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ABSTRACT
 

devel-
A water balance model of the Central Bahr el Ghazal basin is 


oped to examine the effect of proposed perimeter canals upon the size of
 

the swamp. Using observed climatic parameters and estimated soil parame

ters, the simulation model incorporates stochastic wet season precipita

tion and streamflow with deterministic evapotranspiration throughout the
 

year. The results arc sensitive to the soil parameter values and the canal
 

the swamp will
collection efficiencies and they wredict that the area of 


than it would be
be significantly smaller in the presence of the canals 


in their absence.
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c 

NOTATION
 

Note: (1) 	Symbols not included in this list are defined in the text
 

whenever they are used.
 

(2) 	If a single notation represents more than one quantity in
 

the text, it should be evident from the context which is
 

implied.
 

2 
A catchment area, m

AN percent wetted surface area 

C1 coefficient of land surface parabola, m -I 

pore disconnectedness index 

d diffusivity index 

Ea actual rate of evaporation in presence of high water table, m/sec 

Ep areally average potential evaporation rate from soil, m/sec 

ET overall evapotranspiration rate, m3 /sec 

ET actual evapotranspiration rate for grass, m/sec 
grass
 

ET actual evapotranspiration rate for papyrus, m/sec
 
papyrus
 

3 
E total evapotranspiration during the jth wet season, m
w4
 

J 

ePw wet 	season potential evaporation rate from bare soil, m/sec 

h elevation of water table, m
 

h high water table elevation during the jth wet season, m 

ho depth to the water table at r = ra, m 

I R net wet season moisture input, d3 

K(1) saturated hydraulic conductivity, m/sec 
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kv plant coefficient
 

m pore size distribution index
 

mpA mean annual precipitation, m
 

mR mean annual gaged streamflow, m
3
 

n effective medium porosity 

nj normally distributed random number 

PA annual precipitation, m 

3
 
RG annual gaged streamflow into the Central Swampland in jth year, m


3
 
Ru annual ungaged inflow, m


ri correlation coefficient between annual precipitation and annual
 

gaged streamflow
 

r distance from center of circular region, m
 

ra outer radius of active grass region during the dry season, m
 

effective radius of the Central Swampland, m
rb 


rw radius of the flooded region, m
 

w capillary rise from water table, m/sec
 

Wlim soil limited rate of capillary rise from water table, m/sec
 

WT 
 total water in system, m
3 

z landsurface elevation, m 

zw depth to water table, m 
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0 ungaged flow distribution coefficient 

T1I canal collection efficiency for gaged streamflow 

r12 canal collection efficiency for overland ungaged flow 

ox standard deviation of x 

T length of wet season, sec 

soil matrix potential, m (suction) 

saturated soil matrix potential, m (suction) 

E[ ] expected value of [ ] 

Var[ variance of [ I 

r[ I Gamma function 
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Chapter 1
 

INTRODUCTION
 

1.1 The Nile System
 

The Nile is the second longest river in the world, stretching 6680
 

km from Lake Tanganyika to the Mediterranean Sea. At 6823 km, only the
 

The large Nile basin covers 2.9x10
6
 

Mississippi-Missouri River is longer. 


and extends across several
 square kilometers (Hurst and Phillips, 1931) 


climatic zones. Figures 1.1 and 1.2 show the course of the Nile from the
 

equatorial lakes to the Mediterranean. The basin can be divided into
 

the Main (or Joint) Nile from Khartoum to the sea, the

three sections: 


Blue Nile and its tributaries, and the White Nile and its tributaries.
 

Since this study concerns a flow augmentation project on the White Nile,
 

that branch of the Nile.
description will primarily be confined to 


The White Nile is supplied by four tributaries: the Bahr el Jebel,
 

the Sobat, the Bahr el Zeraf, and the Bahr el Ghazal. The Bahr el Jebel
 

the White Nile from the south. In its lower reaches
is the main stream of 


an area called the "Sudd" which contains extensive swamps. The

there is 


Sobat is formed by the Baro which rises on the Ethiopian Plateau and the
 

Pibor which receives water from Ethiopia and the slopes of the Lake
 

Plateau. Its basin also includes large areas which are swampy in the
 

rainy season. The Bahr el Zeraf originates in the swamps to the east of
 

its upper course is quite swampy, but its lower
the Bahr el Jebel, so 


The Bahr el Ghazal's headwaters are
into Lake No is well defined.
course 


found on the northern slope of the Nile-Congo watershed. Many streams
 

descend to the Sudanese plains where they form extensive swamps in which
 

practically all inflow is evaporated, leaving only a tiny fraction 
to flow
 

out to the White Nile. 
11
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At Mongalla the mean annual Bahr el Jebel flow is 27 md. From
 

Mongalla to Lake No both sides of the river are primarily papyrus swamp
 

and savanna grassland. During the flood season, a great deal of flow
 

spills over the channel banks onto the swamp and grassland, hence the 27
 

md at Mongalla decreases to 23.4 md at Jonglei and then falls to 14.3 md
 

below Lake No (Chan and Eagleson, 1980). This means that the Bahr el
 

Jebel loses almost half its discharge while flowing through the swampy
 

region. The situation with the Bahr el Ghazal is even worse. This river
 

receives 12.7 md from its eight tributaries and loses practically all of
 

its discharge while passing through the central swampy region. It is
 

clear that these swampy regions result in heavy water losses through evap

oration.
 

From Lake No the White Nile flows through a well defined course to
 

Khartoum where it is Joined by the Blue Nile which originates at Lake Tana
 

the Ethiopian Plateau. At Khartoum the Blue Nile contrihutes an averon 


age of 54 md per year to the Main Nile (Arab Republic of Egypt, Ministry
 

of Irrigation, Technical Report 3, 1981); however, this contribution
 

the flood season. The White Nile contributes only
occurs primarily during 


28.5 md per year at Khartoum but because its flow is steady throughout the
 

year, the White Nile contributes most of the low stage inflow to the Main
 

Nile.
 

After Khartoum the Main Nile flows through Lake Nasser, past the
 

Aswan Dnm, on toward Cairo and the Mediterranean. At Aswan, after the
 

contribution of the Atbara (12 md), evaporation and seepage losses, and
 

the removal of the Sudanese allocation (18.5 md) Egypt is left with an
 

annual mean of 55.5 md. This discharge reLresents the principal component
 

of Egypt's fresh water supply.
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1.2 Water Resource Planning in Egypt
 

No other country in the world is so dependent on a single source 
of
 

water as Egypt is on the Nile. 95 percent of Egypt's water supply comes
 

For centuries the .Egyptians have struggled
from the Nile (Kamel 1979). 


to control its summer floods. Now as
 
to regulate the Nile's flow and 


population, industrialization, and agricultural development increase,
 

the demands placed on the Nile are increasing as well. Anticipating full
 

utilization of current annual Nile flow, Egyptian and Sudanese water 
resource
 

planners have examined upstream development projects on the White Nile in
 

The projects under consideration include:
order to increase available water. 


1. the Mutir dam to regulate Lake Albert
 

2. the Nimbule dam on the Bahr el Jebel between Lake Albert and
 

Mongalla
 

to channel the Bahr el Jebel between Mongalla
3. the Jonglei Canal 


and Malakal
 

the Gambreila dam in the headwaters of the Sobat River
4. 


drainage and land reclamation in the Machar Marshes along the
5. 


lower reaches of the Sobat
 

drainage and land reclamation in swamps near the Bahr el Jebel
6. 


drainage and land reclamation in the swamp area from which the
 

to join the Bahr el Jebel at Lake No.
 

7. 


Bahr el Ghazal flows 


The largest increase in water yield would result from the last
 

three drainage and land reclamation projects which would greatly 
reduce
 

Unless losses through the swamps are

evaporative losses in the swamps. 


reduced any upstream project will have relatively little effect 
on dis

charge downstream.
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The Jonglei Canal project is currently under construction. The in

crease in discharge due to channelization would 6therwise have supported
 

a certain expanse of swamp, so the construction of the Jonglei Canal is
 

to reduce the area of the Sudd swamps adjacent to the lower
expected 


Bahr el Jebel. Figure 1.3 shows the location of the Jongli Canal. It
 

starts at Bor and discharges into the lower Sobat upstream of Malakal. 

44 m, and its design capacity is
Its total length is 360 km, its width is 


currently 20x10 6 m3 /day. If the equatorial lakes are eventually controlled
 

and regulated to produce steady flow at Monaglla of 75x10
6 m3/day, the
 

Jonglei Canal could be expanded to a bed width of 92 m and a design capa

(Arab Republic of Egypt, Ministry of Irrigation,
city of 40xlO6- m3/day. 


Technical Report 1, 1981).
 

The Machar Marshes are located northeast of the junction of the
 

There is a large swampy area fed by overflow
Sobat and the White Nile. 


from the Baro River and by runoff from the eastern highlands (Eastern
 

Khor). There are proposals to control the Baro overflow and to deliver
 

it to the White Nile near Melut. An excavated channel would be built
 

from Khor Jakau to Melut with short tributary channels to confine runoff
 

from the Eastern Khor.
 

the west side of the Sudd Marshes.
The Bahr el Ghazal is located on 


The Bahr
Figure 1.4 shows the location of the Bahr el Ghazal study area. 


el Ghazal basin has an area of 5.26x10
5 km2 while the permanent swamp
 

covers about 4x10 4 km2 . Several tributaries discharge into the swamp but
 

loss is very high and net runoff to the White Nile isevaporation water 

censmall. There are proposals to build two perimeter canals around the 


tral Bahr el Ghazal (see Figure 1.5). Th2 southern canal would collect
 

to the
discharge from the Tonj, Naam, and Yei rivers and transport it 
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TABLE 1. 1 

Apparent Water Losses of Major Nile Swamps
 
(Chan and Eagleson, 1980)
 

Location Area of Inputs Output Lossea Losses
 
Permanent Prec Gaged Estimated Gaged (md) White
 
Swamp (md) Inflow Spillage (md) Nile Flow
 
(km2) (md) (md) at Malakal)
 

Machar 8,700 7.3 2.0 3.5 0.1 12.8 0.47
 

Jebel-Zeraf 8,300 7.5 27.0 -6.0 14.3 14.2 0.53
 

Ghazal 16,600 15.0 12.7 6.0 0.6 33.1 1.23
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Jonglei Canal, while the northern canal would collect the Jur and Lol
 

discharges and transport them to the White Nile at Malakal.
 

Table 1.1 shows the apparent water losses of the major Nile swamps.
 

The Bahr el Ghazal appears to have the greatest development potential 

since total losses are highest in that region. By preventing spillage 

and tributary inflows by channelization, water which is now transpired 

will be retained for downstream use. Chan and Eagleson (1980) developed 

a water balance model to determine the probability density function of 

increased discharge in the presence of the Bahr el Ghazal canals. This 

work considers the new water balance equilibrium of the swamp itself. 

Due to the reduced water supply in the swamp a new equilibrium vegetal 

system will develop which transpires at a lower level than before channel

ization. 

1.3 The Bahr el Ghazal Basin
 

The Bahr el Ghazal basin is located in southwestern Sudan and covers
 

5.26x105 km2 . Within the basin, precipitation is heaviest in the southern
 

part and decreases northward, from 1300 mm/yr on the Nile-Congo divide to
 

300 mm/yr near el Fasher. The mean annual precipitation on the entire
 

basin is about 5x10 1 1 m3 (Hurst and Phillips, 1931).
 

Thts large drainage area can be divided into three land classes:
 

the land containing the upper courses of the Ghazal tributaries, the
 

swampy land on the lower course of the tributaries, and the land north of
 

the Bahr el Arab. The land containing the upper courses of the tribu

taries is primarily covered by savanna forest, though in stream ravines
 

thick forest similar to the tropical rain forest of the Congo may be found.
 

The country is hilly with many ironstone outcroppings. The lower courses
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of the tributaries are surrounded by large areas of swamp. During the
 

wet season, the swamp areas extend greatly, while during the dry season
 

the river falls and the swamp diminishes, leaving large grassy plains on
 

the edges of the permanent swamp. These seasonally flooded plains or 

"toich" land support cattle and game during the dry season and are there

fore essential to the natives' nomadic existence. North of the Bahr el 

Arab the country gradually becomes arid as precipitation drops and the 

vegetation changes from thorny savanna to shrub steppe.
 

Topographically the Bahr el Ghazal basin approximates a funnel with
 

eight tributaries leading to an extremely flat central swampy region. 

Variability of total precipitation and streamflow within the basin is
 

reflected in the area of the swampy region rather than in the discharge
 

of the basin. Heavy rainfall and high inflow cause the flooded area to
 

expand, increasing the area of high evapotranspiration and seepage but
 

causing only a relatively small change in water surface elevation and 

hence in outflow. When precipitation is scanty and runoff low, the flooded 

area contracts, reducing water losses but not lowering basin discharge 

much (Chan and Eagleson, 1980).
 

Most of the important rivers in this basin are seasonal torrents 

originating in the southwest where precipitation is heaviest. The Jur and 

the Lol contribute 70 percent of the total inflow while the northern trib

utaries are quite small (the Raqda el Zarqa and the Bahr el Arab contribute
 

only 3.7 percent of the total inflow).
 

The central swampy region has two types of vegetation, papyrus swamp 

and open grassland, but the two intermingle. The mean annual precipita

tion in this region varies from 750 to 1000 mm and falls during the six
 

to seven month wet season. The land is very flat with an average slope
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of only 10 cm/km (Chan and Eagleson, 1980) and the impermeable soils cause
 

heavy flooding and waterlogging during storms.
 

