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ABSTRACT

The great river and delta systems of the world are considered as complex,
interacting systems. All components are causally interrelated. Salient process
and response parameters have been identified, and procedures for acquiring and
generating parameter values have been standardized. Geological, geomorphological,
climatological, pedological, biological, and hydrological factors in the drainage
basin, alluvial valley, deltaic plain, and receiving basin are being systematically
measured, computed, and tabulated for each of 55 of the world's major rivers and

deltas.

Means of accurately describing the morphometry of large drainage basins by
rapid electronic techniques have been devised. Values obtained are considered in
relation to the water balance, soils, vegetation, and river regime. In the allu-
vial valley similar factors are measured. In addition, a comprehensive descriptive
classification of alluvial valley landscapes has been devised.

In the delta such geomorphic and environmental parameters as the relative
areas of various deltaic provinces, distributary patterns, landform types, river
mouth and bar types, and deltaic bulge subaerial and subaqueous geometry are deter-
mined. Process parameters, including discharge, flood peakedness, sediment load,
discharge efficiency, climate, etc., are considered as in the basin and alluvial

valley.

The oceanographic regimes of the receiving basin are treated in detail. 1In
addition to tides, winds, coastal currents, and continental shelf topography, wave
climate and wave power variations along a delta coast are analyzed by a computer
program which was developed for that purpose. This program takes into account the
effects of wave refraction, shoaling, and frictional attenuation over varying sub-
aqueous topographies.

Applications of these techniques and concepts to river systems analyzed to
date have indicated that some process variables exert profound control over the
delta morphology, whereas other effects are less conspicuous. The wave power and
river discharge climates appear to be among the more important process factors.

The parameters measured have been arranged in a hierarchical fashion to facili-
tate input into a retrieval-comparison computer program. When data from all river
systems have been compiled, this program will be used to compare process-response
interactions and associations both within and between river systems.
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INTRODUCTION

4 major program of the Coastal Studies Institute for the past 12 years has
neen a continuing study of deltaic areas. Institute personnel have conducted
field investigations of a variety of types of deltas, ranging from tropical, high-
tide deltas to arctic, low-tide deltas. These projects have provided some imsight
into the variability that exists among many parameters from one delta to another.
It became apparent that the importance of variability in both process and form was
not precisely known because only a small sample had been studied. Furthermore,
vervblittle was known about which parameters were important and which were of little
salue in interpretation of geomorphic, geologic, and hydrologic characteristics of
deltas. The field investigator was forced to measure as many variables as possible,
often wasting valuable time on meaningless measurements. A rather thorough biblio-
oraphic search of published literature revealed that, although a considerable amount
of data has been assembled on individual delta areas, little published material is
available on comparisons of specific parameters within a variety of delta types.
The first attempt at such a comparison was made by Credner (1878), who compiled
information known at that time on several world deltas. Obviously many important
parameters were not known at the time of that compilation. Following Credner's
publication, many articles appeared on specific deltas and comparisons among a
few deltas, but no systematic comparisons of a large number of deltas appeared
until the publication by Samojlov (1956). This classic was published originally
in Russian but later was translated into German. Samojlov's discussion on deltaic
processes is accompanied by descriptions of 65 river deltas. Unfortunately, little
attempt was made to compare forms and processes between deltas; most of Samojlov's
work was descriptive in nature. The most recent attempt to compare parameters
within deltas systematically was by Silvester and LaCruz (1970). Their approach
differed from previous investigations in that an attempt was made to evaluate and
compare parameters within deltas by statistical methods. This initial attempt
indicated the feasibility of and the need for a more detailed systematic comparison
of parameters between deltas. Silvester and LaCruz (1970, pp. 201-202) adequately
stated the need for such a study:

The importance of deltas in the life of mankind needs no stressing.
Civilizations were founded on them and populations have been concen-
trated on them ever since. Man has required the vegetation that grows
in soil for his basic needs. But besides supplying food, deltaic
plains provide sources of water and economical means of communication.
However, these zones of great human activity suffer some of the
greatest natural disasters, in the form of flooding from the river
system or of inundation from the sea when storm surges occur.

The economic importance of deltas varies from continent to conti-

nent, but as the population of the world increases at the present

rapid rate, greater demands will be placed on these food preoducing
Areas. ...

The Coastal Information Program on Deltaic Areas was initiated in 1966 by the




Institute under the auspices of the Office of Naval Research, Geography Programs.
In the initial stages of the project, data banks, retrieval systems, statistical
comparisons of parameters, and prediction models were envisioned as the major
goals. Project personnel began to gather data on world deltas and to discuss with
competent scientists computer techniques and retrieval systems. Within a short
time the initial goals seemed to fade as problems at a much lower level became

apparent.

During the data collection, for example, the following obstacles were en-
countered: (1) data were unequally distributed within various deltaic areas; (2)
tabulated data included both qualitative and quantitative assessments; (3) the
quality and standardization of work from one investigator to another varied con-
siderably; and (4) terminology and word definition varied drastically from paper to
paper. This latter point was especially difficult to overcome; the fact that in
many cases terms were undefined and measurement techniques were not described pre-
cluded comparison of data from different sources.

A new evaluation of the project was made and the aims were redefined: to
develop a framework for organization and management of information in deltaic areas
so that it would ultimately be possible to predict both processes and conditions
for areas in which field data were lacking. To accomplish this goal it seemed
necessary to examine the entire river system rather than to concentrate solely on
the delta. Numerous component parts of a river, shown diagrammatically in Figure
1, affect the physical setting of the delta. The major processes acting within
these areas should exert some control over the type of delta which has formed in
any geographic area. Water and sediment that will eventually reach the delta and
influence its formation are derived mainly from the drainage basin. The alluvial
valley acts as a conduit for transport of the sediment-water mixture from the
drainage basin to the delta. However, processes such as trading of sediment by
channel migration and evaporation of water modify the type and amount of material
reaching the delta. Processes active in the receiving basin also influence the
formation of the delta. Varying wave energy and littoral drift conditions pro-
duce different delta configurations. Thus, the delta cannot be isolated and
studied alone; the entire river system must be considered.

The framework shown in Figure 1 can be utilized in the tabulation of a
variety of parameters for each component of the river system. A major task lay in
determining which parameters should be measured and how they were to be defined;
without rigid definitions comparisons between river systems would be impossible.
Field experience suggested some parameters; the literature search indicated numer-
ous others. Important parameters were listed and defined; this list and the defi-
nitions are discussed in the following section of the report.

Systematic tabulation and management of the data required an organizational
framework. Figure 2 illustrates a simplified version of the hierarchically arranged
flow chart. The framework contains four levels; each successively lower level sub-
divides some aspect of the one above. Level I requires a single entry, the river
system. The five major components of the river system form the next lower level,
number II. All entries in lower levels are related to one of these components.
Beneath each of the components are several ''data categories,'" which form level III.
Seven categories are listed in Figure 2, but the number need not be restricted.
Others, such as economic, cultural, agricultural, and engineering, may be added,
depending on the nature of the investigation. Level IV, the parameter level, is
the first where recorded data are inserted into the system. Any number of parameters
can be specified beneath each of the data categories. The use of such hierarchical
arrangement simplifies the data-gathering process and is a necessity when retrieval

2
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DRAINAGE BASI

ALLUVIAL
~ VALLEY

ELTAIC PLAI

Figure 1. Major components
of river systems.

of individual as well as multiple parameters is needed for comparative purposes.

The Coastal Information Program comprises four phases: (a) data structuring
and definition; (b) data acquisition and generation; (c) data comparison; and (d)
prediction. The first phase of the project has been completed and is the subject
of this report. The second phase, data acquisition and generation, is in the
final stages, and some examples will be included in this report. The deltas being
analyzed are listed in Table 1. The third and fourth phases will encompass the
comparisons within and between river systems and will be published in the near
future.
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Table 1

River Systems Studied

River Country Latitude River Country Latitude
AMUT. oo e enensnns een .. Russia........ ce...53° 00" N Magdalena..........u.e....Colombia.....vun.. 11° 00" N
Amur Darya.......... vo....Russia........ . L43° 30" N Mahanadi....ooouvunnn ceesIndiac ool 20° 20" N
Burdekin *................Australia..........19° 30" § Mekong. oo eeernen. e .S, Vietnam......... 9° 30' N
Chao Phyra *..vivnveesnns, Thailand...........13° 30" N Mississippi eveervnrrnenn USA..veun, RN 29° 30" N
Colville *....,..v.vvvu.e. USAL i enl.70° 30" N MUFTaY...vevnsvevasnesasaAustralia... .. . .35° 45" 8
CONEO«v v vavssnrsnnssess.aRep. Congo..vuovne. 6° 00" S Niger.v.veeeeeewsnes.ssa..Nigeria. R 4° 45" N
Danube ®....vivineannnan ..Romania............45% 00' N Nile.w.veinesoranennaane s Egyptoa.... . . 31° 15" N
DODvvvsvevneseansneseeness RUSSIB 0 0neenenns. 47° 10" N 0D e ereinnnnnnes ....Russia. e 66° 33' N
DVina.e e evveenenensan «e..Russia........ cer. 64 457 N OTaANEe. s vvvernrosnsnsasssaS. Africac..n...... 28° 35' 8
Ebro ®*....ciivennearneneveaSpainieeeenn ... 40° 45" N OrinoCoO. e serveernsssssasw.Venezuela.ovoooau.. 9% 15" N
Fraser...+eecevesvesssss..British Columbia...49° 10' N Parand......... . ...Argentina.......... 34° 00" S
Ganges-Brahmaputra *......E. Pakistan........22° 30' N Pechora..... i .o.Russia....... e 68° 00' N
Godavari.....oseveneveenwIndiaceiiiiano . 16% 40" N Redevivrnvnnnnnanas vevss. N, Vietnam...... ...20° 20' N
Grijalva *....... ceerrer e MexICO . v 18° 30' N Sagavaniktok®,...eveenev e USA vt vin e, 70° 15" N
Horton *........vvevevs . Canada..... caie.ee 70° 00" N Sao Francisco *......... WBrazil.ooooae. oo, 10% 20' s
Hwang Ho..... e e Chind...vvvvvese...37° 45" N Senegal....oovivuinns c..8enegal. ... en i 16° 00' N
Indigirka..... veeeionses. . Russia..oeenena.. 0 71% 157 N Shatt el Arab........vovenirageeeeenns ce...30° 10" N
Indus *....covvivenenes .. W, Pakistan........24° 15' N SYTr Darya...e..oeonen P (1Y 3 - PO 46° 00' N
Irrawaddy..... evevvsvne s BUurmaieeveeeees...16° 00" N Tana......oe.. . vevvse.Kenyas.oouao s, . 2° 30" 8
Kamchatkas..oovevevnsee e RUSSIA vt vnen.s..56° 127 N Terek....... e ... .Russia......... vo..43° 35" N
Kelantan #......... vevveesMalaysia.ci oo, 6° 10" N Urale v ienninenennonnans RUSS18 vt vueneranns 47° 00' N
KISENAe s evrnnnnnrrrnnnnens India......ce0vuv...16° 00" N Vistula.......evevvvne....Poland..... e 54° 00' N
Klang *.....0000vus ....Malaysia........... 3° 00' N Volga.s.vevrveerovnusn s Russiace i, L46° 10" N
Kolyma..... e ve.o. Russiac.ciiania.. ..69° 28" N Yangtze~Kiang.............China....... ceves . 31° 40T N
Kuban.. et Russia@.....vsenee 0 45° 10" N Yenisey.. oo eeneernionns ...Russia e 70° 30' N
| CTS - D Russia...eunuon.. ..39° 20' N Yukon. ve e onnn e LW USAL L. . e 63° 00' N
LENBevevsenecesnsanas vvv..Russia......., veses73° 00" N ZambezZii.e i eranirennanas Mozambique........ .18° 30" S
Mackenzie *..... e Canada......... . ...69° 30" N

*River deltas

in which Institute personnel have made

scientific visits.







TEFINITION OF PARAMETERS

definitions and methodology for each paramet
low are tabulated for each river
neering connotation. This listing

iified manner in Figure 2.

anv systematic compilation of data for comparative

Definitions and Methedology

encompasses the entire drainage network, the dispersal
receiving basin. Four component parts comprise this
drainage basin, the alluvial valley, the deltaic plain,

receiving basin (Fig. 1).

drainage basin is the land area contained within the drainage divides;
the perimeter generally corresponds with a line connecting the highest
points of topography. For each river system the perimeter of the basin is
outlined, following the definition given above, on 1:1,000,000~scale mars.
The lower (downstream) limit of the drainage basin is considered to be the
point where the basin perimeter narrows significantly and tributaries lead-
ing into the main channel drain an area less than 1 percent of the total
basin area.

Location

following parameters deal with the geographic location and pelitical
subdivisions of the drainage basin.

L.1.1.1 Continent: The name of the continent in which the drainage basin
is located.

1.1.1.2 Countries: All political subdivisions in which the basin is con-
tained.

1.1.1.3 Coordinates: The latitude of the northern- and southernmost
extremities and the longitudes of the easternmost and westernmost
extremities of the basin perimeter.

Geological

Pour geclogical parameters of the drainage basin are determined.

1.1.2.1 Tectonic stability: This parameter is intended to indicate the

major tectonism active within the basin proper and 1s classified
into the following categories:




1.1.2.2

1.1.2.3

1.1.2.4

a. Continental platforms ~ areas of little present tectonic
movement; absence of earthquake epicenters and volcanic
activity; subsidence and uplift, if occurring, are on very
gentle arches or depressions.

b. Orogenic zones - areas of active tectonic movement and great
mobility; high occurrence of earthquake epicenters or vol-
canic activity.

¢. Geosynclinal zones ~ areas characterized by a predominance of
subsidence or depressions in the earth's crust.

Types of rocks: The approximate percentages of three rock types—-
igneous, metamorphic, and sedimentary--are obtained from geologic

maps.

Geologic age: A list of the major time systems of rocks found in
the basin is compiled from geologic maps of the continents.

Geologic structure: This parameter indicates generally the struc-
ture of the rocks comprising the basin and is divided into five
classes.

a. Horizontal strata

b. Mecnoclinal dipping strata

¢. Anticlinal-synclinal structure

d. Strongly folded-faulted structure

e. Fault graben structure

1.1.3.0 Geomorphological

The following 14 parameters all deal with geomorphic properties of the
drainage basin. Most have been calculated from measurements taken from
1:1,000,000-scale maps of the entire basin.

1.1.3.1

1.1.3.2

Area: A Calma Model 303 digitizer is used to obtain x~y coordi-
nates at intervals of 0.01 inch around the basin perimeter. A
Fortran program for the IBM 360-65 computer is used to calculate
the area of the basin in square miles from the digitized data.
Testing of several techniques proved this particular one most
accurate and reliable.

Basin perimeter: The length of the basin perimeter is calculated,

in miles, from the x-y coordinates obtained from the digitized
data by the formulae

A Pi = Vsz + Ay2 (L

P, = IA P, (2)



1.1.3.3

1.1.3.6

Pp=3ZI,P (3)

This calculation is performed by the same computer program used
to obtain basin area.
Length of major river channel: The length of the main chamnel,

in miles, is computed from the digitized x-y coordinates of the
main channel by the following formulae:

7
AL = /nx + ﬂyz (1)
= 7
Ly = 2 8Ly (2)
L=2, L (3)

Long axis of basin: A smooth line approximating the longest axis
of the basin is measured in miles.

levation of basin: Random points are generated within the
basin, and elevations at each point are recorded. Topography dif-
fers considerably among the basins, and no set number of points
can be used to obtain an average elevation. In a basin having
very low relief, few points are needed to determine the average
elevation; but in a basin having extreme relief, a greater number
of points is required to give a meaningful measure of the average
elevation. Thus the number of measurements needed within a single
basin is dependent on the relief in the basin. The procedure used
for each basin is as follows:

a. Ten random points are generated and the mean elevation (E)
and standard deviation (S) are calculated for each.

b. Ten more points are randomly selected and the mean of the
total (20 points) and standard deviation are calculated.

c. This procedure is continued until the standard deviation
ceases to change significantly as additional points are
measured.

Thus the number of points measured in each basin is based on the
variability within the basin and not on the size of the basin.

In the basins examined to date the number of points needed to
satisfy this procedure has ranged from 60 to 320. The average
elevation (E), standard deviation (S), coefficient of variability
(CV), maximum elevation (Epayx), and minimum elevation (Epipn) are
recorded for each basin.

Basin relief: A procedure similar to the one described above is
utilized to obtain the average relief of the basin. The relief,
in feet, in the vicinity of the random point is used for the
calculation. The average relief (R), standard deviation (S), and
coefficient of variability (CV) are recorded for each basin.

9




1.1.3.7

1.1.3.8

1.1.3.9

Relief ratios: Two common measures of relief within a basin have
been defined by Shumm (1956) and Melton (1957). These ratios are
calculated from the formulae given by those authors.

a. Shumm: Ry = Rpax/Ap where Rpgy is maximum basin relief in
feet and Ap is the long axis of the basin, in feet, parallel
to the principal drainage line.

b. Melton: Ry, = 100 H/P where H is maximum basin relief in
feet and P 1s basin perimeter in feet. th is expressed as
a percentage.

Area~altitude: Several parameters to be calculated are based on
area~altitude relationships. On the 1:1,000,000-scale maps con-~
tour classes were selected as follows:

Class Class

No. Meters Feet No. Meters Feet
1 0-150 0-492 9 2500-3000 8202-9843
2 150-300 492-984 10 3000-3500 9843-11483
3 300-600 984-1969 11 3500-4000 11483-13124
4 600-900 1969-2953 12 4000-5000 13124-16405
5 900-1200 2953-3937 13 5000-6000 16405-19686
6 1200-1500 3937-4921 14 6000-7000 19686-22967
7 1500-2000 4921-6562 15 7000-8000 22967-26248
8 2000-2500 6562-8202

The classes indicated above were governed by the contour data on
the maps. The Calma digitizer is utilized to determine the area
within a class, and an entire basin can be analyzed in a rela-
tively short period of time. A program was developed to utilize
the digitized data as input for calculating the following param-—
eters:

a. Area-altitude

b. Altimetric frequency

c. Dimensionless area-altitude
d. Absolute volume of basin

e. Hypsometric integral

f. Ratio of hypsometric integral above the sharpest break in
slope of hypsometric curve to the total hypsometric integral

The area-altitude is simply the area in square miles at each
contour level.

