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ABSTRACT
 

Development and Hydrologic Routinq of the Probable Maximum
 

Flood for the Proposed Manantali Dam in the
 

Seneqal River 5asin
 

by
 

Gary F. Zych, Master of Science
 

Utah State Iniversity, 1993 

Major Professor: Dr. J. Paul Riley
 
Department: Civil and Environmental Enqineerinq 

The obiective of this Droiect was to develop and route the 

probable maximum flood for the anantali Dam in the Seneqal River 

Basin, West Africa. The study was divided into two main areas of 

research: 
 1) the formulation an calibration of a hydrologic
 

rainfall-runoff-routing model, and 2) 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 routinqs
 

were conducted for various initial soil moisture and
conditi)ns 


assumed lake Results the were to
levels. of routinqs analyzed 


determine the capacity of the reservoir to safely pass and attenuate 

large floods. The runs were also reviewed as to their relationship to 

the operation of the dam during flood conditions. 

(130 paqes)
 



CHAPTER I
 

INTRODUCTION
 

Background
 

The Senegal River is the second largest river in West Africa. 

The headwaters originate in the rainfed Fouta jiallon Mountains and 

the river empties into the Atlantic Ocean near Saint-Louis, Senegal 

(Figure I). As the river carves its way from the ,nountains to the 

sea, it traces a 10io kIm long path and drains approximately 290,000 sq 

km (Senegal-Consl t 1070). The drainage area is located in four 

countries: Guinea, 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 (J. S. Bureau of Reclamation 1979). Many studies have been 

made over the y2ars identifying feasible and beneficial projects. In 

1q72, the Senegal River Development Program came under the direction 

of an international planning organization calle,1 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 a-'e 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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Figure 1. Location map (from Groupement Manantali 1977). r 



3
 

and naviqacion. The Fliama Dam is a low diversion dair, and ocean salt.

water barrier near the mouth of the Seneqai River. The Manantali Dam, 

located some 1200 km uostreain from the ocean on the Bafinq River, is 

desiqnpd as a multi-purpose structure,
 

With respect to glow contribution, the Bafing River is the main 

tributary to the Seneqal River. Its watershed covers 39,000 sq km (18 

percent of the total drainaqe area) yet it delivers more than one-half 

of the annual streamflow (Gannett leminq Cordrdirv andI Carpenter 

1980). The river is situated in a reqion called the Upper ,asin and 

can he characterized by steep slopes, rapids, and falls. The topo

graphic conditions of the Bafinq River villey, ,pst-ean of the 

Manantali Dam site, lends itself to the creation of a large storaqe 

reservoir. The reservoir will receive inflow from ?7,Rfl sq km. 

Four main studies have been completed on the feasibility and 

design of the Manantali Dam. These are: 

'. Feasibility Survey for the Requlation of the Senegal River--

Design of a System of Water Manaqement Planning in the Uoper Senegal 

River Catchment. (Seneqal-Consult 1970.) 

2. Programms Inteqre de Developpement du Bassin du Senegal. 

(Norbert Beyrard 1974.) 

3. A study by experts from the Republic of China. 1q75 (oral
 

report).
 

4. Etude d'Execution du Barrage et de l'Usine Hydroelectrique de
 

Manantali. (Groupement Manantali 1977.)
 

One design criteria that was not addressed in detail in the above
 

reports is the development and hydrologic routing of the probable
 

maximum flood (PMF) on the Bafing River.
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Objective
 

The main objective of this study was to develop and route the
 

inflow hydrograoh of the probable maximum flood (OMF) to 
the Manantali
 

Reservoir, 
 The PMIF 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 f such agencies as the Co BureauS. of 

Reclamation and World 'leteorological Orgaization ('NMO). 

It was also desired to determine the effect of various initial 

water surface elevations of the reservoir the floodon 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 major source of data for the
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project. The review also included research on the hydrologic methods 

for modeling and estimating the PMP. These references included
 

textbooks, manuals, professional papers and individual contacts.
 

2. DATA COLLECTION - The hydrologic/hydraulic data extracted 

from the available !project reports provided a fair data base.
 

Additional data concerning rainfall records were obtained through the 

cooperation of the OMVS staff. 

3. DEVELOPIENT 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). Development of a 

hydrologic model was required in otder to transfon this runoff into 

the PMF inflow and outflow hydrographs at the ,anantali Dam. Applica

tion of the rainfall-runoff process to predict excess precipitation, 

channel routing to account for basin storage and lag time, and 

reservoir rouing to attentuate the inflow flood hydrograph were 

utilized in the model. Calibration and verification of the hydrologic 

model was necessary before it could be applied to the project area.
 

4. DEVFLOPMENT OF THE PMP - The probable maximum flood is the 

result of the probable maximum precipitation (PMP)o 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 mND RESULTS - Once the model parameters 

were calibrated for the BaFing River basin, the probable maximum flood 

hydrograph was 
computed and routed through the Manantali Reservoir. A
 

number of routings were conducted for various assumed initial 
water
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levels in the reservoir to determine the capacity of the dam to reduce 

large flood peaks. The peak discharge and maximum reservoir level 

elevation for each routinq 
are presented,
 

,5 SUMMARY AND CONCLUSIONS - A summary of this study and an 

evaluation of the results are giver. The evaluation focuses on the 

spillway capacity and attentuation of the flood peaks provided by the 

Manantali Reservoir. Suqqestions for other applications of the model 

are also presented. 
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CHAPTER II
 

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 hydrologic analyses to aqricultural practices to 

socio-economic studies. Of main interesL to th is author were the 

reports on the analyses for the Manantali Dam and the summaries of 

precipitation and streamflow data. Unfortunately, not all of the 

cited reports and references pertaining to this subiect were on file 

or available. In addition to some missing reoorts, one other limiting 

factor during the review was that most of the available material was 

written in French. Despite these factors, 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 beneficial to the success of this study:
 

1. Feasibility Survey for the Regulation 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 Seneqal-Consult Report, was prepared by a group 

formed by four engineering consulting companies. It consists of two 

parts. The first part is a preliminary study for the regulation of 

the Senegal River and the second is an investigation of a control 



system for the flows from the upper reaches of the Senegal River. 

Their work involved the siting and assessment of potential locations 

for control r,.ructures. After detai led hydraul ic and economic 

analyses, Seneqal-Consult recommended the reservoir site at Manantali 

as havina the most poten',i al for requl at inq the river Flow, This 

recommendation wan accetoted and1 implement e into Ut.e initial stage of 

the developrnert project. Results of tLhe anal yses are presented in 

nine volumes. The volumes mosL often referred to during the course of 

the study were:
 

Volume 2 Topography 

Volume 3A Hydrology - Text and Annexes 

Volume 3B Hydrology Appendices
 

2. Etude d'Execution du Rarrage et de 1'Usine Hydroelectrique de 

Manantali. (Groupement Yanantt.aIi 19 )7 Groupenent Manantal i is a 

consortium of three organizations. Their study was divided into three 

phases: 1) design of the Manantal i Oam and a preliminary summary 

report; ?) Dreparation of a detailed !)reliminary plan; and 3) 

selection of a contractor and supervisio, of the work. Phases I and 2 

are presented in a multi-volume report, of which Mission A.1.?. -

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 provided 

detailed annessment and evaluations of the relevant studies on the 
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Seneqal 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 hydroloqic study. 

4. The Gannett Fleming Corddry and Carpenter report (1980) 

contains background information necessary for an understanding of the 

water resources of the Senegal River Basin. ft includes general 

descriptions of the basin, 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 proiect - HEC-l, the Streamflow Synthesis and 

Reservoir Requlation Model (SSARR), and the Stanford Watershed Model 

(SWM).
 

HEC-1 Flood Hydroqraoh Package (!J.S. Army Corps of Engineers 

1973) was originally developed in 1967 by Leo R. Beard and other 

members of the Hydrologic Enqineering Center staff. It can perform 

most ordinary flood hydroqraph computations. The model is applicable 

only to a single -torm event since there is no provision for precipi

tation loss 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 hydroqraphs through a 

reservoir. However, the model requires that a complete discharqe
 

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 Enqineers 1975) was developed initially to meet 

the needs of the North Pacific Division of the IJ. S. Corps of
 

Engineers. The needs were to provide mathematical hydrologic
 

simulation for systems analyses as required for the planninq, desiqn, 

and ooeration of water control works. The model performs similar 

functions as HEC-I does but is not limited to a single event.
 

Developments in the model have provided the versatility for
 

operational river forecastinq and river management activities. It was
 

designed for larqe 
 basins and has been apolied to variolis river
 

basins, such as the Mekong River in Southeast Asia (U. S. Army Corps 

of Enqineers 1971).
 

Crawford and Linsley (i966) designed the Stanford Watershed Model 

(SWM) to synthesize a continuous hydroqraph at the outlet of a 

watershed. Each process in the hydrologic cycle is defined in a model 

that gives a detailed accountinq of the balancing of precipitation.
 

The model utilizes 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 (IJ. 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 (U. 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 routing 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 oresents a review of those methodologies that
 

the author examined throughout the duration of the study.
 

The rainfall-runoff relationships were reviewed from the text

books of Chow (1964), Linsley et al. (1975), and Viessman et ai. 

(1977). Also examined were the runoff methods incorporated into the 

computer models HEC-1, SSARR, and SWM. The relationships between 

rainfall and runoff can be grossly categorized as those which deal 

with runoff volumes, peak discharge estimates, and time distribution 

of runoff. 
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Time distribution involves the use of unit 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 instantaneous inflow through the reser

voirs. fooqe (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 

budget as incorporated in the Stanford Watershed Model. This approach 

is the basic conceot in hydroloqy. Correlations between rainfall and 

runoff using the antecedent Drecipitation index have been developed 

(Kohler and Linsley 1951). Empirical relationships (not reviewed by 

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

Flood routing, as defined by Fread (1981), is 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 hydrologic 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 Enqineers (1960);
 

Carter and Godfrey (1960); Gill (1978); and Cunqe (1969). In the
 

SSARR model the Corps of Engineers applied a successive incremental
 

type storage routing known as multiple storaqe. The channel is
 

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 he 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 Averaqe-Lag Method (Tatum
 

1941) and the Progressive Average-Laq Method (U. 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 applied to channels, have heen 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 Dan Break
 

model (Fread 1982) has the capability to use either dynamic 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 textbooks (Chow 1964, Linsley et
 

al. 1975, Viessman et al. 1977). The proqressive average-laq method,
 

mentioned above, has also been applied to reservoir routing.
 

Probable Maximum Precipitation
 

Probable maximum orecipitation (PMP) is defined as the greatest
 

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 Estimation of 

Probable Maximum Precipitation" (World Meteorological Organization 

1973), -ssentially, the approach consists of moisture maximization 

and transposition of observed storms, Ihese methods have been used 

for specific project areas and for generalized mapping, (See the 

Hydrometeorol ogical tenorts 39-53,No. National Oceanic and 

Atmospheric Administration (lq63-1982)). Generally, these methods are 

applicable in the middle latitudes for basin sizes of up to about 

50,000 km2 and are considered to be inappropriate 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): 

Xt XXn + KSn
 

where
 

Xt = rainfall for return period t,
 

Xn mean of a series of n annual waxima,
 

Sn = standard deviation of a series of n annual maxima, and 

K statistical variable. 

The value of K has been computed to be 15. Application of this method
 

is demonstrated in the WMO manual.
 

,Jennings (I950) enveloped the maximum point rainfall values
 

observed throughout the world. Fletcher (Iq0) subsequently developed
 

an equation to envelope maximum precipitation in the United States
 

using the duration of the storm event and areal 
extent.
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Procedures using the above three methods 
are presented by 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 concept of the probable 

maximum precipitation for design floods is presented by Benson 

(1973). He states that the ,nethod is subject to serious criticism on 

both technical and ethical grounds. Technical because 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 III
 

AVAILABLE 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.
 

Of these maps, only a few are included in the Senegal-Consult 

Report - Volume 2, Topographical Data. The maps available for this 

project covered 74 percent of the areadrainage above the Manantali 

Dam 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 stations (main climatological stations of the
 

region).
 

* 18 climatological stations (auxiliary climatological stations) 

* 52 rainfall stations 

For the stations located in the country of Mali, daily and 

monthly precipitation values were obtained for the years of record up 

to 1965 (ORSTOM 1966). The only source of precipitation records was 

the Mali data, of which, only eight stations were pertient to the
 

study. Those stations used in the analyses were:
 

Name 
 Years of Data
 

Bafing Makana 3
 

Bafoul abe 
 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 (global) in the 

WMO network through 1980 on two magnetic tapes. These tapes were 

obtained from George H. Hargreaves, Research Director for the 

International Irrigation Center at Utah 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 Senega1-.Consult and the Groupement %lanantali 

reports. 

Evaporatinn data have been recorded in the Senegal River Basin 

for at least 20 years at several spots, Rates of evaporation from 

free water surfaces have been recorded by the use of Piche evapori

meters, the Colorado-type evaporation and estimpan, ated by the Penman 

equation (Senegal-Consult, Volume 3A 1970). These data for selected 

stations on an annual and monthly 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 equations 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 Ddkka -

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, Galougo, 

Dibfa, 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 (RSTOvi (Rochette 1965) lists daily flows on the 

Senegal River from 1c)03-6;5 at '3akel, klatam, ind Dagana (see Figure 

I). 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 hy Senegal-Consult. Linear 

regression equations of streamflow 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 larger 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, provided 

valuable knotledge for understanding the hydrologic characteristics of 

the Bafina F(iver basin.
 

Dam and Reservoir Characteristics 

The most recent daM design and relevant reservoir data were taken 

from the Groupement Manantali report (IqT). In Mission A.2.2., 

Modeles physique et mathematique, complet e descriptions of the 

spillway system and rating curves are reported. The spillway consists 

of 9 gated openings, 9 x 6.5 meters, for emergency releases and 7 

gates, 3.9 4. meters, for regular operation of the reservoir. In 

the appendix to Mission A.2.2, the andemergency 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 

input for the reservoir routing subroutine in the hydrologic model.
 

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

understanding of the complete Manantali Dam project. 
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Table I. Manantal i Dam summary table_ (from OMVS 1979). 

MANANTALl DAM
 
ANALYTIC DATA SHEET
 

I- DAM SITE release for lie rniith il flood recession farming.
Au s- Sep itier If a ptending expansion of irn-

Tile Mananiali nite i on 2 5(X) P3 sec. artificial gated -ig,-icuhure through
the Bafing river. ,meof tieIna- flod to nmiaiiaini optimal out the ,cnegal river 
jor tributaries tf tie Seitecal ri- condItions tor ir:iiii il X:Ile v. 
ver and is hcaled 10 killSouth-
East from I Hatilahe. i the Re- III - TECHNICAL CHARACTERITICS 
public of Nlali 

Dam . it is iidam ot li Aciiibliled VII: (flow ifCgilaion arid 

II - PROJFCT ihvdro-clectric lpox. pioditici''i oiliposcd oi a colicicet. sirt ture inits ruiddile part tirolitse ill hydiraulic siruciures. and ofhOUt iiiccs 

OBJECTIVES (lri laterail rick-ii led dikes 
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hk tile()M \ S ha e stIo rithat lerigtlt if tiW rnekiledl dikes 992.0 n 
illorder io Zchie ye I e fu ida llell
tal objectives of intcirated de- i i iitli eelih s fiuIdaijits 65 )
velopntent f Ih- Senceal river nititl Ater sitoraiu. level 208.0 meters IGN 
basin resources. a reiuilied 3(I .--.alcr lesel corrcspoldihi to tile 1 000 
m3/scc. river flow 1101i1d he, - ear flood 2105 a 
cured frot tic t1i[ ---- ciest elesaiiii 212.5 

The Manatali datit. a's it has storage ,il ntie I1 billion mn3 
been desiltncd, is the wiik Ihitbest meets this titc .1hst floid spillway :eight (8)1) nieter wide bays equipp-d with radial 
constructiin will satisfv (Ile gates 
following tintiiple liuruises penslocks 7) 3.8 in x 4 8 bays equipped with radial gates.(7ev) 

- irrlk:tiiti if 255 (AXl) -- headworks five 14 ni x 15.4 m extended by fiveconduits of 
of land i tilesalley a 4.8 In diamteter. 

