61
-- - - 2
SMIT = 130 8262 8555 8779 8925
INFLOW = 13000 212.06 212.41 212.68 212.86
e T e T S T
SMIT = 140 8011 8771 8990 9103
INFLOW = 13216 211.75 212.67 212.94 213.08
- 2 4 4

*Table values represent the following:
maximum outflow (m3/s)
peak lake Tevel (masl)
duration of overtopping (day)
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ahove 212.50 would, in reality, be less. The values reported in Tahle
5 are hased on the following operating rules:
® initial settings of the spillway gates are such that outflow
equals the baseflow.
e the spillway gates are not fully-opened until the reservoir Tlevel
reaches elavation 209.00 masl.
Tables 6 to 9 give the tabulated results of four selected reservoir
routings while fFigures [0 to 13 itlustrate these results. Both the
tables and figures show the attenuation effect of the reservoir on the
inflow flood hydrograph (assuming the PMP distribution A) for various
reservoir levels. Also shown in each of the figures is the trace of
the lake level as the flood wave passes throuah the reservoir. The
tables and plots are basen on an initial SMIT value of 120. Note that
in Fiqure 10 to 13 the sharp rise in the outflow hydrograph is due to
the sudden opening of the spillway gates as defined in the operating
rules above.

As mentioned, the reported routings were made using the same
temporal throughout the entire watershed, Additional runs were
performed assuming a storm system moving through the basin from the
headwaters to the outlet. The results were that the lake levels

increased by less than 0.08 m.



Table 6.

68

Results of the PMF routing:

Initial Take level

= 208.0.

TIME
(DAY3)

—
O PW~NNNd Wty

o
NN e

t

'—l
NS

=
mn
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=
m ~J

J
D O

tJ3

O 00 N NN ) B

[SNINUN NI S N I SN SV N N R NS S I TO I DO N I

N O I D

INITIAL

MAXTIMIM
M2 IMITM

CUTFLOW HYDROGEAPH FROM MANANTALT DAM
INFLOW OUTEFLOW ELEV STORAGE
(M2/5) (M3/3) {MASL) (M2)
1853.1 1621.4 208.00 0.112ZE+11
1784.9 1622.2 208.01 ND.11ZE+11
2547.0 1e32.6 208.09 0.11ZE+11
3738.6 1660.8 208.323 D.113E+11
£938.2 1729.5 208.94 n.11cE+11
9568.4 1851.2 210.02 0,1Z22E+11

11687.8 7440.9 211.08 0.127E+11
12867.7 8073.1 211.83 0L.131E+11
11881.0 8640.2 212.51 0,1282+11
12468.1 8973.1 212.92 DLLI37E+11L
8963.1 90639.6 213.04 0.127E+11
76e0.7 8%370.0 212,92 O0L137E-11
6573.8 8725.3 212.62 DLLI3SE-LL
5676.4 8381.5 212.20 0L L3EESLY
4937.3 7978.2 211.71 DLIZIE+T]
4330.0 7543.8 211.18 0L123E+21
3829.9 7108.4 210.63 DLIZZE+L]
34183.%5 £681.9 210,07 NL1IZZE+11
3079.9 £201.1 205,54 D.1Z0E+12
2801.2 5249 .72 205,008 CL1ITE-LY
2571.8 fe20. 2 208.64 GL11TE+L]
2383.0 5414.9 208,24 QL1138+
2227.5 5189.¢ 207,50 0,1112+2%
2099.5 4972 .4 207,855 0,.L08E+11
19341 4757.6 207.18 N.I0RE-1L
1%07.2 4536, 3 206,50 QL L0eE-12
183&5.7 4472.4 20e.68 OL.L0ZE+12
177¢.7 4375.4 206.52 Q.108E+11
1728.72 4297.9 206.2¢ 0.104E+11
le83.2 4241.72 206,25 vLL0dEei ]
1685.2 4197.5 200,17 DLI0ZE+2
1628.0 4161.6 200,10 DLUI0ZE+1L
1584.1 4134.5 206,05 DLI03E+1]
15852.9 4110.7 200,00 O.103E+11
1528.0 4091.4 205,97 NVICZE+LL
1504.90 4075.2 205,52 CLL0ZE+L?]
1801.0 40600.3 208,91 L 102E+11

WATER
WATEFR

SURFACE ELEVATION : 208
SURFACE ELEVATION
RGE FROM THE DAM : S0&S

31704

—_—_- e

SAT 0. A0
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Table 7. Results of the PMF routing: Initial lake level = 206.0.

QUTFLOW HVDROGRAPH FROM MANANTALI DAM

TIME INFLOW QUTEFLOW ELEV 3
(DAYS) (M3/3) (M3/3) (MASL)

3
~ 0

X'
[N <
~ D

{7

+
DRI e R R A S S D

1 1553.1 1505.3 206.00 D.102E+1
2 1784.9 1512.4 205,03 OL1C03E+D
3 2547.0 1544.0 206,12 DL10ZE+D
4 3738.6 1615.8 206,38 OL10dE+T
5 £928.12 1774.3 207,09 D100 E+1
e 25e8.4 1956.3 208,22 0,113E~1
7 1187.8 21e2.7 209,85 GLL1ZOE+]
8 12867.7 7351.4 210.%4 0L1Z7E+L
9 11381.0 8006, 2 211.7%5 0L.131E+1
10 10468.1 8424.40 212,28 0.123E+L
11 8%e3.1 85937 212,46 DL1AELD
12 7eed.7 8555.0 212.41 OL124E+1L
13 ©573.8 83e5.1 212,18 0L.1I3ZE+L
14 5676.6 8070.9 Z211.82 D.121E+1
15 4537.8 7711.7 211.38 NL1IZ3E+L
16 4330.0 7317.3 210.88% DL.1Zep+l
17 3829.9 0917.7 210,28 DL.1Z4E+L
18 3418.5 c528.4 209,86 0L.1Z1E+L
19 3079.9 £172.1 203, 3¢ CLL1IZEvL
20 2801.2 5842.6 208.84 0L11eE+1
21 2571.8 £549.3 208,36 0.112E+1
2383.0 5259.0 207.87 2.111E+1
2227.5 49¢0.0 207.36 DL,1023E+1
2099.5 4£83.5 206.84 J.100E+L
1934 4456.6 206.324 N0.104E+1
1%07. 4247 .4 208,87 BLICZE+L
1825. 4058.5 205,44 DL LR 0E+Y
.1 B

4

.9

2

0

4

.8

=

1

) L L) L) ) ) W NI I Y IR I
SOV IR B W ) DO 0O DR L)
'_._l
~
3
(8]

1

5

.
1776.7 3886 205.00 0,383

8.2 3750, 204,62 0.365E+10

1688.2 3631 204,28 0.SS1E«10
1655.2 3526, 203.92 0.2I5E~10
1£28.0 3448. 203.38 0.3I8E+1D
1584.1 3391. 203.45 DLS1EE-LD
1562, 9 3334 203. 14 CLSOIE-LE
1528.0 3233, 202,90 (L32E-10
1504.0 3260, 202.72 0.335E10
1501.9 3241, 202,85 3.37TEYLD

INITIAL WATER SURFACE ELEVATION : 200,00
MAXIMUM WATEFR SURFACE ELEVATION 212,47
MAWIMIIM DIZCHARCE FROM THE TAM 9842, 73

[ B N SR T TP T S [ G [y S S JUUF R VB )

[ D T T L O I v o G L S SV R
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Table 8. Results of the PMF routing: Initial lake level = 204.0.

OUTELOW HYDROCRAPH FROM MANANTALI DAM

TIME INFLOW QUTEFLOW ELEYV STORACE
(DAVS) (M2/3) (M3/32) {MAZL) M3

1 1553.1 1214.7 204,00 D.540E+10
2 1784.9 1327.2 204,00 D.54ZE+10
3 2547.0 1355.3 204,20 0.948E+17
4 3738.6 1413.8 204,51 N30 ZE+LC
5 £938.2 1520.4 205,26 DLBGAESLC
e 9568.4 l1€80.10 208,53 DLI0EEL2Y
7 11687.8 1840.% 208.21 O.113E+12
8 12867.7 1978.¢ 209.54 DLlZZIE+ZY
Q 11881.0 7598.0 211.24 G, 122E+11
10 10468.1 3067.5 211.82 DLI31E+11
11 8963.1 8284.9 212.08 OL.13ZE-11
12 7660.7 8288.4 212.09 GLo132E+11
13 ©573.8 8134.6 211.90 OL131E+11
14 5676.6 7873.2 211.%3 D.130E+11
15 4337.8 7541.2 211.17 D.1Z29E+11
ie 4230.0 7175.2 210,72 0L17zE+LL
17 3829.3 67%96.5 210.22 001228411
18 24138.5 0432.5 206,73 O.1Z21E+112
19 3079.9 20%0.8 209,24 NUIIEE+L]
20 2801.2 8779.1 20B3.7% GLLIEE+1D
21 2571.8 5493.1 208.2% OL.1L3E-12
22 2382.0 5204.,0 207,77 0LLI0ECL]
23 2227.5 4908, 1 207.27 SLLoAEL-Ld
24 20985.85 4ndb . 0 20w .78 L 11
25 19294 .1 4422, 4 205.27 E+11
2e 1207.2 4218.4 205,81 =+11
27 1835.7 4033.7 20828 JLOEECLD
28 1776.7 38e7.8 204,58 JLBE1ERLD
29 1728.2 3735.5 204,28 DLBEEE+1D
30 1688.2 3e13.3 204.2 DL FdSE+ LT
31 1655.2 3218.7 ZN3. 29 OLHAIZZE-LD
32 1228.0 3441.7 I03.en OLEZEESLD
33 1584.1 328e.1 02,43 D.31EE+LC
34 1552.9 3328.8 20301 D.Z01E+10
35 1528.0 3284.3 202.88 OLES1E+ILC
36 1504.0 3258.5 -02.70 0L2334E+1D
37 1501.0 3238.° 202,52 D.37a6E+10

[

INITIAL WATER SURFACE ELEVATION : 204.0
MPXIMUM WATER SURFACE ELEVATION : 212.0
MAXIMUM DISTHARGE FROM THE DAM : 8238, 24

3 '1‘)
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Table 9. Results of the PMF routing: Initial lake level = 202.0.