The study is primarily concerned with the hydrologic behavior of
 

the central flood region which can be divided into three regions: the
 

intermediate lands, the toich land, and the Sudd land. The intermediate
 

lands experience heavy flooding during the rains but are dry during the
 

dry season. Vegetation is primarily perennial grassland with a few acacia
 

trees while the soil i clay to heavy loam. The toich land is seasonally
 

flooded by spill water from the rivers and its vegetation consists primar

ily of grasses with few trEes. Soil moisture is sufficient for active grass
 

growth throughout the year on the sandy clay to heavy clay soil. The
 

Sudd land is permanent or semi-permanent swamp with soil moisture always 

at saturation. It occupies the lowest levels of the flood region. Vege

ation is predominantly "cyperus papyrus". The high clay content of the 

soil results in swelling vhen wet and inhibits infiltration. 

1.4 The Objective of This Work
 

The objective of this work is to develop a water balance model of
 

the Central Bahr el Ghazal in order to predict the area of the swamp in
 

the presence of the proposed perimeter canals. Since precipitation and
 

tributary streamflows are probabilistic in nature a stochastic approach
 

must be taken. Data on the soil of the central swampland is not available 

at this time, so in this study the model will be developed and then the
 

soil parameters will be estimated using an ecological optimality hypothe

sis (Eagleson, 1982). The possibility of variouts canal designs will be
 

incorporated through canal collection efficiency parameters. 
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Chapter 2
 

BACKGROUND
 

2.1 Evaporation from Bare Soil in the Presence of a High Water Table
 

A key element in swamp behavior is evaporation from a high water
 

table. Estimating evaporation from bare soil in the presence of a high
 

water table has long held interest for both hydrologiscs dfnd agricultura

lists. Farmers are interested in maintaining soil moisture in the root 

zone while avoiding salt accumulation problems. Hydrologists are concerned 

with the evaporation occuring in the presence of a water table because it 

affects the amount of water stored in the phreatic aqulfer. 

Many investigators have studied this problem and there is general 

agreement that the rate of evaporation is controlled by either the atmos

phere's capacity for evaporation (potential evaporation rate) or the soil's 

capacity Lo transport water from the water table to the surface. Reason

able methods of estimating the atmospheric potential evaporation rate, Ep, 

have been developed, so most of the studies concentrate on the soil-limited 

case. The general approach taken ignores diurnal fluctations in potential 

evaporation and assumes that the moisture flux through the soil is steady. 

This approximation appears reasonable because the soil-limited evaporation
 

rate will probably not be affected by small changes in the potential evap

ortion rate.
 

Before reviewing the literature, a few definitions are necessary.
 

Figure 2.1 schematically illustrates the one-dimensional soil column.
 

The vertical distance, z, is measured downward from the soil surface and
 

at the water table z = zw. The moisture flux, w, is upward throught the 

soil column from the water table to the soil surface. The steady state
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Figure 2.1 The One-Dimensional Soil Column
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be equal
approximation requires that the actual rate of evaporation, Ea, 


Two other
to w, otherwise moisture would collect at the soil surface. 


variables are also very important in the study of evaporation. They are
 

both measures of soil moisture: 0, the soil moisture concentration, and P,
 

the soil matrix potential. Based on these definitions, a summary of the
 

most important studies follows: 

Moore (1939)
 

Moore was the first to consider capillary rise from a water table as
 

P function of measureable soil properties. He set water tables at the
 

bottom of dry soil columns and measured the resulting steady state evap

the steady state flux was largest for fineoration rates. He found that 

soils despite the fact that at complete saturation coarse soils have 

larger hydraulic conductivities, K, than fine soils.
 

Philip (1957)
 

Philip used the 0-based equations for liquid and vapor movement in
 

the presence of moisture gradients, temperature gradients, and gravity; 

and a heat conduction equation which included a heat of vaporization term.
 

He simplified all the equations to the one-dimensional steady case, and
 

then considered a few special cases. In the isothermal case, he used nume

the water table depth, zw, as a function ofrical integration to find 

moisture flux, w, and relative humidity at the surface, ho , for a particu

lar soil (Yolo light clay). He then inverted the relationship to find w
 

inversely proportional
as a function of zw and ho . He found that w was 


to Zw, and that w was ;irtually independent of ho unless ho was larger
 

than 99 percent. He also found that w approaches a maximum value, Wlim,
 

as ho decreases. He hypothesized that the extra potential difference
 

table and the surface which occured when ho decreasedbetween the water 
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the "vapor bottleneck" which occured
was consumed by a swall addition to 

at the soil surface. He pointed -ut that the actual evaporation rate, 

Ea, equals the minimum of the potential evaporation rate and the soil 

limited moisture flux,
 

Ea = min (Ep, Wlim) (2.1)
 

Philip also examined the effect of a soil temperature gradient on
 

evaporation. He concluded that the isothermal model could be applied with
 

negligible error unless the surface layers were extremely dry.
 

Gardner (1958)
 

Gardner developed the i-based, one-dimensional, steady moisture flux
 

equation and integrated it analytically for several K(p) relationships 

to generate
 

zw = f(w, 0, n) (2.2) 

where o is the soil matrix potential at the surface and n is a soil
 

parameter from the K( ) relationship. He found that when w is low and
 

limited by external conditions, a small increase in % resulted in a
 

large increase in w and that the evaporation rate was virtually indepen

dent of both water table depth and saturated hydraulic conductivity (i.e., 

Ea = Ep). As io increased, w increased until a limiting value was ap

proached (see Figure .2) and
 

(2.3)
Wlim = f(zw, K(1)) 

Gardner developed a prediction equation, 

Wli Aa zn- (2.4)m 
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where A is an empirically derived function of the soil parameter, n, and
 

a is a function of other soil parameters.
 

Gardner also considered the effects of a surface mulch. In this
 

case he assumed that vapor diffusion across the mulch reduced the hydrau

so
lic gradient felt by the liquid phase enough to reduce the flux and 


his predicted evaporation rate is inversely related to the thickness of
 

the mulch. Laboratory studies by later investigators confirm this result.
 

Schleusener and Corey (1959)
 

Schleusener and Corey started their analysis with the Darcy equation
 

which is equivalent to the one-dimensional, steady, i-based, liquid trans

port equation used by Gardner. However, during their analysis they as

sumed that the gravity term was negligible so the prediction equation
 

they developed,
 

,'"1) K(1)
 
(2.5)
Wlim 

(n - l)(z w - I) 

n 

lacks the (-) dependence that was found by other investigators. 

zw
 

They also ran several experiments using different soils in 3i"
 

diameter columns, subject to different water table depths and potential
 

evaporation rates. They found that Ea did not approach a limiting value,
 

Wlim, as Ep went to infinity. Insteady Ea reached a maximum at some
 

value of Ep and then fell off as E. increased further. Philip (1957) had
 

pointed out that a downward heat flux could result in an inverse relation

ship between Ea and Ep, but when Schleusener and Corey eliminated the radia

tive heat source, the moisture flux did not increase to the limiting value.
 

They concluded that the effect of a downvard heat flux was not adequate to
 

explain the difference in Ea and wlim. They suggested that the difference
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was due to hysteresis effects and developed a qualitative model of the
 

hysteretic process.
 

Previous investigations had shown that
 

4(O)drying 0 *(O)wetting (2.6)
 

but no studies had been done on K(*). Schleusener and Corey proposed
 

that because of pore shape,
 

K(O)drying # K(P)wetting (2.7) 

irreversible
and so initial desaturation of the surface layer begins an 


They concluded
reduction in the rate of water transfer of the surface. 


that treatments which cause rapid initial drying of the soil surface
 

should conserve soil moisture under most conditions.
 

King and Schleusener (1961)
 

King and Schleusener performed experiments to determine whether the
 

inverse relationship between Ea and Ep occurried under cyclic atmospheric
 

those in the field. They found that the inverse
conditions similar to 


relationship developed for Ep as zw increased and as the time of exposure
 

increased, so brief periods of high Ep do not necessarily reduce Ea. They
 

also explained the hysteretic phenomena more clearly than Schleusener and
 

Corey had, i.e., when the potential evaporation rate is larger than the 

rate at which the soil can transport water upward from the water table 

the surface layer of the soil is dessicated. Then water which is to be
 

evaporated must be imbibed by the dry surface layer at a much lower hy

draulic conductivity. This lower conductivity results in an evaporative
 

flux which is less than wlim because wlim is calculated using K(
6 )drying
 

for the entire soil column.
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Anat, Duke, and Corey (1965)
 

Anat et al. developed dimensionless variables in the one-dimensional,
 

steady, liquid transport equation. They evaluated the resulting integral, 

d(-)
 

f 	 (2.8) 
o Wlim
1 + 	 -(-) 

K(1) *(I) 

1 
by expanding into a convergent series and integrating term by term
 

1 + 	 xn 

for 	an analytic approximation of
 

Wlim
 

- = f(- , n) (2.9) 
ip(1) K(1) 

zw 


W1 im 

If - is very small (less than 0.01) their approximation becomes
 
K(1)
 

1.886 n (1) n 

-- = (1 + ) (-) (2.10) 
Wlim 


n2 + 1 
zw
 

K(1) 


Anat et al. carefully filled the soil columns to avoid particle size 

segregation and then vibrated the columns to ensure stability. They 

measured hydraulic conductivity during drainage and imbition cycles and 

found that K(4) on the imbition cycle was roughly one to two orders of 

magnitude l s for a given P. Next, they performed steady state evapora

tive flux experiments on both drainage and imbition cycles for several 

soils. They compared the resulting data with theoretical values and found 

very good agreement for all the soils. 
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They also performed several runs demonstrating hystersis by forcing
 

imbition to occur in the surface soil layer during a drainage cycle run.
 

They maintained the water table at a constant depth and raised 4 at the 

surface until w moved through a maximum and then started to decline. At
 

this point they lowered * gradually and found that w followed a second
 

curve which was lower than the w curve generated while ' was increasing.
 

Anat et al. concluded that whenever the rate of removal from the soil
 

surface substantially exceeds the rate at which liquid can be replaced 

from the interior of the soil, hysteresis takes place, and the evaporative 

flux is reduced. The amount of reduction depends on the rate at which
 

the surface layer is desaturated, but it can be as much as 50 percent.
 

Ripple, Rubin, and van Ilylekama (1972)
 

Ripple et al. set out to develop a simple, practical estimation tech

nique for evaporation from bare soil under certain atmospheric conditions.
 

They reviewed several methods uf calculating the potential evaporation
 

rate as a function of atmospheric parameters, and then examined the evap

orative flux for three different soil configurations.
 

The first configuration was a homogeneous soil experiencing liquid
 

moisture movement throughout the soil column. They analytically integrated 

the one-dimensional, steady, liquid transport equation as goes to infin

ity, and found
 

7()n
rWlim 
=i (-) n ) (2.11) 

K(1) zw 
n sin 
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w 

They also developed graphical methods to find p, given - anLI n, and to 
K(1) 

find w given net radiation, zw, n, and K(1). However, general use of
 

these methods would require an excessive number of complicated graphs.
 

They developed a numerical integration technique to find w in a
 

nonhomogeneous layered soil system, and finally, examined the case of a
 

homogeneous soil column which had a vapor flux layer above the liquid
 

flux layer. Their treatment of the two-layer homogeneous soil column 

required many assumptions including i at the vapor-liquid boundary being 

large enough to sustatn wlim through the liquid flux layer. Because of 

this assumption the vapor-liquid transport system yielded slightly larger
 

evaporation rates (approximately 5 percent) than the liquid transport 

system. They concluded that for estimation purposes the liquid transport
 

case is an adequate approximation.
 

Ripple et al. confirmed that for pratical purposes Ea is either soil
 

or atmosphere limited by showing that the region where both limitations
 

are important is small. They also demonstrated that the relative error
 

incurred by assuming actual evaporation is the minimum of potential evap

oration, and wlim is negligible.
 

Eagleson (1978)
 

Eagleson used an expression relating hydraulic conductivity to soil
 

matrix potential,
 

n 
( 1) 

K( ) = K(1) (--) (2.12) 

and analytically evaluated the soil parameter constant, a, in Gardner's 

wlim equation (Equation 2.4). Eagleson fitted an empirical continuous
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Thus, he develfunction, A(n), to the discrete values given by Gardner. 


oped an equation for Wlim. 

n 
3 (1)
 

(2.13)
)(- -)Wlim = K(1) (1 + 
2(n - 1) zw
 

Conclusions
 

Several investigators have developed equations relating the soil

to the water
limited evaporative flux, Wlim, to soil parameters and depth 

All of the equations are based on the one-dimensional, steadytable. 


state, liquid transport equation and assume that 

Wl im 
- << 1 (2.14) 

K(1)
 

Figure 2.3 compares the equations of Ripple et al., Anat et al., and
 

Eagleson. Ripple et al. integrated analytically to derive their wlim equ-


Anat et al. used a series
ation, so it is theoretically the most sound. 

approximation before integrating and the resulting equation underestimates
 

Eagleson

Wlim for fine soils and overestimates wlim for coarse soils. 


the values given by Gardner (1958) and the resulting
fit a smooth curve to 


wlim equation is very close to the one developed by Ripple et al.
 

Schleusener and Corey neglected gravity in their derivation, so their Wlim
 

n 
(1)
 

dependence found by all the other investigators.
equation lacks the (- ) 

zw
 

It significantly overestimates wlim because it neglects the downward force
 

of gravity (see Figure 2.4).
 

limitedSteady state evaporation in the presence of a water table is 

either by the atmosphere's capacity to carry moisture away, Ep, or by the
 

soil's capacity to transport moisture from the water table to the surface,
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Wlim. Some investigators developed w versus P surface plots but these 

are unnecessary because whenever w < Wlim, w equals Ep, since Ep actually 

determines i at the surface. Currently, the best method of estimating 

the steady state evaporative flux from a bare soil is to calculate wlim 

and Ep and then to set the evaporative flux, Ea, equal to the minimum of 

Ep and Wlim. This estimation technique neglects the effects of hysteresis, 

but investigators have yet to quantify and the relationship between Ea 

and Ep when hysteresis effects are important.
 