- year nasiahilit Power plantI plant be constructed at footrritind ft lie power will tile 
the S~ttegal riser hieiss e of th oticrete dii butt resses

Saint-Louis and Kayes. by
 
securing a I(X)ni3 'sec.
 
flow tih c ould e recover- a l'urbine
 
ed itt the riser it0uth area 
for the irrigatlii ot - design capacity 40 MW 
additional 1 ha , - trlaXlilut discharge m3 si2i)X)) 113 

- i firm 8IX) (jWl year ioiial head1 40 to 53 m 
electric po er gneraton -- rotation v-locity 150 r.p.m.; 50 HZ 

- the development at a later .... of 3.80 mdianeter runner 

date of iwo dilirLM lli1
 
hydro-eleciric piLducbtit
 
sites that Wiould double lo (etirr 

the capacity of ie Marian- - unit capacity 46 MVAtaly planta- a t f li eritatoi velocity 150 r.p.m. 50 HZ-abatment of tile crest ill 20 -pairs -- 6 poles 
order to reduce sulfici'ent
ly tileI (XX)vear and I() normal voltage 13 800 volts 

year flood it)respectivelv atntal power production 
the present I1W1year and 
10 year floid crests. and S firn : 800 GWh 

thus enisure protectlOl of 0 marginal 150 to 200 GWh. 
tiletopulatiill ccrlres and 
oif tile crops cultivate-d in c) 1rtasforter.; 
tilesalley. and to reduce 
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nients - length 6.5 meters 

- the supply during a tran- width 4,5
 
sition period of a 2W m3 w
 
sec. regulated flow aridthe - height 6.0
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CHAPTER IV
 

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 Dan, the dos i n criteria should he trinqent enough 

to ensure a sound, safe project. It is for thes, reasons that the 

hydraulic structures of such projects must he designed to operate 

under extreme conditions. A standard practice is to design the 

spillway system to pass the probahle maximum flood (PIF) without 

extensive damage to the structure. The P!F results from the probable 

maximum precipitation (PMP) that could occur thein drainage 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 deign 
flood for the Manantali Dam was
 

based on statistical analyses of runoff data in the Senegal River 

basin. Tle results of the analyses predict the design-peak discharge 

associated with a recurrence interval of 10,000 years. Tlough the PMP 

or PMF are not usually assigned a probability level, it is widely 

accepted engineering practice to estimate the probable valuesmaximum 

using a return period of 10,000 
years. Therefore, the previous
 



23
 

methods and results from the other studies are considered accept

able. However, to serve as a check on the current desiqn of the 

Manantali spillway and to follow standard practices (IJ. S. Bureau of 

Reclamation and World Meteorological Organization), the probable 

maximum flood (design flood) was developed based on the concept of the 

PMP (World leteoroloqical Orgjanization 1973). 

To est. irIat.e a flood neak from the PMP, one must develop a 

relationship between rainfall nd its consequential runoff for that 

particular basin under consideration. When this relationship is 

expressed as mathematical formul as, a model is formed. For the Rafinq 

River basin, within which the Manantali Flam is located, no such model 

existed or was beinq applied. Therefore, it was considered 

appropriate to establish the use of a hydrologic model for the Bafing 

River basin. There are numerous existinq hydrolooic iodels that could 

be used to develop the PMF, smicn as HEC-I (U.S. Army Corps of Enqi

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 proqram 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 larqe, natural water

sheds, such as the Bafing River watershed. The primary intent of the
 

model was to determine the PMF for the Bafinq River basin and to route 

this flood throuqh the Manantali Reservoir using the current design
 

characteristics of the reservoir (Groupement Manantali 197q). The
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model can also be used to simulate outfiow hydrographs for 'lesser 

floods and to help establish 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. Due 
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 thatcurve relates the runoff 

coefficient to the soil 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, in general, occur only 

during the first few hours of a storm and have little effect on the 

runoff hydrograph from a storm system which may last several days or 

whose rainfall val,,es are significantly higher than their upper 

limits. 
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The concept of the model is 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 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 hasin 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 regulated by the spillway system.
 

The computer program called MAIN was written as 
a modular pro

gram. All 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 SEOEXE.DAT (sequence of execution). The
 

three main subroutines of the program are RUNOFF, ROUTE, and RESVOR 

with five supplemental routines called SUM, OTCURV, INTERP, APPROX, 

and ERROR. Each 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 is established. All of the three main 

subroutines, SUM, and ERROR 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 nutlet of the subbasin. The methods used 
are a
 

combination 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 histoqram 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 irto account the basin
 

storage and to define the shape of the hydrograoh, an artificial
 

linear reservoir is imposed at the outlet of the subbasin. A
 

straiqht-forward routing in the form of
 

QOUT(1) = CQIN * QIN(I) + (I-CQIN) * OOUT(I-1) ........ (1)
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is then applied where QIN(1) and OOUT(I) represent the inflow and 

outflow streamflow respectively and CQIN is a routinq constant. The 

array OOUT(1) now contains the runoff hydrograph from the hasin. 

The parameter CQIN is a routinq 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 obtained from 

known flood hydrographs, if available, using a graphical procedure.
 

The procedure, fully illustrated in the HEC-1 User's Manual (U. S. 

Army Corps of Engineers 1973) is to determine the flowrate (Q) and 

slope (dQ/dt) of the hydroqraph at the inflection point of the
 

recession limb. 
 These two values then define the attentuation
 

constant, R, havinq the dimension of time.
 

R = - 9/(dQ/dt) ....................................... (2)
 

2at 

CQIN 2R + t ........................................ (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. One of the input tables, called a time-area curve (Linsley et 

al. 1975) defines the shape of the tine-volume histoqran previously 

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 is then constructed of time of travel versus cumulative 

drainage area. Magnitudes of the time-volume histogram are calculated 

by multiplyinq the ordinates of the time-area curve by 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 table defines an average relationship
 

between the soil moisture index and the percentage of rainfal I that
 

contributes to direct surface runoff. The user has the option of
 

defining 1-5 curves to represent the relationship. If 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. 

Knowinq 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 is 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 ................................ (4)
 

INFILT = TRAINT - EXRAIN ................................ (5)
 

SMITt+I = SMITt + INFILT - ET ........................... (6)
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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 = soil 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 strerm 

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 downstream to either the upper end of the reservoir 

or to a point where it will be combined with a runoff hydrograph From 

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, Ohio, 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, K, is a storage time constant having units consistent
 

with the time interval and the second, x, is a weighting factor
 

applied to the inflow ordinates. Equation 7 shows the form of
 

relationship according to McCarthy.
 

S = K[xI + (1-x) 0] .................................... (7)
 

in which
 

S = storage at time t
 

I = inflow
 

0 = outflow
 

Substituting this equation into the basic hydrologic principle of
 

continuity, the Muskingum form is written as:
 

Ot = Colt + Cllt.I + C20tI .............. ... . .. . ...(8)
 

The coefficients are defined as:
 

.- Kx + 0.5 At
 
0 K - KX + 0.5 At .....................
 

Kx + 0.5 At 
C K - Kx + 0.5 At ............. (10) 
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K-Kx - 0.5 At
 
2 
 RK-x + 0.5 At 

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 Equation 12.
 

1t-I + It - Ot I + 2/At*St I = 2/At*St + 0t ... (12) 

Characteristics of the reservoir are provided through a data file
 

named DAM.OAT. 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 user provides an initial set of gate openings For the 

spillway system and from this information an elevation versus total 

discharge curve, H-TOTALQ, is computed internally. Also computed is a
 

curve known as the storage-indication curve, TOTALQ-STOQ, (Linsley et 

al. 1975). It defines a relationship hetween the total discharge and 

the term expressed as the right side of Equation 12. Once these 

curves are developed, the actual routinq procedure can begin, given 

the initial water surface elevation of the lake, 

For consecutive time intervals, the left side of Equation 12 is 

calculated since all of the variables are known. With this value, the 

TOTALQ-STO) curve is entered to obtain the corresponding discharge 

from the dam, TOTALO. The elevation of the water level in the 

reservoir, WSEL, is interpreted based on the H-TOTALQ curve that was 

computed earlier. The volume of stored water is obtained by entering 

the stage-storaqe 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 water 

surface elevations, the routing procedure is interrupted and the user 

is given an opportunity to reset the spillway gates. If 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 gate openings is desired, the program returns to that portion 

of the model where the gate 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 reservoir 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. All hydrographs are referenced to the time of the 

first occurrence of rainfall anywhere within basin.the For example, 

suppose that the hydrographs from subbasins 1 and 2 in Figure 2 are to 
be added, however, the storm in subbasin I started on day I and the 

storm in subbasin 2 did not beqin until two days later, The 

hydrograph from suhbasi n I is stored as FLOW(1) throug1h FLOW(51). 

Likewise, the hydrograph from subbasin ? is stored as OOUT(H) through 

OOUT(51). Rut QOUT(1) andQOLJT(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, the runoff hydrographs from 

subbasins are printed to an output file, and QOUT is used only as a 

temporary 
array, When SUM is called, the resulting summation is 

stored as FLOW. 

FLOW(1) = FLOW(I) + QOUT(I) ............. ....... . .. (13)
 

FLOW is passed to the subroutines ROUTE, RESVOR and ERROR and, there

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 rainfall anywhere in the basin.
 

ERROR
 

This subroutine was designed as an aid in calibrating the 

model. Its purpose is to compare the computed runoff hydroqraph to a 

known flood hydrograoh. The subrouitine computes 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 (RECQ).
 

ABSERR = SIMQ - RECQ ....... .......................... (14)
 

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

the recorded streamflow.
 

RELERR = ABSER * 100%...........................(15)
RECf
 

The coefficient of determination, RSQ, is computed as the standard
 

statistical definition of
 

RSQ = coy (SIMQ, RECQ). .....................(16)
 

Also calculated are the runoff volumes for the simulated and
 

recorded hydroqraphs, presented in units of streamflow rate x time.
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ERROR can be executed at any location within the watershed as long
 

as there is a knnwn hydroqraph at that location.
 

DTCURV, APPROX and INTEIRP 

These three subproqrams cannot be invoked by the user, but are
 

automatically called when RFSVOR is executed.
 

DTCURV is cal led to set the initial openings of the spillway
 

qates and whenever the user wishes to adjust the gates. Within the 

subroutine, the stage-total discharge curve and storage-indication 

curve (discussed in t.he section on RESVOR) are calculated. 

APPROX and INH .I-P are interpolat.ion routines used in the orogram 

to estimate values from either the inpiL tables or calculated curves. 

APPROX interpolates and extrapolates usinq Laqranqe's formula 

(Carnahan et al. 1969); and TNTERP is a linear interpolation routine. 

Model Calibration and Verification 

To apply the computer model, MAIN, to the Bafinq River basin, the
 

parameters used in the model required calibration. Since the number
 

of parameters to be calibrated is small, a manual procedure was used
 

instead of an internal optimization 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 define the shape of
to the
 

runoff hydrograph from the subbasin; and the SMI-ROP curve which
 

relates percent runoff to soil moisture conditions.
 

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

method whereby the parameter va.lues 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 used during this 

procedure to provide some statistical analysis of the match between 

the two hydroqraohs. A satisfactory match was a subjective judgement 

but based on the followinq criteria: 1) magnitude and timing of the 

peak discharge; 2) match along the rising seqment of the hydroqrah to 

the inflection point on the recedinq seqment oF the hydrngraDh, 3) the 

overall correlation between the computed and known ordiriates using the 
coefficient of determination, Rq, desired to he Iarger than 0 

percent, and 4) the relalive error and average relative error of 2?' 

percent or less.
 

In this stud, 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 1q71). This reference provided a good 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 basin. 

During the calibration it became clear that a single curve was 

not representative of the runoff during different storm events.
 

Examination 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 calihration process, the following three 

intensity ranges were established and a different. SMI-ROP curve was 

developed for each: 0-19 m/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 streamngages 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 2) based 

on a recorded hydrograph at Dibia and regression parameters determined 

by Groupement anantali (1977). Local inflow, due mainly to the
 

tributary Balin-ko, was computed by executing RUNOFF (using average 

estimates of the parameters). The reconstituted hydrograph was routed
 

down the 50 km reach of the Bafing River, local inflow was added to 

the routed hydrograph and the resulting hydrograph was then compared 

recorded atto the values the Dibia station. This procedure was 

repeated for different values of XMUSK. The ofvalue XMIJSK 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. Fqtimates of 
 CQIN were determined by the
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procedure described earlier in this Chapter. 
 Flood hydroqraphs at the
 

gaging stations of Soukoutali and Dakka - Saidou were estimated using 

the recorded hydrographs at Dibia as presented in the Senegal-Consult 

Vol .3A (1970) and the regression parameters in the Groupement 

Manantali report. 

First, the upper portion of the Rafing River basin, the drainage 

area above the Oakka-Saidou streamflow station (see Figure 2), was 

modeled, Subbasins I and 2 are similar (drainage area, channel 

length, and slope) so it was assumed that COIN for each would also be 

similar. Different values and combinations of CQIN were inputted for 

both subbasins I and 2 and for suhbasin 3 during various runs. Those 

values which resulted in hydregraphs correlating well with the
 

estimated hydrographs at Oakka-Saidou were used as the initial values 

for the second stage of modeling.
 

The second stage modeled the basin above the Manantali Dam site 

at Soukoutali. Durirng th stae parameters for subbasins 4 and 5 

were determined. In addition, the previously estimated parameters for 

the upper three subbasins were altered as required to match the 

hydrograph expected at Soukoutali. Finally, the entire watershed 

above the Dibia station was modeled to reconstitute the hydroqraphs 

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 input 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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calibration 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
 

fol Iowed. 

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 
issue 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 for 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 
acceptable, 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
 

INPUT
 

Most of the data required to execute MAIN is read from input 

files that the user must establish prior to running the program. Data 

files are read during the routinres MAIN, RUNOFF, and RESVOR. The 

first data file associated with running the program 
 is named 

SEQEXEJ)AT. 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 SRX.DAT, where "XV corresponds to the number of the 

respective subbasin. From the 
schematic of the watershed in Figure 2,
 

one would require five data files: SBI.DAT; SB2.DAT; SB3.0AT and so 

forth. The type of data required are:
 

1. Watershed characteristics.
 

2. Time-area curve. 

3. Storm hyetograph.
 

4. Soil moisture 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 supplied by the user 

through interactive commands. The is prompted
user to enter such data 

as gate settings and initial water surface elevation as well as 

responses to some instructive questions. ee 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 

FLOOO.DAT and contains results from ROUTE, SUM, and RESVOR (see 

example printout in Aopendix A). Intermediate values of the runoff 

hydrograph are printed each time the hydrograph is routed through a 

channel reach or whenever runoff from a suhhasin is added to the 
hydrograph. These intermediate values are shown in the tables 

entitled, "Routed Hydrograph at the End of Reach # " and "Combined 

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 "Outflow Hydrograph from Manantali ram"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 
water surface elevation, maximum water surface
 

elevation, and maximum discharge from the dam.
 

The runoff hydrographs 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, TOTALO. If ERROR is executed within a run, 
an output table 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 V
 

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 

southwest monsoon (Figure During the (late3). rainy season 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, semi-arida climate 

prevails. As one moves south, the becomesclimate 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. In the Foutanian
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Figure 3. Maps of the prevailing winds (from State Climatologist,
 
Utah 1982).
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region, the climate shows its tropical characteristics with a wet 

season that 6 8 and
lasts to months 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 follows thezone 

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 lengths of the wet seasons in the 

regions 
 described above. In addition to its variations in the
 

seasonal positions, the ITCZ also exhibits considerable variations in 

the diurnal positions it occupies. From figures presented in Ojo 

(1977), these fluctuations range between 36-60 km. 
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To the south of the ITCZ lies the moist. air associated with the 

southwesterly winds and the high potential for rainfall. Though the 

potential for precipitation is high, rainfall is riot guaranteed The 

reasons for this are the irfluences of the local conditions and the 

upper-air mass above the moist air that may, inhihit the development of 

rain-bearing clouds. 

During the wet season in the Bafirig Rver basin, rainfall is 

commonly generated by convective disturbances. Other disturbances 

that produce significant precipitation are associated with the 

southwesterly 
 flow, line 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 

late 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 disturhance is usually accom

panied by an extensive area of bad weather with rainfall less intense
 

but longer than the other disturbances (Ojo 1977). As indicated by 

the above descriptions, storm events are of short Recordedduration. 

daily precipitation indicates substaitial 
quantities over 2-3 consecu

tive days and then a 1-2 day period of little or no rainfall before 

the next burst.
 