SUTELON HYDROSRAPH [RCGM MANANTALI TAM

S8 Py

TIME INFLOW o
(DAYS) IM2/3) M

—e

TELOW ELEV SJTORACE
/50 (MAZL) M3

1 1353.1 122%.8 S0ZLo0 PSS O
2 1724.9 18232.0 -02.08 DLB88TEsI
3 2547.0 1547.7 202,48 0,372
4 3733.¢6 led0, 3 203,01 L
5 2328.2 1711.5 203,74 e
& 9568.4 18358.23 08,04 L
7 11287.23 1953.3 i B0 Ll
8 12887.7 2083.0 _08.,e3 Ll
9 11881.0 Z187.2 210,31 Ll
19 104e3.1 7732.2 211,41 2
11 B9:3.1 7395, 3 Zi1i.732 il
12 7ol .7 80288 211,77 SZ
1z £5723.8 720,04 Z1i.od Lz
la te75.6 7£88.83 211.2% I
18 45927.83 73282.0 210,38 CLIITEwLD
le 4330.0 7041.1 210,54 LIEE-LL
17 3822.4% Eal0. ¢ 210,07 LIZE-LD
18 3418.5 n323%.4 SEC T iI0E.Ll
19 307%.9 2010, 2 209,12 LITE+LL
20 2801.2 5714.7 =03.24 DLilSEAl L
21 2871.8 5435.% 209, 1 dLLIZEeL L
22 233200 £14e.3 207,58 DL IICE+]
22 2227.8 4884, 2 0701 GLLOEES LD
24 2099.5 dedb. 4 ~0e 57 QLILEESLL
25 1954 .1 4287 .5 Z0nL 15 vLI0IZetl
26 12072 4132.9 205,74 L IOLESLL
27 1235.7 4004.5 208,21 IRECCIE R IR
28 177.7 3847.7 Z0d L 90 0,738 10
29 1728.2 3713.0 204,53 R R
30 1083.2 3603.0 204,15 R
31 10882 3802 .42 2032 .30 JLR24E-T
22 ~nZ28.0 24Z4.1 Z03.23 DLILAESLD
2z 1884.1 3375.2 203,33 R T
24 122,35 222100 203,05 SLEBIESLD
35 182a2.0 3Z278.7 202,84 R S
2a 18040 3284, % 202,27 DLEB3E.L0
27 1801.0 323807 20245 GLV3ATIESLG

INITIAL WATER SURFACE SLEVATION @ 202,00
MELIMUM PATER SURFACE ELEVATICN . 211,74
MAXIMUM DIZTHARGE FROM THI TAM . 30313, 34
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Figure 11. Plot of the PMF routing: Initial lake level = 206.0.
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Figure 13. Plot of the PMF routing: Initial lake level = 202.0.
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CHAPTER VII
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
Summary

Development of the water resources in the Senegal River basin,
Tocated in West Africa, initially includes the construction of two
dams on the river system. The Manantali dam on the Bafing River will
be the largest of the two. Designed as a multi-purpose structure, the
dam will provide benefits to agriculture, navigation, hydropower, and
domestic and industrial water users, as well as providing flood
protection. Because the Manantali dam will be the only regulating
structure on a river which is subject to highly variable flows, it
must be able to operate under extreme conditions.

To provide an independent check on the design and to examine
operating procedures during large flood events, this s udy was
designed to develop and route the probable maximum flood (PMF) through
the Manantali reservoir. The PMF was developed on the design concept
of the probable maximum precipitation (PMP). Estimates of the PMP
values, and the storm duration and temporal distribution were
determined from a statistical and historical approach. A hydrologic
computer model was formulated and calibrated to simulate the rainfall-
runoff and routing processes in the Bafing River basin. The data used
throughout the course of the project were obtained mainly from

previous reports about the Senegal River and its tributaries.
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Application of the wmodel to the study area resulted in an
estimate of the probable maximum flood that would be expected to occur
at the dam site. Various computer runs were performed assuming
different initial state conditions. The routings were analyzed to
determine the capacity of the reservoir to safely nass and attentuate
large floods. In addition to examining the performance of the
spillway system, the runs were reviewed with respect to the operation

of the dam during floods events.
Conclusions

The hydrologic computer model developed during this study was
calibrated to four flood hydrographs recorded at the Dibia stream
gage. Results of the calibration runs indicate the model can
adequately simulate tie rainfall-runoff process in the Bafing River
basin. Therefore, it was concluded that the computer model, MAIN, is
applicable to the study area to predict and route flood hydrographs.

During the development of the prohable maximum precipitation the
gamma distribution was shown to fit the recorded precipitation. The
historical records also showed flood producing rainfall events to last
from 4 to 10 days and so using a duration of 7-days for the PMP avent
was considered acceptable and a realistic time period. Comparison of
this °MP estimate (see Table 4) to an estimate by Riedel (1983) for
the Narmada River in India concluded that the value was in a
reasonable range.

Applying the model and PMP estimate to the watershed resulted in
an estimate of the probable maximum flood. The peak discharge

calculated for four different initial conditions ranged from 937 to 108
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percent higher than the design peak discharge estimated by Groupement
Manantali. Results of 32 flood routings indicate that the Take
elevation rises above the crest of the dam, elevation 212.50 masl, for
14 of these floods.

Although the results suggest that the potential for overtopping
the dam during the P¥F is rather high, the operation of the spillway
gates has a significant {impact on controlling these high lake
levels. Computer runs were made assuming a high initial soil moisture
condition, a lake 1level of 208.00, and the spillway gates fully
opened.  Under these conditions, the maximum pool elevation reached
was 211.93 mas].

In conclusion, the study revealed that although the design flood
based on the probable maximum precipitation yielded larger peak
discharges than the statistical approach used in previous reports, the
results of routing the design floods of both methods are comparable.
Overtopping of the dam hy the PMF developed in this study can be
prevented if the current spillway system is carefully and effectively

operated during extreme runoff events.

Recommendations

It is strongly recommended that a more complete and detailed study
be performed to establish operating rules and procedures for control
of the lake Tevel during the annual flood season. The computer model
developed during this project could be used to help establish such
regulations. It could also be used to set standard practices of
operation during the period of "artifical flood releasa". In

addition, it is suggested that the model could be used as a tool for
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management decisions in regards to risk analysis of using allocated
flood storage for hydropower production. During periods of low
Inflow, the drawdown of the reservoir can be simulated hased on the
water requirements downstream of the dam.

A warning system should be implemented in the basin to alert the
dam operators of rising streamflow conditions. !se of the staff gage
at Dakka-Saidou, as one example, would provide valuable information
regarding the onset of a flood. A water Tevel recorder at the
upstream end of the reservoir could also serve as part of a warning
system. With the advanced warning, the dam could be operated in such
a fashion as to prevent overtopping and unnecessary variations in the
discharge from the reservoir. The information from such a system must
be transmitted via some type of communication system that is depend-
able and requires minimal manual operation.

Monitoring the river stage is not the only Warning system that
could be implemented. By having a reliable and timely estimate of the
precipitation occurring throughout the entire watershed, simulation of
the expected runoff can be made more accurately. These forecasts
would then he used for the day-to-day operation of the day. The pre-
cipitation values can be sent by either satellite transmissions,
telephone 1ines, or radio service. The use of radar to estimate the
intensity and extent of rainfall is also becoming widely used.
Selection of the communciation system is, of course, dependent on the
individual conditions and resources available for establishing the
necessary control centers.

Better calibration of the model could be achieved by obtaining

the streamflow records at Soukoutali and Dakka-Saidou and precipita-
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tion data in the upper portion of the Bafing River. Additional stream
gages, located in the upper portion of the bisin (near the confluence
of subbasins 1 and 2, Figure 2), as well as more precipitation
stations within the bhasin would also help in achieving a better
calibration and in understanding the hydrologic charactersitics of the
area. As needed, refinements 1in the model, such as variable
evapotranspiration rates, could be made to better simulate and
forecast the expected stream flow.

One final suggestion for future research and studies is to
conduct a study that would check the correlation of precipitation
patterns at the start of the rainy season to the patterns of the whole
season. Riehl (1979) references such a study by Winstanley (1974) for
West &frica between 102 and 20° north latitudes, from the Atlantic to
Lake Chad. If a high correlation exists, some general decisions on

the reservoir operation can be made early in the rainy season.
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Hydrologic Computer Model

1. MODEL LISTING
2. INPUT - OUTPUT
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MODEL LISTING
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C OPEN FILE TO
OPEN(UNIT=2 ,NAME="F

C OPEN FILE CONTAINING THE SEQUENCE C
"MAIN’
VERSITILTY IN OPTIMIZING

C

»

»>

10

50

30

1300

100

*

*

U1 0t

* * A *

20

* * e * & * * -~ “ * “ * - -~ *

"MAIN"-- A HYDROLOGIC RAINFALL-RUNOFF-RQUTING MODEL

THIS PROGRAM

WATERSHED AND ROUTE THE

WILL CALCULATE THE RUNCFF FROM A LARGE
FLOOD HYDROGRAPH THROUGH A SESER-

VOIR. THE FROGRAM CONSISTS OF THREE MAIN SUBROUTINES.
(1) RUNOFF
(2) ROUTE
(3) RESVCR
OTHER SUBRCOUTINES THAT SUPPLEMENT "MAIN" ARE:
ERROR
DTCURY
INTERP
SUM
* * * * * * * * * A & * » * * * * * *
INTEGER SUBBAS,NEXE, ICALL,ROUTIN

REAL CK,REACHL,XMUSK,RECQ,ABSERE,RELERR,AVERR RSQ

DIMENSION QOUT(1001},

COMMON /BLOCK

FLOW(100Q)
'/:JEEAS CK,QOUT,FLOW

COMMON /BLOCK2/REACHL,RINCR,KMUSK ,XMUSK,RTIME
COMMON /ALPHA/UNITS,TUNITS

OPEN(UNIT=3,NAMZ= HYDRO.DAT', )
WHAT TYPE OF UNIT5 ARE BEING USED?

WRITE(S,*) "

WRITE(S,«)' I
READ(S,10)UNI
FORMAT (ALl)
WRITE(S,%) "

WRITF(5,%) I

3TORE

WHAT TIME UNITS

THE RESULTS OF "MAIN'
FLOOD.DAT ,TYPE="NEW')
TYPE="NEW")

© ENGLIZH TYFE

O]

IF METRIC TVYPE M.~

ARE BEING USED? HOURS OR DAYS'

F HOURS TYPE H. IF DAYS TYPE D.’

READ(5,10)TUNITS

DO 50 I=1,100
FLOW(I)=0.0
ICALL=C

PROGRAM.

OPEN(UNIT=1,N

USING A FILE
AND
AME =" CEQEIE ., DAT”

CALIBRATING.
+TYPE="0LD")

READ(1, ~)NEZE
PO 100 I‘l,uE{E

FWPMAT’T’ lX
IF(RQUTIN.EQ.
IF(ROUTIN.NE.
ICALL=TCALL
CALL ROUTE(
P”NTIN”E
..... LEQ.
Ipr UTIV EQ.
IF/ROUTIN,ED.
CONTINUE
CLOSE(IN
CLO3E(UN
r"[.O.:E(”X
NRITE(
FOEMAT

1
5
2
3.