2.2 Ecological Optimality Hypothesis (Eagleson, 1982)
 

Hydrologic studies usually require accurate estimations of climate, 

soil, and vegetation parameters. Soil parameters cannot be directly ob

served however, and obtaining areally averaged estimates is complicated 

further by the large degree of spatial variability. Eagleson suggests 

that since evapotranspiration and other soil moisture fluxes are primarily 

dependent on the hydraulic properties of the root zone soil and on the
 

water use characteristics of the vegetation canopy, the naturally occurr

ing canopy is a spatially integrated indicator of the soil properties. 

The dynamic time scale of the vegetation canopy is large with respect to
 

soil moisture variability so the state of the canopy will yield informa

tion on both space and time averaged evapotranspiration.
 

Eagleson's analysis begins with an equation of short term conserva

tion of mass in the root zone:
 

ds
 
ne Zr - = i - - p - r. (2.15)
eT 


dt
 

where
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ne = effective porosity 

Zr = depth of the root zone 

s = effective soil moisture concentration (effective volume of 

soil moisture divided by effective porosity) 

i = rate of precipitation 

= rate of evapotranspirationeT 

p 	 = rate of deep percolation 

= rate of storage and runoff of surface waterr s 

Time 	averaging equation 2.15 and assuming soil moisture equilibrium yields
 

EIPA] 	- E[ETAIso, climate, soil, vegetation] 

- E[YAI so, climate, soil] = 0 (2.16) 

where climate represents the parameters defining ep, the long term average
 

potential rate of evaporation for bare soil; soil represents the effective
 

hydraulic properties of an equivalent homogeneous root zone - effective
 

porosity, ne, saturated intrinsic permeability, K(1), and pore disconnect

edness index, c; and vegetation represents canopy density, M, and the
 

species-dependent plant water use coefficient, kv.
 

In water limited systems, Eagleson hypothesizes that there is short
 

term ecological pressure to minimize water demand stress through adjustment 

of M and kv so that soil moisture is maximized: 

as0 

(-) = 0 M = Ho (2.17) 

am k 
v 

and
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asB
0
 
(-) = 0 kv =kvo (2.18) 
am M
 

or equivalently:
 

aETA
 

(- ) = 0 M m (2.19)o 
aM k
 

and
 

aETA 

(- ) = 0 kv kvo (2.20) 
AkV M 

Minimization of water demand stress results in a short term equilibrium
 

defining canopy density and the species-dependent water use coefficient
 

for arid climates. According to his solution, as the system become more
 

moist and Mo rises above 0.42, this complete equilibrium is no longer pos

sible.
 

In such moist climates, where atmospheric evaporative capacity is 

limiting, the pressure toward maximization of soil moisture with respect
 

to species is weak and Eagleson hypothesizes that the ecological pressure
 

shifts toward maximization of biomass productivity; that is, for a given
 

moist climate the system will continue to satisfy Equation 2 but will
 

also maximize biomass productivity. Assuming kv to be determined by the
 

other water limitation, Eagleson express this optimality as 

° =0 (2.21) 

3E kv
 

where E is a dimensionlcss climate and soil parameter proportional to
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(c+5)/2
 

-2ep 

Maximization of the minimum stress canopy density for a vegetal 

species provides a rational approach which leads to complete vegetal cover 

in very humid systems with kv = 1. 

Eagleson also suggests that for a given energy supply biological
 

systems evolve toward the condition of maximum biomass productivity. By
 

adding organic matter to the soil, the vegetation canopy modifies the soil
 

properties and thus the canopy and soil develop synergistically toward
 

maximum biomass productivity which is proportional to canopy water use,
 

Mokvep. At the long term equilibrium
 

am =
S = 0 Mo Mo (2.22)
 

ac K(1)
 

and
 

= = 0 M (2.23)mo o 

(-) caK(1) 

where M * is the "climatic climax" canopy density.
o 

The difference in time scale between the processes of vegetation op

timality (Mo and kv) and the process of soil development insures that the
 

term.
vegetation of the climatic climax system is also optimal in the short 

The combination of long and short term optimality specifies the climatic 

Mo, kv, K(1), c, and so, given only the climate characteristics and the 

to estimate soil and vegetation proeffective porosity, makng it possible 

perties from a minimal amount of information.
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Chapter 3 

MODEL FORMULATION
 

3.1 Introduction
 

The objective of this work is to model the hydrologic behavior of
 

the Central Bahr el Ghazal basin to demonstrate the effect of the pro

posed perimeter canal project upon the size of the flooded area. To
 

achieve this objective, the water balance of the Central Swampland must
 

be known. A simulation model of the Central Swampland will be formu

lated to study its dynamic behavior in response to various inputs, and 

to estimate the change in flooded area which will result from swamp 

drainage.
 

3.2 Modelling the Landsurface
 

The Central Swampland consists of an irregularly shaped region of
 

intermingled papyrus swamps and grasslands with a total area of 8.76x10 4
 

km2. For computational simplicity this complex region is modelled as
 

a circle with the same total area. The radius, rb, of this circular
 

region is 1.67x10 5 meters.
 

Ideally, the ground elevation would be modelled using detailed topo

graphic data on the region. Unfortunatley, such data are not available
 

for the Bahr el Ghazal, so the ground elevation has been modelled as a
 

parabola:
 

2
z =C I r (3.1) 

where 
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wrb -... 

Figure 3.1 Schematic of the Landsurface Elevation Model 
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z 	 = landsurface elevation (m)
 

=
C1 coefficient of landsurface parabola (m 
l )
 

r 	 = distance from center of circular region (m) 

As shown in Figure 3.1, the water table elevation is assumed to be con

stant throughout the area, so the papyrus swamp lies in the central re

gion while the grasslands are located in the dry surface annulus.
 

The surface elevation at the perimeter road is approximately 20
 

meters above the central ground elevation (Chan 1980), using z = 20m at 

r = 1.67x105m yields c1 = 7.44:c10-1 0 /m. This represents an average 

slope of 12 cm/km which is consistent with the 10 cm/km slope reported 

by Migahid (1947) for the flood region. 

3.3 Modelling the Wet Season
 

Figure 3.2 illustrates the primary moisture fluxes which occur in
 

the Central Swampland during the wet season - evapotranspiration, preci

pitation, gaged streamflow and ungaged streamflow. Chan (1980) showed
 

that deep drainage out of the Central Swampland can be neglected. If
 

deep drainage does occur the ungaged inflow would be increased to bal

ance the additional loss, so for simplicity, we will continue Chan's
 

assumption that deep drainage is negligible.
 

In the following sections, each of the wet season moisture fluxes 

will be modelled separately; then they will be combined to find IR, the 

net wet season moisture input. 

Precipitation 

Annual precipitation is assumed to be uniform over the entire Cen

tral Swampland. Appendix A details the development of a cumulative dis
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ET = evapotranspiration 
P = precipitation 

RG = gaged streamflow 

Ru = ungaged inflow 

Figure 3.2 Moisture Fluxes During the Wet Season
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TABLE 3.1
 

Precipitation and Discharge for Bahr el Ghazal Basin
 

Catchment 

Name 


Naam 


Maridi 


Toni 


Jur 


Pongo 


Loll 


Bhar el Arab 


Raqaba el Zarqa 


Central Swampland 


Mean Annual 

Precipitation 


(m) 


1.224 


1.120 


1.255 


1.371 


1.173 


1.128 


.653 


.689 


.944 


Catchment 

Area(Km2 ) 


11,962 


15,390 


21,708 


54,705 


8,428 


65,338 


157,397 


92,508 


87,649 


Mean Gaged
 
Discharge
 
(109 m3 )
 

0.476
 

0.520
 

1.600
 
(Down Stream
 

of the River
 
Iridge)
 

5.220
 
(at Wau)
 

0.575
 
(D.S.R.B)
 

3.900
 

(at Nyambell)
 

0.300
 

0.100
 

-0.6
 
(to the
 

White Nile)
 

Mean annual precipitations from Chan (1980) using Thiessen method
 

of areal averaging.
 

Catchment areas a3ove gage at edge of Central Swampland (outside
 

perimeter road).
 

Mean gaged discharges from Nile Basin, Vol. IV.
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tribution function (CDF) of areally averaged annual precipitaton for the
 

Central Bahr el Ghazal Swamp. SIM.FORTRAN uses thin CDF to generate a
 

series of annual precipitation values with mpA = 0.944m and upA = 0.155m. 

This 3eries of precipitation values will be used in simulating several
 

hundred years of the swamp's water balance, along with the approximation 

that each year precipitation falls only during the six month wet season 

(April to September).
 

Inflows 

There are eight catchments emptying into the Central Swampland 

the Jur, the Loll, the Toni, the Pongo, the Maridi, the Naam, the Bahr 

el Arab, and the Raqaba el Zarqa. Table 3.1 shows the mean annual gaged 

discharge of each of the rivers near the perimeter road. Analysis of
 

monthly discharge records from the Nile Basin volumes shows that roughly
 

85 percent of the gaged streamflow into the Central Swampland comes from
 

the Jur, the Loll, and the Toni. Discharge records on the five smaller
 

catchments are incomplete, so precipitation - gaged discharge correla

tion analysis is based on the total annual discharges of the three pri

mary catchments. The gaged streamflow is assumed to be normally distri

buted about the calculated correlated value (Fiering and Jackson, 1971),
 

i.e.:
 

SMR (1- r) + r (A - mPA) + (1 - r2) aR nj (3.2) 
uP


A 

where
 

RG = annual gaged streamflow into Central Swampland for jth year 

(m3) 

mR = mean annual gaged streamflow (m3 ) 
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r = correlation coefficient between annual precipitation and 

annual gaged streamflow 

PA = annual precipitation (m) 

mPA = mean annual precipitation (m) 

PA = standard deviation of annual precipitation (m) 

3
 
9R = standard deviation of annual gaged streamflow (m ) 

hj = normally distributed random number 

The correlation coefficient, r, between annual precipitation on the 

Central Swampland and annual gaged streamflow into the region equals
 

3 

0.80. 	The mean annual gaged streamflow, mR, equals 1.27x101

0m and the
 

3

variance of the annual gaged streamflow is 1.594x10 9m , which is only
 

about 10 percent of the mean.
 

During the wet season, the tributaries feeding the Central Swamp

land frequently spill onto their floodplains making accurate gaging im

possible. It is also likely that a significant amount of water enters
 

the Central Swampland through sub-surface flow, particularly from the
 

sandy region immediately to the south. This ungaged surface and subsur

face inflow is lumped together to form Ru, the annual ungaged inflow.
 

Chan (1980) performed a mean annual water balance on the Central Swamp

land and showed that a mean annual unagaged 
inflow, Ru, of 15.1x1O 9m

3
 

is necessary to complete the balance. This equals 1.2 RG. We assume
 

that a linear relationship between RG and Ru holds during particular
 

years as well as in the mean.
 

The perimeter canals will be unable to collect the subsurface in

flow, therefore, it is important to distinguish between the overland
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TABLE 3.2
 

Spaze-Time Mean Monthly Catchment Potential Evaporation (Water Surface)
 

epw (mm/month) from Chan (1980) 

Month Naam Maridi Toni Jur Pongo Loll 

1 129 134 128 128 130 120 

2 142 145 141 138 146 139 

3 154 161 152 145 163 164 

4 145 153 147 141 164 177 

5 138 142 137 130 151 164 

6 128 131 127 121 137 149 

7 121 125 120 116 128 138 

8 121 124 120 113 125 136 

9 126 129 125 118 131 140 

10 130 134 128 122 135 143 

11 132 136 129 125 134 134 

12 130 132 126 122 127 119 

Annual 
(mm/yr) 1595 1646 1582 1517 1670 1718 

seasonal 
(mm/mo in) 

(wet season) 133 137 132 125 142 149 
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and subsurface components of the ungaged flow. This is done by incor

porating an ungaged flow distribution coefficient, a, which equals the
 

ratio of subsurface ungaged flow to total ungaged flow. Then,
 

Ru = 1.2(a RG + (1 - )RG) (3.3)
 

Evapo transpiration
 

Chan (1980) estimated the wet season potential evaporation rate
 

for a bare soil surface using the modified Penman equation for each of
 

the six major catchments contributing to the Central Swampland. These
 

values are tabulated in Table 3.2. Using these values we calcuate 

Ep = 140mm/mo as an areally averaged wet season potential evaporation 

for the central region. During the wet season moisture is abundant so
 

we assume that all plants transpire at the potential rate. The plant
 

coefficient, kv, equals 1.0 for grasses and 1.31 for papyrus, therefore:
 

ET = Ep and... ET = 1.31 Ep (3.4)
 

grass papyrus
 

We assume the entire flooded region (z < h) is covered with papyrus,
 

while the dry surface region (z > h) is covered with grass. Then, the
 

overall evapotranspiration rate is a linear function of the water table
 

eleva tion: 

h 2 h 
ET = 1.31 Ep 7  + Ep i (rb  -) (3.5) 

C1 C1 

where 

ET = overall evapotranspiration rate (m3/sec) 

Ep = potential evaporation rate from bare soil (m/sec) 

h = water table elevation (m)
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-
 )
C1 	 = coefficient of landsurface parabola 