Such disturbances can be widespread. Riehl (1979) describes a 

mesoscale rain system that usually covers an average area of 2000 sq 

km. Most of the precipitation of rainstorms comes from these systems, 

where a rainstorm is defined as an event whose daily area-averaged 

precipitation exceeds the seasonal daily average precipitation. 3y 
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this definition, the duration of a rainstorm is variable and ranges of 

1-9 days has been observed by Riehl. Though the disturbances are 

widespread, rainfall is still variable and sporadic. As Riehl (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 conductinq a double-mass curve analysis. Cumulative August 

rainfall totals were plotted against the cumulative values recorded at 

Bafoulabe. In qeneral, a double-mass curve will plot as a straiqht 

line if the data have a constant proportionality between them. Plots 

of the Mali data showed a more-than-desirable deviation from a 

straiqht line as seen in Fiqure 6. Analysis 
of Fiqure 6 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 thouqh, the deviations are too
not qreat
 

and no continuous trends or breaks could be identified in the data 

analyzed. It was therefore concluded that, for this study, the
 

recorded values were consistent and that no adjiustments were required.
 



50
 

lob 
14.0

12.0-

Line D -0 

10.0- Line C-o 
CD 

8.0 

6.0-

Line B -

CD 

L 
C) 

4.0-

Line A -

C) 

LC) 

Y 

2.0

0.0-
0.0 

117 

I 
2.0 

I 
4.0 

I 
6.0 

BAFOULABE 
8.0 10.0 12.0 

Figure 6. Double-mass plot of August rainfall (mm). 



51
 

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 among the gaqes, However, the curves -o indicate 

widespread areal extent of rainfall throuqhout the flood period as 

suggested by Riehl (1979). This suqgests that the assumption of 

rainfall occurrinq 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 is 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 historical 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
 

naximum 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 plotting 

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 hased 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 1 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-

Forward and objective in nature. The remaining steps of the metho

dology 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 clays, with 

an average duration of 7 days. Assuming 7 days as an appropriate 

duration for the maximum storm, analysisan was conducted of the 

maximum consecutive rainfall amounts for durations of 1 through 7 

days. Three such studies, described in the following paraqraphs, vlere 

completed using selected rainfall stations and years of record. These 

were performed to aid in determining the temporal distrihution of the 

rainfall.
 

Initially, a duration - percentage curve was completed for each 

of the 9 stations listed in Chapter 3. Only one curve was developed 

for each location using daily of the recordedthe data 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 

headwater portions. Average curves were drawn reflectto 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. Data 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 !y analyzing 

the daily data of a maximum month. When data 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 

least one station recorded a maximum daily precipitation between the 

range of 45-55 percent of the total storm, 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 precedinq 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 sone guidance for 

sequencing the rainfall based on the historical storms that they have 

studied (Hansen et al. 1982). In 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 IJ. S. Weather Bureau 1970). The time
 

distribution developed in their study is a 7-day 
duration with a 

sequence of two 3-day storms interrupted by a day of little 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.
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CHAPTER VI
 

MOFlEL 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 four recorded 

flood hydrographs reasonably well using the available input data. 

Table 2 presents the calibrated 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. One 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 model parameters and results of Thiessen rainfall
 
weightinq.
 

SOIL MOISTURE INDEX - RUNOFF COEFFICIENT CURVES (SMV-ROP)
 

SMI(mm) 

100 

120 

130 

150 

200 

250 

300 


Parameter 


CQIN 

ET (mm/day) 


SMIT (1965) 

SMIT (1964) 

SMIT (1958) 

SMIT (1957) 


Rainfall weighting

Station (- 1963) 
Station (1963 -) 

XMUSK 


KMUSK (days) 


ABBREVIATION 

GUE-GOR 


BAF-MA 

BAF-MA/SAG

KEN/GG 


ROP ("')
0-19, 20-44' 45 and abovel
 
5 
 5
 

10 
 10 
 10
 
13 	 13 
 20
 
18 
 30 
 45
 
40 
 50 
 65
 
45 	 65 
 75
 
50 	 70 
 80
 

SUBBASIN
 

1 2 3 4 5 6 
0.19 0.19 0.17 0.17 0.17 0.17 
4 4 4 7 7 7 
110 110 110 110 110 110 
130 
140 
120 

130 
140 
120 

130 
140 
120 

130 
140 
120 

130 
140 
120 

130 
140 
120 

FALEA FALEA GUE-GOR GUE-GOR KITA KEN/GG

FALEA FALEA 2 GUE-GOR BAF-MA BAT-MA/SAG KEN/GG
 

ROUTING REACH
 
1 
 2 
 3
 

0.4 0.4 0.2
 
1.3 0.7 0.8
 

STATION NAME
 
Guene-Gore
 

Bafing Makana
 
Bafing Makana/Sagabari (50/50 weighting)

Kenieba/Guene-Gore 
 (50/50 weighting)
 

'Rainfall intensities (mam/day).
21n the absence of Falea rainfall, KEN/GG was used.
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directly to the subbasins in accordance with the Thiessen maps.
 

Observed precipitation quantities were not adjusted for extentareal 


because insufficient data determine reasonable
there was to a estimate 

of the adjustment factor. Also the daily data indicates the
 

magnitudes of widespread rainfall to be very similar.
 

Copies of 
 the output tables and plotted hydrographs For the 

calibration runs are presented in Appendix R. It should be noted here 

that the i ni tial soil 11ioi sture conrdi tions (';MIT) for the four 

calibrated floods were not constant values. Te initial SMIT value 

ranged from 110 for the 1955 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 further demonstrated by com

paring the rainfall and 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 is that the soil moisture conditions were high at the 

beginning of the rainfall event.
 

PMP Results
 

The gamma distrihution was fitted to the maximum monthly 

precipitation at stations the Riverfive in Upper basin. Two of the 

five stations, Bafoulabe and Bamako Aero, 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 
1 234.4 171.9 1324 175.3
2 234.4 171.9 132.4 175.33 139.6 138.0 139.2 172.7
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 
Runoff (%) 24.8 22.6 

33.5 
32.0 22.6 

'Values listed 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,O00-year return period are given in Table 4. A
 

surprising result of the stat:istical analysis was the higher values 

predicted for the Kenieha station when compared to the values at 

Mamou. 
 This was not expected because 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 (mi) and storm dis
tribution.
 

Station 
 Station Standard Record 
lame PMP Mean 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 (Z) Curve (%)


A B 
1 3_9 - 2.8 26.6 
2 4.8 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
 

E 55.0 55.0
 

2. Only 17 years of record were available at the Mamou station 

compared to 38 at Kenieba. Review of the Kenieba 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 stn', -, that would 

produce the probable maximum flood, a 7-day dmi.ttion was Jsv'. Seven 

days was chosen after reviewing the his,::rical rainfall events 

corresponding to flood hydrographs. This dur, j,)q +1so wqas ::oosen on 

the basis of the U. S. Weather Bureau report 	 tm,,e probable 

maximum precipitation in the Mekong River basin. Based on the 

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

reservoir elevation given a constant set of model parameter values. 

Several distributions were 
derived and modeled. Iwo precipitation
 

distributions were selected in order to define two possible storm 

systems. Oistribution A represents a continuous 7-day storm pattern
 

and distribution B defines 
a system of shorttwo 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 Bafinq River basin 
to meet the oh.iectives 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

1-2 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 above sea level). The 

normal operating level 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, lists 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 masl, 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 routinqs.*
 

DISTRIBUTION A:
 
INITIAL LAKE LEVEL
 

202.00 204.000 206.00 208.00 

SMIT = 110 7837.0 8096,0 8422.0 8886.0 
INFLOW = 1'610 
-.. ..... ...... 

211.54 
.......-- . ... . 

211.85 
--

212.25 
- -

212.81
3 

SMIT = 120 8039,0 8288.0 859o 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 211.99 212.30 212.66 212,83 

" 4 
---------------------------------------- --------
SMIT = 140 8392.0 8661.0 8929.0 9061.0 
INFLOW = 13365 212.21 212,54 212.86 213.03 

-- 2 4 4 

DISTRIBUTION B: 
INITIAL LAKE LEVEL 

_ 202.00 20,d.00 206.00 208.00 

SMIT = 110 7793 8029 8349 8829
 
INFLOW = 12583 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
 

-- --- 2 3 

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 (m 3/s)
 
peak lake level (masl
 
duration of overtopping (day)
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above 212.50 would, in reality, be less. The values reported in Table
 

5 are based on the following operating rules:
 

* 	initial settinqs of the spillway gates are such that outflow 

equals the baseflow. 

e the spillway gates are not fully-opened until the reservoir level 

reaches elevation 209.00 masl. 

Tables 6 to 9 (live the tabulated results of four selected reservoir 

routings while Figures 10 to 13 illustrate these results. Both the 

tables and figures show the attenuation effect of the reservoir on the 

inflow flood hydroqraph (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 hasen on an initial SMIT value of 120. Note that 

in Figure 10 to 13 the sharp rise in the outflow hydroqraph 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.
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Table 6. Results of the PMF routirnq: Initial lake level = 208M , 

OUTFLOW HYEipOGRAPH FPOM MADNANTAL I DAM 

TIME INFL04 OUTFL0[ ELEV STORAGE 
(DAYS) (M3/S) 'M3/S) (MASL) (M3) 

1 1553.1 1621.4 208.00 0.112E-11 
2, 1784.9 1622.3 208l.01 0.112E+-1 
3 2547.0 1632.6 208.09 0 112El 
4 3738.6 1660.8 208.33 0.113E-!1 
5 6938.2 1729.5 208.94 0 iiO:E+li 
6 9568.4 1851.2 210 122F1i 
7 11687.8 7440.9 211.05 . 127E11 
8 12867.7 8073.1 211.83 0.13!E--!i 
9 

10 
11381.0 
10468.1 

8640.2 
8973.1 

251 
212.92 

0,171E1 
0.1271! 

I1 8963.1 9069.6 213.04 0 
12 7660.7 8970.0 212.92 0. 
13 6573.8 8725. 3 212. 2 0 -
14 5676.6 8381.5 21.20 
15 4937.8 7978.2 211.71 1-. 
16 4330.0 7543.8 211.18 r_, 
17 
18 

3829.9 
3418.5 

7108.4 
66819_ 

210.63 
21 0.0,7 

iE-±+1 
0_.1.E -1 

19 
20 

307 9.
28012 

6301 
_ 992 

2 
0.6 

0 
-. 

T7-
EI 

21 
22 

2571.8 
2383 .0 

560.2 
5414.9 

208.64 
1 _8. 

,', 1 
.I 

23 2227 .5 5189.6 207.90 0 ill -li 
24 2099.5 4972. 4 207. c . .,E.- I 
?2 
26 
27 

1994. 
1907 .2 
1835.7 

4757 .6 
459 3 
4472.4 

2r7.8 
2C6r- n,_ 
206.68 

n r) 

,. _,__ 

28 
29 
30 

1776.7 
1728.2 
1688.2 

4375.4 
4297.9 
4241.2 

206.50,) 
206.36 
206.25 

.!C, E !! 
r,104E4-11 
u. 14E ! 

31 
3 2 
33 
34 

1655.2 
1628 0 
1584. 1 
1552.9 

4197.5 
4161.6 
4134.5 
4110.7 

2r, 17 

C,20 10 
20.0 
206.00 

r _17T 

0 >,7P-
. 03E+1 

! 

35 1528.0 4091.4 20) 7 0.i 02Ei 
36 1504.0 4075.2 205.93 . 10EI!I 
37 1501.0 4060. 3 205.91 '.02E -I 

INITIAL HATE? SURFACE ELEVATION : 2D. 
MAXIMUM WATER SURFACE ELE7.ATIrON : I 12. 04 
MAX:JIMUM DISCHARE FROM THE DAM c095 
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Table 7. Results of the PMF routing: Initial lake level = 206.0.
 

0UTFLO HYDROGRAFH FROM MANAJNTALI DA
 

TIME INFLON OUTFLON ELEVY STORAGE 
(DAYS) (M3/S) (M3/S) (MASL) (M3 "1 

1 1553.1 1505.3 206.00 0.103E+lI 
2 1784.9 1513.4 206.03 0.i03E 11 
3 2547 0 1544.0 206.12 -
4 3738 6 1615.3 206.33 0.iC4E+1 
5 6938.2 1774 .3 207.09 0.!r,,C4I 
6 956 .4 1956 .3 2 0.22 0. 
7 11687. 8 2162 7 0 .120E+!I 

8 12867. 7 7351.4 210. 94 ,.117EEI 
9 11881.0 8063 211.77 13 lE+11 

10 10463. 1 8424 0133, 22.25 0. 
11 3963. 1 8593.7 212 46 
12 
13 

7660.7 
6573.8 

85E_ _55.6 
35 

212.41 
1 212.1n 

C)_.134EL11
0.i - I 

14 5676. 6 8070 .9 211.82>1 0.i -1i 
15 4937.8 7711.7 -ii.38 
16 4330.0 7317.3 210.89 0.i'EF-. 
17 3829q 6917.- 210.3i-il4Ei-11 
18 3413.5 6528 . 209rq.86 0.11E-I 
19 3079.9 6172.1 209.6 Cf.119Ei 
20 201 .2 5842.6 2.C3 6 71 
21 2571 8 5549 3 208.36 0.11-7E-1 
22 2383.0 5259.6 207.27 0.1 1iE-'1 
23 -27 . 7 4960.0 207.36 C.03E~-11 
24 29r)q .5 4683531 206.34 6 
25 1994.1 4456.6 20 34 0 .04n 
26 1907. 2 4247 .4 205 37 0.1f2E -! 
27 1835.7 4058.5 205. 44 0 .0IE+1 
28 
29 

1776. 7 
1728.2 

3886.1 
3750.4 

2 5.1n0 
204.62 

r,9 3:,
0 96E10 

3n 1683.2 3c631 . 2f ,.H, r, rE 
31 1 2; 203.;927 l, 
32 1628.0 3443.0 203.637 0.- _ 

33 1584. 1 339 .4 2'n 0.96E-0 
34 

35 
12,9 
152 C' 

3.34.8.. 
3233.5 

20.14 
202. 9C 

, 
_.9E ! 

36 1504.0, 3260.9q 202. 72 0. 885<,- '-

37 1501 .0 3241. 3 +. 

INITIAL MATER SURFACE ElE ATION : 106.T') 

MAX :IfUM WATER SAREFARO TEL'ATn : 9212.46 
NMA24TjjM MI "Tt4?pJ FRO. THE! 47153 
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Table 8. Results of the PMF routing: Initial lake level = 204.0.
 

0)T7FLON 

TIME INFLOW 
(DAYS) (M3/S) 

1 1553.1 
2 1784.9 
3 2547.0 
4 3738.6 

5 -6933. 2 
6 9568.4 
7 11687. 3 
8 12867.7 
9 

10 

11881.0
104638 1 

11 8963. 1 
12 7660.7 
13 6573.8 
14 5676.6 
15 4937. 3 
16 4330.0 
17 3829.9 
18 3418.5 
19 3079.9 
20 2301.2 
21 2-57 1.39 
22 23 33. 0 
23 
24 

?2? 7 , C;4908 
2099.5 
1994.1 

26 1907 .2 
27 1335.7 
28 1776.7 
29 1728.2 
3r 1683.2 
31 1655 
32 1629 0 
33 1594.1 
34 1 5 52 9 
'I 1528 0 
36 1504. 0 
37 1501. 0 

HYDPrG(PAFH 

OUTFLOW 
(M3/S) 


1314 .7 
13272 
1355.3 
1413.8 
1530-.I ,4 
1680.0 
1340.6 
1979.6 
7598.0
8067.5 
8284.9 

8288. 4 
3134.6 

7873.2 

7541. 
7175.2 

6796.5 
6 432.517 
6090.8 
5779. l 

43 1 
5204.0 

.1 
4645. 
4423.4 

4213. 
4033.7 

3867.9 

3735.5 
3619.3 
3515.7
C0.3
1 7 

3441.7 
336I.1 
79 3 

3284 .3 
325 .5 

3233.3 


FROM 
 MANANTALI DAM 

ELE TOPAGE 
(MASL) M2
 

204 .00 . C4_1

2 040n-.0,;:-1C 
204 .20 .943E+1i 
204 .51 0.96 E I1 
205. 26 

n 5 C 1 
203..21 _ 
209.94 .-l21-.
211 .24 ,-123E -1!
-1 8ii.!E!
 

212. S , E-1 
212.09q. CII 
211.90 '.131E-!
 
211.53 0 130E-+
211. 17 C. 1 9E 4-1 
0.72 0 1--4-1, 

210.22 r.1,171 1 
20C)9. 7 0-I.17,1 ~1 1 
209.24 n l!1E -l! 

q 7 1 l1 7+ 1 
2038.26 .13K 

i7 77 0.110E Il 
.7 

-1.;7 9.LC'C,-i 1 
20 .7 , 
205.91 0. 02Er-1 
205. 3P- qc-:E 
274.95 
204 0. 96E !0 
204.21 - _ 

...... 
203.. E 

3.43 n. 15E+lI 
203.11 1__)T-"'I 
202.38 0q 11- i 
_0 .7_n 4F_.9 


0.876E+10
 

INITIAL HATER SURFACE ELEVATION 204.00 
M.AIMUM WATER SURFACE ELEVATION 212.09 
M{IMUM T-ISCHAPGE FROM THE DAM :238.36 
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Table 9. Results of the PMF routing: Initial lake level 


TIME INFLOH OUTFLOW ELEV 
(DAYS) 'M3!S) (M3/S) (qMSL 

... _. -- 5_-_ . -- . .. 