Altimetric frequency: The digitized data are used to convert the
area within each contour class into a percentage of the total
basin area.

1.1.3.10 Dimensionless area~altitude: To facilitate comparison of basins

10



1.1.3.11

1.1.3.12

1.1.3.13

1.1.3.14

of different sizes and shapes, the area-altitude data are made
dimensionless by the following method:

Y. [dimensionlessj= h,/H
altitude ]

where h, is height of contour above the base contour and H is
maximum-elevation of basin;

X, [dimensionless ) = aj/A
J area
where a is total area contained by a contour and A is total area

of basin.

Absolute volume: The absolute volume in cubic miles of the basin
landmass above the base contour is calculated from the digitized
data by the formulae

V =131 a,(Ash);
j J
vV = ? aj(Ah)j + [Aaj(Ah)j]/Z

where a. is the area of a contour class, (Ah); is the height
difference between contour classes j and j-1, and Aa is the area
difference between contours j and j-1.

Hypsometric integral: The hypsometric integral is obtained from
the digitized data by

HI = ? xj (AY)j + [(AX)j (AY)j]/Z

where X, is the dimensionless area of a contour class interval;
(AY); i the difference in dimensionless height in the interval
j; and 4Xjis the difference in dimensionless area in the interval

i (Fig. 3).

Ratio HIz/HI: This is a calculated ratio of the dimensionless
volume of the basin above the break in slope of the hypsometric
curve to the total dimensionless volume.

Drainage density: The drainage density is the length of channels
per unit area:

_ oL
Dd A

where IL is the summed length of channels in miles per given area
A in square miles.

Drainage densities are measured at the same random points used

in the relief analyses. At each point, a given area (400 square
miles) is blocked off and the lengths of all streams within this

11
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1.1.4.0

Figure 3.

Diagram illustrating definitions of terms used in

hypsometric calculations.

‘area are measured by the Calma digitizer. From the densities

at each individual point, the mean and standard deviation are
calculated for the basin. Figure 4 shows some typical examples
of various drainage densities.

Climatological

Meteorological stations within the basin and summary climatic atlases are
utilized to determine 11 parameters.

1.1.4.1 Climatic classification: The climate of the basin is classified

1.1.4.2

according to the Koeppen scheme. The climatic type that pre-
dominates in the basin is obtained from the atlases:and is con-
sidered to characterize the basin.

Yearly average temperature: The mean annual temperature, in

degrees centigrade, is computed from meteorological data col-
lected from stations within the basin.

12
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Figure 4. Examples of different drainage densities
from 1:1,000,000-scale maps.

Mean daily temperatures: Same procedure as above.

Mean maximum daily temperature: Bimonthly mean maximum daily
temperatures and the standard deviations are computed from data
collected at meteorological stations in the basin.

Mean minimum daily temperatures: Same procedure as above.

Yearly precipitation: The mean annual precipitation, in milli-
meters, is determined from meteorological records from stations
within the basin. The standard deviation, coefficient of varia-
bility, and the yearly maximum and minimum are recorded.

Mean monthly precipitation: Monthly precipitation data for each
station are averaged and the mean, standard deviation, coefficient
of variability, and maximum and minimum values are recorded.

Mean monthly water balance: Average monthly potential evapo-
transpiration, moisture storage, actual evapotranspiration, water
deficit, and water surplus for each station are obtained from
Thornthwaite Associates publications and the means and standard
deviations characteristic of the entire basin are determined.

Distribution of annual precipitation: Thirteen rainfall classes
have been established as follows:

13
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1.1.5.0

1.1.4.14

1.1.4.15

1.1.4.16

Class No. 1 2 3 4 5
Rainfall* 0-100 100-200 200-400 400-600 600-800
Class No. 6 7 8 9 10
Rainfall | 800-1000 | 1000-1400 |1400-1800 |1800-2200| 2200-2600
Class No. 11 12 13

Rainfall |2600-3200 |3200-4000 |4000-

*Millimeters

From maps the percentages of the total basin receiving rainfall
corresponding to each class are determined.

Date of freeze: From published data, the average date of freez-
ing of the river channels in the basin is recorded.

Date of thaw: From published data, the average date of breakup
of river ice in the channels of the basin is recorded.

Duration of freeze: The total number of days during which chan-
nels in the basin are frozen is recorded.

Pedological

The data on pedological parameters that could be measured in river basins
are limited since in most cases only small portions of any one basin are

covered adequately by soil surveys.

World soil maps (USSR Academy of

Sciences, 1964) are used, therefore, to obtain the major soil types found
in the drainage basin.

L.X.5.%

Major soil type: The soil types designated on the 1:60,000,000~
scale maps are divided into 8 major classes and 93 subclasses,
as shown below:

A. Zonal Soils of Plains Territories

1. Arctic
2. Tundra

B. Boreal Soil Formation

1. Turfy coarse-humus and turfy peat (including volcanic)
soils of subpolar grassy forests and meadows

2. Gleyey permafrost-taiga and permafrost—taiga illuvial-
humus soils of northern taiga and open woodland

3. Permafrost-~taiga acid and podzolized soils of the middle
taiga

4. Permafrost-taiga pale-yellow soils of the middle taiga

5. Permafrost-taiga residual carbonate soils

6. Gleyey podzolic and podzolic illuvial-humus soils of the
northern taiga

7. Podzolic soils and podzols of the middle taiga

8. Turfy podzolic soils of the southern taiga and broadleaf
coniferous forests

9. Turfy pale-yellow podzolic soils of broadleaf-coniferous
forests

14
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10.

11.

Acid nonpodzolized forest soils of broadleaf-coniferous
and broadleaf forests
Gray forest soils

Subboreal Soil Formation

(oA RV B R OO S

Brown forest soils

Chernzem-like prairie soils (brunizems)
Chernozems of the steppes

Chestnut soils of the dry steppes
Brown semidesert soils

Gray-brown desert soils

Subtropical (Warm and Moderately Warm) Soil Formation

1.

O~ W N

Yellow-brown soils of broadleaf forests transitional to
subtropical forests

Yellow soils and red soils of humid subtropical forests
Reddish-black soils of subtropical prairies

Brown soils of xerophytic subtropical forest and shrub
Chernozems of subtropical steppes

Gray-brown soils of subtropical shrub steppes

Serozems of subtropical semideserts

Soils of subtropical deserts

Tropical and Equatorial Soil Formation

1.

2.

Reddish-yellow lateritic (allitic, ferrallitic, alfer-
ritic) soils of permanently humid tropical forests

Red lateritic (ferrallitic, alferritic, allitic) soils
of seasonally humid tropical forests and tall-grass
savannas

Brownish~red laterized (alferritized, ferritized) soils
of xerophytic tropical forests and shrub

Red-brown soils of dry savannas

Reddish-brown soils of desertlike savannas

Soils of tropical deserts

Intrazonal Soils of Plains Territories

s s e

.

s e e

Co~NOULS~WN

Bog-permafrost soils

Bog-podzolic soils

Gray-gleyey forest soils

Turf~carbonate soils and grad rendzinas
Turf-gleyey soils

Peat-~bog upland soils

Lowland bog soils

Brown gleyey and pseudo-podzolic forest soils
Chernozem-like gleyey prairie soils
Meadow-chernozem soils

Meadow-chestnut soils

Brown meadow soils

Brown rendzinas

Gleyey yellow and red soils

Brown meadow soils

Subtropical meadow chernozems

15




17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Meadow serozems

Red rendzinas and terra rossa

Smolnitsa soils and black subtropical soils
Takyrs

Subtropical bog soils

Dark-red lateritic soils on basic rocks
Gleyey lateritic soils

Brownish-red meadow soils

Red-brown meadow soils

Black and gray tropical soils

Tropical bog soils

Salt-marsh soils of mangroves

Solod soils

Solonets soils

Solonchak soils

Meadow soils

Alluvial soils

Irrigated soils

G. Soils of Mountain Territories

.

WO SSOWU P WRN

22.

23.
24,

Arctic mountain soils

Mountain tundra and denuded-summit soils

Mountain turf-coarse humus and peat soils

Mountain permafrost-taiga soils

Mountain permafrost-taiga carbonate soils

Mountain podzolic soils

Mountain gray forest soils

Mountain meadow soils

Mountain brown forest soils

Mountain meadow-steppe soils

Mountain chernozems

Mountain chestnut soils

Mountain brown semidesert soils

Highland desert and steppe soils

Mountain yellow-brown, yellow, and red soils

Mountain brown soils

Mountain gray~brown soils

Mountain serozems

Mountain desert subtropical soils

Mountain lateritic soils of permanently humid tropical
forests - humus—allitic, ferrallitic, etc.

Mountain red soils of seasonally humid tropical forests
and tall-grass savannas - ferallitic, ferritic, etc.
Mountain brown-red soils of xerophytic tropical forests -
ferrallitized, ferritized, etc.

Mountain red-brown soils of savannas

Mountain desert tropical soils

H. Additional Designations

1.
2.

Ferruginous soils and layers (laterites) in tropical soil
Blown and semianchored sands

The major types composing the basin are listed.

16
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1.1.6.0 Biological

RS ES e

Biological parameters, although extremely critical in the drainage basin,
are seldom reported. The only consistent data available for the entire
basin are with regard to the general type of vegetation cover.

1.1.6.1 Major vegetation types: World vegetation maps (USSR Academy of
Sciences, 1964) of small scale (1:60,000,000) are used to divide
the vegetation types into 21 major classes and 98 subclasses. The
classes and subclasses are listed below:

i
i
i
;
¥
3
g
s
:
<

A. Tundra Vegetation

1. High arctic formations
2. Polar tundra formations

& B. Boreal (Taiga) Vegetation

North Atlantic (partly tundralike) formations
. Bering (partly tundralike) formations

North European formations

Ural-Siberian formations

. Angara formations

. North Cordilleran formations

. Canadian formations

dA S
W oo~ U W
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C. Nemoral Vegetation (Broadleaf and Coniferous-Broadleaf)

10. West Atlantic formations

11. Central European formations

12. East European formations

13. North Mediterranean (including Crimean-North Caucasus)
formations

14, Euxine and Zagros formations

15. Middle Asian formations

16. Manchurian and North Chinese (subcontinental) formations

17. Far Eastern oceanic formations

18. Cordilleran formations

19. South Canadian formations

20. Appalachian formations

D. Subtropical Shrub Vegetation

21. Mediterranean and Atlantic-Mediterranean formations
22. Asia Minor and West Himalayan formations

23. East Asian formations

24. Chinese southern subtropical formations

25. Californian formations

26. Central American formations

27. South Atlantic-Floridian formations

SRLIEIEATY,

E. Subtropical Xerophilous Open-Woodland and Upland Vegetation
28. Irano-Afghan formations (including associations of open

woodland and ephemeral tall grass)
29. Texas-Mexican formations (including grass-shrub and

17




cactus-acacia groupings)
Steppe Vegetation

30. Black Sea formations

31. Transvolga-Kazakhstan formations

32. Transcaucasian-West Asian formations

33. Mongolian—Chinese formations (including South Siberian
and East Transbaykal island steppes)

34, South Tibetan formations

35. East American (Great Plains) formations

36. West American (Prairie Plateau) formations

Extratropical Deserts of Northern Hemisphere

37. Saharan-Saudi (subtropical) formations
38. Turanian-Caspian formations

39. West Asian formations

40. Central Asian formations

41. Arizonan-Mexican (subtropical) formations
42. Coloradan formations

Cold Highland Deserts (with Cushion Plants)

43. Tibetan formations

Highland Vegetation of Tundra and Boreal Types

44, Mountain tundra and subsummit formations

45, Alpine (meadow) and subalpine (meadow, shrub, and woody)
formations

46. Quasi~boreal formations in mountains of nemoral zone

Humid Evergreen Tropical Forest

47. Guinean-Congolese formations
48, Madagascar formations

49, Bengal-Indochinese formations
50. Malaysian formations

51. Galapagos-Caribbean formations
52. Amazonian formations

53. Brazilian—-Atlantic formations
54. Transandean formations

Mangrove Vegetation

55. Mangrove formations of various genetic complexes
Deciduous and Evergreen Forest of Variably Humid Tropics
56. Nigerian-Congolese formations

57. Indostan-Burmese and Javanese formations

58. Mexican formations
59. South Brazilian formations

18



M. Tropical Dry (Partly Sclerophyll) Forest, Xerophilous Open
Woodland, and Thorny

60. Somali-Yemeni formations

61. Angolan formations

62. Rhodesian-Mozambique and Madagascar formations
63. Indo-Malaysian formations

64. Paraguayan-Argentine formations

65. Tucuman-Bolivian (mountain) formations

66. North Australian formations

N. Tropical Savannas

67. Guinean-Sudanian formations

68. East African and Southwest Arabian formations
69. South African formations

70. Central Madagascar formations

71. South Asian formations

72. Orinoco formations (associated with deserts)
a 73. Brazilian-Bolivian formations

74. Australian formations

& 0. Tropical Deserts

75. Saharan-Nubian formations

76. South African formations

77. Somali~Arabian formations

78. South Pacific (Andean) formations
79. East Brazilian formations

80. Central Australian formations

P. Humid Subtropical Forest

8l. Uruguayan—-Brazilian formations
82. Australian-New Zealand (partly sclerophyll) formations

Q. Subtropical Xerophilous Woody Shrub Vegetation

83. Cape formations
84. Transandean formations
85. South Australian-Tasmanian formations

R. Grassy Savannas and Pampas

86. Southeast African formations
87. Uruguayan-Argentine formations
88. South Australian formations

S. Extratropical Deserts of Southern Hemisphere (monte, mallee
scrub, etc.)

89. Karroo-Southern Namib formations

90. Argentine formations

91. Patagonian formations (Patagonian "steppe'’)
92. South Australian formations

19
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1.1.7.0

1.2.1.0

1.2.2.0

1.2.3.0

T. Broadleaf and Coniferous-Broadleaf Subantarctic Forest
(Subantarctic Nemoral Vegetation)

93. Tasmanian-New Zealand (mainly beech) formations
94. Andean (broadleaf and coniferous-broadleaf) formations
95. Chilean (xerophilous woodland and shrub) formations

U. Grassy, Mossy, and Lichen-Moss Vegetation of Subantarctic
(Subantarctic Tundralike Vegetation)

96. Treeless formations of Tierra del Fuego and Oceania
V. Highland Vegetation

97. Mesophilic woodland formations (in mountains of New
Guinea)

98. Semi-xerophilous and cryophilic grass, bush,and shrub
formations in the highlands of Tasmania, the Neotropics,
and southern extratropical Africa

Hydrological

Although data on stream discharge, river stage, and sediment yield are
available for many tributaries within selected basins, rarely are the data
in such form as to permit comparisons between basins. Therefore only one
parameter, discharge, was measured.

1.1.7.1 Average monthly discharge: The average monthly discharge at the
station nearest the basin mouth is tabulated in cusecs x 103.
The United Nations Flood Control Series provides the most reli-
abledata for the tributary streams.

Alluvial Valley

The alluvial valley connects the drainage basin with the delta. Within
the alluvial valley the river is free to migrate laterally between valley
walls. The total drainage area of tributaries leading into the main
channel normally accounts for less than 1 percent of the total drainage
area of the river system.

Location

1.2.1.1 Countries: The countries containing all or part of the alluvial
valley.

Geological

1.2.2.1 Stability: The same categories listed for the basin (section
1.1.2.1) are tabulated in the alluvial valley.

1.2.2.2 Sediment type: From the literature the dominant type of sediment
transported by the stream is tabulated.

Geomorphological

Seven parameters are tabulated under this category.
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1.2.3.1

1.2.3.2

1.2.3.3

1.2.3.4

1.2.3.5

1.2.3.6

Channel type: The type of channel plan is determined from maps.
Three types, braided, straight, and meandering, are recognized.
They are illustrated in Figure 5, and low-angle oblique aerial
photographs of each are presented in Figure 6.

Channel width: The width is measured in miles at 10-mile inter-
vals along the channel. The section is normalized to the channel
axis, and width is measured from bank to bank. From these data
the mean (CW), standard deviation (S), and coefficient of vari-
ability (CV) are calculated. The river stage at the time the map
was constructed is extremely critical, but this information is
rarely available, and as a result some error is undoubtedly
introduced into the measurements, particularly in the case of
braided streams.

Length of valley: The centerline length, in miles, of the valley,
measured from the mouth of the drainage basin to the apex of the
delta plain.

Length of stream: The length of the channel, from basin mouth
to delta apex, is calculated from digitized data.

Ratio LS/LV: This ratio is the length of the stream divided by
the length of the valley and indexes the sinuosity of the stream
channel occupying the alluvial valley.

Type of flood plain: From maps nine major types of fluvial
plains can be identified (Figs. 7 and 8).

Type I, river-~scarred plain: gegments of abandoned stream courses
are evident in the alluvial plain flanking the active channel.

In many cases, these abandoned channels are the sites of fresh-
water cutoff lakes (Fig. 8A) or linear lakes occupying abandoned
braided channels.

Type II, interfluvial lake plain: Abundant freshwater lakes dot
the alluvial plain; they tend to be irregular or rounded in shape
and are normally much wider than the channel system (Fig. 8B).

Type III, swamp plain: HHeavy swamp vegetation occupies the
largest part of the alluvial plain. Other common alluvial valley
features are not evident.

Type IV, interior deltaic plain: A depression within the alluvial
valley causes derangement of the stream channels, resulting in
formation of localized swamp and lake features.

Type V, linear lake plain: Linear lakes trending at right or
high angles to the main channel and occasionally indenting the
valley wall are present (Fig. 8C).

Type VI, salt flat plains: Low depressions containing evaporites
and normally devoid of vegetation are numerous on the alluvial
plain (Fig. 8D). '

Type VII, sand-dune plains: Eolian dune fields occupy broad
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1.2.3.7

1.2.4.1

Figure 5. Types of stream channels. A. Braided. B. Straight.
C. Meandering.

portions of the alluvial surface. In many cases the dune fields
are located near active and abandoned stream channels.

Type VIII, oriented dune swamp plains: Large dune ridges,
separated by broad swamps, are aligned with the river channel
(Fig. 8E).

Type IX, cultivated plains: The greater fraction of the allu-
vial plain has been cultivated (Fig. 8F).

Number of tributaries: The number of tributaries entering the
main stream channel on the right and left banks.