(m
 

= radius of Central Swampland (m)
r b 

This reduces to:
 

h 2 

+ rb) 	 (3.6)ET = 7T Ep (0.31 -

Ci 

We approximate the total evapotranspiration which occurs through

out the wet season by estimating the high water table elevation for that 

wet season. An iterative procedure is then used until the estimated hj 

equals the hj calculated from the wet season water balance. Then 

hj 2
 

Ewj = T w Ep (0.31 - + rb) (3.7)

Cl
 

where
 

Ew = total evapotranspiration during jth wet season (m3 ) 

J 

T = length of wet season (sec)
 

h = high water table elevation during j th wet season (m)
 

Net Moisture Input
 

The wet season moisture fluxes are combined to form the net wet
 

season moisture input, IR:
 

2 
(3.8)
IR = PA n rb + RG + Ru - Ew 

This net input is used to calculate the height of the water table at 

the end of the wet season. Figure 3.3 shows the effect of the magnitude
 

of IR on the water table elevation.
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dry season 
wtseason
 

E 
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Figure 3.3 The Effect of Wet Season Moisture Input on Water Table Eleva
tion 
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To quantify the water table elevation change, we must first calcu

late the total amount of water in t.& system for a given h. We assume 

that soil moisture stored in the unsaturated zone is neglibile. This 

means that all the moisture is stored beneath the water table. There 

are two cases to consider: 

Case One: h > 0 

rw 2 rw 2 rw 
WT fo (h-Clr)2 n rdr + fo nClr 2 f rdr + f r nh 2 w rdr 

w 

4 4 

2 TrClrw 7 CI rw 2 2=h 7rrw - + --- + nh Tr rb -nh Trrw 

2 2 
(3.9)
 

7T
 

= (1 - n) - h2+-'n n rb h
 
2C1
 

a1 h
2 + a2h 

1 

al 	 = - (1 - n) 
2C1
 

2
 
a 2 
 = n 	 it rb 

wT 	 = total water in system (Wn) (wT 0 when h 0)
 

= radius of flooded region (m)
rw 


h = water table elevation (m)
 

C1 = land surface parabola coefficient (m- 1 )
 

n = porosity
 

rb = radius of Central Swampland (m)
 

52
 



Case Two: h 4 0
 

rb~ 

UT= rb nh 2 r r dr 

2
 
wTrb nh (3.10)
 

h
a2 


We define wT1 to be the total moisture stored at the beginning of the
 

wet season and wT2 to be the total moisture stored at the end of the
 

wet season (after the pulse moisture input). Then,
 

WT2 = WT1 + IR (3.11)
 

To express the total moisture stored in terms of water table elevation,
 

we must consider three cases:
 

Case One: wTl > 0
 

2 2
 
al h2 + a2h2 = alh I + a2hI + IR (3.12)
 

which yields:
 

2 2
 
-a2 + (a2 - 4al(alhl + a2hl + IR))d
 

h2 = (3.13)
 
2a1
 

Case Two: WT1 < 0
 

WTi + IR > 0
 

2 
a1h2 + a2h2 = a2h + IR (3.14) 

which yields: 

2 

-a2 + (a2 - 4al(a2h I + IRO 
h2 = -- (3.15) 

2a1 
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Case Three: WT1 4 0 

WT1 + I R 4 0 

= + (3.16)a2h2 a2hI I R 

h 2 + (3.17) 

a2 

So, given the water table elevation at the beginning of the wet season 

and the wet season moisture input, using an iterative procedure we can
 

find the final wet season water table elevation (high water table eleva

tion).
 

3.4 Modelling the Dry Season
 

During the dry season, we assume that precipitation, gaged stream

flow, and ungaged inflow are all equal to zero. Then, the only flux
 

during the dry season is evapotranspiration which can be modelled as a
 

deterministic function of the water table elevation. The net moisture 

flux out of the system results in a lower water table elevation as the
 

dry season progresses.
 

The falling water table can affect both the activity and the
 

species distribution of vegetation. This possibility is included in
 

the model by dividing the Central Swampland into three district regions
 

(see Figure 3.4). The central flooded region still supports a papyrus
 

swamp with ET = 1.31 EP. In the second region the water table lies
 
1 

beneath the ground, but water is still available in sufficient quantity 

to support grasses, so ET = Ep. The third region is the outer annulus
 
2 

where the water table is too far below the surface to support vegetation.
 

The surface is covered by a thicK layer of dormant grasses which forms
 

an effective mulch. We assume ET = 0 because of the thick mulch layer.
 
3 
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The location of the boundary between the active and dormant grasses 

is important because it affects the overall evapotranspiration rate. 

We assume that in the dormant grass region the potential capillary rise 

from the the water table to a bare soil surface is less than Ep. 

At the 	assumed boundary, the Gardner capillary rise, w, equals Ep,
 

the potential evaporation rate:
 

3 *(I) mc 

w = K(1) (1 + )(- ) = Ep (3.18) 
2(mc-1) ho 

2 
= 
where ho CI ra - h
 

K(1) = saturated hydraulic conductivity (m/sec) 

m = pore size distribution index 

c = pore disconnectedness index
 

=(I) 	 saturated soil matrix potential (m) 

outer radius of active grass region during the dry season (m)ra = 


= depth to water table at r = ra (m)ho 

Solving Equation 3.18 first in terms of ho and then in terms of ra, 

yields: 

3 I/mc 
K(1)( + ) 

2(mc-1)
 
(i) 	 (3.19)
ho= ( 


Ep
 

and
 

3 1/mc 
K(1)(I + ) 

2(mc-1) p(I) h 

ra = ) - + -) (3.20) 

Fp C1 Cl 

56
 



Using the regional evapotranspiration rates, we now calculate the
 

overall evapotranspiragion rate for a given water table elevation. 

There are three possible expressions for ET depending on how many of 

the vegetation regions are present. In the first case all three regions 

are present: 

Case One: h > 0
 

ra
rw 
ET = fo 1.31 Ep 2 a r dr + fr Ep 2 n r dr (3.21) 

w 

2 2 2 
= 1.31 Ep iT rw + n Ep (ra - rw) 

h h+ho h 
= Ep 1 (1.31 - + - - -) 

Cl Cl Cl
 

=- (1.31 h + ho )
 
Cl
 

In the second case the water table lies below the land surface through

out the Central Swampland, so the papyrus swamp is not present:
 

Case Two: -ho < h < 0 

ra
 
ET = fo Ep 2 n r dr (3.22)
 

= 7E, (ho + h) 

C1 

In the third case, the water table lies so low that moisture is scarce
 

throughout the system and all the vegetation is dormant: 

Case Three: h < ho
 

ET = 0 (3.23) 
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These three equations show that if the overall evapotranspiration rate 

is greater than zero it is piecewise linearly related to the water table 

elevation. 

to
The negative of the rate of overall evapotranspiration is equal 


the time derivative of the total moisture stored in the system: 

dwT 

-ET = - (3.24) 

dt 

but the derivative of wT can be expanded using the chain rule:
 

dwT dwT dh
 
. . . -(3.25)
.


dt dh dt
 

Combining Equations 3.24 and 3.25 yields
 

dwT dh
 

-ET = -(3.26) 
dh dt 

which can be manipulated to yield
 

dh -ET
 
_ = - (3.27) 

dt dwT
 

dh
 

Sovling for the incremental time change, dt, yields
 

dwT 1
 
(3.28)
dt = -(- -) dh 

dh ET 

Integrating to find t yields
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hf 1
dwT 
t nfhi (--) - dh (3.29) 

dh ET
 

where 

t = time since drying started (sec) 

hi = initial water table elevation (m) 

hf = final water table elevation (m) 

NOTE: If h drops below -ho, ET = 0, but then it is not necessary to
 

evaluate any integral, because h remains constant from that time on.
 

Equations 3.9 and 3.10 give us wT(h):
 

a h2 + a2 h h 0 
WT { (3.30) 

a2h h 0 

Taking the derivative with the respect to h yields
 

dwT 2alh + a2 h ) 0 
- = { (3.31) 
dh h < 0
a2 


Equation 3.31 and the appropriate expressions for ET can be used
 

in Equation 3.29 to find the time necessary for the water table elevation
 

to decrease from hi to hf. The subroutine DRYPLANT numerically evalu

ates the integral in Equation 3.29 using the correct expressions for
 

dwT
 
ET(h) and - (h). For a given initial water table elevation, the sub

dh
 

routine finds the corresponding final water table elevation such that
 

t equals the length of the season. Thus, the water table elevation drop
 

during the dry season is modelled deterministically.
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3.5 Modelling the Effects of the Perimeter Canals
 

The perimeter canals will reduce gaged streamflow into the Central
 

Bahr el Ghazal, and depending on the ungaged flow distribution they may
 

also reduce the ungaged inflow. These effects are incorporated in the
 

of canal collection efficiencies, nI and n2. We
model through the use 


be the canal collection efficiency for gaged streamflow.
define nI to 


This represents the canals' ability to divert discharge flowing within
 

the river channels. n2 is the canal collection efficiency for overland
 

ungaged iow. This represents the canals' ability to divert discharge
 

flowing above the land surface but not in the river channel. aRu is
 

the ungaged flow which the canals have no opportunitity to divert be

cause it flows below the land surface. 

The presence of the perimeter canals changes the net wet season 

moisture input, I R , by reducing the inflow: 

2 
IR = PA irb + (l-nl) RG + (I.2 RG + 1.2 (1-0)(l-n 2 )RG ) - Ew 

(3.32)

2 

= PA 7rrb - Ew + ((I-nl) + 1.2(1-I)(1-n2) + 1.2R)RG 

When the canals are present this new equation for IR is used to cal

culate the high water table elevation at the end of each wet season.
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Chapter 4
 

RESULTS
 

4.1 Results of the Dry Season Evapotranspiration Model
 

Figure 4.1 shows the effect of varying saturated hydraulic conduc

tivity on the thousand year mean high water table elevation. Although 

there is some scatter, there is a clear downward trend as saturated hy

draulic conductivity increases. The change in mean high water table 

elevation is primarily due to changing dry season evapotranspiration 

rates. For large K(1), moisture is pulled easily through the soil from
 

the water table to the land surface. In Chapter 3, ho was defined to
 

be the maximum water table depth at which the rate of capillary rise 

equals the potential evaporation rate. From Equation 3.19 we know that
 

.
ho is proportional to K(1) /mc As K(1) increases, so does ho, there

fore, the area capable of supporting active grass increases while the
 

area covered with dormant grass (mulch) decreases. This is reflectf.d
 

in Equation 3.21 which specifies the dry season (volume) rate of cvapor

ation for a given water table elevation:
 

EpTI 
ET = - (2.2 h + ho ) for h > 0 

cl
 

As ho increases, so does the volume rate of evapotranspiration, 

therefore, the high water table elevations for K(1) = 5xl0-4m/s lie below 

the mean high water table elevations for smaller saturated hydraulic con

duc tivi ties. 

As K(1) is decreased the effect of decreasing it further is reduced. 

This is because the annulus of active grass is becoming narrower and 
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narrower until its contribution to the total evaporation rate becomes 

negligible. When K(1) is very small virtually all the evapotranspira

tion occurs in the papyrus swamp. Thus the mean high water table eleva

tion is approaching a constant value as K(1) decreases below 10-9m/sec.
 

Figure 4.2 illustrates the effect of saturated hydraulic conduc

tivity on the standard deviation of high water table elevation. ah is 

approximately constant at 0.8 meters for K(1) < 5xl0-m/sec but it ap

pears to grow quickly for larger values of K(1). The coefficient of 

variation -
Ch is large in all cases, indicating tremendous variability 

h 

in year-to-year values of high water table elevation. This is consis

tent with the scatter apparent in Figure 4.1 

Figure 4.3 show the effect of varying canal streamflow collection
 

efficiency on the thousand year mean high water table elevation when
 

saturated hydaulic conductivity is set to the value generated by 

Eagleson's ecological optimality hypothesis (K(1) = 3.1xlO- 6m/s). As 

nI increases from 0 to 1 h tends to decrease though it is impossible 

to specify the exact change because of the relatively large variation in 

h. As shown in Figure 4.4, this scatter is primarily due to the large 

variability of annual precipitation. Figure 4.4 shows one fifty year 

trace of precipitation and high water table elevation given n, = 0, 

T2 = 0, and K(1) = 3.1xlO-6m/s. When PA is large, h increases showing 

the correlation between the two variables. The annual precipitation 

values are independent random variables generated from the CDF of aninual 

precipitation. The high water table elevation for a given year depends
 

primarily on the current year's precipitation and the previous year's
 

high water table elevation (current input and antecedant storage). The 

65
 



2.4 

2.2 

High Water Table Elevation 
A Real Average Annual Precipitation 

2.0-

E 
1.8 -

1..6 

o 

o 

1.4 

1.2 

-

G 1.0 1.5 

0.8 

0 0.6 

0.4 ' 

_ 1.4 

1. 3E 

1.2c 

•I02 
-0.2 

0 

. 

-

j, 
.x 

0-2 vv3 

'IIC 

\ 
\ 

091-0Z 

-0.4 0.8 

-0.6 

-0.8 -

-10.7 
0.6 

2 4 6 8 1O ,2 14 16 18 20 22 24 26 28 
Yea r 

30 32 34 36 38 40 42 44 46 48 50 

Figure 4.4 Correlation of High Water Table Elevation 
tation for nI = 0, n2 = 0, a = .5, K(1) = 

and Anngal Precipi-
3.lxlO- , hi = 0.75 m 



large variability of annual precipitation and the high correlation be

tween PA and h make it difficult to determine the effects on h of vary

ing model parameters such as qi, n2, and a. Analysis of the thousand
 

year trace is further complicated by the autocorrelation of high water 

table elevations. Autocorrelation contradicts the useful assumption 

that the annual high water table elevations are independent random vari

ables.
 