2 179-4 .9).5
 
3 7 47 1547. 7 2r- 4
3 

4 3733.63 160 9 203 "
 
5 , _ 1711.51-1 2,03-. 74

6 9563 4 1835 .3 "5. 

7 11637.3 1A-8 7..30
 
8 12367.7 2083. 03.63 

9 11331.0 2187.2 210. -~ 


10 10468 1 7733.3 11
 
11 963.1 7... . - . 7... 

q12 7660 7 qnr "i. 7 

13 6573.3 7920.4 .'
 
14 5676 6 768. 2!1.
 
15 4937. 9 7332.0 20.9
 
16 4330. 0 7041.1 210.51,
 
17 38299 660. 6 1 7
 
18 341!8 5 209.
C339.4 

20 28 


"333)I2 5 146.3 7.

7 - 4854.2 . .
 
24 2099 5 4605. 40 6-7 


25433 .3:q;i 

2 1997.2 437. 205.4 
27 1 35.7 4006 5 205. 

2.q 17767 384 - .7 :a. 

29 1 723.2 371 704.
3 fl 1683.2 3603.0 204715
 

>17 d -. , 

1 379.3 

34 7 1 1) ~ -


S 1544. 3--7
 

27.
q -7 q 

7 , q , 1 78 '7 7,7q17%<

3254. 7
 

-- , ° _ 4-

p-T: T WATER SURFACE ATT., 202.70IE/1 

MA::MU - ,P ET, 7
7,AT - ;r- - L1.
• A"....... . .. ....... . . .... .T..E 2'8tiM -. : -•
 

202.0.
 

CTCRACE 

a . . . . . 

.

,-7 

. 

-,i-> 

-!C
 

1 7.724714.770,64 

-

-3 

:, 
- -. 

,-.- . ' 
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Figure 10. Plot of the PMF routing: Initial lake level = 208.0. 
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Figure 11. Plot of the PMF routing: Initial lake level = 206.0. 
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Figure 12. Plot of the PMF routing: Initial lake level = 204.0. 



214.0 

212.0 

13.5-- -LAKE LEVEL -210.0 

12.5 
1208.0 

206.0 

11.5- - 204.0 

10.5 -
.'9.5- "~~-P----- ]N FLOW19 

202.0 

-200.0 
. 

198.0 
"-

196.0 

CD 
c... 
< 

•-r 
) 

8194.0 

7.5-

.188.0 
F5 ~OUTFLOW 

192.0 
19 0.0 

18. 

Z0 
iz 
< 

5186.0 

- 184.0 

4.5- 182.0 

3 180.0 

. -,78.0 

2.5- 176.0 

1.5-
3 5 7 9 11 13 15 17 19 21 23 

TIME (DAYS) 
25 27 29 31 33 35 37 39 

174.0 

172.0 

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, 

located in West 
Africa, initially includes the construction of two 

dams on the river system. The Manantali dam on the Rafing 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 dam be onlyManantali will the regulating 

struct:ure on rivera 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 examineto 

operating procedures during large 
 flood events, this s-dy 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 model to the study area resulted in an
 

estimate of the probable maximum flood that would be expected to occur 

at the darn site. Various computer runs were performed assuming 

different initial state conditions. The routings were analyzed to 

determine the capacity of the reservoir to safely pass 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 t;be rainfall-runoff process in the rBafing River 

basin. Therefore, it was concluded that the computer model, "lAIN, is 

applicable to the study area to predict and route flood hydroqraphs. 

During the development of the probable 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 using duration ofso a 7-days for the PMP event 

was considered acceptable and a realistic time period. Comparison of 

this PMP 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 97 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 lake
 

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 PNIF 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 level of 208.00, and the spillway gates fully 

opened. Under thesp conditions, the maximum pool elevation reached 

was 211.93 masl.
 

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 by the PMF developed in this study becan 

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 level 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 release". 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 based 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. Use of the staff gage 

at Dakka-Saidou, 
as one example, would provide valuable information 

regarding the onset of a flood. water levelA 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 lines, 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 resourcesand available for establishing the 

necessary control centers.
 

Better calibration of the model could be achieved 
by obt.aining
 

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 I and 2, Figure 2), as well 
 as more precipitation
 

stations within the hasin would also help in achieving a better 

calibration and in understanding the hydrologic charactersitics of the
 

area. As needed, refinements in the model , such as variable 

evapotranspiration rates, could madebe 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 Africa between 100 and 200 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
 



C "MAIN"-- A HYDROLOGIC RAINFALL-RUNOFF-POUTING MODEL
 
C THIS PROGRAM WILL CALCULATE THE RUNOFF FROM A LARGE
 
C WATERSH.=D AND ROUTE THE FLOOD HYCROGRAPH THROUGH A ESF-R-

C VOIR. THE PROGRAM4 CONSISTS OF THREE MAIN SUBROUTINES.
 
C (1 ) RUNOFF
 
C (2) ROUTE
 
C (3) RESVOR
 
C 	 OTHER SUBROUTINES THS.T SUPPLEMENT "MAIN" ARE: 
C ERROR
 
C DTCURV
 
C INTELRP
 
C SUM
 
CA* A A A 4 * , A * * * A 4 A A A A AA A 

INTEGER SUBBAS, NB!.,IE, ICALL,ROUTIN
 
REAL CK, REA-CHL, KMUSK,RECQ,ABSEPR, RELEPRR,AVERR,RSQ
 
DIMENSION QOUT(100),FLOW(100)
 
COMMON /BLOCK / SUBBAS, CK,QOUT FLOW
 
COMMON /BLOCK2/REFCHLRINCR,KMUSK,YMUSK,RTIME
 
COMMON /ALPHA/UNITS,TUN ITS
 

C OPEN FILE TO STORE T-HE RESULTS OF 'MAL:.IN' 
OPEN (UNIT=2,N E D'FLOOD.DAT' TYPE='.NE7')
 
0PE UNIT=, N_ = HYDO.DAT' ,TYPE.'NEW'
 
WRITE(5,*)' 
WHAT TYPE OF UNITS ARE BEING USED? ENGLISH OR METRIC'
 

NRITE(5,')' F ENGL7SH TYPE E. IF METRIC TYPE M.'
 
READ(5,10)UNITS
 

10 FORMAT(A1)
 
WRITE(5,) 'WHAT 
TIME UNITS ARE BEING USED? HOURS OR DAYS'
 
WRITF(5,A)' IF HOURS TYPE H. IF DAYS TYPE D.'
 
READ(5,10)TUNITS
 
DO 50 I=1,100
 

50 FLOW(I)=0.0
 
ICALL=0
 

C OPENtJ FILE CONTAINING THE SEQUENCE C INSTRUCTIONS TO BE E=CUTED ;Y
C 'MAIN' PROGRAM. USING A FILE OF THIS SORT WILL ALLOW THE USER MORE 
C 	 VERSITILTY IN OPTIMIZING AND CALIBRATING.
 

OPEN (UNIT= 1,NAME='SEQE:,-.A ,TYPE='OLD'
 

READ(!,)NE,
 
DO 100 1I=,NEE
 
READ( ! 30 )ROUTIN, SUEEAS
 

30 FORMAT !12, 1:,:, 

IF(ROUTIN.EQ. 11)CALL RUNOIFF
 
IF(ROUTIN.NE.'-)GO '' 1900
 
ICALL= ICA-tL +1
 
CALL ROUTE(ICALL)
 

1900 CONTINUE
 
IFROUTIN.E,. 33)CALL SUM
 
IF(ROUTIN.EQ.44)CALL RESVOR
 
!Ff ROUTIN. E-. 55) CALL ERROR (FLOW,, UN ITS, TUNITS)
 

100 CONTINUE
 
CLOSE(UNIT=1,DISPOSE='KEP' 
CLOSE(UNIT=2,DISPOSE='KEEP') 
CLOSE(U[IT=3,DISPOSE= ' 
WRITE(5,90 )

90 FORMAT( ' THE RESULTS OF THIS ?RC'GRAM A.RE STORED IN FILE=FLOOD.DAT. 

1 '/, ' THE RESULTS INCLUDE: ',T23, 'SUMMED HYDROGRAPHS'/,
 
2 T2, 'ESULTS POMtHA)VR. -. T!'T /
 
3 T23,'RESULTS FROM RESERVOIR ROUTING'/,

4 ' THE RUNOFF HYDROGRAPHS FOR EACH SUBBASIN ARE STORED IN
 
5 FILE=HYDRO.DAT.')
 
STOP
 
END
 

http:IF(ROUTIN.EQ


90
 

C 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.
 
CA 	 A A * , *. A * & A A A * A A A A A 

SUBROUTINE RUNOFF"
 
COMMON ' LOCKlSUBAS, CK,QOUT, FLOW
 
COMMON !BLOCK:! REACRL .RINZP,KMUSKEMUSKRTIME
 

COMMON /ALPHA!UN:TsTUNITL
 
DIMENSION QOUT< 1 0) ,FL0WC(100)
 
REAL* FNAMEINTEGER NPAIR:.,3UiBAS ,GRAIN, EDRAINI,NQINS,PT,NPOINT 

REAL 	 ACAR 1" A.2A , DA, DELTI I,DFARFA, DIFFER, DROV, ER.A IN,
1 HYED)M(50) , CK,Ny.AINT,PFJRTC(i0),PE,.PT,PPECIP, IN(100),
2 ROCOEF, TZ, TIME, TRAIN-T,CQINCQOrT',PFACHL INAREA,
3 SAREA( 20 ,QRATE, KEY,RECQ,ABSERR,RELERR,AVERR,SUMBASEQ, 
4 BFLOW,DBQD.TrTl0 ,SMI(10) ,ROP( 10,5 ) .ROPMAX.¢POPMIN,FIELDC,WILTPT,5 SMIT, DFROF,DIFSM ,UPFINFILT,RSQ, KMUS?.PEARI (5 ) 

WRITE(5, ) PERFORMING 'RUNOFF" ON SUBBASIN , SUBBAS 

C THE FOLLOWING OPENS ERISTINGTHE DATA FILES ON EACH SUBBASIN 
OPEN(UNIT, NA.ME' NhA;E.DAT' ,TYPE NEW' ,CARRIAGECONTROL='LIST')
 
WRITE (7,998)SUBBAS
 

998 	 FOR.MAT ('Sp ,12, -DAT')
 
REWIND 7
 
READ( 7,999 FNAME
 

999 	 FORMAT(A9)
 
WRITE(5,001)FNAME
 

002 	 FORM.T(' ,Aa)
 
OPEN(UNIT=4, NAME =FNAME,TYPE= 'OLD'
 
READ(4 , ,DAT',DELTIM,NPAIRSCQIN
 
RFAD(4, ?,)RF-ACHL, RINCR,KMISK,XMUSKRTIME
 
KRITE(5,*) CQIN ' ,CQIN,' DOES IT NEED TO CHANGE'
 
READ(5,15 )ANJSER?
 

15 FORM.T (A!
 
IF(ANSIYER.E . 'N' )GO TO 9999
 
WRTE5,1)' GIV.,E VALUE OF COIN'
 
RFAD( 5 ,* ) CIN
 

9999 CONTINUE
 
C THE ABOVE DATA READ IN MUST BE E:,PRESSED IN THE FOLLOWING UNITS
 
C DA -DRAINAGE A.E OF THE SUBBASIN,SQUARED KM 
C TC -TIME OF CONCEITRATION,DAYS 
C DELTIM-TIME INCREMENT FOR RUNOFF HYDROGRAPH,DAYS 
C NPAIRS-NUMBER OF POINTS THAT DEFINE THE TIME-AREA CURVE 
C CQIN 
 -ROUTING COEFFICIENT USED TO DEFINE THE INSTANTANEOUS
 
C HYETOGRAPH
 
C REACHL-REA:CH LENlGTH TO THE NEXT DOWNSTREAM SUBBASIN OUTLET 
C RINCR -INCREtENTAL LENGTH USED IN CHANNEL ROUTING. 
C KMUSK -MUSKINGUM COEFFICIENT IN UNITS OF TIME.
 
C XMUSK -MUSKINGUM X COEFFICIENT.
 
C RTIME -TIME INTERVAL FOR ROUTING.
 
C 

C NEYT READ IN THE TIM-E-AREA RELATION
 
C PERTC(I) -PERCENTAGE OF THE TC FOR THE SUBBASIN. 
TC FOR
 
C 
 SUBAREA DIVIDED BY THE SUBBASIN TC. 
C RA4GE: 0.0 - 1.0 
C ACARE- (I)-ACCUMULATED SUBAREAS WHOSE TIME OF CONCENTRATION
 
C IS En.UAL OR LESS THAN PERTC(1)ATC
 
C 	 RANGE: 0.0 - DA 

DO 100 I=!,NPAIRS
 
100 RE-D(4,*)PERTC(I),ACAREA(I)
 

C
 
C
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C READ IN STORM EVE,--. THIS MAY tEL'i KN,_, .; LAL A DIMENS u_.;> 
C HYETOGRAFH.
 
C HYEDIM(T)-HYETOGRAPH ORDINATE FRnM TIME ZEREO
 
C PRECIP-TOTAL AMOUNT OF PRECIPITAlION DURING THE STORM. IF
 
C ACTUAL EV=ENT IS GIVEN,THEN PRECIP=I.0.
 
C T -TIME IN DAYS SINCE TZEREO,WHERE TZEREO MARKS THE
 
C BEGINNING OF ANzY RAIN IN THE SAFING RIVER BASIN.
 
C BGRAIN-TIME (HICH EVENIT BEGINSAT THE 

C EDRAIN-TIME 
 AT WHCTH:' PRECIP STOPS IN THE SUBBASI: 

READ) 4, )PRECIP,BGRAIN ,EDRAIN 
KEY=0.0 
DO 125 J=1,50 
IF (KEY.EQ.1.0)G0 TO 1000
 

RF__D (4, )T,HYETM( J 
IF(T.EQ.EDRAIN)KEY=1.0
 

125 CONTINUE
 
1000 CONTINUE 

C
 
C...................................................................
 

C READ IN DATA CONCERNING THE SOIL MOISTURE-RUNOFF RELATIONSHIF. AN
 
C INITIAL ESTIMATE OF THE SOIL MOISTURE INDEX MUST BE GIVEI;.
 
C SMI(I)-SOIL MOISTURE INDE. (MM/IN)
 
C ROP(1)-PERCENT RUNOFF THAT CORRESPONDS TO 
SMI(I)
 
C FIELDC-DEPTH OF WIATER HELD IN A COLUMN OF SOIL AFTER FREE
 
C DRAINAGE. (MM/IN)
 
C WILTPT-DEPTH OF NATEIR HELD IN A COLUMN OF SOIL WHFN1 SOIL WATER
 
C TENSION E rU.PLS THE SUCTION FORCE OF THE PLAN:TS. (MM/IN)
C ET -AVERAGE DAILY EVAPOTPiUANSPIRATION RATE (MM/DAY,!N/DAY)
C SMIT -SOIL MOISTURE INDE AT TIME =T 
C ROPMAXP-THE MAXIMUM RUNOFF COEFFICIENT THAT APPLIES WHEN 
C SMIT=FIELDC 
C ROPMIN-THE MINIMUM RUNOFF COEFFICIENT THAT APPLIES ,HEN 
C SMIThFIELDC 
C NPOINT-NUMEER OF POINTS THAT DEFINE THE SOIL MOISTURE-RUNOFF CUR
 

READ(4, *) FIELDC, ,ILTPT, ET, SMIT, ROPMAX, ROPMIN, NPO INT, iOPT 
IF(IOPT.EQ.I)GO TO 149 
READ(4,A )(Rl (L),L= ,I,!0lT-1) 

149 DO 150 I=1,NPOINT
 
150 READ(4,*)SMI(I, )(ROP(I,J) ,J=l,IOPT)
 

155 WRITE(3,10)SUBBAS
 
10 FORMAT( '1',T21, 'RUNOFF HYDROGRAPH FROM SUBBASIN #' ,12,/) 

WRPITE( 3,71) 
71 FORMAT( '0' ,T12, 'TIME' ,T23,'COMPUTED Q' ,T38, 'TOTAL Q') 

D RITE( 3,72 ) 
D72 FORMAT('+ ,T53,'RECORDED Q',T6B,'ABS ERROR' ,T83,'REL ERROR')
 

IF(UNITS.EQ. 'M' )GO TO 4500
 
IF(TUNITS.E. 'H' )GO TO 4100
 
CK=26.78 
WRITE 2,30
 

80 FORMAT)' ,Tl!,'(DAYS)')
 
GO TO 4300
 

4100 	 CK=645.0
 
WRITE( 231 

81 FORMAT(' ,T!I,'(HOURS)')
 
4300 WRITE(3,92)
 
82 FORAT('-t-' ,T26,'(CFS) ',T39,'(CFS)')
 

D WRITE(3,73)

D73 FORMAT('-,',T56-,'(CFS)',T70,°(CFS)',TB7,'(%) ' )
 

GO TO 5100
 

4500 	 IF(TUEITS.EQ.'H' )GO TO 4700
 
CK=0. 012
 
WRITE( 3,80)
 
GO TO 5000
 

http:CK=26.78
http:IF(UNITS.EQ
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4700 CK=0.27B
 
WRITE (3,81)
 

5000 WRITE(3,83)
 
83 FOP.MAT('-',T25,'(M3/S)',T39,'(M3/S)')
 

D WITE( 7,4 ) 
D74 FORMAT( - T", M2/S)' ,T70, '(M3/S)' ,TE7, '(%)')
 

20 P0,MATI( ,>,T2:,F9.1,T35,F9. 1)
 
T
D21 FORMAT) .T52,F.IT7,FS. ,TB 2 ,F .2) 

5100 CONTINUE
 
C .......................................................................
 