1.2.4.0 Climatological

Climatic classification: The dominant climate in the valley is
classified according to the Koeppen scheme.
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A. Meandering channel of Colville River B. Straight channel of Burdekin River
in Alaska. in Australia.

C. Braided channel of Ganges-Brahmaputra
River in East Pakistan.

Figure 6. Aerial photographs of the three major channel types.
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A. River-scarred plain - Volga River, B. Interfluvial lake plain -
| USSR. Mackenzie River, Canada.
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River, Nigeria. Danube River, Romania.

Figure 7. Types of landforms in alluvial valleys.
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@luigund area Salt flats

E. Salt flat plains - Shatt al
Arab, Iran and Iraq.

L.

Sund dunes ond beach ridges Dlukts and rivers
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G. Oriented dune-swamp plain -
Senegal River, Senegal.

Tundra

[:j Sand bars

Sand dunes

F. Sand-dune plain - Colville
River, Alaska, USA.

Valiey wall

Sand dunes

E Cultivated land

H. Cultivated plains - Nile
River, UAR. i




A. River-scarred plain - Anderson River, B. Interfluvial lake plain -~ Mackenzie
Canada. River, Canada.

C. Linear lake plain - Mackenzie D. Salt flat plains - Burdekin River,
River, Canada. Australia.

Figure 8. Aerial photographs of alluvial valley landforms.
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E. Oriented dune-swamp plain - Senegal F. Cultivated plain - Ganges-—
River, Senegal. Brahmaputra River, East Pakistan.
1.2.4.2 Yearly rainfall: The total yearly rainfall, in millimeters, is
taken from published literature or meteorological atlases.
1.2.4.3 Average yearly temperature: The average yearly temperature, in
degrees centigrade, is obtained from published literature.
1.2.4,4- Monthly moisture deficit and surplus: Mean values of the water
1.2.4.5 balance parameters, moisture deficit and surplus, are recorded as
in 1.1.4.11 and 1.1.4.12.
1.2.5.0 Pedological
1.2.5.1 Major soil type: See 1.1.5.1.
1.2.6.0 Biological
1.2.6.1 Major vegetation type: See section 1.1.6.1.
1.2.7.0 Hydrological

Nine parameters dealing with hydrologic characteristics within the allu-
vial valley are calculated.

1.2.7.1- Monthly and yearly discharge: Discharge data in graphic form

1.2.7.2 are digitized, and a Fortran IV program is used to calculate
monthly mean (Dag), variance, standard deviation, and coefficient
of variability as well as yearly statistics. Figure 9 illus-
trates three common discharge curves.

1.2.7.3- Maximum and minimum discharge: The maximum and minimum discharge
1.2.7.4 during the year, in cusecs, and the date of occurrence are recorded.
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Ganges-Brahmaputra River, East Pakistan
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Figure 9. Examples of common types of discharge
curves.

1.2.7.5 Flood peakedness: Flood peakedness K¢ is calculated from

[aS
~N o~

—
.
~ o

1.2.7.8

where Ty is the number of days during which discharge is less
than the mean and Tg is the number of days during which discharge
exceeds the mean.

- High~ and low-water period: Respectively, the months during

which discharge is greater than and less than the mean discharge.

Monthly rate of rise and fall: The average change in water sur-
face elevation in feet per day iscalculated by

where AH is the daily change in river stage and n is the number
of days in the month.
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1.3.0.0

1.3.1.0

1.3.2.0

1.3.3.0

1.2.7.9 Yearly sediment discharge: These data are obtained from pub-
lished information and reduced to total yearly sediment discharge
in cubic feet.

Deltaic Plain

The deltaic plain is that portion of a river system in which the sediment-
water load is distributed and deposited rather than supplied, traded, or
carried in transit. The apex of the deltaic plain is the point at which
the main stream channel branches into multiple distributaries. The plain
is characterized by interaction between riverine and marine processes,
with marine processes becoming more dominant in the seaward direction.

The seaward limit of the deltaic plain is, for the purposes of this study,
set at the 40-foot-depth contour. Normally this is the first sharp break
in slope around the periphery of the subaqueous bulge. The lateral limits
of the plain extend to the area which has formed by processes other than
deltaic progradation. In many deltas, these lateral limits are well
defined by features associated with active or abandoned streams. Six com-
ponents of the deltaic plain can be recognized (Fig. 10): the subaerial,
the subaqueous, the upper, the lower, the active, and the abandoned. The
subaerial deltaic plain is that part which is exposed to subaerial condi-
tions during part or all of the year; the subaqueous portion lies primarily
beneath the water surface but may be partially exposed during extremely low
tides. The upper deltaic plain forms the apex of the delta, and its sur-
face lies above the effective level of tidal influence, where processes
are predominantly riverine in nature. The lower deltaic plain is within
the realm of effective tidal action. The active portion of the subaerial
deltaic plain 1s the area where the morphology is primarily the function
of currently active deposition by the river, whereas the abandoned portion
reflects relict deposition by formerly active streams.

Location

1.3.1.1 Countries: The countries in which part or all of the deltaic
plain is located.

1.3.1.2 Receiving body of water: The body of water into which the river
debouches.

Geological

1.3.2.1 Stability: The geologic stability of the deltaic plain is ob-
tained from tectonic maps and is classified as in section 1.1.2.1.

Geomorphology
1.3.3.1- Area of components of deltaic plain: The boundaries enclosing
1.3.3.7 each of the components are digitized and input to a Fortran IV

computer program (Appendix 1) to obtain the area in square miles.

1.3.3.8 Ratio AUDP/ALDP: The ratio of the area of the upper deltaic
plain, as computed in 1.3.3.4, to the area of the lower deltaic
plain, as computed in 1.3.3.3.

1.3.3.9 Ratio Asae/DP/ASanP: The ratio is computed as above.
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Figure 10. Components of deltaic plain.

Ratio AAbDP/AACDP: The ratio is computed as in 1.3.3.8.

Length of long axis of delta: The straight-line length (L), in
miles, of the long axis from the delta apex to the seawardmost
extremity of the subaerial delta.

Maximum width of delta: The straight-line distance (W) in miles
connecting the lateral extremities of the delta.

Length of delta shoreline: The length of the shoreline (LS), in
miles, is calculated from digitized data.

Ratio L/W of deltaic plain: The ratio of 1.3.3.11 to 1.3.3.12.
Ratio LS/W: The ratio of 1.3.3.13 to 1.3.3.12.

Distributary index: A series of ten evenly spaced concentric
arcs, the first at the delta apex and the tenth located at the
shoreline and intersecting all lower distributaries, is con-
structed (Fig. 11). 1In index A, the number of distributaries
that intersect each arc is tabulated. In index B, the number of
channel crossings along that arc, whether by a single channel or
multiple channels, is tabulated.

Number of bifurcations: The number of times each distributary
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No. Biturcations: 13
No. Rejoinings: 2

4 No. Routes to Sea: 15
No. River Mouihs: 12

Arc No. No. Distributaries Order No. No. Distributaries Length

i

2
3
4
5

1 1 2 2.2
2 2 3 6.3
4 3 3 3.2
7 4 6 4.8
12 4 6 4.1

Figure 11. Diagram illustrating distributary index.
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splits into two or more channels is counted and the total number
of bifurcations in the delta is tabulated (Fig. 11).

Number of rejoinings: The number of times any two channels
rejoin in a downstream direction (Fig. 11).

Number of routes to the sea: The total number of possible routes
a water parcel could follow from the apex of the delta to the sea.

Distributary densitv: The total length of all distributaries in
the subaerial deltaic plain is calculated from digitized data.
This length is divided bv the total area of the subaerial deltaic
plain and a density figure is derived.

Interdistributary types: The landforms that occupy the area
between the channels are subdivided into 11 types. Figure 12
shows these types as they exist in various delitas, and Figure 13
gives aerial views of some tvpes. Tyvpe A has numerous enclosed
or semienclosed lakes or tayvs ccoupving che interdistriottary
regions. The area of 2pen watzr =xceeds the area of vegetated
cover. Type B is wery .. ..lar ©~u- rhe water podies are open to
the sea and the distributiasice o L. .'e 1nte the receiving body
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Gulf of
Mexico

A. Enclosed bays - Mississippi B. Open bays - Mississippi River, USA.
River, USA.

an G
% Mud flat
Miles
C. Interdistributary lakes - Mackenzie D. Evaporite flats - Shatt al Arab,
River, Canada. Iran.

Figure 12. Examples of interdistributary landform types.
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Beach-dune ridge and swale complex - Mekong
River, South Vietnam.
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I. Interdistributary highs -
Irrawaddy River, Burma.

1.3.3.22

1.3.3.23

J. Cultivated plain -
Yangtze, China.

of water. In type C, a large portion of the interdistributary
area is occupied by lakes with few interconnections. 1In type D
evaporite flats and unvegetated regions are the most common
features. Tidal channels are often quite numerous, cutting across
the flats. Type E is characterized by the presence of innumer-
able tidal channels dissecting a heavily vegetated area between
the distributaries. Although a variety of tidal channel patterns
can be recognized, they are not differentiated in this study.
Type F consists typically of a heavily vegetated area containing
few open water bodies. The type of vegetation varies considerably,
ranging from broad freshwater swamps and reed marshes to mangrove
swamps. However, data regarding the exact vegetation type nor-
mally is lacking. Type G contains beach-dune ridge complexes
separated by broad, heavily vegetated swales that are often the
site of small lakes or tidal channels. The swales are generally
broader than the ridges. Type H displays nearly continuous beach
ridge development between the distributaries. Type I is similar
to H,but actively migrating dune fields are the most characteris-
tic feature. Type J shows structural highs or outcropping older
rock surfaces between the distributaries. Type K results from
man's activity and is characterized by intensive cultivation
between distributaries.

Exposure of delta coast: The exposure of the delta shoreline is
classified as either protected or open. The protected class
includes those delta shorelines that contain extensive barrier
islands, rock outcrops, reefs, and similar features offshore that
protect the major portion of the delta shoreline. If the shore-
line is unobstructed, the exposure is simply termed open.

Number of active river mouths: The number of river mouths found
along the delta shoreline.
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A. Enclosed bays - Mississippi River, B. Evaporite flats - Burdekin River,
USA. Australia.

C. Tidal channels - Ganges- D. Beach-dune ridge and swale -
Brahmaputra River, East Pakistan. Burdekin River, Australia.

Figure 13. Aerial photographs of interdistributary types.
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Beach ridge plain, Burdekin F. Eolian dune plain - Sio Francisco

Australia, River, Brazil.

1.3.3.24 Type of river mouths: Four basic river mouth shapes can be dis-
tinguished and are illustrated diagrammatically in Figure 14 and
by aerial photographs in Figure 15. Type 1 shows relatively
Straight confining banks (the upstream width is approximately
the same as the downstream width) all the way to the sea. Type
2 has a funnel-shaped plan view, and the seaward end is wider'
than the upstream portion. Type 3 is characterized by constric-
tion at the coast and generally is wider upstream than at the
Seaward end. Type 4 is the impounded or deflected type where
Seaward flow is inhibited or diverted by a barrier formation.
Each of the four types may or may not protrude seaward. Islan?s
within river mouths may be present or absent. In order to decide
Objectively whether a single river mouth or two river mouths
exist when an island is present, the following criterion is used:
If the channel width at the upstream end of the island is greater
than the longest axis of the island, a single river mouth is
indicated. If the channel width is less than the longest axis of
the island, the island is regarded as having separated the flow
into two channels.

5-Width of river mouths: The width in miles of each river mouth is

6 recorded. The width is measured at the seawardmost part of the
channel where it is still confined by well-defined subaerial'
banks. The mean, standard deviation, and coefficient of vari-
ability of river mouth widths are determined.

.
w W
w w
NN

-3.3.27-Depth of river mouths: The maximum depth, in feet, is recorded

3.3.28 from hydrographic charts for each river mouth. The mean, stand-
ard deviation, and coefficient of variability are determined for
each depth at the river mouths.

36



PP

A. Straight, protruding - Ebro B.

Straight, indented - Ganges-Brahmaputra,

River, Spain. East Pakistan.

@ Mangrove swomp
Beach ridges

«;// =3 mud flat
r
[Jcultivated deitaic
plain

€y

. Funnel-shaped, indented - Mekong
River, South Vietnam.

Sund dunes and beach ridges Miles
R.liu beach ridges

@Mungrovl swomp L j

D. Constricted, protruding - Sao
Francisco River, Brazil.

Figure 14. Examples of river mouth types.
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3.3.29~
3.3.30

.
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1.3.3.31

1.3.3.32
1.3.3.33

1.3.3.34

Depth contours in feet

E. Constricted, indented - F. Deflected - Senegal River, Senegal.
Irrawaddy River, Burma.

Depth-width ratios of river mouths: The depth-width ratio for
each mouth is calculated from the above data obtained for width
and depth. The mean, standard deviation, and coefficient of
variability are also calculated.

Topography of bar: Four major types of bars can be defined.
These are illustrated diagrammatically in Figure 16. Type 1 is
simply a smooth, flat bulge seaward of the river mouth. Type 2
consists of a lunate-shaped bulge or bar seaward of the river
mouth. Type 3 consists of a triangular shoal or middle ground
which separates two deeper channels. Type 4 is characterized by
subaqueous levees flanking a straight channel directly seaward of
the mouth. Each of the four types may or may not be scarred by
radial gullies and may or may not be accompanied by the presence
of linear tidal ridges.

Area of bar: The areas in square miles contained by the periph-
eral contours of each river mouth bar are computed from digitized
data.

Distance to edge of bar: The dimensionless distances (in river
mouth widths) from each river mouth to the distal edge of each
river mouth bar are measured and tabulated.

Area of bulge: The deltaic bulge is defined as the portion of
the deltaic plain which protrudes seaward beyond the general
trend of the flanking coastline. In this study the bulge is
considered to be bounded landward by a line x connecting the
lateral limits of the protrusion and seaward by the 40-foot-depth
contour (Fig. 17). The area in square miles contained by the
boundaries of the bulge is computed from digitized data.
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A. Straight - Burdekin River, Australia. B. Funnel-shaped, Ganges-Brahmaputra
River, East Pakistan.

C. Constricted - Ganges River, East D. Deflected - Jequitinhonha River,
Pakistan. Brazil.

flgure 15. Aerial photographs illustrating four river mouth types.
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A.

Radial. B. Lunate bar. C. Middle~-ground bar.

D. Subaqueous jettied.

Figure 16.

E. Tidal ridge and swale.

River mouth bar types.
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Figure 17. Diagram defining parameters used in deltaic bulge morphometry.

1.3.3.35

1.3.3.36

Volume of bulge: The total volume of the bulge Vgt in cubic
miles is computed from

Vg, = ? [Aj + ([AA]j/Z)] CAZ)j

where j refers to the contour, A:; is the area in square miles con-
tained by the contour j, [AA]; i5 the difference in area between
consecutive contours or [AA]j = Aj—l - Aj, and (AZ)j is the con-
tour interval between contours j and j-1 in miles.

Ratio Ag/Aj, of bulge: The line x connecting the lateral limits
of the bulge (section 1.3.3.35) and the portion of the 40-foot-
depth contour constituting the seaward limit of the bulge (Fig.
17) are bisected and a straight line is constructed so as to
connect the two midpoints. The bulge is thereby divided into two
segments designated right or left, depending on the position of
the segment relative to the downstream flow within the distribu-
taries. The total area of each segment is determined by the same
technique as described in section 1.3.3.35, and a ratio is ob-
tained by dividing the area of the right segment by that of the
left segment.
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1.3.3.37 Ratio VR/Vy of bulge: The volumes of each segment are computed
by the same procedure as followed for the entire bulge (section
1.3.3.36), and the ratio of the volume of the right side to the
volume of the left side is calculated.

1.3.3.38 Subaerial avea of bulge: The area in square miles contained by
the line x connecting the lateral limits of the bulge and the
O-foot-depth contour (shoreline) is calculated from digitized
data.

1.3.3.39 Subaerial volume of bulge: The volume Vpy in cubic miles of the
subaerial portion of the bulge is simply computed from

where A, is the area of the subaerial portion of the bulge and
the constant 40 refers to the vertical distance between the 0-
and 40-foot-~depth contours.

1.3.3.40 Subaqueous area of bulge: The area in square miles of the portion
of the bulge between the 0O-foot-depth contour (shoreline) and
40-foot-depth contour is calculated from digitized data.

1.3.3.41 Subaqueous volume of bulge: The volume Vgg in cubic miles of
the portion of the bulge between the shoreline and the 40-foot-
depth contour is computed from

= 7 - A
VBS 3 (Aj AO) (QZ)j

where AZ is the contour interval and Aj is the area contained by
contour j.

1.3.3.42 Ratio VBO/VBS: The ratio of the volume of the subaerial portion
of the bulge to the volume of the subaqueous portion is computed
from the results of 1.3.3.39 and 1.3.3.41.

1.3.3.43 Subaqueous hypsometric integral of bulge: The dimensionless

hypsometric integral HIg of the subaqueous portion of the bulge
is computed from

H]:S - JZ.{(A - Ao)/(Amax - AO)] [A(Z/Zmax)]J + (A[(A - AO)/(AHISX -

AO)]j . [A(Z/zmax)]j)/z

where Ap,, is the area and Znax is the depth of the basal (50-
foot-depth) contour.

W oW
W w

4~ Distribution parameter for bulge volume (right and left sides):
5 Each side of the deltaic bulge is divided into ten segments

o
&~
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(designated by the subscript k, where k = 1-10) by a series of
equally spaced lines parallel to the central dividing line or
axis of the bulge (Fig. 17). The cumulative bulge volume at
each interval k is computed from

k
v, = £ [t A, (A2).,},.
Kok 3k
The dimensionless cumulative volume at each interval k is then
computed from
VDk = Vk/V

where V is the total volume of the particular side of the bulge
(i.e., Vg or Vy). Values of Vpy are then plotted graphically
against the dimensionless linear distance from the central axis
(i.e., against k/10). From the graph the continuous dimension-
less distance B corresponding to the Vpg value of 0.5 may be
obtained. The value of 8 serves as the distribution parameter.

1.3.3.46 Mean bulge volume distribution parameter: The values of 1.3.3.44
and 1.3.3.45 are summed and divided by 2 to obtain the mean for
the entire bulge.

1.3.3.47 Offshore slope: The average slopes in feet per mile from each
of the 20 equally spaced points along the shoreline to each of the
contours are determined by dividing the depth in feet correspond-
ing to each contour by the respective distance. The means, vari-
ances, standard deviations, maxima, and minima are tabulated.