4.2 Statistical Approach 

Due to the high variability and autocorrelation of h it is neces

sary to modify SIN in order to develop a statistical approach to study 

the behavior of h in the presence of the perimeter canals. SIMI gener

ates several fifty and one hundred year traces, all with the sama ini

tial water table elevation and model parameters rI, T2, and 0. For given
 

conditions, the fifty year mean high water table elevations are indepen

dent random variables and from the Central Limit Theorem they are ap

proximately normally distributed with expected value E(h5 0 ) and variance
 

2
 
Oh5O The hundred year mean high water table elevations are approxi

2 
mately N(E(h 1 0 0 ), OhIO). The analysis of normally di "ributed random
 

variables is well developed (see Larsen and Marx, ",'81).
 

Given X1 , ... , which are random samples from a normal distribu-Xn 

2 

tion with mean P and variance a , a ninety five peicent confidence inter

val for P is
 

s s 

(x - t.025,n-I -, x + t.025,n1 -) (4.1) 

where
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x 
i n 

= sample mean - X xi
 
n i=1 

1 n 
s = sample standard deviation = (- (xi - X)2) 

n-i i=1 

the 97.5 percentile value of the Student t distribution
t.025,n1 = 


with n-i degrees of freedom
 

a ninety five percent confidence
Similarly, for the same xl, ..., xn 


interval for a is given by
 

n-i n-i 
(- ) s, (- ) s) (4.2) 

X2 
X2 

.975 n-i .025 n-i
 

where
 

2 th
 
percentile value of the chi-square distribution
Xal n-i = the a 


with n-I degrees of freedom
 

X2 and t values are tabulated in the appendices of Larsen and Marx. 

SIMI generates twenty values of h5 0 and hi 0 0 and then calculates 

E(hn) and Ohn for that twenty element sample. Table 4.1 contains the 

fifty year results of several SIM1 runs for different canal parameter 

== 

E(h5 0 ) varies from 0.75 meters to 0.83 meters while Oh50 is about 0.27 

meters. This means that the expected value of the fifty year mean high 

conditions. The first case represents no canals (n, 0, n2 0).
 

difwater table elevation is about 0.8 meters but the actual values is 

ficult to predict with great accuracy because the standard deviation 

is large, ch, the standard deviation of an individual obersevation of 

high water table elevation is approximately the same as the expected 

68
 



TABLE 4.1
 

Statistics of Fifty Year Mean High Water Table Elevation and
 

Mean Percent Wetted Surface Aera 

K(1) = 3.1xl0-6 m/sec, hi = 0.75m 

ql n2 E(h50 )(m) ah50(m) E(AN50) aAN50 

0 0 .5 .820 .273 4.10 1.36 

.830 .304 4.15 1.52 

.758 .208 3.79 1.04 

.775 .289 3.87 1.45 

.4 .3 .5 .576 .265 2.88 1.33 

.626 .245 3.13 1.23 

.626 .245 3.13 1.23 

.638 .271 2.86 .97 

.85 .3 .5 s25 .222 2.12 1.11 

.448 .214 2.24 1.07 

.386 .197 1.93 .98 

.468 .245 2.34 1.22 

1 .5 .251 .215 1.26 1.08 

.281 .199 1.41 .99 

.217 .185 1.09 .93 

.293 .230 1.47 1.15 

1 0 .110 .198 .55 .99 

.038 .189 .19 .95 

.140 .232 .70 1.16 

.083 .254 .42 1.27 
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TABLE 4.2
 

Statistics of Hundred Year Mean High Water Table Elevation and 

Mean Percent Wetted Surface Area 

K(1) = 3.1x0-6 m/sec, hi 
= 0.75m 

Il T2 a hloO(m) 0hlOO(m) ANIO0 aAN100 

0 0 .5 .712 .150 3.56 .75 

.750 .180 3.75 .90 

.682 .181 3.41 .91 

.741 .262 3.71 1.31 

.4 .3 .5 .541 .236 2.71 1.18 

.519 .143 2.60 .72 

.558 .165 2.79 .83 

.493 .174 2.47 .87 

.85 .3 .5 .369 .191 1.84 .96 

.391 .187 1.96 .94 

.344 .178 1.72 .89 

.427 .182 2.14 .91 

.5 .188 .187 .94 .94 

.207 .183 1.04 .92 

.168 .176 .96 .88 

.241 .176 1.21 .88 

0 .012 .189 .06 .94 

-.035 .183 0 .92 

.034 .184 .17 .92 

.003 .233 .02 1.16 
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value of h5 0 (see Figure 4.2) so it is impossible to predict annual
 

water table elevations without knowing the annual precipitation and the 

previous year's high water table elevation,
 

The second case in Table 4.1 represents perimeter canals with low
 

= = 
collection efficiencies (ni .4, n2 .3, B = .5). Only 26 percent of
 

the inflow is diverted with this configuration. E(h5 0 ) drops to roughly
 

0.6 meters but Gh50 is still 0.25 meters. Case three is a realistic 

prediction of canal collection efficiencies (hl = .85, n2 = .3, a = .5)
 

which represents 47 percent inflow diversion. E(h5 0 ) has dropped to 0.4
 

meters while the standard deviation of h 5 0 is essentially the same as 

in the two previous cases.
 

Cases four and five represent total surface inflow diversion with
 

different ungaged flow distributions (B4 = .5, 05 = 0). The expected
 

value of h5 0 continues its downward trend while maintaining its vari

= ability since Gh50 .2 meters.
 

Also Included in Table 4.1 are expected values and standard devia

tions for the fifty year mean percent wetted surface area. E(AN50) drops
 

from approximatley 4 percent in case one to 0.5 percent in case five.
 

OAN50 is approximately constant at about 1.1 percent. 

Table 4.2 shows E(hl0 0 ), Ghl00, E(ANI00), and aAN100 for the same
 

five cases presented in Table 4.1. The expected values of hl00 and
 

ANIO0 are slightly lower than the corresponding fifty year values.
 

This change is probably due to the decreased influence of the initial 

water table elevation, hi = 0.75 meters. The standard deviations of 

h and ANIO are twenty five percent less than the corresponding0 

fifty year standard deviations. This decrease is due to the increased 

time period (100 years versus 50 years). 
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Since h 5 0 is approximately normally distributed, the eighty values 

represented in Table 4.1 for each case can be used to develop ninety
 

five percent confidence intervals for both E(h5 0 ) and GhS0. Figure 4.5
 

graphically presents these confidence intervals as a function of the 

percent inflow diverted. It is important to realize that the 95 percent
 

confidence interval for E(h5 0) is not the 95 percent confidence interval
 

for h5 0. The 95 percent confidence interval for one fifty year mean
 

high water table elevation is approximately (E(h5 0 ) - 20h50,E(h50) +
 

20h5O) which has length on the order of one t.er. The E(h50 ) confi

dence interval has length of only 0.1 meters so it can be predicted with
 

a much larger degree of certainty. E(h50 ) drops from 0.8 meters with
 

no inflow diversion to 0.1 meters with total inflow diversion. In the
 

fifty year mean, the swamp does not entirely dissappear even when all
 

the inflow is diverted because precipitation falling directly on the
 

central swampland is sufficient to maintain E(h50 ) above zero.
 

Figure 4.6 presents the 95 percent confidence intervals for E(hloO )
 

and ahlO0 versus percent inflow diverted. ahlO0 is almost constant with
 

a confidence interval of approximately 0.05 meters. E(hl 0 ) falls from
 

(.68, .77) meters with no diverted inflow to (-.04, -.05) meters with
 

all inflow diverted. When E(h1 0 0 ) is near zero, the 95 percent confi

dence interval for hl0 0 is roughly (-0.4, 0.4) meters. Even when
 

E(hl0 0 ) is known it is still difficult to accurately predict the mean
 

behavior of the swamp during the next hundred years.
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Chapter 5
 

SUMMARY
 

A simulation model has been developed to study the Central Bahr el 

Ghazal Swamp. The water balance-based model assumes parabolic land sur

=face elevation (z Clr 2 ) and constant water table elevation throughout 

the region. Each year is divided into a wet season with precipitation,
 

evapotranspiration, and streamflow and a dry season with only one mois

ture flux, evapotranspiration.
 

The DRYLPLANT subroutine deterministically models evapotranspira

tion during the dry season, calculating the water table elevation at the
 

end of the dry season given the water table elevation at the beginning
 

of the dry season. This portion of the model is based on the assumption
 

that vegetation occurs in three distinct regions - a central papyrus 

swamp, an inner annulus of active grass, and an outer annulus of dormant 

grass - each with its own plant coefficient, kv . 

The wet season portion of the water balance model uses stochastically

generated annual precipitation and streamflow and deterministic evapo

transpiration. Model inputs consist of the canal collection efficien

cies i1, and n2, the ratio of subsurface ungaged flow to total ungaged
 

flow, and the saturated hydraulic conductivity K(1) of the surface soil.
 

The model output consists of the mean and variance of the high water
 

table elevation.
 

Initially, the simulation model was run with a thousand year time 

period. The large variability of annual precipitation results in scat

ter in the average water table elevation h but some trends are apparent. 

As saturatpd hydraulic conductivity increases, h decreases because dry 
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season evapotranspiration is increasing. A3 the canal streamflow col

lection efficiency increases, h also increases but scatter is a larger
 

problem since the effect of nj on h is more subtle than the effect of
 

K(1) on Ii. To overcome the large variation of h, the model was modified
 

to facilitate a statistical approach. 

The modified program, SIMI, runs several fifty and hundred year time
 

periods and then calculates the expected value and variance of the mean
 

high water table elevation for each time period. Ninety five percent
 

confidence intervals are determined for E(h5o), Oh50, E(hl0 0 ), and Gh0
 

under different canal conditioL. Because of the parabolic land surface
 

elevation, water table elevation is linearly related to wetted surface
 

area, therefore it is simple to calculate the corresponding confidence
 

intervals for mean percent wetted surface area. With no canals the
 

expectd value of the fifty year mean percent wetted surface area is
 

roughly 4.0 percent. E(AN50) drops to 0.5 percent when the canals col

lect all the inflow (nj = 1, n2 = 1, a = 0). Total itiflow collection is 

not a realistic scenario, but when reasonable collection parameters are 

=
= 
assumed (n, 0.85, n2 = 0.3, 0 0.5), E(AN50) is about 2.1 percent.
 

This indicates that in the fifty year mean the swamp area will be 1-e

duced forty-five percent by the presence of reasonably efficient canals.
 

This result is confirmed for the hundred year mean with E(h1 0 0 ) drop

ping from 3.6 percent with no canals to 1.9 percent with reaslistic
 

canals. The values of the hundred year data are slightly lower because
 

of the reduced effect of the initial water table elevation (h o = 0.75 

meter).
 

While the expected value of the fifty year mean percent wetted sur

face area is known with a reasonable degree of certainty, the standard
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deviation of AN50 is quite large-more than 1 percent of the total area 

in all cases. This means it is difficult to accurately predict the ac

tual behavior of the swamp after the construction of the perimeter
 

canals. The observed AN50 and AN100 will be very dependent on the pre

cipitation trace following canal construction. However, given reason

able canal collection efficiencies, the mean area of the swamp will be
 

significantly smaller in the presence of the canals than it would be
 

were the canals not built. 
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Chapter 6
 

DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK
 

This study is a preliminary analysis of the behavior of the Cen

tral Bahr el Ghazal Swamp in the presence of perimeter drainage canals. 

Throughout the project the primary problem has been the scarcity of 

data concerning various hydrologic aspects of the swamp and the sur

rounding area. Pr.or to a detailed analysis of land reclamation poten

tial of the Bahr el Ghazal it is essential that more data be collected.
 

In this stucy the soil parameters have been estimated by assuming 

similarity with soil in the Jonglei Canal Project area, and by assuming 

Eagleson's ecological optimality hypothesis holds in the Central Swamp

land. The bubbling matrix potential, i(1), is assumed to be the same 

as that measured for the Jonglei area sands. Saturated hydraulic con

ductivity, K(1), and pore disconnectedness index, c, are estimated 

using the ecological optimality hypothesis on the surrounding catchments 

and averaging to find the values for the Central Swampland. Onsite
 

investigation of these soil parameters throughout the Central Swampland
 

would increase the model's credibility because a major source of error
 

would be eliminated. The model is very sensitive to changes in soil
 

parameters.
 

The correlation between precipitation and gaged streamflow has been
 

estimated using only eight years of data for the three major catchments. 

The relationship between gaged and ungaged streamflow is assumed to be
 

linear because no data currently exists for ungaged flow. Collection 

and analysis of gaged and ungaged flow data is necessary to develop more 

accurate model of the correlations between inflows and precipitation. 
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Chan (1980) sites one remote sensing observation of wetted surface
 

area during the dry season. The observed percent wetted surface area
 

is about 18 percent, much larger than the fraction of wetted surface
 

area predicted by the model. The observation may represent an extremely
 

rare event or more likely the discrepancy is a result of a currently
 

inaccurate model parameter (such as (1), K(l), Ep, etc.).
 

Aquisition and analysis of periodic satellite and aerial mapping
 

data would help determine swamp topography and vegetation distribution, 

and would provide a basis for confirming the accuracy of the model's
 

predicted wetted surface area.
 

Once the data base for the Bahr el Ghazal has been extended and 

the current simulation model corrected to incorporate the new hydrologic 

parameters, the next step is to develop a dissaggregated water balance
 

model based on monthly values of potential evaporation, precipitation, 

and inflows. This will facilitate analysis of the annual cycle of
 

wetted surface area which is important in determing potential land use.
 