I
I
I
,Q

T1

T=
T
T=
0)
THE

THE RE3

[

'/,

22,

23,’'RESULTS

THE RUNOFF
FILE=HYDRO.

STOP

END

T

,DIZPO3E="KEEP"’

CEZEULTE

UTIN,SUBRAGR

I

11)CALL RUNOFF

22)60 TR 1229

+1

ICALL)

33)CALL 3UM

44 )CALL REZVOR

S5)CALL ERROR(FLOW,UNITS,TUNITS)

g

INSTRUCTIONS TO BE EXECUTED
OF THIS SORT WILL ALLOW THE USER

ENGLISH OR METRIC

zY
HORE

nI“Dncr— I
DIZFOSE:= ")
RESULTS CF THIS PROGRAM ARE STORED IN FILE=FLOOD.DAT.
ULTS INCLUDE:',T23, ' SUMMED HYDROGRAPHS'/,
POM CHAINEDL SOUTING

FROM ':SERVOTD ROUTING /,
HYDROGRAPHS FOR EACH QUBBASIN ARE STORED I
DAT.

..
«3


http:IF(ROUTIN.EQ

90

o THIS SUBROUTINE CALCULATES THE AMOUNT OF EXCESS PRECIPITATION

c FROM AN INDIVIDUAL SUBBASIN AND TRANSFORMS THAT VALUE INTO

C AN OUTFLOW HYDROGRAPH AT THE OUTLET.

C * A * * - » * * el * * * * * A * * * A ok *
SUBROUTINE RUNOFE

COMMON /RBLOCKL /SUEBBAS,CK,NOUT,FLOW

COMMON /BLOCKZ/REACHL ,RINCE,KMUSE, XMUSK ,RTIME

COMMON /ALPHr/””IT:,TUNITT

DIMENSION QOUT(100) ,FLOW(100)

REAL*8 FNAME

INTEGER NPAIRZ ,T,BGRAIN,EDRATIN, NQINS,PT,NPOINT

REAL ACAR>&r1y\,A 4, DA, DELTINM, DFAREA, DIFPER, DROV, EXRAIN,
HYEDIM(S0) , X, NRAINT,PERTC(10), PERT, PRECIP,QIN(100),
ROCOEF, TC, TIME, TRAINT,CQIN.CQOUT ,REACHL, INAREA,
SAREA (20, ,QRATE ,KEY L RECQ,ABSERR,RELERR,AVERR, SUM, BASEQ,
BFLCW,DBODT, TOTAL D)

SMIT,DFRQOP,DIFEMI,ET, INFILT,R3),KMUSK ,PSARER ,RI(5)

WRITE(S,~)  PERFORMING "RUNOFF" ON SUBBASIN ‘,SUBBAS

N

LS 0 = TS N Y

C THE FOLLONING OPENS THZ EXISTING DATA FILES ON EACH SUBBASIN

P,SMI(10),ROP(1D,5) ROPMAX,.ROPMIN,FIELLC,WILTPT,

OPEN(UNIT-=7 ,NAME='NAME.DAT' ,TYPE='NEW' ,CARRIAGECONTROL='LIST’)

WRITE(?,??B)SUEBAS

998 FORMAT( 3B ,I2, .DAT')
REWIND 7
READ(7,599)FNAME

999 FORMAT(AS)
WRITE(S,001)FNAME

001 FORMAT(' - ,AB)
OPEN(UNIT=4,NAME=FNAME,TYPE="'0LD" )
READ(4,~)DA,TC,DELTIM, NPAIRS,CQIN
READ( 4, #)REACHL ,RINCR, KM'ISK, XMUSK ,RTIME
WRITE(S,~)" COIN = *,CQIN,’ DOES IT NEED TO CHANGE'
READ(S, 15) ANSWER

18 FORMAT (A1)

IF(ANSWER.ED. "N )GO TO 9999
WRITE(S,+)’ GIVE VALUE OF CQIN
READ(S ,~)CQIN
9938  CONTINUE
THE ABOVE DATA READ IN MUST BE EXPRESSED IN THE FOLLOWING UNITS
Da -DRAINAGE AFEA OF THE SUBBASIN,SQUARED KM
TC -TIME OF CONCENTRATION,DAYS

DELTIM-TIME INCZREMENT FOR RUNOFF HYDROGRAPH,DAVS

NPAIRS-NUMBER OF POINTS THAT DEFINE THE TIME-AREA CURVE

COIN -ROUTING COEFFICIENT USED TO DEFINE THE INSTANTANEOUS
HYETOGRAPH

REACHL-REACH LENGTH TO THE NEXT DOWNSTREAM SUBBASIN OUTLET

RINCR -INCREMENTAL LENGTH USED IN CHANNEL ROUTING.

KMUSK -MUSKINGUM COEFFICIENT IN UNITS OF TIME.

¥MUSK -MUSKINGUM ¥ COEFFICIENT.

RTIME -TIME INTERVAL FOR ROUTING.

NEXT READ IMN THE TIME-AREA RELATION

PERTC(I) -PERCENTACE OF THE TC FOR THE SUBBASIN. TC FOR
SUBARFA DIVIDED BY THE SUBBASIN TC.
RANGE: 0.0 - 1.0

ACAREA(I) -ACCUMULATED SUBAREAS WHOSE TIME OF CONCENTRATION
I5 EQUAL OR LESS THAN PERTC(I)*TC
RANGE: 0.0 - DA

DO 100 I=1,NPAIRS
100 READ(4,*)PERTF(I) ACAREA(I)

oaooonoonnoaooaonanNaOnnonw
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c READ IN STORM EVENT. THIS MAY pk RNOWH LATZ Uk A DIMENSIub_:cs
c HYETOGRAPH.
c HYEDIM(T) -HYETOGRPAPH ORDINATE FROM TIME ZEREOQ
c PRECIP-TOTAL AMOUNT OF PRECIPITA1ION DURING THE STORM. IF
c ACTUAL EVENT IS GIVEN,THEN PRECIP=1.0.
c T -TIME IN DAYS SINCE TZEREO,WHERE TTERED MARKS THE
c BEGINNING OF aNY RAIN IN THE BAFING RIVER BASIN.
cC BGRAIN-TIME AT WHICH THE EVENT BEGINZ
c EDFAIN-TIME AT WHITH THE PRECLIP STCFS IN THE SUBBASIH
READ(4 ,*)PRECIP,BGRAIN, EDRAIN
KEY=0.0

DO 125 J=1,50
IF (KEY.EQ.1.0)32 TO 1000
READ(4, )T, HYEDIM(J
IF(T.EQ.EDRAIN)KEY=1.0
125 CONTINUE
1000 CONTINUE

READ IN DATA CONCERNING THE SOIL MOISTURE-RUNOFF RELATIONSHIF. AN
NITIAL ESTIMATE OF THE SOIL MOISTURE INDEX MUST BE GIVEN.
SMI(I)-SQIL MOISTURE INDEX (MM/IN)
ROP(I)-PERCENT RUNOFF THAT CORRESPONDS TO SMI(I)
FIELDC-DEPTH OF WATER HELD IN A COLUMN OF SOIL AFTER FREE
DEAINAGZ. (MM/IN)
WILTPT-DEPTH OF WATER HELD IN A COLUMN OF SOIL WHEN SOIL WATER
TENSICN EQUALS THE SUCTION FORCE OF THE PLANTZ. (MM/IN)
ET -AVERAGE DAILY EVAPOTRANSPIRATION RATE (MM/DAY,IN/DAY)
SMIT -S0IL MQISTURE INDEX AT TIME =T
ROPMAX-THE MAXIMUM RUNOFF COEFFICIENT THAT APPLIES WHEN
SMIT=FIELDC
ROPMIN-THE MINIMUM RUNOFF COLFFICIENT THAT APPLIES WHEN
SMIT=FIELDC
NPOINT-NUMBER OF POINTS THAT DEFINE THE SOIL MOISTURE-RUNCFF CUR
READ(4,*)FIELDC,WILTPT,ET,SMIT,ROPMAY, ROPMIN,NPOINT, IOPT
IF(IOFT.EQ.1)GO T0O 149
READ(4,4)(RI(L),L=1,I0PT-1)
149 DO 150 I=1,NP2INT
150 READ({4,*)SMI(I),(ROP{I,J},J=1,10PT)

aoonaogoaoaogaoaoaonaonnaonn

155 WRITE(3,10)SUBBAS
10 FORMAT( "1’ ,T21, RUNOFF HYDROGRAPH FROM SUBRASIN #',I2,/)
WRITE(3,71)
71 FORMAT( 0" ,T12, TIME' ,fT23, 'COMPUTED Q' ,T38, TOTAL Q')
D WRITE(3,72)
D72 FORMAT( '+  ,T%3, RECORDED Q' ,Té68, 'ABS ERROR',T83, 'REL ERROR')
IF(UNITS.EQ. 'M')GO TO 4500
IF(TUNITS.ED. 'H')GO TO 4100
CK=2¢.78
WEITE(2,80)
80 FORMAT! " *,T1l, ' (DAYS)")
GO TO 4300

4100 CK=545.0
WRITE(2,81)

81 FORMAT(® - ,Tll,  (HOURS)’)
4300 WRITE{3,82)
82 FORMAT (" +' ,T26, ' (CFS)’,T39, ' (CFS})")
D WRITE(3,732)
D73 FORMAT('+* ,TSe, (CFS)',T70, ' (CFS)’,T87,'(%)")

GO TO £1l00

4500 IF(TUNITS.EQ. 'H')GO TO 4700
CK=0.012
WRITE(3,80)
GQ TO 5000


http:CK=26.78
http:IF(UNITS.EQ
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4700 Ck=0.278

WRITE(Z,81)
5000 WPITF(B,B‘
83 FORMAT( '+ ,T25,'(M3/8)',T39,'(M3/S)")
D WRITE(3Z, ’4)
D74 FORMAT« "+ ,T¥%, (M23/3;°,T70, ' (M3/3)°,TE€7, (%))

20 FORMATCLILL,
D21 FORMAT( +
5100 CONTINUE

Cmmmm v m e o e e e A e —————————
C BEGIN FOP RAINFALL-RUNOFE. RUNOFT STEPS CARRIED CUT

c Uhrx URI! TIME OF ATTURL PrRECIPITATION.