1.3.4.0 Climatological
1.3.4.1- Climatological information is obtained as in section 1.1.4.0, and
1.3.4.8 climatic classification, average yearly temperature, mean monthly
temperature, total yearly precipitation, mean monthly precipita-
tion, dates of freeze, dates of thaw, and duration of freeze are
determined and tabulated following the procedures described in
sections 1.1.4.1, 1.1.4.2, 1.1.4.3, 1.1.4.6, 1.1.4.7, 1.1.4.14,
1.1.4.15, and 1.1.4.16, respectively.

1.3.5.0 Pedological

See 1.1.5.0.

1.3.5.1 Major soil type: The major soil type is classified according to
the scheme listed in 1.1.5.1.

1.3.6.0 Biological
See 1.1.6.0.

1.3.6.1 Major vegetation type: The classification presented in section
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1.3.7.0

1.4.0.0

1.4.1.0

1.4.2.0

1.1.6.1 is followed.

Hydrological

More complete and detailed sets of hydrological data are available for the
delta regions than for the other physiographic divisions. It is there-
fore possible to consider more aspects of the hydrologic regime.

1.3.7.1 Monthly discharge: From published discharge records the mean,
variance, standard deviation, and coefficient of variability of
the discharge (in cusecs x 103) are computed and tabulated for
each month of the year.

1.3.7.2 Average yearly discharge: From the same sets of data as used in
1.3.7.1 the mean, variance, standard deviation, and coefficient
of variability of the discharge in cusecs x 103 for the entire
year are determined.

1.3.7.3 Maximum discharge: The maximum discharge in cusecs x 103 occur-
ring during the year and the date of occurrence.

- . o . . 3
1.3.7.4 Minimum discharge: The minimum discharge in cusecs x 107 occur-
ring during the year and the date of occurrence.

1.3.7.5 Flood peakedness: See 1.2.7.5.
1.3.7.6 High-water period: See 1.2.7.6.
1.3.7.7 Low-water period: See 1.2.7.7.

1.3.7.8 Yearly sediment load: Where data are available the yearly sedi-
ment load in tons per year reaching the receiving basin is recorded.

1.3.7.9 Discharge efficiency index: The monthly discharge per foot of
river mouth width, obtained by dividing the discharge in cusecs
by the total width of all outlets combined, is divided by the
wave power per foot of shoreline (see section 1.4.7.3) for the
corresponding month. The values are tabulated for each month.

1.3.7.10 Annual summary of the discharge efficiency index: From the
values tabulated in 1.3.7.9 the annual mean, standard deviation,

and coefficient of variability are computed.

Receiving Basin

Location

The geographical coordinates of the latitudinal and longitudinal limits
of the basin are recorded.

1.4.1.1 Body of water: The name of the major body of water into which
the river system debouches.

Geological

Very little information that is relevant to the present study is available
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generally on the geology of most of the receiving basins.

1.4.2.1 Shelf structure: Where information is available from geological
maps or published reports, the general geological structure of
the continental shelf in the vicinity of the delta or river
mouths is classified according to the five categories listed in
section 1.1.2.4.

Six general geomorphological characteristics are determined from hydro-

1.4.3.1 Longest fetch: The maximum distance over which ocean waves are
able to travel along an unobstructed course to the coast.

1.4.3.2 Direction of longest fetch: The compass octant (i.e., N, NE, E,
etc.) from which unrefracted waves of the longest fetch reach the

1.4.3.3 Directions of fetch greater than 200 miles: All compass octants
from which unrefracted waves with fetch lengths of 200 miles or
more are able to reach the coast.

1.4.3.4 Average width of continental shelf: The average distance in
miles from the shoreline to the break in slope at the seaward
edge of the continental shelf (in the vicinity of the deltaic

1.4.3.5 Slope of continental shelf: The mean, variance, standard devia-
tion, coefficient of variability, maximum and minimum of the
ratio of the depth in feet at the edge of the continental shelf
to the width of the continental shelf in miles are recorded.

1.4.3.6 Topography of shelf: The topography of the continental shelf is
classified as regular or irregular.

1.4.3.0 Geomorphological
graphic charts.
coast.

plain).
1.4.4.0 Climatological

Eleven parameters are determined, primarily from marine atlases.

1.4.4.1 Wind frequency (Beaufort 3-12): The percentage frequencies of
all winds with Beaufort force greater than 3 from each quadrant
(i.e., offshore, onshore, alongshore to left, and alongshore to
right) are recorded for each month and for the entire year.

1.4.4.2- Vector frequencies for all winds with Beaufort force greater
1.4.4.6 than 3: For winds with Beaufort force 2-3; Beaufort force 4-5;
Beaufort force 6-7; and Beaufort force 8-12. All winds are
agsigned to either the onshore or the offshore hemisphere. For
each hemisphere, winds are resolved vectorially into a (parallel
to the shoreline) and b (normal to the shoreline) components.
The component a is obtained from

e XY

n
a= L 1, cos 8,;
i=1 * .
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1.4.5.0

1.4.6.0

1.4.7.0

and the component b from

n
b= & 1, sin 6,
- i i

where 1 is the percentage frequency (vector length) and 9 is the
angle toward which the winds blow in a regular rectangular coordi-
nate system with the coastline trend as the x axis. The subscript
i refers to the azimuth (or octant). The components a and b are
computed and tabulated for both the onshore and the offshore
hemispheres for each month and for the vear. The process is
repeated for each Beaufort class listed above.

1.4.4.7 Yearly vector strength and direction: The length and angle of the
annual vector resultant for all onshore winds are computed by
weighting the vector frequencies of the onshore a and b components
of each Beaufort class by the median force of that class (i.e.,
for Beaufort class 2-3 the weighting factor is 2.5, etc.). The
length L of the onshore resultant is computed from

-2
n
L=1(¢ a, m) + (I b mB)

and the angle 8 of the resultant is computed from

g = tanwl (

n
b. m)/( L a
B B B

m,)
1 B=1 B

B

oo

where the subscript B refers to the Beaufort class and m is the
median force of the class.

1.4.4.8 Storm systems: The average annual frequency of severe storms is
recorded.

9- Date of freeze, date of thaw, and duration of freeze: See
11 1.1.4.9, 1.1.4.10, and 1.1.4.11.

1.4.4.
1.4.4.
Pedological

No data available.

Biological

The presence or absence of coral reefs is recorded.

Hydrological

Data on the oceanographic regime of the receiving basin are obtained from

marine climatic atlases, pilot charts, sea and swell data charts, tide
tables, and by hindcasting techniques.
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1.4.7.1 Vector strength and direction of swell: Frequencies of swell from
each direction (onshore) for each month are obtained from sea and
swell charts. The resultant vector strengths L, for each month
are then computed from

n 9 n >
L =]1(f 1, cos 6,)"+ (% 1. sin 8.)
s , i i , i i
i=1 i=1

P

o et

where 1 is the frequency and & is the angle (toward which the
swell propagates) of swell from each octant, where the subscript
i designates the octant. The resultant angle 65 is computed from

i n n
8 = tan (£ 1, sin 6,)/( L 1, cos 8,)
s . i Fo0N i i
i=1 i=1 1

Values of LS and 65 are tabulated for each month.

1.4.7.2 Vector strength and direction of seas: Frequencies and directions
of seas are obtained from sea and swell charts and resultant
strengths and angles are computed and tabulated as in 1.4.7.1.

1.4.7.3 Weighted wave power (30-foot contour): Wave height, period, and
direction of incidence in deep water are determined from wind
data by hindcasting procedures (Sverdrup-Munk-Bretschneider P
technique). Wave characteristics so obtained are input, together
with taped digitized data on the offshore contours, te a Fortran
IV computer program for computing the changes in wave character-
istics caused by refraction, shoaling, and frictional attenuation.
(The calculations performed by this program are discussed in
Appendix 2.) Along each wave ray (orthogonal), wave power P, in
foot pounds per second is computed at specified intervals from
P = yH2 Cg 8 where y is the unit weight of seawater, H is the
wave height in feet, and cg is the group velocity. The value of
P, at the 30-foot contour on each ray is weighted by the relative
frequency of the particular set of deep-water wave characteristics.
The total weighted wave power Po' for each wave ray is given by

n
P ' = b . P .) F/100
(T w B ) F/

J=i

where the subscript j refers to the given set of wave character-
istics (i.e., the particular combination of deep~water height,
period, and angle), w is the relative frequency, and F = 1-t
where t is the fraction of time seas were calm. The mean, vari-
ance, standard deviation, and coefficient of variability are
calculated for each month.

1.4.7.4 Annual summary of wave power: From 1.4.7.3 the annual mean,
standard deviation, and coefficient of variability are computed.
In addition, correlation coefficients (r) and significance levels
relating mean annual power to distance alongshore from the cen-
tral axis of the bulge for the right and left sides are calculated.
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1.4.7.5

1.4.7.6

1.4.7.7

1.4.7.8

1.4.7.9

1.4.7.10

1.4.7.11

1.4.7.12

1.4.7.13

Weighted wave power (shore): The weighted wave power nearest the
0-foot-depth contour is calculated as in 1.4.7.3 for each month.

Annual summary of shore wave power: The statistics listed in
1.4.7.4 are calculated.

Weighted longshore power: The longshore power at the shore is
computed from

P =P sin a cos o
A o

where o is the angle between the wave ray and the normal to the
bottom contour. Weighted longshore power P2 is calculated from

n

PQ = (jil wj Plj) F/100.

Annual summary of longshore power: The statistics listed in
section 1.4.7.4 are computed and recorded.

Weighted power gradient: The rate of increase or decrease in
wave power between any two adjacent orthogonals at the shoreline
is given by

P - P
APO B o -1 o}

Ax Ax

where the subscript q denotes the orthogonal and Ax is the linear
distance in miles between orthogonal q-1 and q. The weighted
power gradient (APO/Ax)/w is calculated from

&P
[wj (K)T)j] F/100.

AP
o), _

(Ax

.
[ se i =1

1
The value of (APO/Ax) is determined for each alongshore interval.

Annual summary of power gradient: The statistics listed in
1.4.7.4 are calculated.

Weighted longshore power gradient: The weighted longshore power
gradient (AP3/40x)' at the shore is determined and analyzed fol-
lowing the procedure described in section 1.4.7.5.

Annual summary of longshore power gradient: The statistics
listed in 1.4.7.4 are calculated.

Type of tide: The tidal regime of the receiving basin is clas-
sified according to three main types:

1. Diurnal--one high and one low tide per 24-hour period.

2. Semidiurnal--two highs and two lows occurring within a period
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1.4.7.14

1.4.7.15

1.4.7.16

1.4.7.17

1.4.7.18

1.4.7.19

of approximately 24 hours.

3. Mixed--two highs and two lows occurring in a 24-hour period
but having a pronounced diurnal inequality, with the result
that there is generally one higher high water, one lower
high water, one higher low water, and one lower low water per
day.

Monthly maximum and minimum tide range: The maximum and minimum
differences between high and low water in feet are tabulated for
each month. These values are obtained primarily from published
tide tables.

Average tidal range: The annual mean tidal range in feet is
recorded.

Salinity: The average salinity of the ambient seawater expressed
in parts per thousand total dissolved salts is recorded for
January and July.

Water temperature: The average water temperature in degrees
centigrade, as obtained from marine climatic atlases, is recorded
for the months of January and July.

Water density: The average density of ambient seawater is
recorded for the months of January and July.

Offshore currents: The direction (set) and velocity in feet per
second of the coastal currents in the general vicinity of the
delta front are obtained from pilot charts and tabulated for
each month.
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SIGNIFICANCE OF PROCESS AND MORPHOLOGIC PARAMETERS i

A multitude of complex natural systems and subsystems combine to yield the
unique suite of environments and configurations characteristic of the earth's sur-
face. Few of these are more internally interdependent than the large river systems.
Climatic, geologic, geomorphic, hydrologic, and biologic events which take place in
drainage basins hundreds of miles from the coast eventually manifest themselves in
modified form in the river delta and in the receiving basin into which the river
debouches. Some of these factors and their interactions are illustrated diagram- :
matically in Figure 18. As the fluids and sediments derived from the drainage .
basin are transported to the sea, processes active in the alluvial valley and delta
play major roles in the modification of the system, as do the oceanographic and
climatic regimes of the receiving basin. No component of the system is causally
isolated.

The parameters measured in the Coastal Information Program were selected on
the basis of causal connections, the existences of which were indicated by experi-
ence and by published literature. The purpose of this discussion is to outline the
possible significance of these parameters. Determination of their true significance
must await the completion of the project, after data from many river systems have
been quantitatively correlated and analyzed.

The Drainage Basin

The drainage basin is the ''cradle'" of the river system inasmuch as it sup-
plies water and sediment to the remainder of the system. The amount of water
received by the basin is primarily a function of climate and basin area; but the
amounts of water and sediment which ultimately leave the basin as streamflow, as
well as the spatial patterns and temporal distributions taken by the discharging
substances, are highly dependent upon the geology, geomorphology, vegetative cover,
and pedology of the basin.

GEOLOGY

It is the geological setting that Davis (1909) referred to as ''structure,’
the first category of his famous trio of geomorphological factors, structure,
process, and stage. In Davis' words, "Structure is the foundation of all geo-
graphical classifications in which the trio of controls is recognized....[It] is
a pertinent element of geographical study when, as nearly always, it influences
form...." (Davis, 1909, pp. 249 and 253). Following the design set by Gilbert
(1877, pp. 99-150), and on the basis of considerable field work, Hack (1960) has
evolved the hypothesis that erosional topography depends primarily upon "a balance
between the processes of erosion and the resistance of the rocks as they are up-
lifted or tilted by diastrophism" (Hack, 1960, p. 86).

Investigations by Shumm (1954) disclosed that basin relief ratios and sedi-
ment losses increase as lithologic resistance decreases. This would indicate that
for any given basin area the volume of sediment reaching the delta during any time
interval should be inversely proportional to the resistance of basin rocks.

Various other studies on the relationships between lithology and morphology

A hav? been carried out. Morisawa (1959) found that resistant beds usually result
In increased basin area and stream gradient and concluded that lithological con-
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trasts usually produce overall morphological differences. Yatsu (1966) has provided
the most detailed treatment currently available on the processes of rock control as
they influence geomorphology.

Geological structure and tectonic stability within the basin are also funda-
mental in determining the initial form and relief and should thereby influence the
ability of runoff to transport detritus. For example, basins located in orogenic
zones or in areas of strong folding or faulting can be expected to possess greater
relief and consequently greater potential energy (owing to gravity) than will basins
in areas of more subtle geologic activity.

GEOMORPHOLOGY

The surface morphology of the drainage basin, in addition to reflecting the
climatic, geologic, biologic, and hydrologic processes, significantly influences
the water-sediment output which eventually reaches the sea.

The total volume of water received by a drainage basin over any given time
interval is dependent upon the amount of precipitation and the total catchment area.
Basin area is therefore a fundamental determinant of water and sediment discharge.

There have been numerous investigations relating the area of low-order basins
to various drainage and morphometric characteristics (Horton, 1945; Melton, 1957;
Morisawa, 1959; Leopold et al., 1964; Chorley, 1957). Less work has been carried
out on the significance of the area of high-order basins, particularly of the
world's major river basins. Leopold et al. (1964) found a reasonably good corre-
lation between total basin area and total stream length of 34 major river systems.
Hack (1957) obtained the regression equation

b = Lok Ab0'6

relating stream length L to basin area Ap. Morisawa (1959) has described relation-
ships between basin area and stream length, stream gradient, relief ratio, and
basin circularity. Potter (1953) has included basin area along with three other
factors in a regression equation predicting discharge.

To the writers' knowledge there have been no consequential studies quantita-
tively evaluating the influence of basin area on sediment yield. However, it is
expected that a significant correlation will emerge when other salient factors are
taken into account.

Basin perimeter is being measured in this study primarily for use in combi-~
nation with other parameters. For example, it is anticipated that the ratio of
basin perimeter to basin area may be correlative with average relief. Basin ele-
vation is a factor of considerable moment inasmuch as it controls the climate of
the basin and partially determines overall stream gradients and consequent energy.

Shumm (1954) has demonstrated the existence of a strong relationship between
basin relief and the amount of sediment lost from the basin. As a dimensionless
index of basin relief, Shumm used a relief ratio obtained by dividing the total
relief of the basin (the elevation difference between the highest and lowest
Points) by the length of the longest axis of the basin. In eight small basins in
Utah, New Mexico, and Arizonma, Shumm observed a consistent increase in sediment
loss with increasing relief ratios. It is difficult in the case of Shumm's data,

Owever, to identify the true cause of increased sediment loss inasmuch as both
- Sediment loss and relief ratio increased with decreasing lithologic resistance.
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In nature, relief reflects, and in varying degrees controls, such factors
as pedological, climatological, and biological regimes, lithology, drainage den-
sity, etc., in addition to influencing the sediment yield. It is uncertain, how-
ever, what relationships between drainage density and other variables will emerge
from the analyses of maximum-order basins. Considering the complex topography and
large area of most of the basins examined in this study, it was anticipated that a
single relief ratio such as that of Shumm would be a relatively insensitive param-
eter. Hence, average relief based upon the relief at numerous randomly determined
points is used in addition to the relief ratios.

Area-altitude analyses similar to those proposed by Strahler (1952, 1957,
1958) appear to afford meaningful parameters applicable to the study of large
basins. Dimensional analysis as applied by Strahler to the overall three-dimensional
configuration of drainage basins permits objective and reasonably accurate compari-
sons of basins which vary in absolute size. For reasons of expediency, and in order
to satisfy specialized requirements of the present study, the writers have intro-
duced some minor modifications to Strahler's original procedures (section 1.1.3.10-
1.1.3.13). To facilitate absolute comparisons, the total volume of the basin is
used primarily as an index of three-dimensional size. The hypsometric integral and
its significance in the study of large basins merit some discussion.

In Strahler's (1952) analysis, relative elevation Y above the basal contour is
expressed as a fraction of the maximum elevation, and relative area X is expressed
as a fraction of the total basin area (area of basal contour). The hypsometric

integral
100%
X dy

HI
0

is equivalent to the area beneath the curve, obtained by plotting Y as ordinate
against X as abscissa. Values of HI always lie somewhere between 1 and 0. A basin
consisting of a flat-topped plateau with shear vertical sides would have HI = 1.