The final detailed study of the Central Bahr el Ghazal should be 

preceeded by onsite investigation of land surface elevation and hydrau

lic head gradient to determine topography and the extent of deep drain

age. Then a multi-dimensional model based on detailed topographic and 

hydraulic head data should be developed. This model will yield infor

mation about the distribution of drained land which clearly affects 

potential use. The cost of such a detailed study would be quite large, 

but it would be the most accurate method of predicting swamp behavior 

after canal construction. 
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APPENDIX A
 

Precipitation Modelling
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LIST OF SYMBOLS
 

aj, bj Fourier coefficients 

h storm yield cm 

i precipitation intensity cm sec - I 

mT mean rainy season length sec 

P precipitation depth cm 

PA annual precipitation depth cm 

RV ratio of number of days with P > 0.1mm to number 

of days with P ) imm 

xt cumulative rainfall at time t cm 

z normalized precipitation 

V number of storms 

w average number of storms per unit time month 1 

n inverse of average storm yield cm - 1 

K order of storm yield gamma distribution 

x scale parameter in storm yield gamma distribution 

xianguL.r frequency of Jth harmonic 
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Introduction 

Modelling precipitation time series is a vital step in planning
 

and evaluating water resource projects. Unfortunatley, the physical
 

processes in the atmosphere which produce precipitation are much too
 

complex to be included in an analytically tractable model. This study
 

overcomes the conflict between physical validity and computational prac

ticality through a phenomenological approach which represents the impor

tant observed features of precipitation by a periodic stochastic gener

ating process.
 

A hydrologic time series is made up of three basic components:
 

long term variations due to climate changes and geophysical time pro

cesses, periodic variations due to daily and yearly cycles, and the
 

stochastic component which accounts for the random fluctuations of the
 

time series. Currently most precipitation modelling assumes long term
 

stationarity, so we will neglect the first component. Todorovic and 

Yevjevick (1969) have developed a general precipitation model which in

cludes annual periodicity but it is very data intensive and somewhat 

complicated. Eagleson (1978) has developcd a more tractable model which 

incLides some aspects of the annual cycle through a rainy season/dry 

season approach. His model is particularly suited to predicting distri

butions of precipitation characteristics given only a few years of storm 

da ta. 

Our objective in this work is to combine the two existing models
 

into one which incorporates annual periodicity simply and does not re

quire very lengthy historical records for calibration.
 

85
 



Theoretical Background
 

Todorovic and Yevjevich (1969)
 

Todorovic and Yevjevich treat precipitation intensity, as an inter

mittent stochastic process. They study six random variables which de

scribe the precipitation process: the number of storms in a time inter

val, the maximum number of storms after a reference time with total pre

than a given amount, the elapsed time between a reference
cipitation less 

time and the end of a storm, the total precipitation for v storms, the 

total precipitation for the Vth storm, and the total precipitation in 

a given time interval. The probability distributions of the above six 

variables depend on w, the average number of storms per unit time, and 

n, the iverse of the average water yield per storm. Long term station

arity is assumed but w and n are assumed to be annually periodic. The 

objective of their study is to develop a mathematical model for investi

gating precipitation properties as a function of cumulative rainfall,
 

t
 
xt = fo iT '. The variable xt is mach more practical than it because 

is rarely measured or published.the instantaneous precipitation rate 

Instead of a continuous record of intensity, precipitation data usually 

takes the form of total precipitation within set time intervals. 

Todorovic and Yevjevich assume the time interval is small enough
 

that storm arrival times are independent, and that both arrivals and 

yeilds are Poisson distributed. Then the cumulative distribution func

tion (CDF) of total precipitation over a time interval constant w and 

n is
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V j 
c Co (wt) (nx) 
I e-(wt+nx) x>O 

Vo J=v ' j! (1)F(Xt) = e t{
Ft e - w t  

x = 0 

w
 
with E[xt ] = - t 

n 

2w
 
and ax =- t
 

2 

2
 
n
 

The first step in verifying that the theoretical distributions of
 

the six random variables fit the observed distributions is to analyse
 

w and n as they change through the year. For this analysis the year is 

broken up into 13-day intervals yielding 28 values of w and n which are 

approximated using Fourier series representation. Then, the calculated 

values of w and n are used to derive probabilty distributions which are 

compared with the corresponding distributions obtained directly from
 

the storm data. A correction factor is used to convert the number of
 

storms apparent in the hourly or daily precipitation records to the 

"actual" number of storms. This correction factor is evaluated by 

using one of the properties of the Poisson distribution: equal mean and
 

standard deviation. Once this correction has been made the theoretical
 

and observed probability distributions are in fairly good agreement.
 

However, the paper does not include any comparisons of theoretical and
 

observed CDF's of annual precipitation.
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Eagleson (1978)
 

Eagleson approaches the precipitation process as a rar.dom time 

series of discrete storm events which are assumed to be mutually inde

pendent. The important features of this time series are the time be

tween storms, the duration of the storms, and the storm yields. 

Eagleson assumes long term stationarity and simplifies annual periodi

city by incorporating a stationary rainy season of length mT and a dry 

season during which precipitation is assumed to be zero. During the
 

rainy season point precipitation is represented by Poisson arrivals of
 

rectangular intensity pulses with random depth and duration. Eagleson 

replaces Todorovic and Yevjevick's Poisson distribution of individual 

storm yields with a more general two parameter gamma distribution. The
 

probability distribution function (PDF) of h, the stor,i yield, is given
 

by
 

k-i -Xh
 

X(Xh) e 
(2)fH(h) = 

r( K) 

1 K 
with mh = - 

n x 

K2 

= and Ch nk -

X2
 

Since the storm yields are assumed to be independent and identically
 

gamma distributed, the CDF of normalized anual precipitation is derived 

with two parameters - the mean number of storms per year, my, and the 

order of the storm yield gamma distribution, K, i.e,.
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PA -my (m) 
Prob[- < z] = e- (1 + - P[vk, my kz]) (3) 

mp V=1 V! 
A 

where
 

P[a, x] = y[a, xi/r(a)
 

Pearson's incomplete gamma function and
 

my = wm T 

Wm
 

MPA 
=
 

12 2 

orP = (mp /wmr)(1 + -)
 
A A K
 

The theoretical distributions of annual precipitation are compared 

with both the traditional hydrologic approach and with the historical 

CDF for two different climates. In humid climates it is generally ac

cepted that annual precipitation is normally distributed using very small 

PA
 

data sets. The CDF of - using values of my = wmT and K estimate from 
MP


A
 

five years of storm data yields much closer agreeme,t with the histori

cal record than the derived normal distribution using only the five an

nual total precipitation values. The agreement is not quite as dramatic 

in an arid climate where precipitation is distributed log-normally, but
 

it is still much better than the conventional apptoach. The additional
 

tnformation contained in storm records provides a better estimate of 

the variance of annual precipitation than conventional hydrologic tech

niques which only use observed annual totals.
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Current Work
 

In this work we continue with Eagleson's approach but we expand it
 

to include more annual periodicity. Instead of assuming that the entire
 

year's precipitation falls as a stationary stochastic process during the
 

rainy season, we find the CDF's of normalized monthly precipitation, al

lowing w(mv), K, and K to vary throughout the year. Then,
 

V 

Prob[- < zi e- (1 + I - P[VKT, mvT Kz]
 

mp v=1 V!
 

where
 

mVT = average number of storms per month for Tth month
 

2
 
mh
 

K =
 
%h2
 

m = mvr/lr 

The derived CDF of annual precipitation is very difficult to obtain
 

analytically because it involves eleven convolution integrals all of
 

However, the distribution of annual
which contain the above CDF for PT. 


precipitation can be generate A by simulating one hundred years of preci

pitation using the appropriate monthly distribution functions, and then 

plotting the results.
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Data 

The precipitation data available from the Sudanese Bahr el Ghazal
 

Swamp consists of monthly records of total precipitation and the number 

of rainy days. Data from the seven meteorological stations nearest the 

central swamp (Aweil, Wau, TonJ, Rumbek, Shambe, Fangak, and Meshra el
 

Rek) are used to calculate an areally averaged precipitation record. 

The Nile Basin volumes contain 18 years of concurrent data for the
 

seven stations (1945-1952, 1954-1963). However, in the 1958 Meshra el
 

Rek record there are two months missing - August and November, so the
 

data set is augmented by including estimated values of precipitation 

and number of rainy days during those months. The estimates are based
 

on the assumption that relative precipitation patterns at Meshra el Rek
 

were essentially the same as those at the other stations that year. 

Most of the storms in the Bahr el Ghazal are convective local oc

currences, typically afternoon thunderstorms lasting about two hours,
 

so we assume that each rainy day represents exactly one storm.
 

It is necesary to make some adjustments to the data to consistently
 

include storms with small yields in the storm count because the defini

tion of a rainy day varies from station to station. Some count only days
 

with precipitation greater than one millimeter while others maintain two
 

counts, one for days with precipitation greater than one millimeter and
 

one for days with precipitation greater than 0.1 millimeter. At the 

Vp > 1mm 
=stations with the two counts the ratio Rv varies between 1.02 

Vp > 1mm 

and 1.05 except for Wau where Rv = 1.19. The larger value of RV at
 

Wau is probably caused by local topography - a nearby ridge may cause an
 

91
 



23 0E 240 250 260 270 280 290 300 310 320 

N 
140- % 

El Fosher 

/0 

130 - ElObeid 

EnNohud / N 

%Iy l k Dilling 

S RAABA,ELZA /
BAHR EL ARAB 

110- B- E ARAB ,CATCHMENT /CATCHMENT ~/ 
KodughI
 

0 / Q 
100 " 4'.96 -,- oqa/ / 

-------- - ,_ ezor 0 Lake No 

CENTRAL , -.
 
90 R.Loll SWAMPLAND-" \ 0
 

o Fangok 

,'" R ogo "I (I A "-I M elshro 
LOLL ,
80

/ < LakeCATCHMENT q0 e Wou/ 
P- Ii'oj~~ Nuong 

070-Rme 'J ,I Shomnbe 

4CATCHMENT , \'~ 

Catchment Boundary " 
)'60 Thiessen Division 


Rivers (R) %
 
0 City or Town G10
 

LiYubo 
 Of OAmodi 

50 / 

MordYambia " 
0 100 200 0 

Scale in kilometers 
40

30 I 1 1 1 

Figure A.1 Thiessen Division of the Bahr el Ghazal Basin
 

92 



increased number of small storms. To make the data set consistent, a
 

correction factor of 1.04 is used on the Meshra el Rek and Fangak data to
 

convert it to number of days with precipitation greater than 0.1 millimeter.
 

To find the average storm yield, h, for a given station at a given
 

time we divide the total precipitation for that month by the number of
 

storms which occurred. Then, areal averages are calculatd for v and h
 

using the Thiessen method to determine the weighting coefficients (see
 

Figure A.1).
 

Harmonic Analysis
 

The eighteen years of areally averaged data are used to find my, 

av, h, and ah for each month. The annual periodicity of these variables
 

is then studied. Significant harmonics are determined by using the fol

lowing approach. Any parameter y. can be represented by
 

m
 

y = y + I (ajcos XjT + bjsin Xjt)
 
J=l
 

where
 

Xij = 2 j/w is the angular frequency
 

w = the number of data points in the basic period 

m = the total number of harmonics inferred as significant
 

= aj, bj Fourier coefficients
 

y = mean value of w values of YT
 

Coefficients aj and bi are estimated by
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2 w 	 2 IrjT=aj 	 - . (YT - Y)cos - (6a) 

w T=l w 

2 w 	 27Tr=bj 	 - (Y- - (6b)(y Y)sin 

W T=l w 

2 2. 
=
In ths case w t 12 and y = m., a., h, or Oh. For w = 12 at most six 

harmonics can be significant, but each harmonic is tested and if it 

contributes le,;s than five percent of the maximum periodic amplitude, 

it is neglected. The computer is used to calculate the Fourier coef

ficients and then the significance of each harmonic is tested. 

Figures A.2 - A.5 show that my, ov. h, and Ch can all be wel re

presented by si'nple annually periodic functions. The mean number of 

storms per month and the mean storm yield both peak in July or August, 

the height of t1.u rainy season. The standard deviation of the number 

of storms follows the same cycle, also at a maximum in late July. How

ever, the standard deviation of average storm yield is best represented
 

by two harmonics, so it has two relative maximum during the annual
 

cycle. These maxima occur in April and October, roughly the times that
 

the inter-tropical convergence zone (ITCZ) is migrating across the 

central swamp. The increased variation of average storm yield is prob

ably due to variations in the time and velocity of the ITCZ movement.
 

If the storm arrivals are Poisson distributed then each month the
 

mean number of arrivals should equal the variance of number of arrivals.
 

Figure A.6 shows that the calculated variance is generally smaller than
 

the calculated mean, indicating that the Poisson arrival model is not 
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ideal in this situation. The discrepancy between mv and ov is dealt
 

with by using mv as the Poisson parameter each month.
 

Distribution of Annual Precipitation
 

A necessary condition of a good precipitation model is that it pre

serves 
the distrihution of annual precipitation. If the theoretical CDF
 

of annual precipitation varies greatly from the historical CDF the niodel
 

will only be of limited use. This section explains the procedure used
 

to generate a theoretical distribution of annual precipitation using
 

CDF's of monthly precipitation. 

Because of the form of the original data (lumped monthly values) 

statistical analysis so far has only yielded ch, the variance of average 

storm yield. However, to generate the Tth month's preciptation CDF, 

2 
mh 2
 

it is necessary first to evaluate K = -
02 

where Ch is the actual vari

h 
2 2 2. 

ance of individual storm yields. Ch is estimated from ah = Mv Ch where
 

2 
ch is a periodic function of T. K and mv are calculated using the Fourier 

series representations for all variables. 

The computer is used to generate tabular CDF's of normalized preci

p.tation for each month, using Equation (4) and the calculated values
 

of K and m . 