C BEGIN TIME LOOP F0P RA!NFALL-RUNOFF. RUNOFF STEPS CARRIED CUT
 
C ONLY DU['M THE TIME OF ACTU=L- CL TTION.
 
C ESTABLISH A TIME-I DIAGRAM USING THE EXISTING TIME-AREA.
 

C RELATION. 
I 2
 
DURAT -VLT,'X
 
PFRT =DURAT' ?7
 

IF(PRT.. 1.0 FE0RT=i.0
 
J=l
 
PSAR Fl =0.0
 
INAREA3 0C)
 
SAFA ( I 0 . o
 
DO 175 K-2.50
 

IF(PEPT.GT.I O)GO TO 1500
 
SAREA(J) 0.0
 
DO 180 KK=!,20
 

IF(SAREEAJ).GT.0.0)GO TO 2000 
IF( (PEPTCCI-I .LE. FAT.AED.(PERTC(I).CE.PERT))GO TO 1600 

GO TO 170 
1600 DFAREArAP.PLA iI -ACAPF§% I-]

DIFFER:FP TC( i -FERTC (I -I!) 

AREA~?CARF.{ -i V+ (PEP'T-FIErT I --1i) /D:PER*DFAPEA. 

SNPF 7AN-P RE
PSARE iA 'E ISRFA
 
PSARF ' -. A :
 

GO TO 0 
1700 I=i !
 
180 CONTINT
 
2000 J=Jz-


DURA- 7 TP
 

C THE FOL.LOWIN I TRUTIONS ARE USED WHEN TC/DELTIM DOES NOT 
C EQUAL A!,J INTEGER. THIS WILL NORMALLY BE THE CASE BECAUSE 
C OF THE LA 'DDETAILED RAINFA-LL DATA IN TIME INCREMENTS 
C LESS THEA ! 

TCHEC:i T-LELTIM) 'TC
 
IF{( nT 0 .,1ASD.(TCH-ECK.LT.I.0))GO TO 2100
 
GO TO i"5
 

2100 SAP , z __
J=7,1,
 

175 CONTINUE 
1500 NQINS=J-1 

C NOTE: NQi 7iSUMBE OF ORDINATES IN THE TIME-AREA DIAGRAM 

C A * 0 A A A A A A A * A , A A A * *A * 
C CALCULATE T''HE IT'r,TT:>TEOUS HYDROGRAPH AT TFE SUEBASIN OUTLE!. 
C CONVERT A TRUE. OUTFLOW HYDROGRAFH US ING 
C CLARFO FROEUE 

CQOUT! 0- QIN
M=-NOIN - BGR NEUP-AIN 

C NOTE: MlM _EOUAL THE TOTAL NTUMIEP OF INSTANTEANEOUS I,-E'."OHS 
C 0LRtC Til ts-rpR;-j Z)i j-To, 
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DO 200 M=1,MM 
200 QIN(M)=0.O 

DO 220 IV=1,51 
220 QOUT(IV)O. 

C THE PREVIOUS SET OF LINES WAS INITIALIZATION OF VARIABLES 

C- ---------------------------------------------
C ---------------------------------------------
C BEGIN LOOP THALT CALCULATES THE SURFACE RUNOFF 
C 'M' IS A COUNTEF. OF THE NUMEER OF PAIN INCREMENTS FOR THE STORM. 
C MMtX IS THE TCTAi.NUMEE OF RAIN INCREMENTS 

MMA' :ErRAI N- B0HA IUi 

DO 250 M-IMVW,*',
TRAINT=PEC!PI 4 "Z IOU 

C ----------------........-.... .....--------------------------

C THIS SECTION COMPUTES T=E RUNOFF COFFICIENT FOR THE TIME: INTERVAL 
C BEGINNING AT 'Fi!-

IFr SMIT. T. FIELC-C TO 2200
 
ROCOEF= R Fkfd:
 
SM!T=FJELDC
 

KEY z 1.0
 
GO TO 2400
 

2200 	 IF(SMIT.GT.AILTPT)GO TO 2300
 
ROCCO EF 00OPM 10
 
S MIT=W{ILTPT
 
KEY =1i
 
GO TO 2400
 

2300 	 KEYz0.0 

C THE FOLLOWING 5 LINES ESTABLISH WHICH SMI-ROP CURVE TO BE USED 
JK=1 
IF(IOPT.E.)G0 TO 2350
 
DO 274 IP!=lIOPT-1
 

IF(TRAINT.CE.RI(IRI) )Jh IRI I
 
274 CONTINUE
 

CCCCCCCCCCCCCCCCCC CCZCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC:CCCCCCCCC
 

2350 I=-

DO 275 L1,20 

IF( (SMI( -1) .LE.SMIT) .AND. (SMI(Il.GE.SMIT) )GO TO 2500 
GO TO 2600
 

2500 PEPSMI=(SMIT-SMI !-I))/(SMI(I)-SMI(I-I
 
DFP.iF=POP(I,JK)-ROP(I-1,JK) 
ROCOE=ROP(I-I ,JK )+PERSMI DFOP
 

2575 KEY=1.0
 
GO TO -400
 

2600 II 
275 CO!-TINUE
 

C---------------------------------------------------------------------

2400 - A.Ti=TA i NT*ROCOEF
 
INFILT=TPAINT-E-AIN
 
WRITE) 3, )SMIT,ROCOEF
 
SMIT-=SMIT+2NFILT-ET
 
IF(E=RAIN.LT.0.0)G0 TO 250 

C 
C CALCULATE THE INSTANTANEOUS RUNOFF FROM EACH INCREMENTAL AREA 
C OF THE SUBBASIN.
 

N=1
 
DO 300 J=M,(M+NQINS-1)
 

DROV =,NRAIN*SAREC( N) 
QRATEL=DROV/DELTIM*CK
 
QIN(J) =nRATE+QIN(J)
 

2 WRITE(3, )DROV,QRATE,QIN(J)
 
'00 	 N=N+!
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C END LOOP OF RAINFALL DURATION
 

C - - - - - - - - -  -
 -


C ROUTE QIN BASED) ON CLARK S PROCEDURE TO PROVIDE FOR STORAGE
 
C EFFECTS.
 

T=BGPAIN
 
IV=BGRAIN
 
PQOUT= .o
 

RPEAD 4 BDBSE DT 

DO 350 J 
C NOTE: DIFFERET C7UNTE APE USED TO TAi E INTO ACCOUNT
C THE 7PACI VARIABILITY OF THE PRECIPITATION,IF ANY.QOUIT IV') : IN( 3 ) *,701N ) *(PQOLrr*CQOUT)
 

PQOUT= OTf V'
 
BFLOW=]A ?+(DEQLC-FL.OAT(j,
 

D REAL_,n ,->EJ

D CALL } RR(TOA{,J PECQ, ABSERR, EELEIRP, AVER, 
 RSQCOEDIFSQ )K.PITE . 0[rf(I\/) ,TOTALQ 

D k;?ITE( 211 FE C,ABSZER, ELERR
T=T+D-P:. j'T 
IV='V+I,
 

350 CONTINUE 
C
 
C EXTEND OUTFLOW HYDROGRAPH BY 25 INCREMENTS PAST THE E-.T=NT OF
 
C EVF21T DURATION
 

MM=MM-

DO 400 J=1,25
 

QOUT( I) =QOTiV-I )CQOUT
 
BFLOW=BASE(r.( DEQDTAFLOAT( MM))

TOTALQ=QOU!(IV) +BFLOW 

D READfD 4, - )EECQ
D 
 CALL EPOP (TOTALQ,MM,RECQ, ABSERR,RELERR,AVER,RSQ, COE,DIFSQ)

D IF'PECQ.LT.0.G 
TO 500 

WRITE( 3, T,T0UTI'7) ,TOTAL2 
D WRITE(72 REC, ABSE.R , RELERR 

T='2NDELTI. 
IV = I "+1 

400 MN=MN--i 
D500 WPITE , 0) R,30 ,S

D30 FORMAT( 'OTHE AVEAGE RELATIVE ERRO.RAVE-P.=' ,F7.2,'%',

D 1 ' THE COEFFICIENT OF DrEMINATION,R SQUARED,=',F5.3)


CLOSE(UNIT=4,DISPOCE= 'FKEEP' )
 
CLOSE(UNIT=7,DISPOSE= 'DELETE')
 
RETURN
 
END
 



CA * * * * * - - 5A . A A* A A 
C THIS PROGPA,-' F=FCORMZ CHANNEL FLOOD ROUTING USING THE
 
C MUSKING":.' . MLH
 
CA A A 0 A A . A A A A4 A A A 

SUBROrTINE POUt= ICALL)
 
COMMON /BLOCK1/SUBEASCKo02,FLOW
 
COMMON / ELOCK2/REACHL,R .NCR, KMUSK.XMUK, TIME
 
COMMON /ALFHAUNITSrJN±TS
 
INTEGER NROUDETIME,SUB2AS
 
REAL COM,C1MC2M,ADJK,O1,DENOM,TCHECK,DIF,02,KMUSK
 
DIMENSION 0)l100),FLOW(l00)
 
KPITE(5,*) 'PERFORMING "ROUTE" OSN REACH ',ICALL
 

D WRITE(5,,n) UBBAS,CK
 
L DO 900 1=1,25
 
D900 WRITE(5, *)FLOW(I)
 

NROUTE=REACHL/RINCR
 
D WRITE>5, *) 1NROUTE
 

ADJK=KMUSK /FLOAT(NROUTE)
 
D WRITE(5,) ' KMUSK,ADJK AND RTIM.E ARE: ',KMUSK,ADJK,RTIME
 

TCHECK=2. AADJK *yMUSK
 
IF((RTIME.LT.TCHECK).OR.(RTIME.GT.ADJK))GO TO 
1000
 
GO TO 1100
 

1000 KRITE(5,10)RTIME,TUNITS,TCFECKADJK
 
10 FORMAT(' ROUTING TIME=' ,F4.2,AI,' SHOULD BE WITHIN',
 

1 F4.2,'< RTIME )',F4.2)
 

1100 CONTINUE
 

C .........................................................................
 
C CALCULATE THE COEFFICIENTS USED IN THE MUSKINGUM METHOD
 

DENOM=ADJK* (1. -"XMUSK) +(RTIMEAO.5)
 
COM=(-ADJKAXMUSK +(RTIMEAO.5) )/DENOM
 
CIM=(ADJKAXMUSK + (RTIEA0.5))/DENOM
 
C2M=(ADJKA(1--'MUSK) - (RTIMEA0.5))/DENOM 

D WRITE(5,*)COM,CIM,C2M 
DIF=COM+CIM+C2M-I. 0 
IF(ABS(DIF).LE.0.01)GO TO 1200 
WRlTEf 5,20 )COM,C1M,C2M 

20 FORMAT(' THE MUSKINGUM COEFFICIENTS DO NOT SUM TO 1.0. 
1 TFEY ARE:'/T41,'COM=',F5.3/T41,'CM',F5.3141,'C2M=',F5.3) 

WRITE)5, )' TYPE THE ADJUSTED VALUE OF "COM" THAT IS REQUIRED.'
 
READ( 5,* )COM
 
WRITE(5,0)(' THE NEWl VALUE OF COM=',COM)
 

1200 CONTINUE
 
C .....................................................................
 

C INITIALIZE VARIABLES AND BEGIN ACTUAL ROUTING PROCEDURE.
 
ICOUNT=1
 
02(1) =FLON( 1) *COM
 
01=02(I)
 
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+I
 
1500 CONTINUE
 

HRITE (2,40)ICALL
 
40 FORMAT('O',T2!,'THE ROUTED HYDROGRAPH AT THE END OF REACH #',
 

1 12./1)
 
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=I
 

500 CONTINUE
 
RETURN
 
END
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C THIS SUBROUTINE SUMS TWO HYFROGRAPHS. 
THE COMBINED HYDROGRApH IBC STORED IN THE ARRAY VARIABLE 'FLON'"
 
SUBROUTINE SUm 
INTEGER SUBBA 
,TIME
 
COMMON /ELOCK/ A CmT
 
COMMON 'ALURA'U3iTS.T'UNITS

UIMENSI()UQ',T )O ,L[-]0 

HPIc(;,- FTTFIRG "SUM" ON SUBBASIN ',SUBBAS 

D NP.ITE( -,w'JI 

40 FORMAT( ',D F, 'THE COMBINED HYDROGRAPH AT THE OUTLET OF SUBBASIN 

1 #t' ;t'/ 


DO 100 I,!00
 
1.00 FLON( IV) =FLOWN IV)+fOUT(IV) 

Jjl

JJ=6
 
DO 130,1=1,
 
WPITE(2,50) (TIME,TIME=J,J+JJ)


50 FORM_\T 
 T10,'TIME ,T21,7(5X.I2,4X))

WRI!TE( 2,,60 ) (FLOol(IV) . IV=J,J' J) 

60 FORM-.T( T10, 'DISCHARE',T21,7(Fg.1,2X),/)

J=j+-)
 
IF'UJ.EQ.50>) JJ=l
 

130 CONTINUE
 
RETURN 
END
 

http:IF'UJ.EQ.50
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C * A A A * * * * * A * * * * * 

C THIS SUERCUI[;E PERFORMS HYDROLOGIC RESERVOIR ROUTING. 
C THE MN HODOL3-Y COMBINES THE MUSKINGUM AND MODIFIED 
C PULS =H.... 

SUER CUT!. . ..'" -;.
 

INTEGER . '.72, (E--S,, NEGATE, TIME, NPSETS, NESETS, PGATES, EGATES 
REAL T L 1-T. 'L
REAL iNt ,ESE,KMUOK0212,,2 

COMMON'J E- ',NFATEC 15) ,GATES ,NF21AT,, 15* ,TIME,
 

1 NPSETS IN __ .. . ,FAT .... ST. .'ET ,NPPAI. ,NEPAI..... 

COMMON'R~i KT.(2) ,TKF -(2FLON,
 

,
1 HP(20 , 2', :-420,20) ElTf20, 2 ,L0) -,
 
2 02(10), H , ,"r1Tr f (20 , (),.TIM
, COT;Q •
 

COMMONN . L i'r1/- W.U' IN,-,0
r'' 


COMMCN: 'L'E2 BC TI~tE
EKZ.,L 0rFS},:2U2:, 

CCO M.U. ' H UN ITTN I T
 

WRITE5,' .PO.'OING"PEEVO' POUTING" 

C READ IN C:--RACT= ISTIrCS 0F TE PESFRVOIR 
C (1) STAGE 72. __RG 

C (2 STAG'E V'. D!S,-LkPGF 
..E...E 'DA . E.AT' ,TYPE= 'OLD' 

C READ IN STAG2E-STOPAl'E RELATIONSHIPS 
RED (4, M TAR SEQ, DPOQDT 
DO 100 I 1 . P IRS 

100 READ(4, ),ELKV I ,TOPE; !) 

C READ IN THE STAGE-DISCHAR;GE DATA FOR BOTH THE PRINCIPAL AND
 
C EMERGENCY SPILLY. DATA IS READ IN THE FOLLOWING FORM:
 
C ELEV, FLOWS CORRESPONDING TO THE DIFFERENT GATE STrINGS
 
C FOP THAT ELE'ATIONI.
 