HI values greater than 0.5 indicate that elevations greater than one-half the maxi-
mum elevation occupy more than 50 percent of the basin area; HI < 0.5 indicates the
predominance of elevations less than the median.

Strahler reasoned that where lithology was homogeneous high HI values would
characterize basins in an inequilibrium (young) stage of development, values near
0.5 would be indicative of the equilibrium (mature) stage, and low values would
indicate the "monadnock' phase. This interpretation probably has justification
for the case of the small, low-order basins with which Strahler was concerned.
However, the cyclic scheme cannot validly be applied to large basins where litho-
logic and tectonic heterogeneity are the rule rather than the exception. In the
case of the large basins, the hypsometric integral provides a valuable index for
distinguishing between basins with varying proportions of highlands and lowlands.
The shape of the hypsometric curve itself reflects the relative frequencies of
varying dimensionless hillslopes (Y/X).

Hypsometric curves constructed for the basins examined so far in this study
have exhibited pronounced breaks in slope separating areas of high relative ele-
vation from those of low relative elevation. In a rough fashion, these breaks in
slope appear to separate components of high relief and presumably of active ero-
sion from the graded or aggrading portions where relief and hillslopes are minimal.
The ratio of the integral lying beneath the portion of the hypsometric curve above
the break in slope (high relief portion) to the total hypsometric integral may
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indicate the fraction of the basin primarily responsible for sediment supply.

The relationships between drainage density (and its inverse, the constant of
channel maintenance) and climatic and other morphologic factors in small basins
have been the subject of numerous studies (Horton, 1945; Chorley, 1957; Melton,
1957; Shumm, 1956; Strahler, 1957; Leopold et al., 1964). These studies have
shown that drainage density (or total length of streams per unit area) increases
with increasing runoff. Runoff is, of course, dependent upon numerous factors,
including amount of precipitation, precipitation intensity, temperature, vegetation,
infiltration capacity of the soil, ground slope, etc. For any given basin area and
lithologic resistance, drainage density and discharge at the basin mouth may be
expected to be roughly proportional. Owing to the small scale of the maps used in
the present study, lower order streams are necessarily neglected, and drainage den-
sities can be expected to be lower than would be the case if larger scale maps were
used. However, since the same map scale is used for all basins, drainage density
contrasts between basins should remain proportional.

CLIMATE

In all probability the same processes are active to a greater or lesser extent
in all basins. However, it would be difficult to deny that the relative intensities
of these processes differ considerably from one basin to another. Climate, more
than any other single factor, likely determines these variations in process inten-
sity.

The basic concept summarized in the above paragraph constitutes the foundation
of the theory of climatic geomorphology and morphogenetic regions as propounded in
France, for example, by Tricart and Cailleux (1965) and in the United States by
Peltier (1950). Tricart and Cailleux (1965) conclude that, in general, climate
influences morphology through its control over vegetation and soils. Peltier (1950)
maintains that different climatic provinces are characterized by varying relative
intensities of chemical and mechanical weathering, pluvial erosion, mass movement,
and wind action.

For the most part, the durations of climates during the Quaternary era have
been too short to permit the establishment of '"climax" morphological suites.
Within the zones of moderate climate, geomorphological differences are usually
more likely to reflect differences in lithology and tectonics than differences in
climate; however, many morphological contrasts between such extremes as humid
tropics, deserts, and arctic regions are undeniably climatic products to a signifi-
cant degree. Even where climatic differences are less dramatic, the morphology may
be expected to differ correspondingly, provided lithology and structure are similar.
Chorley (1957) studied basins in three different areas of similar gross lithology,
- 8tructure, and stage of dissection but significantly different values of the cli-
mate/vegetation index (as derived from the Thornthwaite PE index). He found that
total stream length, basin area, and drainage density all varied significantly with
the climate/vegetation index.

: More important to the study of river systems is the basic association between
- climate and streamflow. Runoff is, of course, a function of precipitation; however,
’the relationship is far from straightforward. The volume of water which will be

. @vailable as runoff is, in a broad sense, dependent upon the difference between

the actual precipitation and the potential evapotranspiration or the amount of
Boisture required by the landscape in order to cope with evaporation and to provide
the Vegetative cover with required water. In turn, potential evapotranspiration
and runoff are to a large extent functions of precipitation and temperature, their
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distribution, and their intensity. Hence, if climate is to be meaningfully related
to morphology and hydrology, it is necessary to tabulate monthly precipitation and
temperature means, maxima, and minima as well as corresponding potential evapo-
transpiration, water deficit, and water surplus (runoff) values. Basins in high
latitudes are subject to freezing at least part of the year. In such cases knowl-
edge of the dates of freeze and thaw and the average duration of freeze is essential

to an understanding of the hydrology.

PEDOLOGY AND VEGETATION

Runoff, sediment loss (supply to the main stream), erosion, and slope pro-
cesses are highly dependent upon the soils and vegetation in the basin. Soils are
important, both as indices of climatic and geomorphic processes and as controlling
agents which influence runoff, sediment loss, vegetation, and morphological devel-
opment. Surface runoff is inversely related to the infiltration capacity of the
soil, which in turn is a function of soil texture. Highly cohesive soils are less
erodible than are less cohesive ones (e.g., Leopold et al., 1964, pp. 38-39). Mass
movement is dependent to a large degree upon soil shear strength.

The role of vegetation is even more direct. The effects of vegetation on
binding and stabilizing the soil and thereby reducing sediment loss are well estab-
lished. Equally important to the hydrology of the river system and ultimately to
the growth and development of the delta is the reduction in water surplus as a
result of transpiration by plants within the basin. Langbein and Shumm (1958)
found that where the mean annual temperature was about 50°F sediment yield attained
a maximum for mean precipitation values of 10 to 14 inches. Sediment yield de-
creased sharply on both sides of the maximum. The decrease in sediment yield with
increasing precipitation was attributed to increasing vegetative cover and soil
stabilization.

HYDROLOGY

The hydrology of the streams within the basin is a major product of the
factors just discussed and is of paramount importance to the remainder of the river
system. Unfortunately, available hydrologic data from stations within most of the
basins studied are severely inadequate. As a result, only the average monthly dis-
charges (in cusecs) at the station nearest the basin mouth are tabulated. More
detailed records are available for stations within the alluvial valley, and analyses
are correspondingly more meaningful. The significance of hydrologic factors will
be treated in the hydrology section of the discussion on the alluvial valley.

The Alluvial Valley

An important difference exists between the drainage basin and the alluvial
valley. The drainage basin functions as supplier of water and sediment. Net
streamflow is directed out of the basin; water input is entirely from precipitation.
Sediment which leaves the basin at its mouth is never replaced except through con-
tinued deterioration of basin rocks; the system is essentially ''closed" at its
upper limit. The alluvial valley, on the other hand, is a more or less balanced
system, ''open'" at both ends, in which the river flows over and through its own
deposits. Typically, there is neither net accumulation nor net erosion of sedi-
ment. Addition of water by precipitation is negligible in comparison to the amount
which enters the valley at its upper end. From their investigations of river flood
plains, Wolman and Leopold (1957, p. 106) concluded that 'the volume of material
deposited tends to be about equal to the volume eroded. Material eroded from the
drainage basin is only temporarily stored in the flood plain." Russell (1954,
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. indirectly yield valuable information with regard to the river's hydraulics, sedi-
. Ment load, and depositional history.

p. 365) states, "It is misleading and incorrect to regard one phase of the regimen |
of a river, say the rising stage, as a time of erosion, and another, say the fall- i
ing stage, as a time of deposition. The real fact of the matter is that erosion 'i
occurs at times of vigorous flow and whenever it is active, deposition is also E
occurring, and not far away. The more rapid the erosion, the more vigorous the 8
deposition." The alluvial valley serves, then, as a graded conduit through which
water and sediment are transported from the drainage basin to the deltaic plain
and the sea.

There have been several detailed studies of processes, river activity, and
morphology in the alluvial valley. Fisk's (1944) study of the alluvial valley of
the Lower Mississippi River, Wolman and Leopold's (1957) flood plain study, Russell's
(1954) Alluvial Morphology of Anatolian Rivers, Sundborg's (1956) detailed investi-
gation of the River Klaralven, and Coleman's (1969) Brahmaputra River study are
notable examples.

GEOLOGY i

In the alluvial valley, as in the drainage basin, local geological conditions
play a fundamental role by setting the ambient limitations within which fluvial B
processes can exert their control. On a broad scale, the courses followed by most L
alluvial rivers and their flood plains are wholly or partly determined by the under- '
lying geologic structure. Fisk (1944) found that the meander belt of the Mississippi
River in its alluvial valley follows directly above the Mississippi Structural
Trough, the axis of downwarping in the northern central gulf coastal plain. He
also showed that tributary valleys entering the main alluvial valley are aligned
parallel to the major faults of the region. According to Russell (1954), tectonic
control of the courses of Anatolian rivers is even more distinct than in the case
of the Mississippi. Russell (1940) also maintains that regional tilting is respon-
sible for the tendency for river terraces flanking the Lower Mississippi River, as
well as those in other parts of the world, to be progressively higher with increas-
ing age.

The nature of the alluvial valley sediments is a determinant of floodplain
and river morphology and of the mode of sediment transport. As will be seen
shortly, channel type, width, and depth are partially functions of sediment cali-
ber, as are sinuosity and channel stability (e.g., Allen, 1965; Leopold and Wolman,
1957; Shumm, 1960, 1963). Also, the ability of a flow of a given velocity to erode
and transport sediments in suspension or as bed load depends to a high degree upon
grain size characteristics. Sundborg (1956), for example, has demonstrated that
the critical erosion velocities required to initiate sediment transport are at a
minimum for sediment sizes in the fine sand range. Increasing frictional resis-
tance with an increase in grain size leads to an increase in the critical erosion
velocity, as does the increase in cohesiveness which accompanies decreasing grain
size. Important to the eventual dissemination of sediment at the river mouth, as
well as to depositional patterns within the alluvial valley, is the tendency for
the ratio of suspended load to bed load to increase with increasing relative abun-
dance of silt and clay.

GEOMORPHOLOGY

River and floodplain morphology are important aspects of the river system,
both as an intermediate product of the river's activity and inasmuch as they may
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As viewed from the air or from maps and aerial photographs, the most promi-
nent feature in the alluvial valley is usually the river channel itself. There
are three commonly recognized channel pattern types: braided, straight, and mean-
dering. There have been copious studies (e.g., Allen, 1965; Russell, 1954; Leopold
and Wolman, 1957; Shumm, 1963; Chien, 1961; Sundborg, 1956; Krigstrom, 1962; and
Coleman, 1969) on the mechanics and environments of the three stream types, but
they are still far from being completely understood. Nevertheless, these studies
have established firmly several relationships between channel patterns and various
aspects of the depositional environment and have yielded well-founded hypotheses as
to the mechanisms of channel development.

Braided channels are those marked by successive divisions and rejoinings of
flow around alluvial islands (Coleman, 1969, p. 145) (Fig. 5C). In plan these types
of channels are of highly variable but relatfively large widths and have poorly
defined, nonparallel banks. In profile they are seen to be comparatively shallow
and to have numerous channels. They are typically subject to considerable lateral
shifting. More detailed descriptions are to be found in Coleman (1969) and
Krigstrom (1962). For a given distance braided patterns most commonly occur in
reaches or entire river courses where the slope is steep, bed material is rela-
tively coarse (Allen, 1965; Leopold and Wolman, 1957), and sediment yield is high.
Often there is considerable variation in the caliber of the bank material along the
river course. Where the banks are composed locally of clay or other cohesive
material, the channel may narrow and deepen. This phenomenon is described by
Coleman (1969) for the Brahmaputra River and by Chien (1961) for the Yellow River.
Although Chien (1961) considers the braided pattern of the Yellow River to be
associated with channel aggradation, Leopold and Wolman (1957) and Russell (1954)
maintain that braiding, as with other channel patterns, occurs with conditions of
quasi-equilibrium, where there is neither aggradation nor entrenchment.

With decreasing slope, sediment particle size, or sediment yield, channel
patterns shift from braided to straight to meandering. Leopold and Wolman (1957)
define as straight those channels with a sinuosity (the ratio of thalweg length
to valley length) less than 1.5 and as meandering those channels with a sinuosity
greater than 1.5. Both straight and meandering channels are typically undivided,
have approximately parallel banks, and, for any given discharge, are deeper than
braided channels. Leopold and Wolman (1957) point out that the physiographic dif-
ferences between straight and meandering channels are primarily in degree. Straight
channels are, in fact, sinuous as a result of alternating lateral bars which form
adjacent to the straight banks (Fig. 5B; see, for example, Coleman, 1969). The
thalweg of such a river usually exhibits successive pools and riffles situated,
respectively, opposite to and between the lateral bars.

The meandering channel type (Fig. 5A) encompasses a wide range of sinuosities.
Pronounced inflections of the bankline as well as of the thalweg are more strongly
evident than in the case of straight channels and occur with more or less consis-
tent frequencies. In latitudinal cross section the profile of a meandering channel
at an inflection is more asymmetrical than that of a straight channel. Water depths
on the point bar side of a meandering section are generally shallower than those on
the lateral bar side of a straight section carrying an equivalent discharge, whereas
depths on the cut bank side of the meander are correspondingly deeper (e.g., Fig.

4 of Coleman, 1969). More investigations have been conducted on meandering streams
than on either of the other types, yet the details of the meandering process remain
elusive. Many scientists, however, regard meandering as a product, at least par-
tially, of helicoidal flow in which surface flow in a meander section has a lateral
component directed toward the cut bank side of the channel and bottom flow has a
component toward the point bar (Allen, 1965; Leopold and Wolman, 1960).
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Although the three channel patterns are most commonly regarded as discrete
types, Leopold and Wolman (1957) maintain that they actually constitute phases of
a continuum and a single stream may exhibit all three stages within a relatively
short distance. The Meander River of Anatolia, from which the term "meandering"
was derived, is actually braided, straight, and meandering at different locations
along its course (Russell, 1954). Hence, a certain degree of subjective judgment
may occasionally be involved in classifying the channel pattern.

For any given discharge, channel widths are usually greatest for braided
streams and least for meandering streams, decreasing with increasing sinusoity
*(Shumm, 1963). It has been adequately demonstrated that, as would be expected,
width incrzases with discharge (Leopold and Maddock, 1953; Leopold and Wolman, 1957;
Leopold et al., 1964, pp. 241-248).

The ratio of channel length to valley length gages overall sinuosity of the
river in the alluvial valley. Shumm (1963) found from a study of alluvial rivers
on the Great Plains that increasing sinuosities were accompanied by decreasing
width-depth ratios and increasing percentages of silt-clay fractions. Hence, sinu-
osity may be used (with caution) as an indirect indicator of sediment caliber where
direct sediment data are lacking.

The type of floodplain morphology, as classified in 1.2.3.6 of the definition
section, can, when properly interpreted, reveal much as to the depositional history
and dynamic environment of the alluvial valley. Floodplain morphology may reflect
net aggradation or degradation, tectonic subsidence or uplift, channel stability,
climatic regimes, and man's influence. Not all of the form-process relationships
are known as yet, and the literature on this subject is sparse. One of the aims of
this study is to document these relationships.

CLIMATE

The climate of the drainage basin determines the water-sediment discharge
which enters the alluvial valley; however, the climate of the valley itself may
considerably affect the amount of discharge which eventually reaches the sea.
Although the alluvial valley is usually responsible for the addition of only a
small fraction of the total discharge, climatic conditions there occasionally
result in substantial discharge reductions. Rivers which arise in humid drainage
basins and subsequently flow through arid alluvial valleys, where the water balance
is such as to yield a net moisture deficit, are not uncommon. The Nile and the
Tigris—~Euphrates are prominent examples.

HYDROLOGY

In most cases, hydrological data are more complete for the alluvial valley
than for the drainage basin and can usually be used to characterize the hydrologic
regime of the system as a whole. Average discharge is an important index of the
absolute capacity of a river to deliver sediment to the coast and should be roughly
correlative with the overall magnitude of the deltaic mass. However, temporal dis-
charge distributions and variations often exert a greater influence on morphological
Patterns than do absolute discharge magnitudes and central tendencies. The mor-
phological activity of rivers whose annual flow is concentrated into a relatively
small portion of the year is likely to differ considerably from that of a river
whose flow is more or less evenly distributed throughout the year. When discharge

- Variations are slight and changes are gradual, the channel will be better able to
adjust to an equilibrium configuration. When the discharge coefficient of vari-
ability and peakedness index (see 1.2.7.5 of the definition section) are high, the

59

S ———




channel often will not have sufficient time to adjust to any given flow and, as a
result, may be unstable for much of the year. Such a river may tend to change its
course frequently because of the inability of the channel to become established.
The flow distribution may also affect the caliber of the sediment load. A river
whose total annual discharge is comparatively low but occurs during a short period
of intense flooding can have a greater competence to transport coarser material to
the coast than one with a higher but more evenly distributed discharge. The
effects of discharge and its distribution are not limited to the alluvial valley

_ but are manifest with equal or greater significance in the deltaic plain.

The Deltaic Plain

The materials contributed by the drainage basin and transported through the
alluvial valley accumulate at the coast as the deltaic plain. The sediments com-
posing the delta are, in a literal sense, the 'gift" of the river system; but the
landscape and environment of the delta are products of much more. The delta is a
consequence of the conflict between the river and the sea. This fact appears to
have been recognized by Homer and is stated explicitly and in detail by Strabo
(c. 7 B.C.). Whether the river simply deposits its load as a result of energy
dissipation by diffusion with a passive fluid mass or whether, as is often the
case, the sea actively strives to mold the alien sediments to its own design, the

delta is undeniably the spawn of fluvial-marine reciprocation. The delta morphology
in detail reflects the totality of hydrologic regime, sediment load, geologic struc-

ture and tectonic stability, climate and vegetation, tides, winds, waves, density
contrasts, coastal currents, and the innumerable spatiotemporal interactions of

all these factors.

The subdivision of the deltaic plain into subaerial and subaqueous, active
and abandoned, and upper and lower provinces, as defined in 1.3.0.0 of the defi-
nition list, is based on morphological and process-suite distinctions which are
observed in a majority of the world's deltas.