Then, uniformly distributed random numbers between 0 and 1 are gen-

Each of these random numbers represents the probability that
erated. 


PT
 
- 4 Z., for a given month. This probability is located in the appro

mp 

priate CDF table and the corresponding value of ZT is calculated using
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linear interpolation between entries. The values of Z. is multiplied
 

by the mean precipitation for that month to determine the actual pre

cipitation. This process is repeated for all twelve months and then
 

the monthly precipitations are added to find the annual precipitation.
 

This is repeated 99 times, to generate 99 values of annual precipita

tion, which are plotted to show the derived CDF of annual precipitation.
 

Figure 7 shows both the simulated and the historical (18 year)
 

distributions of normalized areal average annual precipitation. The
 

agreement is excellent, even near the tails of the distributions. 

Ideally, we should check the simulated distribution against an indepen

dent set of historical data, but data availability precludes this. The 

close agreement between the two distributions shows that this annually 

periodic model incorporates many of the essential characteristics of 

the precipitation process.
 

Conclus ions
 

From this work we can conclude that in this climate at least:
 

1. The mean number of storms per month and the mean storm yield
 

are both annually periodic functions which can be represented
 

very well by single harmonics.
 

2. The use of annually periodic parameters in developing the
 

theoretical of annual precipitation preserves the essential 

features of the historical annual precipitation distribution.
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2 - 2

3. The use of periodic representations of my, ov, h and Oh gives 

a better description of the character of precipitation than
 

the use of stationary parameters within a wet season. Yet,
 

this model is not as data intensive as the periodic model
 

developed by Todorovic and Yevjevich. It should prove useful
 

in both time-averaged water balance calculations and hydrologic
 

simulation problems.
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APPENDIX B
 

Hydrologic Parenieters of the
 
Central Bahr el Ghazal
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Ep = 5.4x10m-8/s 

€(1) = 1.25m 

K(1) = 3.11x10-6m/sec * 

n = 0.35 

m = 0.77 * 

c = 5.61 * 

mT = 6 months = 1.556x107 sec 

MPA = 0.944m 

oPA = 0.155m 

mR = 1.22x10
10 m 3 

CR = 1.594x10
9m 3 

r I - 0.8 

A M 8.76x104km
2 

• from Eagleson's Ecological Optimality Hypothesis 
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APPENDIX C
 

Computer Programs and Output 
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TABLE C.1
 

Effect of Saturated Hydraulic Conductivity on Thousand Year
 

Mean and Standard Deviation of High Water Table Elevation
 

n 0, n2 = 0, = .5
 

K(1) hh 
(m/sec) (m) (m)
 

5xi0-4 -3.01 1.70
 

10-4 - .62 1.05
 

5x10-5 - .18 .83
 

10-5 .40 .72
 

5xlO - 6 .65 .82
 

10-6 1.16 .85
 

5xi0-7 1.33 .74
 

10-7 1.65 .83
 

5xi0-8 1.94 .78
 

10-8 2.05 .80
 

5x10-9 2.36 .83
 

10-9 2.45 .77
 

5x10-10  2.54 .81
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TABLE C.2
 

Effect of Canal Streamflow Collection Efficiency on Thousand
 

Year Mean and Standard Deviation of High Water Table Elevation
 

= 0, 0 = 2 


nl 


0 

.05 

.1 

.1 

.15 


.2 


.25 


.3 


.35 


.4 


.45 


.45 


.5 


.55 


.6 


.65 


.7 


.75 


.8 


.85 


.9 


.95 


.95 


.95 


.95 

1 


0.5, K(1) 


h(m) 


.788 


.685 


.741 


.845 


.841 


.758 


.733 


.697 


.633 


.614 


.825 


.639 


.645 


.627 


.551 


.451 


.691 


.478 


.470 


.563 


.426 


.482 


.510 


.375 

,568 

.362 


3.1x10-6m/sec
 

Oh(m)
 

.742
 

.787
 

.696
 

.698
 

.753
 

.737
 

.715
 

.711
 

.663
 

.724
 

.739
 

.650
 

.759
 

.738
 

.762
 

.717
 

.724
 

.729
 

.689
 

.703
 

.730
 

.767
 

.654
 

.689
 

.719
 

.711
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I  

TABLE C.3
 

Fifty Year Trace of Annual Precipitation and High
 

Water Table Elevatton for
 

O, n2 = 0, 0 = .5, K(1) = 3.10-
6m/sec, hi = 0.75m 

hi(meters) PA(meters)
 

- 1 /I// 3000), I:: +00342048 +00 
* 19:1.3 31.4E.+0) . 86427000E+00 
* 5066941.:1 E+0()O0 '1.0 1.68600E+0 I 

5 21.1.2737E+00 948'15000+00) 

* 66557300E+00 .101 96200E+ 01. 
o48425351 E+00 +89526600f.E+00 
* 17121062E+) *00.87103000E+00 
.65347516E+00 o:1)0301 00+() I 

.60041098'+00 .916740001-00 
83344325E+00 . 10462600E+0 1 

+1076542 E0 1 . 106:1 8900E.+(0:1. 
22211 6504E+0 1 .13702100E+0 1 

* 25457240E+0 1 .1. 1593300+)01 
.21572375E+0 1 .939180001+00 
+ 13665523:+0 1 .80623300E+000 
.97641628E+00 .81.562001E+00 
* 22342259E:: f00 .74326000E+00 
*38984926E+00 .93114001.E+00 
°36265020E-01 +806860011E+00 
.32388259E+00 . 94825000E+00 
.63387410E+00 .99237001EI'+00 
*30361983E+00 .90'.39000E+00 
, 63186782E+00 .10106100E+0 1 
S577*034,1 E f 90336000E+001100 


.20997601E+00) * 85336000E+00 

, 63347004E+00 10168600E+0:1 
.51(847399E+00 .87660000E+00 

, 43693:170[+0(0 +8982500 1.E+00 
S:1.3202522E+01 *.2002600E+01. 

.60649020Et+00 ,79953000E'-'00 

7826787 :1.E+00 .:10106 100E+01. 
.23481320E- 01 .746333 0 01 E+0 0 
.96974373E+00 .12:1. 60000E'+01 

.1196871 E+01 .10746500E+01I. 

.33921935E+00) .71870000E+1'00 

.1619751. 9E:+00 .8:1 56200 1.E+00 

.24559022E+00 .91468000E+00 
147208 111E+7 01 .12709700E+0 1. 
1531090E+0 :1 :101 99800E+ :01 

S1 6070784 E+0 1 . 0506700E+0 :1 
.15160767E+01 * 979370 1E+00 
.14294944E+0) 1 * 9594800 1 E+00 

..1954 :1.71- 8E':t0 1 .12002600E+0:1 

.17026806E+01 .95670000E+00 

.:16617473E+01 .10027900E+01
 

.14356830E+01 .92:141001[+00 

1.1428725E+01 * 87103000E+00 
*5801.9546E+00 .78777000E+00 

,65593941E+00 .94825000E+00 
*55781201E+00) 457038000E'+-00 
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TABLE C.4
 

Ninety Five Percent Confidence Intervals for Fifty Year Mean
 

High Water Table Elevation and Mean Pcrcent Wetted Surface Area
 

K(1) = 3.1x10-6m/sec, hi = 0.75m
 

95 Percent Con-

Mean fiendce Interval
 

nl 0, n2 = 0, 8 = .5 

h50 .796 ( .735, .857) 
_h50 .271 ( .235, .320) 
AN50 3.98 (3.68, 4.28 ) 
aAN50 1.36 (1.18, 1.60 ) 

n= .4, n2 = .3, 0 = .5 

.603 ( .548, .658)
 
2_150 .246 ( .213, .290) 

AN50 3.02 (2.74, 3.29 ) 
UAN50 1.23 (1.07, 1.45 ) 

nI = .85, n2 = .3, 8 = .5 

h50 .432 ( .383, .481) 

.h50 .220 ( .191, .260) 
AB50 2.16 (1.92, 2.41 ) 
aAN5O 1.10 ( .954,1.30 ) 

1f, = 1, B .5nI n2 
M 

.261 ( .214, .308)h5 0  

.180, .245)
.2h0 .208 ( 

AN50 1.31 (1.70, 1.54 ) 
0AN50 1.04 ( .902,1.23 ) 

n1 = 1, n2 1, = 0 

h5 0  .093 ( .035, .133) 

n2h50 .220 ( .191, .260) 

AN50 .046 ( .175, .665) 

1.10 ( .954,1.30 )CAN50 
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TABLE C.5
 

Ninety Five Percent Confidence Intervals for Hundred Year
 

Mean High Water Table Elevations and Mean Percent Wetted Surface Area
 

K(1) = 3.1xlO-6m/sec, hi 0.75m
 

95 Percent Con-

Mean fidence Interval
 

n= 0, q2 = 0, B = 0.5 

hloo .721 ( .677, .765) 

..h1oo .198 ( .172, .234) 
AN100 3.61 (3.39, 3.83 ) 
CAN100 .99 ( .860,1.17 ) 

T1 = 4, 2 = .3, =.5 

hI00 	 .528 ( .487, .569)
 

_hlOO .183 ( .159, .216) 
AN100 2.64 (2.44, 2.85 ) 
aAN100 .91 ( .793,1.08 

1 
= .85, n2 = .3, =.5 

hI00 .383 ( .342, .424) 

_2hlOO .185 ( .160,2.18 ) 
AN100 1.92 (1.71, 1.12 ) 
aAN100 .923 ( .800,1.09 ) 

1= 1, n2 = 1, .5
 

hI00 	 .200 ( .160, .240) 

.181 ( .157, .214)UOho 
ANI00 1.00 ( .800,1.20 ) 
aAN100 .905 ( .785,1.07 ) 

1= I, T2 = 1, 8 = 0 

T 100 .0035 (-.041, .048) 

.2hlO .198 ( .172, .234) 
AN100 .018 (-.021, .024) 

aAN100 .99 ( .860,1.17 ) 
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c This program Eimulates the Bahr el Ghazal Swamp water balance 

c for 1000 years. and then finds the mean high water table elevation 

c and the variation of the high water table elevation. 

c Variables: 
c ag - average gaged streamflow (m3/yr) 
c ap u average annual precipitation (m) 
c ave * mean high water table elevation (m) 
c beta - ratio of subsurface ungaged flow to total 
c ungaged flow 
c ci - land surface elevation parameter (m-) 
c ck = saturated hydraulic conductivity (m/sec) 
c dsl length of the dry season (sec) 
c effl = canal collection efficiency for gaged streamflow 
c eff2 = canal collection efficiency for overland ungaged 
c streamflow 
c ep - potential evaporation rate for bare soil (m/sec) 

c hi - high water table elevation(m) 
c h2 - water table elevation at end of dry season (m) 
c iz a probability that annual pr-ecipitation<pp 
c pk * plant coefficient for papyrus 
c por - porosity 
c pp = annual precipitation values in CDF (mm) 
c prec = generated annual precipitation (m) 
c rO a correlation coefficient between gaged streamflow and annual 
c precipitation 
c rb - radius to boundary of region (m) 
c sig = variation of high water table elevation (m) 

C sp = standard deviation of annual precipitation (m) 
c sr - standard deviation of gaged streamflow (m3) 

c totin - net wet season moisture input (m 
c wsl - length of the dry season (sec) 

c This section dimensions the variables, reads tht CDF of annual 

c precipitation from file2l. and initializes hi and dseed. 

dimension hi( iO1),rl(l00).rn(12).iz(99),pp(99),eh(2).wt(2) 
real*8 dseed 

do 10 J-1.99 
read(21.iO0) iz(J).pp(J) 

i0 pp(J)'.O01*pp(j) 
iO format(t2,flO.3) 

hi(1)-.700 
mm-0. 
h2=2. 
dseed=234869.dO 

13 nr=l000 

c 
C:* . 