C ESTABLISH A Tx“** . DIAGRAM USING THE EXISTING TIME-ARER

c PELAlIOh.

LT
PERT=u”D‘m’““
IF(PERT.GT.1.0)PERT=1.0
J=1
PSAREA=0.0
INAREA=Y
SAREA ( !‘—0 0
DO 17% K= 50
IF{PERT.ST.1.0)GO TO 1500
SAREA(J)=0.0
DO 180 KK=1,20
IF(QARV‘ (J).GT.0.0)GO TO 2000
IF((PERTC(I-1).LE.PZRT).AND. (PERTC(I).GE.PERT)IGO TO 1600
Ga T(‘ _L71J(‘\

! J'l

1600 DFAREA=2 LA JWEA<I-1)
DIFFER= PET“’('\~FE TC(I-1
AFEATL -1+ (PERT- PVVTF I-1))/DIFPER*DFARER
‘_"'DP‘EU\
v~ ITNAREA
PSARES FEA(T)
GO T 3o
1700 I=I+1
180 CONTINIZ
2000 J=J+1
DURAT
FERT=LU =
C THE FOT I”hI”” FEUCTIONS ARE USED WHEN TC/DELTIM DOES N”T
c EQUAL AN INT i THIS WILL NORMALLY BX THE CASE BECAUSE
C CF THE LACK CF DETAILED RAINFALL DATA IN TIME INCREMENTS
C LESS THAN ALY

AT-DELTIMY /TC
1.0) AND. (TCHECK.LT.1.0))G0 TO 2100

2100 LRFAI T =DA-AREA
J=1+1

175 CONTINUE

1500 NQINS 1

NOTE: NCi"" OF ORDINATES IN THE TIME-AREA DIAGRAM

*od ok ok ok k Ak koA Ak Ak k % A A k k K Kk %
'US HYDROGRAPH AT THE SUBBASIN OUTLET
TRUZ OUTFLOW HYDROGRAPH USING

A A kA x =
CALCULATE
CONVERT
CLARK - =

noaao o

CQOUT=1,0-CRIN
MM=NCINES-BGRAIN-EDRAIN
L__NOTE: MM EQUALES THE TOTAL NUMBER OF INSTANTZANEOQUS INFLOWS

Vet tl.o

c DLRING THE STORIN OURAMON
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DO 200 M=1,MM
200 OIN(M)=0.0
DO 220 1V=1,51
220 QOUT(IV)=0.0
C THE PREVICUS SET OF LINES WAS INITIALIZATION OF VARIABLES

C BEGIN LOOP THAT CALCULATEZ THE SURFACE RUNOFF
c "M IS A COUNTER OF THE NUMBER OF RAIN INCREMENTS FOR THE STOEM.
c "MMAM " IS THE TO NUMEER OF PAIN INCEEMENTS
MMax s RAIN-BORATH «
DO 250 M=1, MMAN
TRAINT=PRECIFP*HYEDIM (M)
THIS SECTION COMPUTE
BEGINNING AT TIM
IF(SMIT.LT.FIE
ROCOEF=ROFMAL
SMIT=FIELDC
FEY=1.0
GO TO 2400
2200 IF(SMIT.CT.WILTPTIGO TO 2300
RCCOEF=ROPMIN
SMIT=NILTPT
KEY=1.0
GO TO 2400
2300 KEY=0.0

naan

TGO TO 2200

C THE FOLLOWINS % LINES ESTABLISH WHICH SMI-ROP CURVE TO BE USED
JK=1 )
IF(IOPT.EQ.1YGO TO 2350
DO 274 IRI=1,I0PT-1

IF(TRAINT.CGE.RI(IRI))»JK=IRI+1
274 CONTINUE

CCCCCCCCCCCCCCCCrriticcCCCCCCCCCCCCCCCCCCCcecceeecreceecereeeeeccecee
2350 I=2
bo 275 L=1,20
IF((SMI(I-1).LE.SMIT).AND.(SMI{I).GE.SMIT))GD TO 2500
GO TO 2600
2500 PERSMI=(SMIT-SMI(I-1))/(SMI(I)-SMI(I-1))
DEROF=ROP(I,JK)-ROP(I-1,JK)
ROCCEX=ROP(I-1,JK)+PERSMI*DFROP
2575 KEY=1.0
Go TO 400
2600 I=I+1
275 CONTINUE
Cmm e m m e e e e e m e mm i mm e ————————————————
'AINT*ROCOEF

WRITE(3,+)SMIT,ROCOEF
SMIT=SMIT+INFILT-ET
IF(EXRAIN.LT.0.0)GO TO 250
CALCULATE THE INSTANTANEOUS RUNOFF FROM EACH INCREMENTAL AREA
OF THE SUBBASIN.
N=1
DO 300 J=M, (M+NQINS-1)
DROV=ENRAINASAREA(N)
ORATE=DROV/DELTIM*CK
QIN(J)=QRATE+QIN(J)
2 WRITE'3,~)DROV,QRATE,QIN(J)
200 N=N+1

250 CONTINMNUE

anaa
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C END LOOP OF RAINFALL DURATION

C ROUTE QIN BASED ON CLARK'S PROCEDURE TO PROVIDE FOR STORAGE
c EFFECTS.
T=BGRAIN
IV=BGRAIN
POOUT=0.0
READ (4, Y BASED , DBODT

DO 350 J=1, M

C NOTE: DIFFERENT COWNTERS ARE USED TO TAKE INTO ACCOUNT
c THE SPACIAL VARIABILITY OF THE PRECIPITATION,IF ANY.
QOUT(IV) = (DIN{J)ACOIN) +(POOUTACQOUT)
POOUT=00UT [V,
BELOW=BAZED+{ DECTTFLOAT(J))
TOTAL IV vBFLOK
D READ( S, - pETL
D CALL ERRORITOTALQ,JT,RECQ,ABSERR, RELERF,AVERR,RSQ,COE.DIFSQ)
WRITE(2,20:T,Q0UT(IV), TOTALQ
D WRITE( 2 VEFCO, ABSTRR, RELERR
T=T+DELTIM
TU=1V+1

350 CONTINUE

c
C EXTEND OUTFLOW HYDROGRAPH BY 25 INCREMENTS PAST THE EXTENT OF
c EVENT DURATION

MM=MM+1
DO 400 J=1,2%
QOUT IV =DOUT TV~1)4CQQUT

BFLOW=BASEQ +(DEQODTAFLOAT (MM) )
TOTALO=QUUT(IV)+BFLOW

D READ( 4, ~ ) RECO
D CALL ERROR(TOTALD,MM.RECD,ABSERR,RELERR,AVERR,RS(,COE,DIFSQ)
D IF(RECO.LT.0.0;G2 TO 5060
WRITE(3, 207, 0007 IV) , TOTALD
D WRITE(Z,71)RECT, ARSERR, RELERR
T=+DELTTM
TV=IV+1
400 MM=MM+1
D500 WRITE(3,30)AVERR, RS0

D30 FORMAT (' CTHE AVERAGE RELATIVE ERROR.AVERR=",F7.2,'%",/
D 1 ' THE COEFFICIENT OF DETERMINATION,R SQUARED, =" ,F5.3)
CLOSE(UNIT=4,DISPOCE="KEEP")
CLOSE(UNIT=7,DISPOSE='DELETE" )
RETURN
END
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C » * * - - - - - - - » ~ » - " * ~ * * *
C THIS PROGRAM FERFCRMZ CHANNEL FLOCD ROUTING USING THE
c MUSKINGUM MeTHoD

Cx * » » . T T Y S S S

SUBRQUTINE ROUTE( ICALL)

COMMON /BLOCK1/SUBBAS,CK,02,FLOW

COMMON /BLCOCK2/PEACHL,RTINCR,KMUSK,XMUSK ,RTIME
COMMON /ALFHA/UNITS,TUNITS

INTEGER NROUTE,TIME, SUBBAS

REAL COM,C1M,C2M,ADJK,01,DENOM, TCHECK,DIF, 02, KMUSK
DIMENSION OZ(100),FLOW(100)

WRITE(S,*)  PERFORMING "ROUTE" 9N REACH - ,ICALL

D WRITE(S,~)SUBBAS,CK
L DO 900 I=1,25%
D900 WRITE(S5,*)FLOW(I)

NROUTE=REACHL/RINCR

D WRITE(S, «) NROUTE
ADJK=KMUSK/FLOAT(NROUTE)
D WRITE(S,*)' KMUSK,ADJK AND RTIME ARE: ' ,KMUSK,ADJK,RTIME

TCHECK=2.#ADJK*XMUSK
IFC(RTIME.LT.TCHECK).OR. (RTIME.GT.ADJK))GO TC 1000

GO TO 1100
1000 WRITE(S,10)RTIME,TUNITS, TCHECK, ADJK
10 FORMAT(' ROUTING TIME=',F4.2,Al,' SHOULD BE WITHIK',

1 F4.2,"¢ RTIME > ,F4.2)
1100 CONTINUE

C CALCULATE THE COEFFICIENTS USED IN THE MUSKINGUM METHOD
DENOM=ADJKA (1., -XMUSK)+(RTIMEA0.5)
COM=(-ADJK*XMUSK +(RTIMEX0.5))/DENOM
CI1M=(ADJKAXMUSK + (RTIME*0.5))/DENOM
C2M=(ADJKA(1-XMUSK}) - (RTIMEA0.5))/DENOM
D WRITE(S5,*)COM,C1M,C2M
DIF=COM+C1M+C2M-1.0
IF(ABS(DIF).LE.0.01)GD TO 1200
WRITE(5,20)CO0M,C1M,C2ZM
20 FORMAT(' THE MUSKINGUM COEFFICIENTS DO NOT SUM TO 1.0.
1 TEEY ARE:'/T4l, COM=',FS.3/T41,'ClM=",F5.3/741, 'C2M=',F5.3)
WRITE{(5,~) ' TYPE THE ADJUSTED VALUE OF "COM" THAT IS REQUIRED. '
READ(S,~)COM

WRITE(5,*) (" THE NEW VALUE OF COM=',bCOM)
1200 CONTINUE
O mm e o e
C INITIALIZE VARIZBLES AND BEGIN ACTUAL ROUTING PROCEDURE.
ICOUNT=1
02(1)=FLOW(1)*COM
01=02(1)

DO 150 MM=1,10
IF(ICOUNT.GT.NROUTE)GO TO 1500
DO 100 I=2,100
02(I)=(COMAFLOW(I)) + (CIMAFLOW(I-1)) + {C2M*01)
100 01=02(I)
DO 200 J=1,100
200 FLOW(J)=02(J)
150 ICOUNT=ICOUNT+1
1500 CONTINUE
WRITE(2,40)ICALL
40 FORMAT('0',T21, 'THE ROUTED HYDROGRAPH AT THE END OF REACH #',
1 I2.//M
L=1
LL=6
DO 500 I=1,8
WRITE(2,50) (TIME,TIME=L,L+LL)

50 FORMAT( T10, ‘TIME’,T21,7(5X,I2,4X))
WRITE(2,60) (FLOW(IV),IV=L,L+LL)

60 FORMAT( T10, 'DISCHARGE’',T21,7(F9.1,2X),/)
L=L+7

IF(L.EQ.50)LL=1
500 CONTINUE
RETURN
END
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C THIS SUBROUTINE SUMS Tho HYDROGRAPHS. THE COMBINED HYDROGPAPH I3
c STORED IN THE ARRAY VARIABLE 'FLOW'.