C ALSO RED !N SOME GEN.IEFAL INFORMATION ON THE SFILLWAY SYSTE.M
 
C SUCH AS THE NUM1F , OF CATES AND CRE T ELTEATICNS.
 

NPSE7S, PCREST,NPPAIR
 
DO 200 j='!Fp P
 
READ (4 1 FGATES 

_ 

200 READ(,*HF(-' ,N) ,:PSETS) 
C 1- GATES 'FULLY '.FPENED 
C 2- .ETSING 0.4M 
C 3- SETTING 0 1.0M 
C 4- "
.'0N. 
C 5- SE.0MNG ' .0
 
C 8- SE-T'.rG ,9,4.0M
 

C 7- GA'TE CLOSED 

C RF-A-D STAGE-DI,".4kPGE DATA FOR EMERGENCY SPILLNAY 
READ (4, *)NESETS,EGATES , ECREST , NEPAIR 
00 300 J=i,NEPAIR 

300 RFA-D(4.*)HE(J) ,(EQJ,N),N=1,NESETS)
 
C 1- GATE S FULLY OPENED 
C SETTING @ 0.8M 
C 3- SET=ING @ 1.6M 
C 4- SETTING @ 2.4M 
C 5- SqTTNG @ 3.2M
 
c 6- SEqTING (a4.0M
 
C 7- S ETING 0 4.2M
 
C 8- S-TTING 5.6M
 
C 9- GATES CLOSED
 

IFC PGATES. T. EGATE-S MTGATE=PGATES
 
IFP( 'KN t,. LE. E (,ATJcS) MIGATE = c&ATES
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L) 
 WRITE(5, )' NPSETS=,NPSETS,'PGATES='.PGATES
D I-rRITE(5,*)' NESETS=' ,NESETS,'EGATES=' ,EGATES 
CLOSE(UNIT=4 ,DISPOSE='KEEP')
 

C* * A * * A% * A*% A *% * A *% A A *% * A A% * A% * A% p. A A . A 

C INITIALIZE VARIABLES AND BEGIN ACTUAL ROUTING PROCEDURE.
 
ICOUNT-1
 
DO 325 J=1,51


325 
 FLOW(J)=FLOW(J)+BASEQ+DBQDT*FLOAT(J-1)
 

C COMPUTE THE NECESSARY DATA CURVES USING THE SUBROUTINE DTCUPV
 
CALL 	 DTCURV (RTIME) 

CA 	AA A% A A% A * A A% A A% A 	 A A A A A *% A A A A% A% A% A A * A A A A% 

C0
 
C COMPLETE THE RESERVOIR ROUTING USING THE MODIFIED PULS METHOD
1000 	WRITE(5,*)' GIVE THE INITIAL WATER SURFACE ELEVATION.'
 

READ(5,*)WSEL 
INWSEL=WSEL
 
CWSEL=INT(WSEL)
 
WRITE(2,10)


10 FORMAT('1',///,T21,'OUTFLOW HYDROGRAPH FROM MANAJTALI DAM',
2 ///' ',Tl2,'TIME',T20,'INFLOW',T32,'OUTFLOW',
 
3 T45,'ELEV',T56,'STORAGE',/)
 
IF(TUNITS.EQ.'H')GO TO 5100
 
WRITE(2,20)


20 FORMATV +I,T11,'(DAYS)')
 
GO TO 5300
 

5100 WRITE(2,21)
 
21 FORMAT( +',Tl1,'(HOURS)')
 

5300 	IF(UNITS.EQ.'M')GO TO 5500
 
WRITE(2,50)


50 	 FORMAT(+'r,T21,'(CFS)',T33,'(CFS)'.,T43,'(FT.MSL)',T56,'(AC-FT)'/)
 

GO TO 1050
 

5500 	WRITE(2,60)

60 	 FORMAT(c+',T2O,',M3/S)',T32,,(M3/S)o,T44 ,(MASL).,T58,.(M
 3 )o/)
 

C 	 ..........................
 
1050 	 JJ=2
 

CALL INTERP(WSEL,ELEV,STORE,JJ,S)
 
JJ=2
 
CALL 	APPROX(WSEL,H,TOTALQ,JJ,LMAX,QOUT)
 
JJ=2 
JQ=2
 
JS=2
 
TIME= 1 
QMAX=QOUT
 
EL.MAX INWSEL 

WRITE(2,90)TIME,FLOW(1),QOUT,WSEL,S
 
DO 720 I=2,51


700 STOIND=FLOW(I-i)+FLOW(I) -QOUT+2./RTIME*S/CTIME

CALL INTERP(STOIND,STOQ,TOTALQ,JJ,QOLTT)
 
CALL APPROX(QOUT,TOTALQ,H,JQ,LMAX,WSEL)
 
CALL INTERP(WSEL,ELEV,STORE,JS,S)
 
IF (QOUT.GT.QMAX)QMAX=QOUT

IF (WSEL.GT. ELMAX) ELMAX=WSEL
 
IF((WSEL.LT.ELMAX) .AND. (FLOW(I-1).LE.(BASEQ+1.)))GO TO 750
 
TIME=TIE+I
 

WRITE(.2,90)TIMEFLOW(I),QOUT,WSEL,S

90 	 FCRMR/)T (T13 ZZ., T ', F'9.1,a	 T29 F . T41 F ).._ T 2 EI'Z.3) 
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C - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . -- - . . . . . . . ... . . .
 

C OPTION TO ADJUST GATES DURING A RUN
 

IF(WSEL.GE.CWSEL .AND. RSEL.LT.(CWSEL+1.))GO TO 720
 
IF(WSEL.LT.CWSEL)GO TO 1100
 
ENCODE(8,998.LEVEL)
 

998 	 FORMAT(8HABOVE
 
CWSEL=CWSEL+1.
 
GO TO 1200
 

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

1200 WRITE(5,95)LEVEL,CWSEL,WSEL,QOUT 
95 FORMAT(' THE LAKE LEVEL IS NOW ',A5,' ELEVATION' ,F9.2, 

1 1' WATER SURFACE ELEVATION IS ',F9.2,' THE DISCHA.RGE IS ',F9.1, 
2 1' 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,I2,T45,I2)
 
WRITE(5,*)' TYPE YIN'
 
READ(5,15)ANSWER.


15 FORMAT(A1)
 
CWSEL=INT(WSEL)
 
IF(ANSWER.EQ. 'Y')CALL DTCURV(RTIME)
 

C ------------------------ -------- . . . . . . . . . . . . . . . . . . . . . . . . . . . 

720 CONTINUE
 
750 WRITE(2,82)INWSELELMAX,QMAX
 
82 FORMAT{'O', T12,'INITIAL WATER SURFACE ELEVATION :',F7.2,/
 

I T12,'MAXIMUM WATER SURFACE ELEVATION :',F7.2,/
 
2 T12,'MAXIMUM DISCHARGE FROM THE DAM :',F8.2)
 
WRITE(5,*)' DO YOU WISH TO MAKE ANOTHER RESERVOIR ROUTING ?'
 
WRITE(5,*)' TYPE Y OR N.'
 
READ(5,15)ANSWER
 
IF(ANSWER.EQ.'N')GO TO 2000
 
WRITE(5,*)' 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
 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
 
C THIS IS A STRAIGHT LINE INTERPOLATION PROCEDURE.
 

SUBROUTINE INTERP(CVALUE,XAXIS,YAXIS,J,RESULT)
 
REAL CVALUE ,XAXIS(20),YAXIS(20),RESULT,DIFX,DIFY
 
RESULTzO.0
 
IF(CVALUE.LT.XAXIS(J-1))GO TO 1000
 

M=1
 
GO TO 1100
 

1000 M=-I
 
J=J-1 

1100 CONTINUE
 
DO 100 KK=1,30
 
IF(RESULT.GT.O.O)GO TO 1500
 
IF((XAXIS(J-1).GT.CVALUE).OR.(XAXIS(J).LT.CVALUE))GO TO 1600
 
DIFX=XAXIS(J)-XAXIS(J-1)
 
DIFY=YAXIS(J)-YAXIS(J-1)

RESULT=YAXIS(J-1i)f(CVALUE-XAXIS(J-1) )*DIFY/DIFX 

GO To IO 

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


100
 

l0uo J=J+M 
100 CONTINUE 
1500 RETURN
 

END
CCCCCCCCCCCCCCCCCCCCCCCCCCrC C C C C C C C C C CC C C C C C C C C C C
ccccccC~ccC~~cc~cC~cccCCccccccccccccccCCCCcCcccccCcCCCCcC 

SUBROUTINE DTCURV (RTIME)INTEGER SET,NPGATEGATES,NEGATE,TIME,NPSETS,NESETS,PGATES, EGATES 
COMMON/RES1/ ELEV(20) ,STORE(20),BFLOW,

1 HP(20),HE(20),PQ(20,20),EQ(20,20),LMAX,
 
2 02 (100),H(20),TOTALQ(20),S,S1,S2,STOQ(20),CTIME
 
COMMON/RES2/ SET,NPGATE(15) ,GATES,NEGATE(15) ,TIME,

I NPSETS,NESETs,EGATES,PGATES,PCREST,ECREST,NPPAIR,NEPAIR 
COMMON /ALPHA/UNITS,TUNITS 

C. ...............................................-..............
 
C 	ESTABLISH THE POSITION OF THE SPILLWAY GATES.
 
475 WRITE(5,*)' 
GIVE GATE SETTING AND NUMBER OF GATES AT THAT SETTING'
 

WRITE(5,*)' FOR THE PRINCIPAL SPILLWAY.'
 
WRITE(5,*)' 
INPUT DATA FOLLOWING THE FORMAT:SETTING,iNGATES'
 
WRITE(5,*)' THE FOLLOWING IS THE KEY ASSUMED'
 
WRITE(5,*)' 
 1- GATES FULLY OPENED'
 
WRITE(5,*)' 2- SETTING @ 0.4M'
 
WRITE(5,*)' 3- SETTING @ 1.OM'
 
WRITE(5,*)' 4- SETTING @ 2.OM
 
WRITE(5,*)' 5- SETTING @ 3.OM'
 
RITE(5,*)' 6- SETTING @ 4.OM'
 
WRITE(5,*)' 7- GATES CLOSED'
 
GATES =0
 
DO 480 NN=1,NPSETS
 

480 NPGATE(NN)=O
 
DO 485 KK=1,NPSETS+I
 

IF(GATES.EQ.PGATES)GO TO 2000
 
READ(5,* )SET,NPGATE(SET)
 

485 GATES=GATES+NPGATE (SET)
 

C ------------------------------------
2000 WRITE(5,*)' GIVE THE SAME INFORMATION FOR THE EMERGENCY SPILLWAY'
 

WPITE(5,*)' 
 1- GATES FULLY OPENED'
 
WRITE(5,*)' 2- SETTING @ 0.8M'
 
RITE(5,*)' 3- SETTING @ 1.6M'
 

WRITE(5,*)' 4- SETTING 0 2.4M'
 
WRITE(5,*)' 5- SETTING @ 3.2M'
 
WRITE(5,*)' 6- SETTING 0 4.0M'
 
WRITE(5,*)' 7- SETTING @ 4.8M'
 
WRITE(5,*)' 8- SETTING @ 5.6M'
 
WRITE(5,*)' 9- GATES CLOSED'
 
GATES =0
 
DO 490 NN=1,NESETS
 

490 NEGATE(NN)=O
 
DO 495 KK=1,NESETS+1
 

IF(GATES.EQ.EGATES)GO TO 2100
 
READ(5,*)SET,NEGATE(SET)
 

495 GATES=GATES+NEGATE(SET)
 
C ----------------------------------------C COMPUTE A STAGE-TOTAL DISCHARGE CURVE FOR THE CONDITIONS GIVEN 

2100 CONTINUE 
D RITE(2,*)' STAGE-TOTAL DISCHARGE CURVE' 

DO 600 L=1,NPPAIR 
TOTALQ(L)=0.0 
H(L)=HP(L) 
IF(HP(L).GT.ECREST)nO TO 800 
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' 
D,
 500 K:I NPSE'_s
 

IF(NFGATE(Y ,.E;,.0G) TO 500
 
TOTALQL )=TOTALQ(L)+ NPGATE(K)APQ(L,K)
 

500 CONTINr
 
D I=TE:.-,)H, A TOTALQ, (L
 
600 cr-T!"UE
 
800 LP=L
 

-
DO ?OD JENEA :;w 
TOTAL.L):O.. 
H(L) =HE JE:
 

DC ,O' KE0-NE)ETS
 
IF>NEGATE KE).EQ.0)GO TO 700
 

.IL-_ OL.:TOTAL2(L)- NEGATE(KE)AEQ(JE,KE)
 
700 CONTINUE
 

DO 750 KP=!iNPSETS 
IF:(;GATE(KF,.EQ.O)GO TO 750 
CALL APFROX(H(L),HP,PQ(1,KP),LP,NPPAIR,QOUT) 

D WITE2,*)H(L),QOUT,'PLUS',TOTALQ(L),'='
 
TOTALQ'L)=NPGATE(KP)kQOUT + TOTALQ(L)
 

750 CONTINUE
 
D ;R TE(2,*'i +,TOTALQ(L)

L=L+!
 
900 CONTINUE
 

LMAO: L - !
 
D WPITE(2,')' r.MAX IS :',LMAX
 

C DEVELOP A STORAGE-INDICATION CURVE, STOQ VS. QOUT
 
D V.PITE(2,*)' STORAGE-INDICATION CURVE'
 

-
DO 1000 K= ,LMA
 
CALL IN4=-TRP(H(K) ,ELE7),STORE,KK,Sl)
 
lF(UN:TS.E. 'E' )GO T 3000
 
IF(TUIJNITS. EQ. 'D' CTIT!-:86400.0
 
IF(TUNITS .E2. 'H' CTIME=3600.0
 
S0 T' 21,'O
 

3000 LF(DJNI.. . 'C E=0.504'D' 
IF(T3NITS.E-. 'H' C'TIME=12.10 

3100 STOQ-K2Z. I!RTMECTIME + TOTALQ(K) 
D WRITE(:,*)H(K) ,T.A LQ(K) ,Sl,STOQ(K) 
1000 CONTINUE 

RETURN 
END
 

C A * A * A A,% * A * A * * A A A A * A A *
 
C THIS SUBROUTINE USES THE LAGRANGE'S FORMULA FOR INTERPOLATING 
C A POLYNOMIAL, SUCH AS THE STAGE-TOTAL DISCHARGE CURVE. 
C THE FORMULA USES THE ORGINAL VALUES OF THE FUNCTION. FOUR 
C KNOWN POINTS ARE USED TO APPROXIMATE Y, TWO POINTS ON THE 
C L= SIDE OF X AND TWO POINTS TO TH-E RIGHT OF X. AT THE END 
C POINTS, FOUR DATA TO THE KNON14 SIDE ARE USED. 
C * * 'k ? A A * *A A * 

SUBROUTINE AFRO__ ,:_:,YY, ,IM_V.,Y)
DIMENSION ',(0 Y(O 

Y=0.0
 
IF(.GE. ×xf)O TO 1200
 
-F()(. LT. Xx(l)) GC Trc. lc-cl 

http:C'TIME=12.10
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M=I
 
GO TO 1100
 

1000 M=-I
 

I=I-1 
1.100 CONTINUE
 

DO 100 K.--I,!rT A' 
IF'Y.Gr.o.o)G0 TO 2000
 
!F(( :X(1).GT.X).OR.(YX(I 
 ).LT.X))GO TO 1500
 

LL=!--i 
IF( I.EQ. i1)LL=!
-IF(!. EQ.MAX,: L=!2 

1200 

DO 200 N=LL,LLt3
 
TERM=YY( N) 

DO 300 NM=LL,LL-3 
IF(N.EQ.NM)C07 TO 300 
TEFM=TER,* (Y-XX[(NM) )/(-X(N)-.XX(NM) )

300 CONTINUE
 
200 Y=Y+TERM
 

1500 I=I+M
 
100 CONTINUE
 

2000 RETURN
 
END
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C THIS SUBROUTINE COMPUTES THE MAGNITUDE AND RELATIVE ERRORS
 
C GIVEN A KNOWN4 OUTFLOW HYDROGRAPH. IT ALSO COMPUTES THE
C COEFFICIENT OF DETERMINATION,COEFFICIENT OF EFFICIENCY

C AND THE SUM OF THE DEPARTURES SQUARED.
 