GEOLOGY

A cursory survey of the locations of the world's major deltas reveals that
many of them are situated in areas toward which alluviation has been focused by
structural troughs. In the environs of the deltaic accumulation, tectonic sta-
bility is of paramount importance. Subsidence beneath the weight of accumulating
sediments is characteristic of most large deltas. Howe emphasized as early as
1931 the great thicknesses of sedimentary formations beneath the Mississippi
Delta, which have resulted from continued subsidence (Howe and Moresi, 1931).
Russell (1942) reports slow subsidence as a cause of coastal retreat of the Rhone
Delta. Subsidence beneath the Nile Delta is responsible for an extremely thick
deltaic mass (Attia, 1954) and apparently for present-day coastline losses of up
to 75 feet per year (Said, 1962). Deltaic morphology depends to a considerable
degree upon the rate and extent of subsidence. Delta progradation will be more
extensive and the delta surface will be more likely to encompass a larger area
(for any given sediment supply) when subsidence is slow or negligible. Where sub-
sidence is appreciable, delta margins are usually lowered, forming ''delta flank
depressions” (Russell, 1940, p. 1228).

GEOMORPHOLOGY
Understanding of delta morphologies and the causes of their variations and

distributions in space and time is the primary goal of this study. From this
point of view delta configurations are the end result of the other factors; how-
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aver, the morphology is more than a passive 'product"; it profoundly influences
the process regime.

There have been numerous studies of the stratigraphy and geology of individ-
ual deltas. A few of these have contributed significantly to the scientific
appreciation of deltaic processes. Much less attention has been directed toward
the present-day morphology of the deltaic surface. Notable among the few geomor-
phological treatments which have been offered are Russell's studies of the
Mississippi (1936) and Rhone (1942) deltas; Welder's (1955, 1959) investigations
of Mississippi Delta geomorphic processes; Axelsson's (1967) detailed analytical
study of the Laitaure Delta of Sweden; and Allen's (1964, 1965a and b) studies of
the Niger Delta.

This investigation is aimed not simply at explaining the landscape of a single
delta but at identifying the '"common denominators' shared by all deltas and describ-
ing the variations of these factors as functions of the process regimes. In order
to effect the necessary comparisons and correlations, morphological classifications
and parameters must be standardized so as to be applicable to all deltas, regard-
less of absolute scale.

The areas and ratios of the deltaic components, as well as the length of the
delta axis, width of delta, and length of shoreline, are measured primarily to
permit comparison of absolute magnitudes and basic geometries. It is anticipated
that many of these parameters may reflect the type and degree of riverine and
marine influence. Other things being equal, the area of the deltaic plain should
be roughly a function of the discharge regime. The area of the lower deltaic
plain relative to that of the upper deltaic plain should reflect to some extent
the tidal range and the relative significance of marine effects. The width of the
delta relative to the length of the delta axis may partially index the confinement
of the delta by older surfaces or, more often, the tendency of the sea to cause
lateral redistribution of sediments.

Distributary patterns are among the most salient of delta features. There
are four primary types of distributary pattern: (1) the continuously bifurcating
type in which the distributaries always diverge from one another at more or less
the same angle to create a fanlike effect; (2) the internally braided type in
which the main stream or individual distributary bifurcates, only to rejoin down-
stream; (3) the type in which all splitting occurs at a single apex; and (4) the
single channel type, in which there is no splitting. These types are seldom dis-
crete; a channel usually grades continuously from one type to another. It is
necessary to express the distributary situation in terms of continuous quantities.
The indices defined in categories 1.3.3.16 through 1.3.3.21 of the definition list
were devised to meet this need.

The factors responsible for observed distributary patterns are as yet unde-
termined; it is hoped that many of them will be disclosed when analyses are com-
pleted. There have been, however, several studies of the processes of channel
branching which at least provide some clue as to what relationships may be
expected. Leighly (1934) suggested that channel bifurcation is caused by shoaling
and bar formation between and parallel to two threads of maximum turbulence
(located near the bottom on either side of the channel) and consequent divergence
of flow. Axelsson (1967), who has reviewed the problem in some detail, concurs
that bar formation is a major cause of channel splitting. The mechanisms of bar
formation will be considered later in this discussion. An equally important pro-
Cess leading to the development of multiple channels is crevasse formation. This
Process has been studied in some detail by Welder (1955, 1959). C(Crevassing occurs
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when the natural levee of a channel is breached at some point, creating an outlet
for a portion of the discharge, usually at a relatively high angle to the main
channel. Vertical scour and bank slumping result in the establishment of the out-
let. Shoaling and bar formation within a short distance from the gap often cause
further branching and the development of the so-called crevasse splay.

It has been noted by numerous investigators (see, for example, Axelsson, 1967,
p. 35) that, as: a channel elongates, its: gradient. and consequently its: transporting
capaeity decrease. This:favors:aggradation and:increases: the.tendency of“the flow
to divert to' a steepex. course. Often the original channel will experience a dimi-
nution of flow and will close (Welder, 1959); however, if tidal range is high, tidal
currents may contribute to the maintenance of channels, and a complex multichanneled
distributary network may be created. Tides may also promote the initial flow diver-
sion by affecting the hydrostatic gradient. Hence distributary patterns probably
reflect hydrostatic gradient and tidal regime, as well as numerous other, as yet
undetermined, factors.

In most cases, the interdistributary zones comprise the greater fraction of
the lower deltaic surface area. The ten interdistributary types defined in the
definition list encompass all of the commonly known types of which the writers are
aware. There are, no doubt, other types, which may be unique to specific deltas.
Certainly there are many cases where two or more types are found in combination.

The interdistributary areas are fundamental in determining the planar con-
figuration of the delta as a whole. It is here in particular that the nonriverine
forces play their most effective roles and are most operative in causing a regular
or an irregular deltaic plain.

Just as elsewhere in the system, the processes of interdistributary develop-
ment are highly complex, and it would be incorrect to relate any interdistributary
type directly to any single process variable. For purposes of illustration, how-
ever, it is permissible to point out certain generalities. For example, it can
be stated with some degree of certainty that interdistributary beach ridge plains
are indicative of at least moderately high wave energy, whereas a maze of tidal
channels or the presence of tidal flats reflects the influence of tide. It has
also been demonstrated that interdistributary bays result from rapid compaction or
tectonic subsidence (Russell, 1936).

The river~mouth-ts-the-dynapic.disseminatiom-paint.for sedimentswhich.eon-
tributet§“continuedrdelta.progradatdon. The processes active at the river mouth
are responsible for the formation of the subaqueous delta, a prerequisite to fur-
ther deltaic development. The number of mouths in a delta significantly affects
the degree of lateral sediment dispersion and, hence, the relative width of the
delta. The river mouth type and geometry and the topography of the river mouth
together make up a single unit. The bar is essentially part of the river mouth
complex. The form of this complex is a basic determinant of the effluent hydrau-
lics, which, in turn, are responsible for the river mouth and bar topography.
Samojlov (1956) has offered a comprehensive treatment of river mouths in general
which is supplemented by descriptions of numerous individual river mouths. River
mouth processes have also been the object of studies by Bates (1953), Bondar (1963,
1967), Borichansky and Mikhailov (1966), Mikhailov (1966), Axelsson (1967), Takano
(1954a and b, 1955), and Wright (1970a).

The most important river mouth processes are those by which the river effluent

interacts with the ambient water, resulting in the deconcentration of outflow momen-
tum and consequent loss of transporting ability. Many factors are involved, includ-
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ing initial outflow velocity, density contrasts, tidal regime, winds, waves, and
coastal currents. River mouth and bar morphology are functions of the type and
degree of these processes and their interactions. Whether or not a river mouth is
straight or bell-shaped should depend to a considerable extent upon the rate at
which outflow spreads laterally at the mouth. This, in turnm, is partially con-
trolled by tendencies for lateral spreading to be inhibited by density contrasts
(Wright, 1970a) and promoted by steep hydrostatic gradients (Bates, 1953). The
common generalization that bell-shaped river mouths occur where tidal range is

nigh and that straight mouths occur under low tidal range conditions is probably
erroneous because bell-shaped mouths are often found in areas with little or no tide
and straight mouths frequently occur together with a high tidal range. Tide almost
certainly plays an important role by effecting mixing and reducing density gra-
dients and by its influence on hydrostatic gradients (Wright, 1970a). However, it
is possible that bottom slopes and water depths at and offshore from the offing

are equally important. For example, where a river debouches over a shallow, gently
sloping bottom, vertical flow separation and diffusion will be precluded, necessi-
rating greater lateral spreading.

The impounded or deflected river mouth occurs where waves tend to build and
maintain barriers or beaches across the river outlet. This type of river mouth
appears to develop where the strength of the river outflow is low relative to the
wave forces. Such a situation can obtain at the mouth of even a relatively high-
discharge river if high-energy waves approaching the coast from deep water are
frequent and if offshore slopes are steep enough not to cause appreciable fric-
tional attenuation of the waves. The direction toward which a river mouth is
deflected by a sand spit or barrier beach is not necessarily dependent on the
direction of longshore drifting, though it may be if there is considerable long-
shore transport. Perhaps more important is the tendency for the river mouth to be
deflected in the direction of decreasing wave energy. Bascom (1954) has noted that
the outlets of rivers which debouch on high~wave-energy coasts often seek a posi-
tion where refraction coefficients and, consequently, wave heights are at a mini-
mum. This may result in river mouths' being deflected in a direction opposite to
that of the dominant longshore drift (e.g., Wright, 1970b).

The morphology of the river mouth bar also depends on the effluent spreading
patterns, as well as on the geometry, of the outlet. Bates (1953) concluded that
the crest of the bar is most commonly situated four channel widths seaward of the
mouth. Mikhailov (1966) maintains that the distance from the outlet to the bar
crest will vary directly with the outflow velocity. Bar type must be largely a
function of the rate of effluent expansion. Bar type 1 (definition list) may
reflect appreciable horizontal flow separation and may be characteristic of tide-
dominated outlets or of mouths in areas of slight density contrasts. Type 2, the
lunate bar, appears to be more typical of river mouths which experience '"salt
wedge' intrusion or strong density stratification, where lateral spreading of the
outflow is inhibited. Tvpe 3 is contingent with the incipient stages of channel
bifurcation. Type 4 is closely related to tvpe 2 and appears to occur under a
similar set of circumstances.

Frequently river mouth bars are scarred by gullies which radiate from the
river mouth (Shepard, 1955). Recent investigaticns have indicated that these gullies
are associated with seaward subaqueous mass movement (F. J. Swaye, personal communi-
Fation). Another type of linear subaqueous features resulting from tidal currents
nas been described by Off (1963). These features typically are found at the heads
of deep embayments (e.g., Persian Gulf, Bay of Bengs.) where tidal flow is restricted
to the delta coast.
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It has been demonstrated that the river mouth bar is composed primarily of
the coarsest sediment fractions transported to the mouth as bed load (Scruton, 1960;
Mikhailov, 1966; Fisk et al., 1954; Coleman and Gagliano, 1965). Certainly the
high percentage of sand and silt in the bar sediments at the mouths of the Missis-
sippi (Fisk et al., 1954; Henry, 1961; Scruton, 1960; Shepard, 1960) and the abun-
dance of cross laminations among the sedimentary structures of the bars (Coleman
and Gagliano, 1965; Coleman et al., 1964) suggest predominantly bed load origin.
Hence bar topography is, for the most part, a response to flow and flow deceleration
tendencies in the lower layers and may not necessarily be correlative with surface

effluent patterns.

The morphometry of the deltaic bulge is intended to describe some gross
general tendencies of the delta. The morphometric parameters defined in sections
1.3.3.36 - 1.3.3.49 of the definition list are experimental and may or may not
prove meaningful. Admittedly, they are artificial--highly generalized and in some
respects arbitrary with regard to boundaries. However, as has already been pointed
out, objective comparisons of deltas of various sizes require objective indices.
The bulge morphometric parameters are intended primarily to gage quantitatively the
relative abilities of the riverine forces to prograde the delta and of the marine
forces to redistribute the delta sediments.

Total bulge volume should be approximately proportional to the absolute rate
of sediment supply and hence to such factors as basin area, discharge, resistance
of basin rocks, etc., but will also depend on subsidence rates, shelf slope, and
the strength of ocean waves. The dimensionless hypsometric integral of the sub-
aqueous bulge may prove to be related to the rate of seaward advance of the delta
relative to the rate at which waves and tides are able to readjust the subaqueous
profile. If this should be the case, a high value for the integral should reflect
a rapid supply of sediments and comparative riverine dominance of the nearshore
profile of the subaqueous delta.

The obliquity of the approach of dominant waves or the directions of coastal
currents is likely to affect the asymmetry or symmetry of the deltaic bulge as
indexed by the ratio of the volume on one side of the delta axis to that on the
other side. The bulge volume distribution parameter for each side of the axis
will vary directly with the relative lateral "spread" of the bulge, which in turn
depends appreciably upon the effectiveness of marine forces in disseminating the
sediments debouched by the river.

CLIMATE AND VEGETATION

In the delta region climatic factors such as precipitation and water balance
parameters are much less important than in the previously discussed provinces.
Temperature perhaps plays a more significant role here. Vegetation type and, in
the case of high-latitude deltas, dates and durations of freeze and thaw are
dependent upon the temperature regime and may on occasion exert a dominating
influence on delta morphology. Vegetation not only behaves as a geomorphic pro-
cess through its stabilizing and binding effects on detrital sediments and by
offering a continuous supply of organic material but also serves to disclose the
roles of other processes such as tide and salinity regimes.

HYDROLOGY
The roles of the hydrologic regimes, as discussed in connection with the

alluvial valley, are equally significant in the deltaic plain region. Discharge
tendencies are especially important to the rate and pattern of delta growth. The
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ability of a river to overcome the sea depends significantly upon the volume and
intensity of the outflow. The discharge efficiency index is intended to gage this
ability relative to the tendency of the waves to oppose fluvial deposition. The
temporal distribution of discharge is no less significant than the absolute dis-
charge magnitude. For example, if discharge peaks coincide with times of greatest
wave power, an increased supply of sediment may be more closely balanced by the
capacity of the waves to redistribute the material than if discharge and wave power
maxima are out of phase.

The Receiving Basin

The sea is every bit as important to the development of a delta as is the
river. It receives the sediments brought down to it by the river, but seldom does
it do so in a passive manner. Typically, the sea is averse to being displaced by
material of alien origin without playing its part in the molding of that material.
The various oceanographic processes active near the delta coast are crucial to the
shaping of the delta.

GEOLOGY AND GEOMORPHOLOGY

The structure and morphology of the continental shelf profoundly influence the
oceanographic forces operative at the delta coast. Shelf width and slope affect
the refraction and frictional attenuatdion of ocean waves as well as the modifica-
tion of the tidal wave. The same factors also frequently govern the rate and extent
to which a delta is able to build seaward. A delta will be more likely to grow
farther seaward in a shorter period of time over a broad, gently sloping shelf than
over a steep, narrow shelf. The presence or absence of submarine canyons may also
affect delta growth. The Congo River, for example, empties its sediment load into ‘
a deep submarine canyon and has thus been unable to build a subaerial delta of
appreciable size.

CLIMATE

The wind regime, both in the immediate proximity to the delta front and off-
shore, is of paramount importance. The wind is responsible for transport of sedi-
ments over the subaerial delta plain, the generation of wind waves, the generation
of coastal currents, and the setup or setdown of the water surface along the coast
(i.e., wind tides). The effects of wind on wave propagation are well established.
Sets of empirical formulae and graphs (Bretschneider, 1966; Pierson et al., 1967)
may be used to compute wave height, period, and direction from wind velocity, dura-
tion, fetch length, and direction. The Sverdrup-Munk-Bretschneider wave hindcast-
ing technique (for description see Bretschneider, 1966) is employed in this study
to estimate wave characteristics from wind data obtained from climatic atlases.

The resolution of all prevailing winds into vector resultants and components
is necessary to the analyses of eolian coastal landforms and littoral wind-generated
currents. Bagnold (1941) showed that the effectiveness of the wind in transporting
sand is proportional to the cube of the wind velocity above 10 miles per hour.
Jennings (1957) found that coastal parabolic dunes on King Island, Tasmania, were
oriented with their axes parallel to the vector resultant of the cube of the effec-
tive onshore winds.

Determining the relative magnitude of the vector components onshore, offshore,

alongshore to the right, and alongshore to the left may make it possible to infer
the dominant direction of coastal wind drift currents where direct data are lacking.
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HYDROLOGY (PHYSICAL OCEANOGRAPHY)

Generally, no single factor plays a greater role in coastline development
than waves. No aspect of coastal morphology has received more attention than the
relationship between wave activity and beach profile changes. A review of these
studies here would be superfluous. It has been demonstrated that when waves exceed
a certain critical steepness the subaerial beach will be eroded and the material
will be deposited offshore, flattening the subaqueous profile, while waves of lower
steepness will typically cause subaerial accretion. This critical steepness (i.e.,
wave height/length ratio) has been found by many investigators to be near 0.03
(e.g., Weigel, 1964). Generally, long waves of low height are responsible for sub-
aerial progradation where there is an adequate supply of sediment.

Though considerably less attention has been given to the interrelationships
between wave regime and the overall three-dimensional configuration of the coast,
it has been shown that shoreline geometries and dominant wave regimes strive to
attain mutual adjustment. Lewis (1938) cbserved that embayed beaches orient so as
to parallel the crests of the dominant waves. Later it was noted that the align-
ment of arcuate beaches is a response to the wave refraction patterns, which in
turn are dependent upon the subaqueous topography (Davies, 1958; Jennings, 1955;
Wright, 1970b). Recent approaches attempt to explain accumulation forms which are
in approximate dynamic equilibrium along coasts with a littoral drift (Zenkovich,
1967; Larras, 1957). Generally, these studies have been based on the premise that
alongshore gradients in sediment transport are proportional to longshore variations
in the incident angle of the waves resulting from corresponding variations in the
degree of wave refraction. Shoreline geometries are assumed to develop in such a
way as to minimize or eliminate these gradients by creating a more uniform spatial
distribution of forces.

To be thoroughly realistic, explanations must also take into account long-
shore variations in shoreline energy arising from differing degrees of frictional
attenuation of wave energy over varying subaqueous slopes. Depending upon bottom
roughness and wave characteristics, wave energy may be substantially dissipated over
broad, gently sloping offshore profiles (Bretschneider, 1954; Bretschneider and
Reid, 1954). Most wave-regime analyses ignore this effect, even though in many
instances it may dominate energy distribution patterns. The amount of frictional
attenuation may determine whether waves which reach the shore cause net seaward
transport of material or lead to subaerial accretion. The profile of equilibrium
must therefore be considered (Zenkovich, 1967, chapters 2 and 4; Johnson and
Eagleson, 1966; Keulegan and Krumbein, 1949). The problem of interaction and
adjustment between the wave regime and topography thus involves both the transverse
profile and planar configurations.