SUBROUTINE 3UM

INTEGER SUEBAZ,TIME

COMMON /BLOCK1/BURBAT, CK,DQUT, FLOW

COMMON /ALPHA/UNITT, TUNITS

DIMENSION OGUT (100  FLOW(100)

WRITE (%, ) a "3UM" ON SUBBASIN °,SUBBAS

D WRITE(S .~ TUNI
WRITE{Z, 40 e0np
40 FORMAT( 0 , TIi,

THE COMBINED HYDROGRAPH AT THE OUTLET OF SUBBASIN

1w 12,/
DO 100 IVv=1,100
100 FLOW(IVY=FLOW(IV) +00UT(IV)
J=1
JJI=6

DO 130,M=1,8
WRITE(2,50) (TIME,TIME=J,J+JJ)
50 FORMAT( T10, TIME ,T21,7(5%.12,4X))
WRITE(2,60) (FLOW(IV), IV=J,J+JJ)
60 FORMAT ( TlO,’DISCHARGE',T21,7(F9.l,2X),/)
J=J+7

IF(J.EQ.50) JJ=1
130 CONTINUE
RETURN
END


http:IF'UJ.EQ.50
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C * * * - - - - - « - * * * * > * * * * * »
C THIS SUBRCUTINE PERFORMS HYDROLOGIC RESERVOQIR ROUTING,
C THE METHODOLOZY COMBINES THE MUSKINGUM AND MODIFIED
c PULS METHOL
C » * * - - - - - - A * » * * - > - - > * ~
"UEECUTI"T
INTEGER

REAL» 2 L‘
REAL IN,IN
COMMON /REZ
1 NPSET3 . N
COMMON/REZ L (
1 HP(20) HE(20) , P
2 02¢ 10“),}'!7.u},T(l

oW,
,LHAN,

0y, STORE(ZC),
0,20) ,EQ020,20
-

ML (200,35,51,8 ,.:,-UQ’ 200, CTIME
COMMON / ELWSELL N, FLOY
COMM(LV:.‘ G,LHINL,F'”:}, DAUEE L RTIME
ComMMoN TUNITE
DIMENG ; B L_,ON\ 1000
WRITE(S, %)’ FEPrOPMIN "PEZVOE” ROUTING
C READ IN CHARA = OF THE EESERVOIR
C (1Y ZTA 2. STORAGE
C (2) STACE VE. DISTHARDE
OPEN(UNIT=4,NAME="TAM.DAT" ,TYFE="0LD")
C READ IN STAGE-STORAGE RELATIONSHIPS
READ( 4, ) NPATIRS, BASEDQ,DEODT
DO ‘OO =1 ,NPAIRS
100 BREAD( *)“M“V\I¥,STOHE(I)
C READ IN THE STAGE-DISCHARGEZ DATA FOR BOTH THE PRINCIFAIL AND
C EMERCENCY SPILLWAY. ATA 153 READ IN THE FOLLOWING FOFRM:
c ELEV, FLOWS TORRESFPONDING TO THE DIFFERENT GATE SETTINGS
c FOR THAT ELEVATION.
C ALSO READ IN 30OME GENv NFORMATION ON THE SPILLWAY SYSTEM
c SUCH AGZ THZ NUMBER OF AND CREIZIT ELEVATIONS.
READ(4, *)NPIETS, PGATES, PCREST  NPPAIR
DO 200 J=1 ,NFEAIR
200 READ(d,~)HP(Z) (POCT, Ny, N=1,NPSETS)
C 1- GATZZ FULLY OFENED
oy 2- ZETTING @ 0.4M
C - ZETTING 3 1.0M
Cc ¢- SETTING 9 2.0M
C 5~ SETTING @ 2.0M
C 6- SETTING @ 4.0M
Cc ;- GATE CLOSED

C READ STASE-DIZTHARGE DATA FOR EMERGENCY SPILLWAY
READ( 4, ~)NESETS ,EGATES , ECREST,NEPAIR
Lo 300 J=1,NEPAIR
300 READ(4,+)HE(J),(EQ{J,N),N=1,NESETS)
1- GATES FULLY OPENED
4- SETTING @
3- SETTING
4- SETTING
S~ SETITING
6- SETTING
7- SETTING
8- SEITING . 6M
9- GATES CLOSED

D@ R R W
Nk B W HD O
tJ
X

Y] t

aoonnaonaoan

IF(PGATES. GT.Z5ATES ) MIGATE=PGATES
IF(PCATES, LE. EGATES) MTGATE = EGATES

*
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WRITE(S5,%)" NPSETS=' NPSETS, FGATES=',PGATES
FRITE(S5,~)" NESETS="',NESETS, 'EGATES=',EGATES
CLOSE(UNIT=4 ,DISPOSE='KEEP' )

Cﬁ&a******k*ﬁt#****i********r*ﬁn*ﬁ

C INITIALIZE VARIABLES AND BEGIN ACTUAL ROUTING PROCEDURE.

325

ICOUNT=1
DO 325 J=1,51
FLDW(J}=FLONEJ}+EASEQ+DHQDT*FLOAT(J*l}

C COMPUTE THE NECESSARY DATA CURVES USING THE SUBROUTINE LTCURU

CALL DTCURV(RTIME)

Cﬁ**k****ﬁk*ﬁk*i*****ﬁﬁ*l\kkﬁh*nq**

C COMPLETE THE RESERVOIR ROUTING USING THE MODIFIED PULS METHOD
1000 WRITE(S5,*)' GIVE THE INITIAL WATER SURFACE ELEVATION. '

10

20

5100

5300
50

55040
60

700

90

READ( S, *)WSEL

INWSEL=WSEL

CWSEL=INT(WSEL)

WRITE(2,10)

FORMAT(‘1',///,T21, 'OUTFLOW HYDROGRAPH FROM MANAMNTALT DAMY,
2 ///' *,T12, 'TIME',T20, ' INFLOW',T3%, 'OUTFLOW’,
3 T45, ‘ELEV' ,TS56, ' STORAGE' ,/)

IF(TUNITS.EQ. ‘H')GD TO 5100

WRITE(2,20)

FORMAT( '+’ ,T11,'(DAYS) ')

GO TO 5300

WRITE(2,21)
FORMAT( ‘+',T11, ' (HOURS) ')

IF(UNITS.EQ.'M*)G0O TO 5500

WRITE(2,50)
FORMAT!'+-.TZl,'{CFSI',TJJ,'(CFS}',T43,’{PT.MSL}',TEE,‘(AC-FTJ'/}
GO TO 1050

WRITE(2,60)
FDRMATI'+',T30.'1H3f51',TBE.'fMEISJ’.T44,'fMASLJ',T;E,'fH?I'!)

JJ=2
CALL INTERP(WSEL,ELEV,STORE,JJ,S)
JJ=2
CALL APPROX(WSEL,H,TOTALQ,JJ,LMAX,Q0UT)
JJ=2
J0=2
Js=2
TIME=1
OMAX=Q0UT
ELMAX=INWSEL
WRITE(2,90) TIME,FLOW(1) ,Q0UT,WSEL,S
DO 720 I=2,51
STOIND=FLOW(I-1)+FLOW(I)-Q0UT+2./RTIMEAS/CTIME
CALL INTERP(STOIND,STOQ,TOTALQ,JJ,Q0UT)
CALL APPROX(QOUT,TOTALQ,H,JQ,LMAX,WSEL)
CALL INTERP(WSEL,ELEV,STORE,JS,S)
IF(QOUT.GT. OMAX) OMAX=00UT
IF(WSEL.GT. ELMAX) ELMAX=WSEL
IF((WSEL.LT.ELMAX) .AND. (FLOW(I-1).LE.(BASEQ+l.)))GO TO 750
TIME=TIME+1
WRITE(2,90)TIME,FLOW(I),Q0UT,WSEL,S

FERMATI(T3 Bz2 79 8 F911), T29, FQ.1, T4 F9.2, Ts2, £/2.3)

[




C OPTION TO ADJUST GATES DURING A RUN

IF(WSEL.GE.CWSEL .AND. WSEL.LT.(CWSEL+1l.))GO TO 720
IF(WSEL.LT.CWSEL)GO TO 1100
ENCODE(B,998,LEVEL)
998 FORMAT ( BHABOVE )
CWSEL=CWSEL+1.
GO TO 1200

1100 ENCODE(8,999 ,LEVEL)
999 FORMAT ( BHBELOW )

1200 WRITE(5,95)LEVEL,CWSEL ,WSEL,Q0UT
95 FORMAT(' THE LAKE LEVEL IS NOW ‘,AS,’' ELEVATION',F9.2,

1 /' WATER SURFACE ELEVATION IS ',F9.2,°' THE DISCHRRGE IS ',F9.1,
2 /' DO YOU WISH TO RESET THE GATE OPENINGS? AT PRESENT THEY ARE:'

3 // T5,'SETTING’ ,T20, 'PRINCIPAL GATES',T40, EMERGENCY GATES')
WRITE(5,96) (NN ,NPGATE(NN) ,NEGATE(NN) ,NN=1 ,MTGATE)
96 FORMAT(T8,I2,T25,12,T45,12)
WRITE(S,*)’ TYPE Y/N'
READ(5,15) ANSWER
15 FORMAT(ALl)
CWSEL=INT(WSEL)
IF(ANSWER.EQ. 'Y’ )CALL DTCURV(RTIME)

720 CONTINUE
750 WRITE(2,B2)INWSEL,ELMA¥Y, OMAX
82 FORMAT('0', T12,'INITIAL WATER SURFACE ELEVATICN :',F7.2,/
1 T12, 'MAXIMUM WATER SURFACE ELEVATION :°',F7.2,/
2 T12,'MAXIMUM DISCHARGE FROM THE DAM :',F8.2)
WEITE(S5,*)' DO YOU WISH TO MAKE ANOTHER RESERVOIR ROUTING 2
WRITE(5,#)' TYPE Y OR N.°
READ(5,15) ANSWER
IF(ANSWER.EQ.'N')GO TO 2000
WRITE(S,*)' DO THE SPILLWAY GATES NEED ADJUSTMENTS ? Y/N'
READ(5,15)ANSWER
IF(ANSWER.EQ. 'Y')CALL DTCURV(RTIME)
GO TO 1000
2000 RETURN
END

CCCCCCCCCCCecceccceecceeecececcccececcccecccccececccccecccececcccccceccccccccccceece
C THIS IS A STRAIGHT LINE INTERPOLATION PROCEDURE.