CA k * * * * * * * * * * A ** * 	 A A * +*

SUBROUTINE ERROR(FLOWUNITS,TUNITS)
 
INTEGER J
 
DIMENSION FLOW(100)
 
REAL TOTALQ,RECQ,ABSERR,RELERR,SUM,BASEQ,FLOW,XSQ,
 

I YSQ,RSQ,SUMXSUMY,VARXVARY,XYSUM,COE,DIFSQ
 
READ(1,*)BASEQ,DBQDT
 
WRITE(2,70)


70 	 FORMAT('I o ,T6,'RUNOFF HYDROGRAPH FROM THE BASIN')
 
WPITE(2,7 1)


71 	 FORMAT('O,T I 2,'TIME',T23,'COMPUTED Q',T39,'TOTAL Q,1 	 T53,'RECORDED Q',T68,'ABS ERROR',T82,'REL ERROR')
 
IF(UNITS.EQ.'M')GO TO 2500
 
IF(TUNITS.EQ.'H')GO TO 2100
 
WRITE(2,80)


80 FORMAT(' ',T1,'(DAYS)')
 
GO TO 2300
 

2100 	 WRITE(2,81)
 
81 FORMAT(' ',T11, (HOURS)')

2300 WRITE(2,82)

82 FORMAT('*',T26,'(CFS)' ,T39,'(CFS)',T56,'(CFS)',T70,'(CFS)',
 

1 	T85,'(%)')
 
GO TO 3100
 

2500 	 IF(TUNITS.EQ.'H')GO TO 2700
 
WRITE(2,80)
 
GO TO 3000
 

2700 .RITE2,81)
 
3000 KRITE(2,83)
 
83 FORMAT(C' ',T25,'(M3/S)',T39,'(M3/S)',T55,'(M3/S)',T70,'(M3/S)',
 

1 T85,'(%)')
 

3100 SUM=0.0
 
SUMX= 0.0 
SUMY=0.0
 
XSQ=O.0
 
YSQ=0.o 
XYSUM= 0.0
 
DIFSQ=0.0
 

DO 200 II=1,100
 
READ(1,*)RECQ
 
IF(RECQ.LT.0.O)GO TO 1100
 
TOTALQ=FLOW( II )+BASEQ+DBQDT*FLOAT(II-1)


C TOTALQ: COMPUTED SURFACE RUNOFF PLUS BASE FLOW
 

RECRO=RECQ - BASEQ + FLOATCII-1)*DBQDT

C RECRP: RECORDED SURFACE RUNOFF ASSUMING T'IE ABOVE BASE FLOW
 

ABSERR =TOTA.LQ-RECQ
 
RELERR=ABSERR/RECQ*100
 
SUM=SUM+ABS (RELEPR)
 
SUMX=SUMX+ FLOW(II)
 
XSQ=XSQ+(FLOW(II)*FLOW(II))
 
SUMY=SUMY+RECRO
 
ys, = YsG + (REcRo* RECRO) 
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XYSUM=XYSlMN-f. FLOW( I! *PE,--';,
 
DIFS 1,j ',: L0 Ii-TECOi FLOWI!I-RECR0)
T 


72 
WITE(2,7II ,FLC)W( II ) TOTALQ ,RECQ,ABSEPR,RELER
FORMAT(']ZI3,T2-,Fg. 1,T37,F9.1,T52,F9.1,T67,F.I.,TS?,FT.2) 

200 CONTINUE 

1100 J=I1-I 
VARX (FLOA , -XSUM).:)SUM2/, 
VARY=I (FLOAT JYSQ-(SUMYSUMY)) 

RSQ= (FLOA'L r XYSuM 
COE= (VARY-DI1e'0) iVARy 

SUUM. *SUMY)A 2 VARXVARY 

AVERR 7SUM! FLOAT( 

D 
D74 
,I 

NR ITE 
FORMAT( 

, 74 UM,U 
'0PUNOFF 

S 
VOLUMES IN UNITS OF RTE k TIME: COMPUTE=' ,F9.0 

D 1 ,50X, RECORDEI= ,F?.0) 

75 
1 

4RITE (2 , ,.AVF S,FS-,
FORMAT( AVE-AGE PELATIVE EFROP AVER R ,F7. 2,

THE CCEFFICIEl:T OF DETERMINATION,F. SQUARED-' ,F5.3 
WRITE(2,55DIFS-2,COE 

85 

1 
FORMAT( ITHE SUM OF THE DEPARTURES SQUARED=' 
' THE COEFFiCIElT OF EFFICIENCY,COE=' ,F5.3) 

,F9. 0,; 

RETURN 
EMD 
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INPUT - OUTPUT 
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SEQEXE .OAT
 

Line: NEXE - the number of instructions that will be performed 

durinq the run. Example. for a simple test run 

of RUNOFF, SUM, ROUTE, RESVOR, WXAE equals 4. 

Line: ROUTINE - integer code for the name of the subroutine that 

is to be executed. See table below. 

SUBBAS - the subhasin number associated ith the 

routine. Each routine and suhbasin number must 

be typed on one line and in the exact order of 

performance that is desired. 

col 1-2 integer code for the subroutine 

col 3 comma or blank 

col 4-5 subbasin integer number 

Subroutine 
 Integer Code
 

RUNOFF I.I
 
ROUTE 
 22
 
SliM 
 33
 
RESVOR 
 44
 
ERROR 
 55
 

If ERROR is part of the instrLctions, then the following addi

tional 
 data must be included in SEQEXE.DAT immediately after the 

command. 

Line: BASEQ  the value of the baseflow at the beginning of the 

storm. 

DBQDT - the incremental change in the baseflow per unit of 

time. 
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Line: RECQ - value of the recorded streamflow. After the last 

recorded streamflow value, a negative flow must he
 

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 line method of 

baseflow separation (Chow 1964; Lindsey et al 1975) is used. 

BASEO represents the flow at the point of rise on the 

hydrograph and DBQDT is the slope of the line drawn from BASEQ 

to an arbitrary point on the lower oortion 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 (km2/mi2 ) 

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(I) - percentage of TC, range 0.0 1.0.-

ACAREA(1) - 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: FIELOG - maximum depth of water held in a column
 

of soil after free drainage, analogous to
 

field capacity (mm/In).
 



16,9 

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 - initial 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. 

IOPT - 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 line is omitted. 

Line: SMI(I) - soil 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 

BASEQ - as previously defined 

DBQDT - as previously defined 
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1. Stage-storage relationship
 

Line: ELEV(I) - elevation (m/ft) 

STORE(I) - storage volume corresponding to ELEV(I) 

(rn3/ac- ft) 

2. Stage-discharge
 

Line: 	 NPSETS - the number of curves that define the 

performance of the principal spillway. 

Corresponds to the number of gate 

settings. 

PGATES  the number of gates for the principal
 

spillway
 

PCREST 
 - the minimum crest elevation of the 

principal spillway 

NPPAIR - the number of elevation points and 

corresponding discharges that define the 

principal spillway rating. 

Line: HP - elevation 

PQ(J) - discharges corresponding to elevation 

HP. (J ranges from 1 to NPSETS) 

(One set of data per 	 line) 

Line: NESETS - the number of curves that define the per
 

formance of the emergency spillway.
 

Corresponds to the number of gate
 

settings.
 

EGATES  the number of gates for the emergency
 

spillway
 



ill
 

ECREST - the minimum crest elevation of the 

emergency spillway 

NEPAIR - the number of elevation points and 

corresponding discharges that define the 

emergency spillway rating. 

Line: HE - elevation 

EO(I) - discharges corresponding to elevation 

HE. (I ranges from I to NESETS) 

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

1965 flood used in the calibration process.
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FLOOD. Di." 

THE COMBINED HYDROGRAPH AT THE OUTLET OF SUBBASIN * 1 

TIME 
DISCHARGE 

1 
25.6 

2 
85.0 

3 
173,6 

4 
140.6 

5 
256.4 

6 
489.5 

-7 
685.7 

TIME 
DISCHARGE 

8 
555.4 

9 
449o9 

10 
364.4 

11 
295.2 

12 
239.1 

13 
193.7 

14 
156.9 

TIME 
DISCHARGE 

15 
127.1 

16 
102.9 

17 
83.4 

1s 
67.5 

19 
54.7 

20 
44.3 

21 
35.9 

TIME 
DISCHARGE 

22 
29.1 

23 
23.5 

24 
19.1 

25 
15.4 

26 
J2.5 

27 
10.1 

28 
e.2 

TIME 
DISCHARGE 

29 
6.6 

30 
5.4 

31 
4.4 

32 
3.5 

33 
0.0 

34 
0.0 

35 
0.0 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

36 
0.0 

43 
0,0 

37 
0.0 

44 
0,0 

38 
0.0 

45 
0,0 

39 
0.0 

46 
O.O 

40 
0.0 

47 
0.0 

41 
0.0 

48 
0.0 

42 
('. 

49 
0.0 

TIME 
DISCHARGE 

50 
0.0 

51 
0.0 

THE COMBINED HYDROGRAPH AT THE OUTLET OF SLIBBASIN t 2 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

I 
53.1 

8 
1151.5 

176,3 

9 
932.7 

3 
359.9 

10 
755.5 

4 
291,5 

11 
611.9 

5 
S31 .5 

12 
495.7 

6 
1014.8 

13 
40J.5 

7 
1,1:,l 

.1 
32l.: 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

15 
263.4 

22 
60.3 

16 
213.4 

23 
48.8 

17 
172.8 

24 
39.5 

1 
140.0 

25 
32.0 

19 
113.4 

26 
25.9 

20 
91.I3 

27 
21.0 

21 
74.,! 

:8 
17.0 

TIME 
DISCHARGE 

29 
13.8 

30 
11.2 

31 
9.0 

32 
7.3 

33 
0.6 

3.1 
0.0 

35 
0.0 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

36 
0.0 

43 
0.0 

37 
0.0 

44 
0,0 

38 
0.0 

45 
0.0 

39 
0.0 

46 
0.0 

40 
0.0 

47 
0.0 

-11 
0.0 

48 
0,0 

i2 
0.r, 

49 
0.0 

TIME 
DISCHARGE 

50 
0.0 

51 
0.0 

THE ROUTED HYDROGRAPH AT THE END OF REACH 1 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

TIME 
DISCHARGE 

TIME 

DISCHARGE 

TIME 
DISCHARGE 

1 
-0.8 

8 
1309.4 

15 
349.4 

22 

70, 9 

29 
18.3 

2 
39.3: 

.9 
1189,5 

16 
283.0 

23 
64.7 

i0 
1.1.8 

3 
143.5 

10 
091,6 

17 
21p'.2 

2q 
52.4 
31 
12.0 

4 
313.6 

11 
809.4 

I 
105,7 

25 
42.5 

'32 
P. 7 

5 
292.6 

12 
,57,0 

1.9 
150. 

26 
3V-.4 

3 
C. 

6 
471.7 

17. 
3.- 1 

2" 
121.p 

27 
2". 

74 
1.-

881;1 

14 

21 
9p -

28 
2 .. 

75 
0r. 

TiME 
DISCHARGE 

36 
O, 

37 
0.0 

38 
0.0 

39 
.0 

1.0 
0.0 

. 
0-.6 

TIME 
DISCHARGE 

43 
0.0 

44 
0.0 

'15 
0.0 

16 
0.0 

'17 
0.0 0.0 

'19 
c' o 

rTIiiE 
ITSCHARGE 

!0 
0,0 

51 
0.0 
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THE COMBINED HYDROGRAFH ,T THE OUTLET (IF SUBt)SrTlj I t 

TIniE 1 2 3 4 9 6 
rT'CHNF:AIE 5.7 60.2 170.2 3'1:2.0 325.6 !5.4 1--6. 

TIME 8 9 10 11 i2 13 t 4 
OISC.HA.:OF 1455.0 1313.3 1167.4 1079,1 830.9 ' 9.2 5c5.5 

TIME 19 16 17 1I? ,9 ""07 
 -
1 SCHGE 477.. 3s)".,J 17.4 211.1 1 ?:2 140. 

t E 22 23 24 25 26 27 78 
II SCHAIF.E 114.7 93.6 76.4 6. ", 5 41 ,.,0 

T11IE 29 30 31 72 3 34 .5
rIISCH6RGE 27.7 22.6 18.5 1,1 12.4 5. 2 9 

TIME 36 37 38 39 40 41 42 
DI3CHARGE 2.6 010 0,0 0.0 0.0 0.0 0.0 

IIME 43 44 45 46 47 48 49
 
DISCHAFGE 0.0 00 0.0 0.0 0.0 
 0.. 0.0
 

TIME 50 51 
tiISCHARGE 0.0 0.0 

THE ROUTED HYDROGRAFH AT THE END OF REACH t 2 

TIME 1 2 3 4 5 7 
nISCHARGE 1 4 19.1 90.1 218.2 34S.8 fl0.o 

TIME 8 9 10 11 12 13 . 
DISCHAPGE 1190." 1444.8 1267.0 1137.6 1076.F 821,2 , nl 

TIME 15 16 17 1 19 
 20 21
 
DISCHARGE 551.7 449.0 366.d 299.1 243.9 162.3
199.0 


TIME 22 23 
 24 25 26 27 28 
DISfHARGE 132.4 108.1 88.2 72.0 58.0 48.0 30.2 

TIME 29 30 31 32 33 
 34 35
 
DISCHAoGE 32.0 26.1 21,3 17.4 14.3 10.6 4.5
 

TIME 36 37 38 39 40 41 42
 
IISCHARGE 3.2 2.0 -0.2 0.0 0.0 C.O 0.0
 

TIME 4. 44 45 46 47 48 49
 
DISCHARGE 0.0 0.0 0.0 0.0 0.0 0.0
0.0 


lIME 50 51 
t11SCHARGE 0.0 0.0 

THE COMBINED HYDROGRAF'H AT THE OUTLET OF SUDBASIN t 4 

1,Ii 1 2 3 4- 6
 
i!CHAGE 6.0 38.0 105.8 270.7 415.2 706.5 971,4
 

TIME 8 9 10 11 12 
 13 14
 
DfSCHARGE 1415.2 1814.9 1574.2 1397.6 1238.2 10n4.9 022 6
 

TINE 15 16 17 18 19 20 21
 
DISCHARGE 6727.7 550.3 450.2 360.3 301.4 
 246.7 201!,9
 

rIME 22 
 23 24 25 26 28 
DISCHAR 'GE 169.2 135.3 110.8 90.8 74.3 6,0 , 

1 ME 2'? 30 31 32 3 
 34 .
 
'I5LIARGE 40.9? 33.5 27.5 22.5 18.5 
 1'1.1 I 5 

lIME 
 36 37 38 39 40 ,11 42
 
L GIiCIIF.E 3.2 2.0 -0.2 0.0 0.0 0.0 0.0
 

I [fil- 43 44 45 46 17 ,19 49
 
1SCI IAlR'GE 0.0 0.0 
 0.0 0.0 0.0 0.0 0.0
 

TIME 50 51
 
DiuICI,',RGE 0.0 00
 



116
 

THE F.O1IED HYT'FOGRAFH AT rHE END OF REACII I1 

S1nE J 
I'I . 

2 
5,0 

3 
55.4 

4 
140.8 

5 
298.E 

6 
487 E 

2 
"5,. 

TImE 
D'ISCHARGE 

8 
1077. 6 

9 
1493.0 

1o 
1703.6 

11 
17"35.9 

12 
1364.2 

13 
114 17 

t 
'2' S 

TIME 
DiISCHARGE 

15 
796.3 

16 
651.4 

17 
-32., 

t8 
435.9 

19 
35.7 

20 
291.P 

21 

rIrlE 
DISCHARGE 

22 
195.5 

23 
160.1 

24 
131.1 

25 
107.3 

26 
V7.C'2 

27 
'.0> 

G 
i 

TIME 
DISCHARGE 

29 
48.3 

30 
39.6 

31 
32.5 

32 
26.6 

33 
:1 .8 

34 
1.' 