This section inputs the values of beta,effieff2,and ck. 
..... .. .. *...-.. ,---.--..---- .'''* ~* *'''''*... . •** .... .. *'''''''* 

print. 'enter canal collection efficiency for stream flow' 
input. effI 
print.'enter canal collection efficiency for overland flow' 
input, eff2 
print. 'enter fraction of ungauged flow which is groundwater' 
input, beta 
print.'enter saturated hydraulic conductivity (meters/sec)' 
input. ck 
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c 


II 


12 


c 

c 


14 


15 


91 

92 


c 


16 


c 

c 

c 


This section calculates the annual precipitation.
 

call ggubs(dseed.nr,ri)
 
do 20 J=2.1000
 

If(ii.eq.i) go to 12 

go to 11
 
prec=pp(II)
 

This section calculates the net wet season moisture input using the
 
annual precipitation calculated previously.
 

mr=12
 
call ggubs(dseed.mr.rn)
 
r20.
 
do 14 k=.12
 
r2=r2+rn(k)
 
r2=r2-6.
 
call dry(ck.h1(j-I),h2,totout)
 
ws1=l.56e7
 
ep=5.4e-8
 
rb=1.64e5
 
ag=1.22eiO
 
tOr0.8
 

ap=0.944
 
sr i.594e9
 
por-0.35
 
spO. 1E5
 
pk=1.31
 
c1=7.44e-10
 
xl-l.-effl+(1.-eff2)*l.2,(t.-beta)+1.2*beta
 

x2=ag*(1.-rO)+rOo(prec-ap)*sr/sp+(i.-rO**2.)**.5*sr*r2
 
h3=hi(j-1)
 
totin-(prec-wsl*ep)*3. i4159*rb**2.4xl*x2
 
If(h3.gt.0.) totin-totin -(pk-t.)*3.14159*h3*wsl*ep/cl

a=3.14I5S'*(I.-por)/(2.*cI)
 

b=3.14159*por*rb**2.
 
if(h2.lt.0.) d=b*h2+totin
 
If(h2.eq.0.) d=totin
 
if(h2.gt.0.) d=a*h2**2.+b*h2+totin
 
if(d.gt.0.) go to 91
 
hl(J)vd/b
 
go to 92
 
hl(J)-(-b+(bsb+4.*a*d)**.5)/(2.*a)
 
continue
 
x=abs(hl(J)-h3) 
if(x.it.0.O00000i) go to 16
 
print, lh3=',h3. 'c hI'.hi(J),'c totin=',totin
 
h3-(h3+hl(j))/2.
 
go to 15
 
hI(J)-h3
 
tf(hl(J).ge.3.9) mm=mm+i
 
print,''hI(J)='.hI(J)
 
print. 'totin-',totin
 
check to see If mass balance is maintained
 
eh(l)-hl(J-t) 

eh(2)-hl(J)
 
do 17 kni.2
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if(eh(k).lt.0.) go to 15
 

wt(k)-a*eh(k)**2.+b*eh(k)
 
go to 17
 

18 wt(k)=boeh(k)
 
17 continue
 

dsl-totln-totout
 

ds2=wt(2)-wt(1)
 
c print.'net inflow='.dsi,'c change in storage=',ds2
 

c write (6.1010) j.h2,hl(J),dsi.ds2
 
20 continue
 
1010 format(3x,i4,3x.f6.3.3xf6.3,3x.elO.2.3x,elO.2)
 

c This section performs the statistical analysis to find the mean and
 

sum0.
 
do 30 J=101.1000
 

30 sum=sum+hi(j)
 
ave=sum/900.
 
sig=O.
 
do 40 J-101,1000
 

40 sig=sig+(hi(j)-ave)**2.
 
s1g=(sig/899.)**.5
 

c print, 'average high water table elevation:',ave
 

c print.'standard deviation of high wateer table elevation:'.sig
 
print, mm
 
print, 'do you wish to continue? 1=yes'
 
inputicont
 
If(icont.eq.1) go to 13
 
stop
 
end
 

table elevation at the end
 

c of the dry season given the Initial water table elevation.
 
c This subroutine calculates the water 

c Variables: 
c dh - incremental change in water table elevation (m) 
c del - dry season length (sec) 
c dt incremental change In time(sec) 
c hO - water table depth at which Gardner capillary rise 
c equals potentail evaporation (m) 
c h = water table elevation (m) 
c totout a total water evaporated during the dry 
c 
c* ... $ @ * $.* ..... 

season (m
** .. **$** ***$*$$*$*$***$$****$$ 

$ 
* 

$ $ $ $ 
* 

$ $ $ 
* 
$ $ $ 

* * 

subroutine dry(ck,h1.h2,totout) 
dimension hh(2),wt(2) 
ci=7.44e-10 
dsl=I.56e7 
pk 1.31 
Pmc-4.3 
por.35 
psi-1.25 
rb-I.64e5 
ep=5.4e-8 
x= ./emc
htO=cko$xo((1.+3./(2.*(emc-l.)))/ep)**x*psiI 

dh=O.01 
3 h=hl 

time A0.0 
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5 

10 

20 

30 


31 

40 


c 

c 

c 


if (h-dh.lt.O.) go to 10
 
etl=(ep*3.4159/ct)*(pk*h+hO)
 
et2u(ep*3.14159/cl)*(pk*(h-dh)+hO)
 
a=3.14159*(I.-por)/(2.*c1)
 
b=3.t4159*por*rb**2.
 
xi=(2.*a*h+b)/(2.*etl)
 
x2.(2.*a*(h-dh)+b)/(2.0et2)
 
dt=(-xi-x2)*dh

time-time -dt
 

lf(tlme.gt.dsl) go to 30
 
h=h-dh
 
go to 5
 
at1-hO
 
if(h-dh.lt.al) go to 20
 
eti=ep*3.14159*(h+hO)/cl
 
et2zep*3.14159*(h-dh+hO)/c1
 
dt=(-b/eti-b/et2)*dh
 
tlmetime-dt
 
if(time.gt.dsl) go to 30
 
h=h-dh
 
go to 10
 

continue 
hh(i)=hi 
hh(2) h 
do 40 1-1,2 
if(hh(i).It.0.) go to 3
 

wt(I)-a*hh(1)0*2.+b*hh(I)
 
go to 40
 
wt(l)=b*hh(i)
 
continue
 
totout-wt(t)-wt(2)
 
h2=h
 
print. 'hl*',hl
 
print, h2'a,h2
 
print. Itotout-D.totout
 

return
 
end
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c This program simulates the Bahr el Ghazal Swamp water balance
 

c for a period of 50 years.20 times.It also simulates a 100 year
 

c period 20 times and then finds 
the mean and standard deviation
 

c of the 100 and 50 year mean high water table elevations.
 

C Variables:
 
c ag = average gaged streamflow (m3/yr)
 

C ap - average annual precipitation (m)
 

C ave = mean high water table elevation (m)
 

c beta = ratio of subsurface ungaged flow to total
 

c ungaged flow
 
c cl - land surface elevation parameter (m-l)
 

c ck - saturated hydraulic conductivity (m/sec)
 

c dsl = length of the dry season (sec)
 

c effi - canal collection efficiency for gaged streamflow
 

c eff2 - canal collection efficiency for overland ungaged
 

c streamflow
 
C ep - potential evaporation rate for bare soil (m/sec)
 

c hi - high water table elevation(m)
 

c h2 - water table elevation at end of dry season (m)
 

c iz = probability that annual precipitation<pp
 

c pk - plant coefficient for papyrus
 
c por - porosity
 
C pp = annual precipitation values in CDF (mm)
 

c prec = generated annual precipitation (m)
 

c rO - correlation coefficient between gaged streamflow and annual
 

c precipitation
 
c rb = radius to boundary of region (m)
 

c sig - variation of high water table elevation (m)
 

C sp = standard deviation of annual precipitation (m)
 

c 
 sr = standard deviation of gaged streamflow (m3) 

c totin = net wet season moisture input (m 

c wsl - length of the dry season (sec) 

This section dimensions the variables, reads the CDF of annual
 

c precipitation from file2i, and Initializes hi and dseed.
 
c 


dimension hl(105).,r(105),rn(12),iz(gg),pp(99Leh(2).wt(2)
 
dimension ave5O(lO).aveiO(iOO),sigSO(iOO).sigIO(iOO)
 
real*8 dseed
 

dseed=234869 .dO
 

do 10 J-1,99
 
read(21,100) iz(J).pp(j)
 

10 pp(j)=.OOlpp(j) 
iOO format(12,f10.3)
 

c This section Inputs the values of beta.effl,eff2,and ck.
 

hi-.75
 
eff1-1.
 
eff2=1.0
 
beta-.5
 
ck=3.ie-6
 
write(6, 124) effl,eff2,beta.ck,hi
 

124 format(Ix.flO.4.3x,flO.4,3xflO.4,3x,e1O.3,3x,f6.4)
 

This section calculates the annual precipitation.$ $ $ $ $ $ $ $ $ $ $ $
 

c$AAAA*A$$$m$ *$$$*$AAAAAAAAAAAA*$*$$AA$$A *A ,A$ A AA

c $ $ $ $ $ $ $ $ $
 

4 do 5 m=1,20
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13 


11 


12 


c 

c 


14 


15 


88 

89 


91 

92 


c 


16 


nr=50
 
hl( 1)=hi 
ave5O(m)=O.
 
avelO(m)-O.
 
sIg5O(m)=O.
 
siglo(m)O.
 
mm=O
 
call ggubs(dseed.nr.rl)
 
do 20 J-2.5l
 
II=99*rl(J)+1
 
i=l
 
if(it.eq.i) go to 2
 
1=i+1
 
go to 11
 
prec=pp(iI)
 

This section calculates the net wet season moisture Input using the
 

annual precipitation calculated previously.
 

mr12
 
call ggubs(dseedmrrn)
 
r2=0.
 
do 14 k=t.12
 
r2=r2+rn(k)
 
r2=r2-6.
 
call dry(ck,h1(J-1),h2,toLout)
 
wsl-1.56e7
 
ep=5.4e-8
 
rb=I.64e5
 
ag=1.22elO
 
rO=0.8
 
ap=0.944
 
sr=1.594e9
 
por=O.35
 
sp=0.1G5
 
pk=1.31
 
ci 7.44*-10
 
xilI.-effl+(1.-eff2)*l.2*(l.-beta)+i.2*beta
 

2
 
x2=ag*(1.-rO)+rO*(rec-ap)*sr/sp+(.-rO**2.)**.5*sr*r
 
h3=hi(J-1) 
totins(prec-ws1 ep)*3.14159*rb**2.+xi*x2
 
if(h3.gt.0.) totin=totln -(pk-1.)*3.14159*h3*wsl*ep/cl
 
a=3.14159*(i.-por)/(2.*cI)
 
b=3. 14159*por*rb*&2.
 
if (h2.le.O.) go to 88
 
d'a*h2**2.+b~h2+totin
 
go to 89
 
d=b*h2+totIn
 
continue
 
If(d.gt.0.) go to 91 
hi(j )-d/b 
go to 92 
h1(J)=(-b+(bsb+4.*a*d)'*.5)/(2.*a) 
continue 
x-abs(hl(J)-h3) 
If(x.lt.0.0000001) go to 16 
print, 1h3z',h3, 'c hl=',hl(j),'c totln=',totin
 

h3-(h3+ht(J ) )/2. 
go to 15 
h1( th3 
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C print. hi(J). prec 
sigiO(m)=sigIO(m)+hI(J)**2. 

20 avelO(m)-avetO(m)+hI(J) 
If(mm.eq.i) go to 21 
hi(1)=h(51) 
mm-I 
ave50(m)-aveO(m) 
slg5O(m)-siglO(m) 
go to 13 

21 ave5O(m)-ave5O(n)/50. 
avelO(m)=avelO(m)/100. 
sig5O(m)=(sig5O(m)/50.-ave50(m)**2.)**.,r
slglO(m)=(siglO(m)/lOO.-avelO(m)*$2.)*#,.5 

5 write(6,122) m,,aveSO(m).avelo(m).sigSO(m).sigio(m) 
122 format(' m-'.i3.3x,'AVE50=',f7.5,3x.'AVEIOO=',f7.5,3x,'SD50='.f7.5.3.'SDO00=',f7.5) 

av5O 
avi-O. 
s5=0. 
S 1.0. 
do 22 m=1,20 
av5=((m-I)*av5+ave5O(m))/m 
avl=((m-i)*avl+aveiO(m))/m 
s5=((m-i)*s5+ave5O(m)**2.)/m 

22 sI=((m-l)*st+avelO(m)**2.)/m 
s5=(s5-av5**2. )**.5
sI=(si-avl**2.)**.5 

print.'mean 50 year ave='.av5 
print.'SD of mean 50 year ave='.s5 
print,'mean 100 year ave='.avl 
prlnt.'SD of 100 year ave',sl 
print.'do you wish to continue? 1=yes' 
input, icont 
if(icont.eq.1) go to 75 
stop 

75 print. 'do you wish to change values of effl,eff2,beta or ck?' 
input. ichange 
if(1ch~nge.eq.1) go to 76 
go to 4 

76 print,'enter new vvjue of effi.eff2.betack.hi' 
Input.eff!,eff2.,beta.ck 
go to 4 
end 

c This subroutine calculates the water table elevation at the end 
c of the dry season given the initial water table elevation. 

c Variables: 
c dh - incremental change In water table elevation (m) 
c dsl - dry season length (sec) 
c dt = incremental change in time(sec) 
c hO w water table depth at which Gardner capillary rise 
C equals potentail evaporation (m) 
c h a water table elevation (m) 
c totout - total water evaporated during the dry 
c season (m 

subroutine dry(ck,hIh2,totout) 
dimension hh(2).wt(2) 
c1=7.44e-10 
dsln.56e7 
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10 


20 

30 


31 

40 


c 
c 

c 

pk=1.31
 
emc-4.3
 
porn.35
 
ps I1- 1 .25 
rb .64e5 
ep=5.4e-8 
x-l ./emc
hO-ck**x*((I.+3./(2.*(emc-1.)))/%?p)**x*pstl
 

dh=0.0l
 
h-ht
 
t ime =0.0
 
If (h-dh.lt.0.) go to 10
 
eti=(ep*3.14159/c1)(pk*h+hO)
 
et2-(ep3.14159/cl)(pk*(h-dh)hO)

a-3.14I59*(l.-por)/(2.*ctl)
 

b=3. 14159*por*rb#*2.
 
xl=(2.*a*h+b)/(2.teti)
 
x2'(2.*a*(h-ch)+b)/(2.*et2)

dt=(-xl-x2 *ah
 

time-time -dt
 
1f(time.gt.dsl) go to 30
 
h=h-dh
 
go to 5
 
a1=-hO
 
if(h-dh.1t.ai) go to 20
 
etl=ep*3.14159*(h+hO)/cl
 
et2-ep*3.14159*(h-dh+hO)/cl
 
dt=(-b/eti-b/et2)*dh
 
time=ttme-dt 
if(time.gt.dsl) go to 30 
h=h-dh 
go to 10 
continue 
hh(I)=hl 
hh(2)-h 
do 40 1-1.2 
lf(hh(I).lt.0.) go to 31 
wt(l)=a*hh(i)**2.+b*hh(i)
 
go to 40
 
wt(i)-b*hh(I)
 
continue
 
totoutvwt(1)-wt(2)
 
h2-h
 
print, 'h1-',hi
 
print. lh2='.h2
 
print, 'totout='.totout
 
return
 
end
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