SUBROUTINE INTERP(CVALUE,XAXIS,YAXIS,J,RESULT)

REAL CVALUE,XAXIS(20),YAXIS(20),RESULT,DIFX,DIFY

RESULT=0.0
IF(CVALUE.LT.XAXIS(J-1))GO TO 1000 4
M=1
GO TO 1100
1000 M=-1
J=J-1

1100 CONTINUE
DO 100 KX=1,30
IF(RESULT.GT.0.0)G0O TO 1500
IF((XAXIS(J-1).GT.CVALUE).OR. (XAXIS(J).LT.CVALUE))GO TO 1600
DIFX=XAXIS(J)-XAXI5(J-1)
DIFY=YAXIS(J)-YAXIS(J-1)
RESULT=YAXIS(J-1)+(CVALUE-XAXIS(J-1))*DIFY/DIFX

GO To I5¢C0



http:IF(ANSWER.EQ
http:IF(ANSWER.EQ

1bUU J=J+M
100 CONTINUE
1500 RETURN
END
CCCCCCCCCCCCCCCCCCCCCCCCCCFCCCCLCPCCCCCCCCPCCCCCCCCCCCPCCCCCCT?C"C

(G * * * * # * b * - * * * * * * * * * e * >
SUBROUTINE DTCURV(RTIME)
INTEGER SET.NPGATE,GATES.NEGATE.TIME.NPSETS,HESEES,PF.TZC,LU
COMMON/RES1/ ELEV(20),STORE(20),BFLOW,
1 HP(20),HE(20), P”I:O,ZOJ (EQ0(20,20) ,LMAX,
25020100}, H(ZD),;-”nLﬁ{’n),S,Sl 52,8T00Q(20) ,CTIME
COMMON/RES2/ SET ,NPGATE(15) ,GATES,NEGATE(15) +TIME,
1 NPSETS,NESETS,EGATES,PGATES, PCREST ,ECREST ,NPPAIR ,NEFAIR
COMMON /ALPHA/UNITS,TUNITS

C ESTABLISH THE POSITION OF THE SPILLWAY GATES.

CCCC

ATES

475 WRITE(5,*)’' GIVE GATE SETTING AND NUMBER OF GATES AT THAT SETTING'

WRITE(5,%) * FOE THE PRINCIPAL SPILLWAY.
WRITE(5,%)’ INPUT DATA FOLLOWING THE FORMAT:SETTING,NGATES'
WRITE(S.*)' THE FOLLOWING IS THE KEY ASSUMED'’

WRITE(5,*) "’ 1- GATES FULLY OPENED'
WRITE(S,*)’ 2- SETTING @ 0.4M’
WRITE(S5,*) "’ 3- SETTING @ 1.0M'
WRITE(S5,*) ' 4- SETTING @ 2.0M’
WRITE(S,*) ' 5- SETTING @ 3.0M'
WRITE(S,*) ' 6- SETTING @ 4.0M’
WRITE(5,*) "’ 7- GATES CLOSED'
GATES=0 4

DO 480 NN=1,NPSETS
480 NPGATE(NN)=0
DO 4B5 KK=1,NPSETS+1
IF(GATES.EQ.PGATES)GO TO 2000
READ(S5,#*)SET,NPGATE( SET)
485 GATES=GATES+NPGATE( SET)

G == = = o o
2000 WRITE(S,*)' GIVE THE SAME INFORMATION FOR THE EMERGENCY SPILLWAY'
WEITE(5,*) ' 1- GATES FULLY OPENED'
WRITE(S,*)'’ Z2- EETTING @ 0.8M'
WRITE(S5,#) 3- SETTING @ 1.6M’
WRITE(S5,*) ' 4- SETTING @ 2.4M’
WRITE(5,*) ' 5- SETTING @ 3.2M’
WRITE(S,#*) * 6- SETTING @ 4.0M'
WRITE(5,*) ' 7- SETTING @ 4.B8M’
WRITE(S,*) "’ 8- SETTING @ 5.6M'
WRITE(S5,*) "’ S- GATES CLOSED'’
GATES=0

DO 430 NN=1,NESETS
490 NEGATE(NN)=0
DO 495 KK=1,NESETS+1
IF(GATES.EQ.EGATES)GO TO 2100
READ(S, ) SET, NEGATE(SET)
495 GATES=GATES+NEGATE( SET)
C‘ ________________________________________
C COMPUTE A STAGE-TOTAL DISCHARGE CURVE FOR THE CONDITIONS GIVEN
2100 CONTINUE
D WRITE(2,#)' STAGE-TOTAL DISCHARGE CURVE'
DO 600 L=1,NPPAIR
TOTALQ(L)=0.0
H(L)=HP(L)
IF(HP(L).GT.ECREST)GO TO 800
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Do 800 K=1, NFQ"“” .
IF{NF AT_\P . 0G0 TG s00
TOTALQ(L TD"&L&(L)+ NPGATE(K)*PQ(L,K)
500 CONTINUE

D WRITE:2,~1H: ), TOTALQ(L)
600 CONTINUE
BOO LP=_
DO 209 JE=2,NEFAIE
*ornLﬂ(L>-L.,
H(L)=HE(JE:

DO 700 KE=:,
IF(NEGATE ¥ .0)G0 TO 700
TOTALD (L) =TOTALD(L)+ NEGATE(KE)#*EQ(JE,KE)

700 CONTINUE

DO 780 KP=1,NPSETS
IF(NPSATE(KPY (EQ.0)YGO TO 750
CALL APFRON(H(L) ,HP,PO(1,KP),LP,NPPAIR,QOUT)
D WRITE(Z,*)YH(L),Q0UT, 'PLUS' ,TOTALQ(L), =
TOTALDQ /L) =NPGATE(KP)*Q0OUT + TOTALQ(L)
750 CON"‘”'D
D WRITE(2,*) + ,TOTALQ(L)
L=L+1
900 CONTINUE
LMA=L-1
D WPITE(2,*) [MAX IS :’',LMAX

C DEVELOP A STORAGE-INDICATION CURVE, STO0Q VS. QOUT
. STORAGE-INDICATION CURVE’

Do lOﬂO K=1,LMAX
CALZ INTERP(H(K),ELEV,STORE,KK,S1)
IF(UNITS.EQ. "E")GO TC 3C00
IF(TUNITZ.EQ. "D )CTIM==86400.0
Ir(”ULIT:.EQ.’H‘)CTIME=3600.0
GO To 2120

3000 IF(TUNITEZ ED. "D 2 CTIME=0.504
IF{TUNITS.EQ. "H' 1CTIME=12.10

3100 STOQ(H) =2, 431/RTIMECTIME + TOTALQ(K)

D W“I”E (2, %) H{K) ,TCTALQ(K) ,51,STOQ(K)
1000 CONTINUE

RETURN

END
CHx & & x & * A& *x *x * 4 Ak *x * A *x *x x x &
C THIS SUBROUTINE USES THE LAGRANGE'S FORMULA FOR INTERPOLATING
Cc A POLYNOMIAL, SUCH AS THE STAGE-TOTAL DISCHARGE CURVE.
c THE FORMULA USES THE ORGINAL VALUES OF THE FUNCTION. FOUR
c KNOWN PCINTS ARE USED TO APPROXIMATE VY, TWO FOINTS ON THE
c LEFT SIDE OF X AND TWO POINTS TO THE RIGHT OF X. AT THE END
c POINTS, FCUR DATA TO THE KNOWN SIDE ARE USED.
C A * & « & & *& x = & & A Kk K Kk & k x k k Kk

SUBRDUTIND AFPROKIN,MY,YY,1,IMAN,Y)

PRptg S0 2 S WAEISY

DIM&DSLJ;:M 20),YY{20)

¥=0.0
IF(I.CE.IMAY)GO TO 1200

FOXL LT, XX(I)) 60 TC 1o


http:C'TIME=12.10

1n2

M=1
GO TO 1100
1000 M=-1
I=I-1
1100 CONTINUE

DO 100 KK=1,IMmAax
IF(Y.GI.0.0)G0 TO 2000
IFCX(I).GT.X) LOR. (XX I+1),LT.X))GO TO 1500
LL=I-1
IF(I.EQ.1)LL=1T
IF(ILEQ. IMAN - 1)LL=1-2
1200 IF(I.GE. IMAN LI, = IMAN -3

DO 200 N=LL,LL+2
TERM=YY(N)

DO 300 NM=LL,LL+3
IF{N.EQ.NM)CD TO 300
TERM=TERM#* ( (X -K¥(NM) )/ (3X(N) -XX(NM) ) )
300 CONTINUE
200 Y=Y+TERM

1500 I=1I+M

100 CONTINUE

7000 RETURN
END
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THIS SUBROUTINE COMPUTES THE MAGNITUDE AND RELATIVE ERRORS
GIVEN A KNOWN OUTFLOW HYDROGRAFH, IT ALSO COMPUTES THE
COEFFICIENT OF DETERMINATION,COEFFICIENT OF EFFICIENCY
\ND THE SUM OF THE DEPARTURES SQUARED.