35 
11 .7 

TIME 
DISCHARGE 

36 
5.0 

37 
3.0 

38 
1.5 

39 
0.1 

.0 
, 

I 
o 

12 
co 

lIrE 
DISCIIARGE 

43 
0.0 

44 
0.0 

45 
0.0 

46 
0.0 

47 
0.0 

48 19 
0,0 

sfov0 51 
t'ISCHAPGE 0.0 0.0 

THE COMINEri HYDROGRAF'H AT THE OUTLET OF SlJTP;Ars I s 

TIME 
DISCHARGE 

1 
20.7 

2 
42.1 

3 
88.7 

4 
274.3 

5 
419.9 

6 
727.0 

7 
957.2 

TIME 
DISCHARGE 

8 
-142.4DSCH1.4 

9
I'" -012.0 

10 
059,7 

11 
1831.5 

12 
1609.5 

13 
1387.7 

1414 
1141.5 

TIME 
DISCHARGE 

15' 
936.6 

16 
767.8 

17 
629.5 

18 
51.10 

19 
42 .2 

20 
347.1 

21
281.7 

TIME 
DISCHARGE 

22 
233.6 

23 
191.7 

24 
157.3 

25 
129.1 

26 
106.0 

27 
87.0 

28 
71.4 

PInE 
A'ISCHAEGE 

29 
58,7 

30 
48,2 

31 
39.6 

32 
325 

33 
26o7 

34 
21,-7 

35 
11.7 

TIME 
DISCHARGE 

36 
5.0 

3? 
3.0 

38 
1.5 

39 
0.1 

40 
0.0 

41 
0.0 

42 
o.0 

TIME 
DISCHARGE 

43 
0.0 

44 
0.0 

45 
0.0 

46 
0.0 

417 
0.0 

48 
0.0 

49 
0.0 

TIME 
D ISCFIAFGE 

50 
0.0 

51 
00 

THE COMDINED HYDROGRAFH AT THE OUTLET OF SUBBASIN4 t 6 

TIME 
DISCHARGE 

1 
32.4 

2 
68.3 

3 
116.1 

4 
303.1 

5 
452.2 

6 
810.9 

7 
1026.X? 

TIME 
EISCUAl,GL 

8 
1300.2 

9 
1908.0 

10 
2210.6 

11 
1956.7 

12 
1713.4 

13 
1474.0 

14 
1213,1 

TIME 
DISCIRGE 

15 
996.0 

16 
817,1 

17 
670.4 

18 
550.1 

19 
451.4 

20 21 
70'n 1=" 

fImE 
DLSC|iAFE 

22 
249.7 

23 
205.0 

24 
168.4 

25 
138.3 

26 
113.6 " 3 7.7 

lIME 
DISCHRGE 

27 
63.0 

30 
51.8 

31 
42.6 

32 
35.0 

33 
23.a 

34 
27 .1 

39. 
17 1 

TIME 
fliSCl A.RGE 

36 
5,0 

37 
3.0 

38 
1.5 

39 
0.1 

40 
0.0 

'1 
0.0 

2 
.),0 

TIME 
DISCHARGE 

43 
0.0 

44 
0.0 

45 
0.0 

46 
0.0 

47 
0.0 

48 
0.0 

.19 
(),0 

TIME 50 91 
DISCHARGE 0.0 0.0 



FUINOFF HYiROGRFFcH FROM THE BASTO 

lilE COMF!rIE I 1T, BWAYffS) €IM1.'9) ; /s 

1 32.4 1,17:,14 

2 6.1 W:0, 7 

-~ ~ 1 Il 

r •I 1 1 


' ' !0 91' I2 "
Y 2 ; l " 


B 1300.' "700," 

1'SP. CS AZRSf. 


10 2210.6 - 1 6 


12 1713.4 1113.4 

13 1.7-1,0 7,974,0 

14 1213.1 ?613. 1 

15 9Q6.0 2596 0 

16 817.1 17. 1 

17;670.1 P070.1 

18 550,1 199'.1 


I11. 131.1 

20 370.5 1770.5 
21 30-1.1 1701.1 

.
2 219.7 t 649 

PI;'HF F 'N OT TJI (OF FYTE " t rFfr'ITET'=I. '; TOi I S TII n 
R'FCOI::DE l: 


iL PFF' 611"i;17 FPF:OF;',AU !,l l I' YE9 P 

l if" .I171 FlF I OF iETERPIiTIJOTI ib- F., IAL.fl :C
 

IIf2lJ f1 IEFArTI iRES r;0JJ,'tRFi=jFI[:1 t2 t9 

TI il:FO.i F T]-'I-]F FFTCIEi"Y, VT"F)O 	 O. 991 

F PECORfTI-D QW v..s. 

1,1)0.
"-'Co 
1480,
1.100 

1 . 

"22 0 0'W "( 


2-40. 

280,0. 


1110.0 


2900.0 

A700 


2550.0 

2,190,0 

2200.0 

2030.0 

1850.0 

1650.0 

1600.0 

1510.0 

4-'0.0 


I "On I I 
17'310.
 

' ;;:,	W y:s'.l 
7," 1:.31 
-f11.7 


P0,
r' 

- 1 
....
 

10Q
,' 

R1 0 


,80.6 


?13.4 

2,,1.C 

63.1 


-91.0.'77
 
17.1 

40 A 

0'0.1 

7014 

170,5 

1"4.1 

189,7 


PEL FRF"R(W,
 

-- 7 9
 20 

I:. 


-I .7
0 .9 9
 

.31.
 
21.00 
15.55
 

57-S
 
7 64
 
2,148
 

0.78 
.9
 

5.41 	 p 

1.21
 
10,66
 
1,86
 
1.2.99
 



HYDIRO] fiT 

TI ME 
([lAYS) 

1 


3 

4 


5
6 

7

6 

9 


10 

11 

12 

13 

14 

15 

16 

17 

18 .
 
19 

20 

21 

2229.1 

23 

24 

2, 


26 

27 

28 

29 

30 

31 

32 


RUNOFF HYDROGRAFH 

COMPUIEri a 
(13/S) 
25.6 

85.0 


173.6 
140,6 


256. 1
489.5 

68. ,7
555.4 
449.9 

364.4 

295.2 

239.1 

193.7 

156.9 

127.1 
102,.9 
83.4 

67.5 

54.7 

44.3 

35.9 


23.5 
19.1 

15.4 
12.5 

10.1 
8.2 

6.6 
5.4 
4.4 
3.5 


FROM SUr4'iSIN f I 


TOTAL. 0 
(113/S) 
275.6 

335.0 

423,6 

390.6 


739.5 

935.7 

805.4 

699.9 

614.4 

545.2 
489.1 

4-13.7 

406.9 

377.1. 
352.9 

333.4 
317.5 

304.7 
294.3 

285.9 
279.1 

73.5 

269., 

265.4 


262,5 
260.1 
258.2 
256.6 
255.4 
254,4 
253.5 


TIME 
(DAYS) 

1 


3 

4 

55-

6 

7 

8 

Q 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 


30 

31 

32 


RUNOFF HYr'FOGRAPf 

COMPUTED 0 
(13/s) 
27.5 

91.3 

186.3 

150.9 


525.3 
-"9 

596,1 

4S2.8 

39111 

316.8 
256.6 
?07,8 

168.3 

136,4 

110.5 

89.5 

72.5 

5(f 7 

47.5 
30.5 
31.2 
25.3 
20.5 

16. 6 

13.4 
10.9 
8.8 


5.8 
1.7 
3.8 

FROM SUrtBASIN 1 2
 

TOTAL n 
(Q13/S) 
277.5
 
341.3
 
436.3
 
400.9
 

. 
775.3 
985.9 
846.1
 
732.8
 
641.1
 
566.8
 
506,6 
457.8 
418.3
 
.386,4
 
360.5
 
339.5
 
322.5 
308.7
 
297.5
 

o. 5
 
261.2
 
275.3 
270.5
 
'66.6
 

23.4 
260.9 
25e.8 
17.157. 1
 
255.8 
254.7 
253.8 



RUNOFF HY['ROGRAFH FROM SIJBPASIN * 3 RUIOFF thY'TROGRAPFH F'OM SIUFRBASIN # '4 

TIME 
(lAYS) 

S6.5 
2 
3 
4 

COMFPUTEI 
(113/S) 

20.9 
26.7 
28.73 

Ql TOTAL 1 
(11,/S) 

6 
20.9 
76.7 

278.3 

TIME 
(D[AYS 

1 
2 
3 

COMFIJTEI 0 
VM3/S) 
1.7 

18.9 
15.7 

TOTAL. Q 
(13/S) 
2'54 7 
268.9 
265.7 

6 
7 

374.0
93.7 
193.7 / 

7 5 
6 

66.4 
325.6 

3025 
316.4 
57-.6 

a 
Q 

10 

. 
146.-1 
123.8 
175.7 

-796.4 
3730 
42 7 

7 
8 
9 

10 

270.3 
224.3 
370 .2 
307.2 

520.3 
47-1. 3
6 20.2. 
557. 2 

11 269.7 
2273.8 

519 7 
7 12 

...,)122 5- 0 
211.7 

5505.0 
161.7 

13 
14 

185.8 
15 - . 

1 f;.8
0 

15 128.0 378.0 14 145.8 395.8 
16 106.2 356.2 15 121.0 371.0 
17 88.2 33A 216 100.5 350.5 
is19 
20 

77.26O.8 
50. 
200 

323.2310.7 
10 
9.820 

1718 
19 

21 

83.4169.2 
57.1 
,7.7 
311.. 

333.4319.2 
07,4 

297.7 
289.6 

2223 

24 
2._ 

26 

34.728.8 
2320.B 
23.9 
51o 0. 
16.5 

84.7171.8 
, 'o.7.) 
73 9 

19, 
6 

2223.: 

23 
.

25 

32.827.8 

.7.7
2 6 

1 

282.8277.3 

272
27 . 

62. 
27 13.7 63.7 2627 15.612 25.626 9 
28 
29 
30 

3132 

33 

316. 

11.4 
9 .-
7.8G57 

6.-5.325.455.4 
4,5 

61.428 
259.4 

8253.5 
55. 

"-. *: ,P oLI 

29 
z930 

32 

3p3 
34 

10.7 
8 . 0 
7.7.4 

5.1 
4.225,1.2 
3.5 

260.,7 
:?",-A 9 
25.4 ..57.1 

h%255.1 

253.5 

36 2.6 252.6 



RUNOFF tYirRC]OGPIFi FROM SUBREASIN t 5 PNIIOFF HYV'RfnF:AFH FROM qUlJ14TASTN t 6 

TIME COMPUTED Q TOTAL. 0 TIME rOHF'UTEP nf TOTAL 0 

1 1 .,Q l9.9 11 .7 '?6 .7, 
2707, 277,0 2 26.3 276.3 

3 33.' 283.4 3 2-. 277.4 
4 125.6 

121 0 
:375.6 
371.0 

4 
5 

20-.8 
3- 3 

?7B.8 
28.3 

6 "39... .. 9.948 • 9 6 83.9 -, 

.. 6 319.6 
Q 12Y.0 6414.8 57.8 307.8 

10 
11 

356.1 
295.6 

606.1 
5F;.6 0 11 

65.9 
10 
10.912-.2 -) 

315.9 

400.97,5. ? 
12 245.3 495.3 12 103.9 353.9 
13 203,.6 ;.6 13 R6.3 336.3 
14 169.0 419.0 14 1,6 321.6 
15 140.3 3Q0. 3 14 79.6 309.4 
16 116.4 366.4 1 49.3 299.3 
17 
18 

20 
21 

° 

96.6 
80.2 
66.. A 

55.3 
45.9
22 9 

3 z,.6 
330.
I316 .6 
305.3 
295.9 

.9 

16 
17 
18 
19 
no 
20.2...7.. 
21 

49.3 
40.0 
3-1.0 
70. 
23.4 

19.4 

299.3 
290.9 
204.0 
270. -
277.4 

269.4 

0o 

2i23 

......... 

31.6 
26.. 

231.6 
27,1.2
271 .L0 

22 
3 

24:5 

16.1 
3.4,1 

11,1n 

266.1 
263,4 
261.1-7.Q.•? 

26 18. 2.8. 25 * ... 

28 15.1 26. 
26 
27 

7.7 
6.4 

257.7 
256.4 

210. 260.3 28 5.3 255.3 
7 
31 

O. 
, 

20. 6 29 
30 

4,4 
. 

254.4 
25.6 

32 5.9 255.93. 253,0 
33 
34 

434.9 
4.1 

254.9 
254.1 

2 
33 
34
35 

2., 
215 
1.7
1. 4 

252.5 

251.7 
15- , 
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.4'I1500 0,Y 00 

160.00,.OEQ --STAOE-STORA(IF
 
170,OYO.45E9
15 p.,,0EQ
 
180,0, I+19E?
 

185.•2,.97E9 
190.0,4.22E9
 
19 5,0,5.81E9 
200.0 ,7.68E9
 
207 .,5,10 9 0E9 
210., 1219E9
215.O,14,71E". 
-20+0,y17.,61E9 

225 0',20.45E 
230 O, 24,64E9 --END CURVE 
6 7: 187 0,,1 NP'SETS., F'T* S!., : RT , : FC.187 +0!,365.0,.23,,8,65 O, i18,8,17 .. ".! 7[.2.,'!J'. 


190. O,383,O,26.2-i 675,1.23, .8" ,8.;6 
192,-5400,28.8,70., 7128.8,8 191 2.2'.T7

#O,30 ,72 33 .8 .9 195 . 0,415 , . 0O .5 ,p.1. pI,9k-.').S ".. 

19"7,5,430.0,31.2,750, 137.5y205,",297,!:; 
200 f0 a445 +0r32 5, 76 4' 1 3 ,2 52:1. ,.
202+0,457,0,33.5,78#3,145+5,218,5.-),3:1 4,5
 
205. 0 ,r475.0 ,r35.0,f80+0 ,P150+0 ,p226 +,2-.'.: .0, 
20'7o#!5,p488,t8,y36. 2,y81. 2.7153.8.p 2133. 8v 7)7 
210.O,502+5,37.5,83f8y157 . 34..1..
5 241., 2,,.. 

211,0,508#8,37+8,8+3,9,p1588,-y243.:y::' 7 
8 :8,202.0,13 NESETS-, MATES. ECR*: "''
 
202.0, 0M0, 0.07 0.0, 0.0, 0 .Oy 0.
 
2013 +0 ,r 8 ,.9 , 8 .9 .- 8 .,,9 ., 89,,9 , 8 9'. 8 .':. ":::. ,
 

204.0, 34.4, 22,2? 34.4r "54174 34I.-.- .14.A- :.,: 
205+0, 70.0p 31,1 , 3,'5- 70.0,. 70 0, 7 , .. . 
206,0,117,8, 37.8, 70.07100.0-:7.1. 17.. 
20/.0.,170,0, 43.3 1!', - C81 114 .4 .14 ,'.
208,0,237.,8, 50.0, 92,3,131.1I.168.,9 207,2 '.,".' 
209.0,306.7, 544,102.2,144.,4. 85,6. 22.. 27**', 
210.+,388,9?, 60.0,110.0157.8,203.?'2."0 .. . 
211.0,480,0, 64+4, 116.7y168,9.'220. 0, 2.... 

:
214 .0p 7624"17Y 8.4 4 .2 21 4 263.1 l34:::..'":' . ...... 

; ,, 21 3~yA,0 7 , , 7 ,8. 3 . .,:. 3 4,, L-, ,O ,::4 4 ,5 - .- - ,.:*:":!'
 
'
 ,4, 40.
214,0,7 2., , 83,21:.,.!..,26 .,1 34",.:-:.,z,' !"!.,(::.: 7,
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Appendix B
 

Calibration Runs
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SEPT 196 (AH) 

3800.0-

LEGEND
 
3600.0 O MP'JfE, 

EC ...
..
. .....DE.....
 

3400.0

3200.0

3000.0 

N 2800.0 

LUi 
o. 2600.0
c-k 

(A 2400.0

2200.0

2000.0

1600.0

1400.0- II 

1 3 5 7 9 11 13 15 17 19 21 23 
T'IME (DAYS) 
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AuG 1964 (CALIB) 

3400.0

3200.0 -

LEGEND 
COM PU'i ) 

J 
.......X.'..'f...:...... 

3000.0

2800.0-

,. 
I % 

* 

. 

5. 

i 
' 

W 2600.0-

Lii 
o 2400.0

2200.0

2000.0

1800.0

1600.0 ; 

1400.0 '"" 
1 7 9 11 

TIME (DAYS) 
13 15 17 19 
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AUG 1958 (CA LIB) 

5400.0- / 
I " 

' LEGEND 
C0 ),.PITVE:l 

' " ,.ECORDED5000.0  50 0 0 t '. ..... ..................
 

* 9, 

4600.0
9 , 

I. 9 

4200.0-*' 

3800.0 ~ 
, I I,
 

, ,.
 

3400.0

3000.0

2600.0* 

2200.0- - , 
1 3 5 7 9 11 13 15 17 19 

IME (DAYS) 
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OCT 1957 (CALIB) 

3100.0-

LEGEJD 

COMPUTED 
2900.0 - ""R , EC"O"P.n p r',

i ; ; '., ... ...... . ...... '...:.... 
I *.• I 
I I . 

2700.0,/ 

U) 2500.0 

w 
o 2300.0
< 

"1-
U.) 

2100.0

1900.0 . " .. . 

1700.0 

1500.0 

1 3 5 7 9 11 13 15 17 19 

TIME (DAYS) 