- o o - - - e - - - - L > * " - b - - -
SUBROUTINE ERROR(FLOW,UNITS,TUNITS)
INTEGER J
DIMENSION FLOW(100)
FEAL TOTALQ,RECQ,ABSERR,RELERF,SUM,BASEQ,FLOW,XSQ,

YSQ,RSQ,SUME.SUH?.UARX,UAHY,XYSUM,CDE.DIFSQ
READ(1,*)BASEQ,DBQDT
WRITE(2,70)

FORMAT('1',T16, 'RUNOFF HYDROGRAPH FROM THE BASIN')
WEITE(2,71)
FORMAT('0‘ ,T12, ‘TIME' ,T23,'COMPUTED Q',T39,'TOTAL Q',
T53,'RECORDED Q',Te8, 'ABS ERROR',TB2, 'REL ERROR')
IF(UNITS.EQ.'M’)GO TO 2500
IF(TUNITS.EQ. 'H')G0O TO 2100

WRITE(2,80)

FORMAT(' *',T11,'(DAYS)')
GO TO 2300

WRITE(2,B1)

FORMAT(‘ ' ,T11,’'(HOURS)')

WRITE(2,82)
FORMAT(’*'.TZE,'(CFS)'.T39.'!CFS".TSE,’(CFSI'.T?O.'(CFS}'.
T8 5 (% A

GO TO 3100

IF(TUNITS.EQ.'H')GO TO 2700
WRITE(2,80)
GO To 3000

e
=
n

DXTOoOOo I o
LR =

o O
Lo e ]

O tnmtn
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=1

oo

"w n =

DO 200 II=1,100
READ(1,*)RECQ
IF(RECQ.LT.0.0)GO TO 1100
TOTALQ=FLOW(II)+BASEQ+DBQDT*FLOAT(I1I-1)
TOTALQ: COMPUTED SURFACE RUNOFF PLUS BASE FLOW

RECRO=RECQ - BASEQ + FLOAT(II-1)*DBQDT
RECRP: RECORDED SURFACE RUNOFF ASSUMING "4{E ABOVE BASE FLOW

ABSERR=TOTALQ-RECQ
RELERR=ABSERR/RECQ*100
SUM=SUM+AES ( RELERR)
SUMM=SUMX+ FLOW(II)
XSQ=XS0+(FLOW(II)*FLOW(II))
SUMY=SUMY+RECRO

YSS= YSQ + ( RECRO % RECRO)
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1100
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NYSUM=XYSUM+ I FLOW( I 1V *RETED)

DIFSQ=DIFGY « «FLOW(II1-BECROIA(FLOW(IT) ~RECRO)
WRITE(:,YI)II,FLOW(II),TOTALQ,RECQ,ABSERR,RELERR
FORMAT(TJZ,I3,T22,F9.1,T37,F9.l,TS?,FQ.l,T67,F8.l,T82,F7,2)

CONTINUE

J=11-1

VARX = ( (FLOAT. 51 #3000 - ( GUMNASUM

VARY=( (FLOAT! 1V &¥YS0) - (SUMY+*SUMY) )

RSQ={ (FLOAT! TV ANYSUMY - (SUMCASUMY ) ) » 42 / VARX/VARY
COE=(VARY-DIFZ)) /vARY

AVERR=3UM/FLOAT (T,

FORMAT (' ORUNOFF VOLUMES IN UNITS OF RATE * TIME: COMPUTED=" ,F9.0

50X, "RECORDED=",F2,0)
WRITE(Z, 751 AVERR RS0
CORMAT( ' 0THE AVERAGE RELATIVE ERROR,AVERR=",F7.2, %',/
" THE COEFFICIENT CF DETERMINATION,E SQUARED=" ,F&, 3}
WRITE(Z,85)DIFS)D,COE
FORMAT (" OTHE SUM OF THE DEPARTURES SQUARED=' ,F9.0,/
" THE COEFFICIENT OF EFFICIENCY,COE=',F5.3)
RETURN

END
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INPUT - OUTPUT



SEQEXE .DAT

Line: NEXE

Line: ROUTINE

SUBBAS

col 1-2
col 3

col 4-5

Subroutine

RUNOFF
ROUTE
SUM
RESVOR
ERROR

106

- the number of instructions that will be performed
during the run. Example: for a simple test run
of RUNOFF, SUM, ROUTE, RESVOR, NEXE equals 4.

- integer code for the name of the subroutine that
is to be executed. See table below.

- the subbasin number associated with the
routine. Ffach routine and subbasin number must
be typed on one Tinc and in tne exact order of
performance that is desired,
integer code for the subroutine
comma or blank

subbasin integer numher

Inteqer Code

11
22
33
44
55

If ERROR is part of the instrictions, then the following addi-

tional data must
command.

Line: BASEQ -

NBODT -

be included in SEQEXE.DAT immediately after the

the value of the baseflow at the beginning of the

storm.
the incremental change in the baseflow per unit of

time.
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Line: RECH - value of the recorded streamflow. After the last
recorded streamflow value, a negative flow must be
inputted to act as a default mechanism. A value
equal to -1.0 is sufficient.

NOTE - the haseflow component of the flood hydrograph is an inputted
value. For a known hydrograph, the straight 1ine method of
baseflow separation (Chow 1964; Lindsey et al 1975) is used.
BASED represents the flow at the point of rise on the
hydrograph and DBQODT is the slope of the line drawn from BASEQ
to an arbitrary point on the lower portion of the recession
segment. DBODT can be a positive or negative value,
representing an increase or decrease in the baseflow,

respectively.

SBX.DAT
1. Watershed characteristics.
Line: DA - drainage area of the subbasin (kmz/miz)
TC - time of conceatration (days/hrs)
DELTIM - time increment for the runoff hydrograph.
Must be consistent with the precipitation

data.
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NPAIRS - number of points that define the time-area
curve,
CQIN - routing coefficient used to shape the runoff

hydrograph.

2. Time-area curve.
Line:  One pair of data per line.

PERTC(1) percentage of TC, range 0.0 - 1.7,

1

ACAREA(I) - corresponding cumulative area whose
travel time is equal or less than
PERTC(I) * TC, range 0.0 - DA

3. Storm hyetographs - dimensionless or actual.

[}

Line: PRECIP - total amount of precipitation during the
storm. If an actual event is given, then

PRECIP = 1.0.

BGRAIN - time at which the storm event begins in
the subbasin,
EDRAIN - time at which the storm ends.
Line: T - time of the precipitation (day/hr)
HYEDIM(J) - hyetograph ordinate corresponding to T

(mm/in)
(One pair of data per line).
4. Soil moisture index - runoff coefficient.
Line: FIELDC - maximum depth of water held in a column
of soil after free drainage, analogous to

field capacity (mm/in).
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WILTPT - minimum depth of water held in a column
of soil when soil water tension equals
the suction force of plants (mm/in).

ET - average evapotranspiration loss during
the time interval

SMIT - Tnitial soil moisture index,

ROPMAX - maximum runoff coefficient that applies
when SMIT > FIELDC

ROPMIN - minimum runoff coefficient that applies
when SMIT < WILTPT

NPOINT - number of points that define the soil
mositure-runoff coefficient curve.

I0PT - number of curves to he used to define the
runoff characteristics based on rainfall
intensity, maximum value of 5.

Line: RI(J) - rainfall intensity associated with SMI-
ROP curves. If only one curve will be
used, this 1ine is omitted.

Line:  SMI(I) - s0i1 moisture index

ROP(I,J) percent runoff corresponding to SMI(J)
and curve J.
DAM. DAT

Line:  NPAIRS number of points that define the stage-

storage relationship

BASED as previously defined

NBQDT as previously defined
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1. Stage-storage relationship

Line:  ELEV(I)

STORE(1)

2. Stage-discharge
Line: NPSETS

PGATES

PCREST

NPPAIR

Line: HP
PO(J)

-

elevation (m/ft)
storage volume corresponding to ELEV(I)

(m3/ac-ft)

the number of curves that define the
performance of the principal spillway.
Corresponds to the number of gate
settings.

the number of gates for the principal
spillway

the minimum crest elevation of the
principal spillway

the number of elevation points and
corresponding discharges that define the
principal spillway rating.

elevation

discharges corresponding to elevation

HP. (J ranges from 1 to NPSETS)

(One set of data per line)

Line:  NESETS

EGATES

the number of curves that define the per
formance of the ewergency spillway.
Corresponds to the number of gate
settings.

the number of gates for the emergency

spillway



Line:

ECREST

NEPAIR

HE
E0(1)

111

the minimum crest elevation of the
emergency spillway

the number of elevation points and
corresponding discharges that define the
emergency spillway rating.

elevation

discharges corresponding to elevation

HE. (I ranges from 1 to NESETS)

(One set of data per 1line)
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The following pages are samples of the input and output for the September

1965 flood used in the calibration process.

L 3
: CRLINDER S
ik Sl
(100 CRUNOFE S
TR e ] l—,‘l I
Yy i S )
2e01  (ROUTED ®

y I
L1003 (RUNOFEY
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THE COMBINED HYDROGRAPH AT THE OUTLET OF SURBASIN # 1

TIME 1 2 3 4 - & 7
DISCHARGE 256 85.0 173.6 140.46 256.4 489.5 &85.7
TIME 8 9 10 11 12 13 14
D ISCHARGE S85.4 44%,9 3464.4 295.2 23%9.1 193,7 1546.9
TIhE 15 14 17 18 1? 20 21
DISCHARGE 1271 102.9 83.4 675 54,7 44,3 35,9
TIAE 22 a3 24 o) 26 27 28
OISCHARGE 29,1 23.5 19.1 15.4 12, 10,1 gy
I'IME 09 30 31 32 33 34 i)
OISCHARGE b6 S.4 4.4 3¢5 0.0 0.0 0.0
TIME 34 37 Riz] 19 40 41 42
UTSCHARGE 0.0 0.0 0.0 0:0 0,0 0.0 0.0
TInE 473 44 45 46 A7 48 47
WISCHARGE 0,0 0.0 0.0 0.0 0.0 0.0 6.0
I'IHE S0 S1
OISCHARGE 0.0 0.0

THE COHDINED HYDROGRAFH AT THE OUTLET OF SUBHASIN & 2
TTHE 1 2 3 4 ] & ’
NISCHARGE 53.1 176.3 357.9 291.5 3145 1014, 0 1421
TIHE 8 ? 10 11 12 13 14
NISCHARGE 1151.5 932.7 755.5 611.%9 495.7 401.5 ataiin
TIME 15 14 17 18 1? 20 21
DISCHARGE 263.4 213.4 172.8 140.0 113.4 21.8 74,4
TIHE a2 23 24 29 25 27 8
DNISCHARGE 60.3 48.8 3%2.5 32.0 5.9 2150 17,0
TIHE 2% 30 31 32 33 31 5
DISCHARGE 13.8 11,2 .0 7.3 Q.0 n.n Gon
TIME 36 37 I8 3e 40 1 12
[ISCHARGE 0.0 0.0 0,0 0.0 0.0 0.0 0.0
TINE 43 44 45 46 47 48 49
[ISCHARGE 0.0 0.0 0.0 0.0 0,0 0.0 0.0
TIrE 50 51
[ ISCHARGE 0.0 0.0

THE ROUTED HYDROGRAFH AT THE END OF REACH & 1
TIME 1 2 3 4 5 5 i
DISCHARGE =0.8 39.3 143.,5 313.46 272,46 471.7 807,
TIHE 8 ? 10 11 12 17 14
DIGCHARGE 1309,4 1189,5 °91.,4 B09.4 A57.0 Ciegriy) My
TIHE 15 14 17 18 19 an ol
D ISCHARGE J345.4 283.0 20900 185, 7 150, 4 121LR op. T
TIME 22 23 29 5 24 27 e
DISCHARGE 79,9 - G249 125 3.4 e i) 220 &
TIME 29 70 21 32 33 34 35
D ISCHARGE 18.3 11,8 12,0 AT g.0 1 (1
TINE S 37 i3 32 L[4) 11 15
NISCHARGE 0,1 N0 0.0 a0 aL 0 (L File !
TIME 13 14 ns Né \2 R 19
[ SCHARGE 0.0 0,0 0.0 0,0 0,0 o0 ol
TInkE =0 = |
NTECHARGE 0.0 0.0




TINE
NTESCHARGE

TIHE
DISCHARGE

TImE
L TSCHARGE

(ImE
DISCHARGE

TIME
NISCHARGE

TIME
NIGSCHARGE

TIrE
[ISCHARGE

TIME
DISCHARCE

TIHE
[ GCHARGE

TIrE
DISCHARGE

TIHE
DTSCHARGE

TIME
HTSCHARGE

TINE
DISCHARGE

TINE
DISCHARGE

TINE
U ISCHARCE

TIAE
[ [SCHARGE

|BYRIA
HISCHARGE

TIME
DISCHARGE

TINE
DISCHARGE
I IME
D ISCHARGE
TInE
DISCHARGE
{ IME
LIsCIHAFGE
11l
D1SCHARGE

TinE
D [SCHARGE
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THE COMBINED HYDROGRAFH NT THE QUTLET OF SUBBARTH # 3

36
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0.0
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000
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THE COMBINED HYDROGRAFH AT THE OUTLET OF SUERASIN & 4
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TInE
NISCHAIGE

TInE
U ISCHARGE
TIHE
DISCHARGE

TIrik
D ISCHARGE

TIME
DISCHARGE

TINE
DISCHARGE
TIrE
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ring
DISCHARGE

TIME
DISCHARGE

TIME
DISCHARGE

TIME
DISCHARGE

TIME |
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TNk
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3

SE.4

10
1703.4

17
532.8

24
131.1

31

32.5

38
1.5
as

0.0

i0
2059.7
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39.6
38
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REACH # 1
4 s
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11 12
1525,9 1244.,2
18 L?
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25 T4
107.2 e7.e
32 a3
26,6 21,8
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0.1 0.0
46 47
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THE QUTLET OF SURRASTY & 5

4 5
274,33 419,9
11 12
1821.5 14609.5
18 19
14,1 403,0
25 26
12944 104.0
32 33
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FUMOFF HYDROGRAFH FROM THE TaSTH

TIrE COMFITET O 10Tl 0 FECOENETE 0

TATS) H3.75) RGN (143,50
1 0.4 19730, 4 14000

2 L0737 14-°03. 71 14820.0
3 11601 1140 1700, G

3 SO0 170721 NIN O
- Ane . 1m0 o A IRY

f310.% B N DRS00
- 10700 pAnsLn 2A%0.0
8 1305.7 2TOH0.7 540,90
« 19886 31783 ¢ 2800.0

0 2210.4 TELD LG 1130.0
1 jo8s. 7 R AT TIOM0. O
2 1713.4 3113, 2900 ,0
3 1474, 0 2374, 2ARTC.L0
4 1217%7.1 513, 29550.0

1% FREL0 2394, 24990.0
14 817.1 n217. 2200.0
17 L7048 2070, 2030.,0
18 G950, 1 1950, 1850.0
1@ AH1 .4 1351, 1450.0

JD s O DL

20 370.5 1770670 146000
21 304.1 17041 1510.0
an 249.7 1449 ,7 14560.0

PUIOEF UNLLAES T UNTITS OF FATE v TIMEY COMMTEDR= 12081,
RECOEDED= 17310,

VHE a9l inbE FOLATTIVE ERROR - AVERR:= 3,324%
P L0 rICTFNT OF DETERMTHATINN-f+ SONRIN=0,208

VHE. SHEE OF THE DEFARTHRES SOUARET= 1249454,
THE COEFTICTEUD O FIFTCIENMCY 00OE=0,991

AME ERRNF

P
A0

~11.7

-7,
-0,
LT
-0
ST,
140.
=Ra.
60
DT
2173,
04,
A3.
-4
12.
40 .
LG,
207 -
170,
124,

169.,°

i
A

"4

i

T34

Do D))=

D S e Dy

]
~

1]

FEL FRROR

LLL



HYLRO . INT

FUNOFF HYDROGRAFH FROM SURNASIN # 1 RUNOFF HYDROGRAFH FROM SULRASIN ¢ 2
TIME COMFUTED Q TOTAL Q TIME COMFUTED Q TOTAL A
(DAYS) (M3/5) (M3/9) (DAYS) (M43/5) (1M2/9)
i 25.4 275.4 i 27.5 277.5
2 85.0 335.,0 2 ®1.3 341.3
3 173.¢ 423,4 3 186.3 434,3
4 140.6 250.,4 4 150.9 400,9
5 254, 4 504, 4 5 275, 1 S25.1
b 489.5 719.5 6 S25.3 775.3
7 685,7 935.7 7 735,09 85,9
8 S55.4 805,49 8 94,1 8461
9 449,9 699.9 o 482, 8 732.8
10 364,49 - 614.4 10 391.1 64141
11 295,20 545,72 11 314.8 566.8
12 239.1 48%,1 12 56,4 504 .6
13 193.7 443,7 13 207,8 57.8
14 156.9 4G6.9 13 168.3 18.3
15 127.1 377,1 15 136.4 38644
16 ‘ 102.9 352,9 16 110.5 3460.5
17 83.4 333.4 17 89.5 339.5
8 67.5 317.5 18 ) 22,5
19 S4.7 04,7 19 58.7 308.7
20 44,3 294.,3 20 47.5 267.5
21 5.9 85,9 21 6.5 88,5
22 29,1 279,1 22 31,2 281,2
23 23.5 73,5 23 25,3 775.3
24 1.1 269,13 24 20,5 270.5
o8 15.4 265, 4 25 16.4, Dhé. b
6 2.5 262.5 26 13.4 43,4
27 10.1 260.1 27 10,9 740.9
28 8.2 58,2 28 8.8 258.8
2 6.6 54,6 29 71 o7,
20 S.4 255.4 ) 20 . 5.8 55,8
31 4.4 254.4 3 4.7 254,7

32 3.5 283.5 32 3.8 263.8

8Ll



RUNOFF HYDFROGRAFH FROM SUERLASIN # 3 FUHOFF HYDIROGRAFH FFOM SURBASIN # 4

TIME COMFUTED @ TOTAL Q TIME COMFUTEDN N TOTAL A
(DAYS) (M3/S) (M3/9) (DAYSS (M3/5) (M3/5)
1 b5 256.,5 1 A7 54,7
2 20,9 270.9 2 18.9 268,9
3 26.7 276.7 3 15,7 265.7
4 28.3 2783 4 52,5 202.5
= 33.¢ 83,0 ] 66,4 316.4
<3 3.7 343,7 & 3:—;:.".6 575, &
i 176.3 42403 7 270.3 €00,3
8 1445.4 CI%4.4 8 24,3 474.,3
? 123.8 373.8 9 370.2 620.2
10 175.7 425.7 10 307.2 557,20
11 e 7 519.7 11 255.0 £05.0
12 223.8 473.8 12 211.7 461.7
13 194.2 a04.2 14 145.8 395.8
S 128.0 378.0 15 121.0 171.0
16 106.2 356.2 18 100.5 0.5
17 88,2 338,2 17 a3, 4 3734
18 73.2 323.2 18 £6.2 319,22
1° 60,7 310,7 1o o' 2074
20 50.4 200.4 a0 47,7 Q7.7
2 41.8 ae1.8 a1 10, 289.6
20 34,7 284.,7 22 3z.8 282,
23 28.8 o2ve.8 o3 ~7.2 077,73
24 23.9 273.9 24 a2, 2706
25 1e.9 266.9 85 18.8 048.8
26 16.5 2665 26 15.6 245, 6
27 13,7 43,7 27 12,9 D240,9
-8 11.4 261.4 28 10.7 260,7
29 G4 59,4 29 0 nER LY
20 7.8 257.8 5 > a he 4
31 6.5 T PR 33 6.1 T
33 4.5 254.5 33 4.0 T )
34 3.7 253.7 " 34 3.5 253,5
35 3.1 2531

3 2, 252.6

bl|



RUNOFF HYDROGFRAFH FROM SURBASIN E 5 FLINDFF HYDRNORAFH FROM SUGKASTIN £ 6

TIME COMFUTED N TOTAL Q ' TIME COMFUTEDN O TOTAL Q
(MAYSGH (M3/5) (MZ/5) (Nt €Y Mi sy (M3I/5)
1 18.@ 243.9 1 1.7 24617
o 27.0 277.0 o 6.3 276.3
3 33.4 283, 4 3 n7.4 5977.4
4 125.6 375.6 4 2.8 78,8
5 121.0 371.0 5 38,3 08,3
& RN 18%2.2 ¢ 03,9 37,9
7 193, 348.5 = an 4 219, 4
8 1464.8 1414,8 g 57.8 307.8
@ 429, 0 L79.0 @ &5. 9 115,
10 356.1 606.1 10 150.9 400.9
11 2956 SA5.6 11 125,02 375,72
12 2453 495.3 12 103.9 53,9
13 207,64 153, 6 13 2V 4 324,73
14 16%.0 419.,0 14 1.6 I21.6
15 140.3 390,3 = 5%, 4 20%.4
16 116.4 346644 14 16.3 799,73
17 Pbh.b 344,64 17 40.9 90,9
18 80,2 330.2 18 31.0 204.0
1¢ &L & 15,6 19 o8, n78.7
20 S5.3 705.3 20 534 n71.
sl 45,9 225.9 21 19.4 n49.4
22 28.1 298,1 20 161 2466, 1
23 31.6 281.6 23 13.4 43,4
29 D42 Q74,2 04 11,1 4101
o5 ”1.8a 271.8 e, G, nne, D
26 18,1 24841 56 7.7 57,7
i 15.0 265.0 27’ 6.4 D54, 4
o8 12.4 247.4 o8 5.3 55,3
o6 10,3 240.3 59 4.4 Sea .4
30 8.4 258, 6 20 3.4 25T 4
31 7.1 ISR | 31 .0 253,0
32 5.2 265.9 : 32 0,5 g,
34 4.1 254.1 34 i.7 251.,7
35 1.4 281.4

0cl
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Appendix B

Calibration Runs
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