The concepts outlined above apply to coastlines where the sediment budget is
balanced by redistribution of wave-energy levels. Near the mouths of large rivers,
however, this balance is upset by the introduction of sediments from sources
"external" to the littoral sediment transport system. Resultant depositional forms
are dependent not only upon the magnitude and distribution of wave forces but also
upon the ability of the river to supply sediments. Hence delta shapes may range
from those which have been produced solely by the debouchment of the river, without
significant interference from wave activity (for example, digital prograded dis-
tributaries), to those which reflect complete dominance of the waves in distributing
sediments and straightening the coastline according to their own design (for example,
the "obstructed"” or "impounded' delta).

Tide is reflected by river mouth morphology, the occurrence of tidal flats,
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vegetation, and crevasse formation. The vertical range of the tide determines how
far upstream from the mouth tidal influence extends, and hence should affect the
relative area of the lower deltaic plain. Similarly, the higher the tidal range,
the greater will be the width of the zone which is alternately exposed and inundated
by ebb and flood and, consequently, the more extensive are tidal flats likely to be.

It has been established that tide exerts a significant influence on patterns
of effluent diffusion, circulation, and the dissemination of sediments where the
Mississippi discharges into the Gulf of Mexico (Wright, 1970a). If such influence
is observed in an area such as the Mississippi Delta, where tidal range is low
(mean = 11 inches), it follows that tide should play an even more important role in
areas of greater tidal range. It was pointed out in the discussion of the deltaic
plain that tide also affects the distributary pattern and the tendency for flow to
be diverted. Investigations have indicated that in South Pass, Mississippi Delta,
hydrostatic gradient varies considerably with tidal phase, experiencing reduction
and, at low stage, reversal with flooding tide (Wright, 1970a). It is very likely
that the resulting inhibition of direct channelized outflow is at least partially
responsible for the development of crevasses along the distributaries. These cre-
vasses may serve as outlets for the river water "impounded” by the rising tide.

If this is the case, the frequency of crevassing should correlate with tidal range.

Swift tidal currents also accompany high tidal ranges. These currents are
often responsible for bottom scour, formation of tidal channels, and the develop-
ment of tidal deltas. Elongate subaqueous ridges along depositional coasts with
high tidal range have been described by Off (1963).

Whether tides are diurnal, semidiurnal, or mixed depends upon geographic
locality. Descriptions and explanations of tides in different parts of the world
are offered by Defant (1961, vol. 2). The type of tide is just as important as
tidal range in determining the potency of the tide as a geomorphic process. For
any given tidal range a semidiurnal tide can be expected to generate swifter cur-
rents than a diurnal tide since the change in level must take place in approximately
half the time.

Individually, salinity and water temperature affect the ecology and vegetation
of the delta as well as certain chemical processes such as the flocculation of col-
loidal sediments. In combination, these factors determine the water density, a
parameter of considerable moment with regard to water-mass mixing and circulation
in zones adjacent to the delta front. Density contrasts between river water and
seawater are responsible for the intrusion of 'salt wedges" into distributary
channels and for the occurrence of density fronts seaward of the mouth. These
phenomena control appreciably the patterns of sediment transport and mixing between
river outflow and ambient seawater. Salt wedge intrusion opposes the downstream
transport of bed load in the lower reaches of the channel and appears to have a
profound effect on deposition and bar formation (e.g., Bates, 1953; Scruton, 1956).
The fronts developed by the convergence of water masses of contrasting densities
tend to inhibit the horizontal expansion of effluent river water (Wright, 1970a).

The contributions of coastal currents are sufficiently obvious to require
only brief mention. These currents affect the net direction of sediment transport
and consequently the orientation and symmetry of the delta mass. They also influ-
eénce the water temperature, salinity, and density, and in the case of large-scale
cturrents they affect the local climate.
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APPLICATIONS OF TECHNIQUES TO THE NIGER
AND SAO FRANCISCO DEL NORTE RIVER SYSTEMS

Two river systems, the Niger of West Africa and the Sido Francisco del Norte of
Brazil, have been selected to illustrate the application of the procedures and con-
cepts just described. The parameters presented follow the hierarchical arrangement
used in the actual analyses.

1.0.0.0 RIVER SYSTEM: S&o Francisco del Norte

Drainage Basin

Location

Continent: South America
Countries: Brazil

Coordinates:
North: 7.21°S South: 20.9°S

Fast: 36.5°W West: 47.8°W

1.1.0
1.1.1.

WO O

1.1.2. Geological

Tectonic stability: Stable basement platform

Type of rocks:

Igneous: 30% Metamorphic: 207% Sedimentary: 50%
Geologic age: Silurian, Cretaceous, Precambrian

Geologic structure: Stable basement platform

N O

£ W

1.1.3. Geomorphological
Area: 232,642 sq. mi.
Basin perimeter: 3,561 mi.
Stream length: 1,384 mi.
Long axis of basin: 1,152 mi.
Basin elevation: 2
E = 1,847 ft. §° = 371,142 S
CV = 0.3298 E = 5,100 ft. E
6 Basin relief: gax
R = 206 ft. §% = 44,073 S
CV = 1.0191 Rmax = 963 ft. Rmin = 32 ft.
7 Relief ratio:
Ry = 0.0008 = 0.0271
8 Area-altitude: x 103 sq. mi. th

Class 1 2 3 4 5 6 7
Area 232.6 232.4 230.5 190.7 112.0 42.1 6.5

9 Altimetric frequency

WO

Class 1 2 3 4 5 6 7

% 0.1 0.8 17.1 33.8 30.0 15.3 2.8
10 Dimensionless area—-altitude

Class 1 2 3 4 5 6 7

DAA 100.0 99.9 99.0 82.0 48.1 18.1 2.8

11 Absolute volume of basin: V = 130,625 cu. mi.
12 Hypsometric integral: HI = 0.45178
13 Ratio HIa/HI: 0.009
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RIVER SYSTEM: Niger

Drainage Basin

Location

Continent: Africa

Countries: Guinea, Ivory Coast, Mali, Upper Volta, Niger, Nigeria,
Dahomey, Cameroon, Chad

Coordinates:

North: 17.0°N South: 6.0°N
East: 16.0°E West: 12.0°W
Geological

Tectonic stability: Stable basement platform
Type of rocks:

Igneous: 607 Metamorphic: 0%
Geologic age: Precambrian, Cretaceous

Geologic structure: Strongly folded and faulted

Sedimentary: 40%

Geomorphological

Area: 439,792 sq. mi.

Basin perimeter: 6,294.2 mi.
Stream length: 2,772.9 mi.
Long axis of basin: 2,154 mi.

Basin elevation: 2

E = 1,354 ft. Ss© = 330,397 S = 574.8

CV = 0.4245 E = 8,202 ft. E in = 426 ft.
Basin relief: gax min

R = 306 ft. S$® = 158,708 S = 398.4

CvV = 1.3019 R = 1,969 ft R = 16 ft.
Relief ratio: max mio

Ry = 0.0007 3 Rhp = 0.0246

Area-altitude: x 10~ sq. mi.

Class 1 2 3 4 5 6 7 8

Area 439.8 421.9 338.2 159.2 28.5 8.0 3.5 1.0

Altimetric frequency

Class 1 2 3 4 5 6 7 8

% 4.1 19.0 40.7 29.7 4.7 1.0 0.6 0.2
Dimensionless area-altitude:

Class 1 2 3 4 5 6 7 8
DAA 1.00 0.96 0.77 0.36 0.07 0.02 0.008 0.002

[

Absolute volume of basin: V 144,764.40 cu. mi.
Hypsometric integral: HI = 0.21189
Ratio HI,/HI: 0.038
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1.1.4.

14 Drainage density:

W RO

D = 0.1939 S2 = 0.0125

CV = 0.5765 D = 0.4452
max

Climatological

Climatic classification: AW

Average yearly temperature: 22.1°C
Mean daily temperature:

J M M J
°c 23.1 23.49 20.88 19.61
§2  2.36 2.27 4.24 3.41
S 1.536 1.51 2.06 1.85
cv 0.0665 0.0642 0.0986 0.0942
Mean maximum daily temperature:

J M M J
°c 28.78 29.89 27.7 26.99
sZ  7.10 5.76 6.14 6.26
S 2.66 2.4 2.48 2.50
cv 0.0926 0.0803 0.0894 0.0927
Mean minimum daily temperature:

J M M J
°C 18.38 18.27 14.7 12.39
s2  3.44 3.32 4.85 5.89
S 1.85 1.82 2.20 2.42
cv 0.1008 0.0997 0.1496 0.1960
Xearly precipitation: mm
P =1,222.76 82 = 279,122.02
cV = 0.4321 P = 2,841.75

max

Mean monthly precipitation: mm
_ J M M J
Py 191.26 143.51 43.18 32.51
S 124.46 71.12 63.50 55.88
cv 0.6507 0.4956 1.4705 1.71
Pm max 221.46 394.46 228.01 196.09
m min 36.7 51.05 7.62 2.03

Mean monthly potential evapotranspiration (PE):

. J M M J

PE 114.44 104.64 76.00 59.56
S 15.514 15.90 23.06 22.98
cv 0.14 0.15 0.30 0.39
Mean monthly moisture storage (ST): mm
o J M M J

ST 228.56 238.56 203.16 162.88
S 108.68 100.85 84.32 77.05
cv 0.48 0.42 0.42 0.47

70

Sdo Francisco

S = (0.1118
D . = 0.0021
min
S N
22.5 23.5
2.76 2.48
1.66 1.57
0.0738 0.0670
S N
30.2 29.89
9.19 7.33
3.03 2.70
0.1003 0.0906
S N
15.11 17.88
5.42 3.42
2.32 1.85
0.1541 0.1035
S = 528.32
P . = 593.09
min
S N
34.04 163.58
15.24 88.90
88 0.4477 0.5435
69.6 239.52
10.92 23.11
mm
S N Year
91.52 106.96 1099.52
27.07 20.22 236.06
0.30 0.19 0.21
S N Year
124.48 192.28 2301.76
75.02 104.69 1104.99
0.60 0.54 0.48




Niger
14 Drainage density: 2
D = 0.2017 s“ = 0.0103 S = 0.1014 ‘
CV = 0.5027 D = 0.3870 D ., = 0.0165
max min
1:1:4.0 Climatological
1 Climatic classification: AW
2 Average yearly temperature: 27.6°C ;
3 Mean daily temperature: ]
| |
J M M J s N ). 4
°C  24.99 30.22 30.27 26.6 26.50 27.1 | 3
s2 2.46 1.47 5.32 3.17 2.25 1.69 -
8 4.57 1.21 2.31 1.78 1.49 1.30 ] ,3
CV  0.0628 0.0401 0.0762 0.0669 0.0566 0.048 ! '%
4  Mean maximum daily temperature: y ~f
J M M J S N &
°C 33.72 37.99 36.38 31.49  30.99  35.11 i
s2 3.83 2.09 11.70 6.35 1.95 3.46 S
S 1.95 1.44 3.42 252 1.39 1.86 LR
CV  0.058 0.038 0.094 0.080 0.045 0.053 t
5 Mean minimum daily temperature: |
J M M J S N
°C  16.05 21,9 24.22 21.89 21.72 18.39
S2  4.69 2.37 2.26 1.35 1.42 2.39
S 2.17 1.54 1.50 1.60 1.19 1.54
cv  0.135 0.070 0.062 0.053 0.055 0.084 5
¥
6 Yearly precipitation: mm |
P=1,061.72 s2 = 281,812.34 S = 530.86 g
CV = 0.500 Prax = 2,669.54 Ppin = 185.42 i

7 Mean monthly precipitation: mm
J M M o 8 N

P, 2.79 16.76  93.47 196.60 208.53  18.29
s 5.08 27.94  66.04  73.66 101.60  48.26
cv 1.82  1.67 0.71 0.38 0.49 2.64
Py max 33.02 149.86  238.76 419.10 485.14  317.5
Py min  0-00  0.00 1.02  22.10  22.10 1.02

8 Mean monthly potential evapotranspiration (PE): mm

. J M M J s N Year

PE 94,7 155.0 171.0 138.9 129.1 123.5 1611.3 j

S 32.4 212 25.6 32.3 273 20.3 224.0 g

cv 0.34 0.14 0.00 0.23 0.21 0.16 0.14 et
9 Mean monthly moisture storage (ST): mm ;

o J M M J S N Year

ST 67.5 31.4 36.1 117.7 202.5 130.6 1183.8

S 50.3 28.3 47.9 114.0 118.3 89.6 907.5

cv 0.75 0.90 133 0.97 0.58 0.69 0.77
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Mean monthly actual evapotranspiration (AE):
- J M M J
AE 105.20 101.16 57.56 34.76
S 13.52 11.64 18.72 11.48
cv 0.13 0.12 0.33 0.33
Mean monthly water deficit (D): mm
D 9.24 3.48  18.44  24.96
S 19.99 12.95 32.28 29.38
cv 2.16 3.72 1.75 1.18
Mean monthly water surplus (SW): mm
- J M M J
SwW 98.96 52.40 2.60 8.28
S 105.31 67.96 13.00 30.44
cv 1.06 1.30 5.00 3.68
Distribution of annual precipitation:
Class 1 2 3 4 5 6
Z 0.0 0.0 0.1 5.5 14.1 31.7
Date of freeze: -
Date of thaw: -
Duration of freeze: -
Pedological
Major soil type:
a.: Class E-2 b.: Class E-3
Biological
Major vegetation type:
a.: Class N-73 b.: Class 0-79
Hydrological 3
Average monthly discharge (cusecs x 107):
_ J M M J
Db 93.0 86.3 50.2 35.1
Alluvial Valley
Location
Countries: Brazil
Geological
Stability: Stable basement platform
Dominant type of sediment: Sand
Geomorphological
Channel type: Braided
Channel width: 2
CW = 0.81 mi. S” = 0.14
CV = 0.46 CWpax = 1.6 mi.
Length of valley (LV): 86.63 mi.
Length of stream (LS): 93.28 mi.

Ratio LS/LV: 1.1154
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mm
S N Year
51.68 99.52 863.04
17.87 18.38 130.36
0.35 0.18 0.15
39.84 7.44 206.48
39.36 20.72 283.01
0.99 2.78 1.37
S N Year
2.04 28.00 400.92
10.20 57.35 428.28
5.00 2.05 1.07
7 8 9
15.1 25.1 8.4
c. Class E-4
c. Class J-52
S N
25.2 73.8
S = 0.37 mi.
CwW = 0.5 mi.

min
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Mean monthly actual evapotranspiration (AE): mm

. J M M J S N Year
AE 29.2 32.5 98.2 122.7 104.5 62.7 890.0
S 21.8 29.5 52.4 28.4 33.2 40.4 326.1
cv 0.75 0.91 0.53 0.23 0.32 0.64 0.37
Mean monthly water deficit (D): mm

_ J M M J S N Year

D 65.5 122.4 72.8 16.2 24.6 61.0 721.3
S 25.1 40.0 72.8 38.4 48.9 48.6 438.5
cv 0.38 0.33 1.00 2:37 1.99 0.80 0.61
Mean monthly water surplus (SW): mm

. of M M J S N Year
Sw 0.0 0.0 0.0 29.3 64.7 0.0 171.6
S 0.0 0.0 0.0 71.1 86.0 0.0 261.4
cv = 3 = 2.43 1.33 = 1.52
Distribution of annual precipitation:

Class 1 2 3 4 5 6 7 8 9

% 0.0 1.9 12.3 11.6 13.0 17.8 28.2 11.6 3.6

Date of freeze: -
Date of thaw: -
Duration of freeze: -

Pedological
Major soil type:
a.: Class D-4 b.: Class E-2

Biological
Major vegetation type:
a.: Class N-67 b. Class N-70

Hydrological
Average monthly discharge (cusecs x 10

_ J M M J S N
Db 86.5 69.4 44.8 215.8 631.2 308.8
Alluvial Valley

Location

Countries: Nigeria

3):

Geological
Stability: Stable basement platform
Dominant type of sediment: Sand

Geomorphological
Channel type: braided
Channel width: 2
TW = 1.92 mi. ST =0.73 S = 0.86
CV = 0.448 CWnax = 3.98 mi. Cwmin = 0.79 mi.
Length of valley (LV): 100.99 mi.
Length of stream (LS): 103.65 mi.
Ratio LS/LV: 1.0263
73
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Type of flood plain:
Number of tributaries:

River-scarred plain

Left bank = 0 Right bank = 0
Climatological
Climatic classification: AW
Yearly rainfall (mm): 698.5
Average yearly temperature: 25.9°C
Monthly moisture deficit (D): mm
_ J M M J S N
D 76.5 49.5 7.0 0 37.5 74.5
S 50.20 70.00 9.90 0 51.62 58.69
cv 0.66 1.41 1.41 - 1.38 0.79
Monthly moisture surplus (SW): mm
L J M M J s N
SW 0 0 0 69.5 0 0
S 0 0 0 98.29 0 0
cv . = o 1.41 - -
Pedological
Major soil type: F-33
Biological
Major vegetation type: J-52
Hydrological 3
Monthly discharge (x 10~ cusecs)
_ J M M J s N
D, 153.9 197.9 120.9 74.5 7.4 61.8
s?’ 108.3  62.1 334.7 18.9 7.9 197.2
S 10.2 7.9 18.3 4.3 2.8 14.0
cv 0.066 0.040 0.151 0.058 0.049 0.227
Average yearly discharge:
Dy = 120.7 s2 = 2,413.9 S =49.1
Maximum discharge (x 103 cusecs):
D = 209.1 Date: March.
yv max 3
Minimum discharge (x 10~ cusecs):
D . = 41.9 Date: November
yv min
Flood peakedness:
K¢ = 1.48
High water period: November-April
Low water period: May-October -2
Monthly rate of rise (+) and fall (-) - ft/day (x 10
J M M J S N
-3.3 +6.6 -18.6 -3.8 ~2.4 +13.6
Yearly sediment discharge: (x 103 cubic feet)
SD = No data SDmax = No data Date:
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Year

481.0

468.10
0.97

Year

125.0

176.78
1.41

CV = 0.407

)

No data
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Type of flood plain: River-scarred plain

Number of tributaries:

Left bank = 6 Right bank = 6
Climatological

Climatic classification: AW

Yearly rainfall (mm): 1,651

Average yearly temperature: 25°C

Monthly moisture deficit (D): mm

_ J M M J s N
D 90.5 92.5 7.5 0 0 37.0
S 21.92 31.82 10.61 0 0 36.77
c 0.24 0.34 1.41 = = 0.99
Monthly moisture surplus (SW): mm

_ J M M J S N
D 0 0 0 40.0 104.0 0

S 0 0 0 56.57 147.08 0
cv - = - 1.41  1.41 -
Pedological

Major soil type: F-33

Biological

Major vegetation type: K-47

Hydrological 3

Monthly discharge (x 10~ cusecs):

_ J M M J s N

Dmvy 91.0 72.6 64.1 239.2 801.3 560.3
52 71.4 3.7 310.1 2322.3 3986.5 36,689.0
S 8.4 1.9 17.6 48.2  63.1 191.5

cv 0.093 0.027 0.275 0.202 0.079 0.342

Average yearly discharge:

D, = 384.8 s2 = 91,216.8 S = 302.0

Maximum discharge (x 103 cusecs):

D = 956.1 Date: October
yv max 3

Minimum discharge (x 10~ cusecs):

D .= 48.2 Date: May
yv min

Flood peakedness:

K¢ = 2.38

High water period: August-November

Low water period: December-july

Monthly rate of rise (+) and fall (=) - ft/day (x 10~

. M M J S N
-7.0 -4.0 +72.0 +64.0 +13.0 -60.0

early sediment discharge: (x 103 cubic feet)

5D = 59,000 SDmax = 79,000 Date:
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Year

431.0

195.16
0.45

Year

246.0

347.90
1.41

= 0.784
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Sao Francisco

1.3.0.0 Deltaic Plain
1.3.1.0 Location
1 Countries: Brazil
2 Receiving body of water: Atlantic Ocean
1.3.2.0 Geological
1 Stability: Stable basement platform
1.3.3.0 Geomorphological
1 Area - deltaic plain: 462.23 sq. mi.
2 Area - subaerial deltaic plain: 266.76 sq. mi.
3 Area - lower deltaic plain: 30.20 sq. mi.
4 Area - upper deltaic plain: 236.56 sq. mi.
5 Area - subaqueous deltaic plain: 195.47 sq. mi.
6 Area - active deltaic plain: 79.98 sq. mi.
7 Area - abandoned deltaic plain: 186.78 sq. mi.
8 Ratio - AUDP/ALDP: 7.83
9 Ratio - ASaeDP/ASanP: 1.36

10 Ratio - AAbDP/AACDP: 2.33

11 Length long axis of delta: 18.20 mi.

12 Maximum width delta (W): 35.0 mi.

13 Length of delta shoreline (LS): 37.9 mi.
14 Ratio L/W of deltaic plain: 0.52

15 Ratio LS/W: 1.08

16 Distributary index "A" and "B'":

Arc 1 2 3 4 5 6 7 8 9

AT 1 1 1 1 1 1 1 1 1

""BY 1 1 1 1 1 1 1 1 1
17 Number of bifurcations: 0

18 Number of rejoinings: 0

19 Number of routes to sea: 1

20 Distributary density: 0.0947

21 Type of interdistributary: Type G - beach ridges and dunes
22 Exposure of delta coast: Open

23 Number of active river mouths: 1

24 Types of river mouth: Constricted

25 Width of river mouths (miles):

# 1
Width 0.87
26 Summary of river mouth widths:
W = 0.87 mi.
27 Depth of river mouths (feet)
# 1
Depth 40
28 Summary of river mouth depths:
D= 40 ft.
29 Depth-width ratio of river mouths:
# 1
D/Ww .01
30 Summary of river mouth D/W ratios:
D/W = .01
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Deltaic Plain

Location

Countries: Nigeria

Receiving body of water: Atlantic Ocean

Geological
Stability: Faulted, subsiding

Geomorphological

Area - deltaic plain: 12,042.26 sq. mi.

Area - subaerial deltaic plain: 10,779.03 sq. mi.
Area - lower deltaic plain: 5,264.26 sq. mi.

Area - upper deltaic plain: 5,514.77 sq. mi.

Area - subaqueous deltaic plain: 1,263.23 sq. mi.
Area - active deltaic plain: 4,143.68 sq. mi.
Area - abandoned deltaic plain: 6,635.35 sq. mi.
Ratio - AUDP/ALDP: 1.05

Ratio - AS;eDP/ASaqDP: 8.53

Ratio - AAbDP/AA.DP: 1.60

Length long axis of delta: 138.07 mi.

Maximum width delta (W): 176.26 mi.

Length of delta shoreline (LS): 227.80 mi.

Ratio L/W of deltaic plain: 0.78

Ratio LS/W: 1.29

Distributary index "A" and "B"

Arc 1 2 3 4 5 6 7 8 9 10
A" 1 1 1 1 1 2 5 16 34 11
"B" 1 1 1 1 1 2 7 24 34 11

Number of bifurcations: 63

Number of rejoinings: 53

Number of routes to sea: 135

Distributary density: 0.1621

Type of interdistributary: Type F - heavily vegetated (mangrove)
Exposure of delta coast: Open

Number of active river mouths: 11

Types of river mouth: Constricted, deflected

Width of river mouths (miles):

# o1 2 3 4 5 6 7 8 9 10
Width 2.8 0.7 0.4 1.0 0.7 0.7 0.7 0.9 1.1 1.1

Summary of river mouth widths:

W= 1.05 82 = 0.42 S = 0.65
CV = 0.62 Woax = 2.8 Wpin = 0.38
Depth of river mouths (feet):

# 1 2 3 4 5 6 7 8 10
Depth 28 6 6 6 6 - 6 12 42 48
Summary of river mouth depths:
D= 17.7 ft. S2 = 291.4 S =17.1
CV = 0.96 Dmax = 48-0 Dmin = 6-0
Depth-width ratio of river mouths:

# 1 2 3 4 5 6 7 8 9 10

D/W .0018 .0015 .0029 .0011 .0015
Summary of river mouth D/W ratios:

D/W = 16.9 S2 = 190.9 S = 13.8
CV = 0.82 D/Wmax = 42.5 D/wmin = 6-1
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Sao Francisco

31 Topography of bar: Type 1, regular
32 Area of bar:
# 1
Sq. mi. 5.6
33 Distance to edge of bar:
# 1
1.6
34 Area of bulge: 265.9 sq. mi.
35 Volume of bulge: 1.19 cu. mi.
36 Ratio AR/Ap of bulge: 0.825
37 Ratio VR/Vy of bulge: 0.740
38 Subaerial area of bulge: 70.46 sq. mi.
39 Subaerial volume of bulge (VBp): 0.462 cu. mi.
40 Subaqueous area of bulge: 195.5
41 Subaqueous volume of bulge (Vpg): 0.725 cu. mi.
42 Ratio Vpo/Vpg: 0.637
43 Subaqueous hypsometric integral of bulge (HIg): 0.31
44 Bulge volume distribution parameter, right side (Br): 0.41
45 Bulge volume distribution parameter, left side (BL): 0.36
i 46 Mean volume distribution parameter (8r + 81)/2: 0.39
H 47 Offshore slope: (ft/mile)

18' 36' 60" 180" 600"
§6. 18.7 17.2 10.3 12.3 33.5
S 10.4 10.3 2 o 4.2 7.1
cv 0.5578 0.5999 0.2102 0.3389 0.2124
S0 max 46.1 42.9 13.0 21.7 52.8
: SO min 9.[} 9.2 6.1 9-1 28.5
| 1.3.4.0 Climatological
1 Climatic classification: AW
2 Average yearly temperature: 25.8°C
3 Mean daily temperature:
J M M J S N
°C 27.0 27.0 26.0 24.0 25.0 26.0

4 Total yearly rainfall (mm): 1,430.0
5 Mean monthly precipitation (mm):
. J M M 5| s N

i Py 40.0 160.0 240.0 175.0 50.0 20.0
% 6 Date of freeze: -
1 7 Date of thaw: -

8 Duration of freeze: -

h 1.3.5.0 Pedological:
1 Major soil type: F-28

1.3.6.0 Biological
1 Major vegetation type: K-55
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Topography of bar: Types 1 and 4, regular
Area of bar:

# 1 2 3 4 5 6 7 8 9 10 11
Sq. mi. 73.9 20.0 10.0 3.1 9.1 - 3.8 5.8 22.3 24.5 13.6
Distance to edge of bar:
# 1 2 3 4 5 6 7 8 9 10 11
Miles 5.3 3.3 2.17 1.65 2.26 - 1.32 1.41 3.68 4.23 1.56
Area of bulge: 6,683.04 sq. mi

Volume of bulge: 51.33 cu. mi.

Ratio AR/AL of bulge: 1.34

Ratio VR/Vy of bulge: 1.39

Subaerial area of bulge: 5,511 sq. mi.

Subaerial volume of bulge (Vgg): 41.16

Subaqueous area of bulge: 1,172

Subaqueous volume of bulge (Vgg): 4.2

Ratio Vp,/VBg: 9.8

Subaqueous hypsometric integral of bulge (HIg): 0.36
Bulge volume distribution parameter, right side (Br): 0.34
Bulge volume distribution parameter, left side (B): 0.31
Mean volume distribution parameter (B8R + BL)/2: 0.33
Offshore slope: (ft/mile)

18" 36" 60" 180" 600"
So 8.1 6.1 5.7 77 16.1
S 3.7 1.0 0.7 1.2 2.1
cv 0.462 0.169  0.121  0.152 0.132
SO max 15.9 7.6 6.5 9.0 19.0
SO min 3-7 4.0 4.5 5.8 12.2
Climatological

Climatic classification: Af
Average yearly temperature: 26.1°C
Mean daily temperature:

J M M J S N
g 26.5 27.5 26.5 25.0 25.0 26.0
S 0.71 0.71 2.12 1.41 1.41 1.41
cv 0.03 0.03 0.08 0.06 0.06 0.05
Total yearly rainfall (mm): 5,697.5
Mean monthly precipitation (mm):
L J M M J s N
Pd 107.5  247.5 442.5 845.0 827.5 317.5
S 116.7 208.6 265.2 841.5 972.3 357.1
cv 1.085 0.842 0.599 0.995 1.174 1.124

Date of freeze: -~
Date of thaw: -
Duration of freeze: -

Pedological
Major soil type: F-28

Biological
Major vegetation type: K-55, J-47
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Hydrological 3
Monthly discharge (x 107 cusecs):
. J M M J S N
Dpnd 153.9 197.9 120.9 74.5 57.3 61.8
S 10.2 7.9 18.3 4.3 2.8 14.0
cv 0.07 0.04 0.15 0.06 0.05 0.23
Average yearly discharge:
Dyq = 120.7 S2 = 2,413.9 S = 49.1 CV = 0.4069
Maximum discharge:
Dyd max = 209.1 Date: March
Minimum discharge:
Dyd min = 41.9 Date: November
Flood peakedness:
K¢ = 1.35
High water period: December-April
Low water period: May-November
Yearly sediment load: Unavailable
Monthly discharge efficiency index:

J M M J S N
Mean 1.1 2.9 1.7 1.0 0.5 0.4
Annual summary of discharge efficiency index:
Mean: 1.29 S: 0.93 Cv: 0.72
Receiving Basin
Location
Body of water: Atlantic Ocean
Geological
Shelf structure: Unavailable
Geomorphological
Longest fetch: Greater than 2,000 miles
Direction of longest fetch: Southeast
Fetch directions greater than 200 miles: E, SE
Average width of continental shelf: 18.5 mi.
Slope of continental shelf:
Sce = 33.5 ft/mi s2 = 50.5 S=7.1

CV = (0.2124 SCS max = 52.8 SCS min % 28.5

Topography of shelf: Regular

Climatological
Wind frequency (Beaufort 3-12):

J M M J S N Year
Offshore 4.3 4.2 1.4 0.3 1.4 7.4 3.2
Alongshore + 58.8 51.9 37.6 33.7 46.8 62.7 49.4
Alongshore - - - - - - - -
Onshore 36.9  43.9 61.0 66.0 51.8 29.9 47.4
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Hydrological 3
Monthly discharge (x 10~ cusecs):

L J M M | S N
Dnd 91.0 72.6 64.1 239.2 801.3 560.3

S 8.4 1.9 17.6 48.2 63.1 191.5

cv 0.093 0.027 0.275 0.202 0.079 0.342

Average yearly discharge:

Dyd = 384.8 $2 = 91,216.8 S = 302.0 CV = 0.784
Maximum discharge:

Dyd max = 956.1 Date: October

Minimum discharge:

Dyd min = 48.2 Date: May

Flood peakedness:

Kf = 2.38

High water period: August-November

Low water period: December-July

Yearly sediment load: 59.0 x 106 cu. ft.
Monthly discharge efficiency index:

J M M J S N
Mean 3.5 0.9 0.8 1.2 5.4 16.11
Annual summary of discharge efficiency index:
Mean: 4.44 S: 4.87 cv: 1.10

Receiving Basin
Location
Body of water: Atlantic Ocean

Geological
Shelf structure: Unavailable

Geomorphological

Longest fetch: Greater than 2,000 miles
Direction of longest fetch: Southwest

Fetch directions greater than 200 miles: SE, E, S
Average width of continental shelf: 38.0 mi.
Slope of continental shelf:

Sce = 16.1 ft/mi $2 = 4.5 s = 2.1
CV = 0.132 Scs max = 19.0 Ses min = 12:2
Topography of shelf: Regular
Climatological
Wind frequency (Beaufort 3-12):

J M M J S N Year
Offshore 9 4 5 0 1 6 2
Alongshore + 2 19 25 29 15 21 17
Alongshore - 4 3 0 0 1 2 1
Onshore 85 74 70 71 83 71 80
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Vector frequency (Beaufort 3-12):

J M M J S N Year
Offshore 5.3 5.2 1.7 0.3 1.7 9.3 4.00
Alongshore + 72.2 64.4 43.9 40.3 57.7 79.6 60.34
Alongshore - O 0 0 0 0 0 0
Onshore 45.2 54.4 71.0 78.8 64.0 37.9 58.06
Vector frequency (Beaufort 2-3):

J M M J S N Year
Offshore 3.2 2.7 1.5 0.3 1.0 3.6 2.31
Alongshore + 43.3 44.2 23.2 19.4 33.6 41.9 34.83
Alongshore - O 0 0 0 0 0 0
Onshore 29.8 39.4 32.8 27.0 34.8 23.1 31.04
Vector frequency (Beaufort 4-5):

J M M J S N Year
Offshore 2.1 1.7 0.2 0 0.7 5.6 1.59
Alongshore + 29.1 18.8 19.1 20.6 23.2 34.9 24. 05
Alongshore - 0 0 0 0 0 0 0
Onshore 16.4 14.5 33.8 43.6 27.6 14.3 24.71

Vector frequency (Beaufort 6-7):

J M M J S N Year
Qffshore 0 0 0 0 0 0.2 0.03
Alongshore + O 0.8 1.5 4.3 1.0 1.8 1.42
Alongshore - 0 0 0 0 o 0 0
Onshore 0 0.6 4.5 8.2 1.6 0.6 2.39
Vector frequency (Beaufort 8-12):

J M M J S N Year
Offshore 0 0 0 0 0 0 0
Alongshore + 0 0 0 0 0 0 0
Alongshore - 0 0 0 0 0 0 0
Onshore 0 0 0 0 0 0 0
Storm systems: -~
Date of freeze: -
Date of thaw: -
Duration of freeze: -
Pedological (no data)
Biological (no data)
Hydrological
Vector strength — direction of swell:

J M M J S N
V.S. 73.1 72.2 73.9 80.5 77.5 76.6
Dir. 144° 131° 107° 108° 116° 141°
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Vector frequency (Beaufort 3-12):

J M M J S
Offshore 4.5 3.3 4.7 0.0 0.7
Alongshore + 0.8 17.6 24.1 28.9 16.5
Alongshore - 2.3 2.5 0 0 0.7
Onshore 42.9 67.6 66.0 75.0 88.8
Vector frequency (Beaufort 2-3):

J M M A S
Offshore 4.5 2.5 3.0 0.7 0.7
Alongshore + 0.1 14.0 18.3 12.6 12.2
Alongshore - 2.3 1.9 0.0 0.0 0.7
Onshore 41.1 57.3 56.2 44,3 62.9
Vector frequency (Beaufort 4-5):

J M M J S
Offshore 0.0 0.7 0.0 0.7 0.0
Alongshore + 0.0 3.6 5.0 15.3 4.6
Alongshore - 0.1 0.7 0.0 0.0 0.0
Onshore 1.7 10.3 9.8 25.5 19.9
Vector frequency (Beaufort 6-7):

J M M J S
Offshore 0.0 0.0 0.0 0.0 0.0
Alongshore + 0.0 0.0 0.0 2.8 0.0
Alongshore - 0.0 0.0 0.0 0.0 0.0
Onshore 0.0 0.0 0.0 5 w2 0.0
Vector frequency (Beaufort 8-12):

J M M J S
Offshore 0.0 1.7 0.0 0.0 0.0
Alongshore + 0.0 0.8 0.0 0.0 0.0
Alongshore - 0.0 0.0 0.0 0.0 0.0
Onshore 0.0 0.0 0.0 0.0 0.0
Storm systems: -
Date of freeze: =~
Date of thaw: -
Duration of freeze: -~
Pedological (no data)
Biological (no data)
Hydrological
Vector strength - direction of swell:

J M M J S
V.S 84.3 73.9 70.3 88.7 69.9
Dir. 114° 120° 112° 108° 103°
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S&o Francisco

Vector strength - direction of sea:

J M M J S N
V.S. 83.0 78.9 81.7 84.3 81.8 83.4
Dir. 140° 135° 102° 103° 117° 143°
Weighted wave power (P¢') - 30' contour:

J M M J S N
Py’ 470.25 217.60 371.13 613.06 487.90 618.15
S 109.46 70.90 157.74 436.0 175.12 135.1
cv 0.23 0.33 0.43 0.71 0.36 0.22
Annual summary for weighted wave power - 30' contour:
Mean: 438.73 S: 138.47 cv: 0.32
Tright! Not significant riefg+ Not significant
Weighted wave power (P;') - shore:
L J M M J S N
Pt' 29.94 14.84  15.52 16.55 24.88 35.16
S 19.02 9.94 11.34 16.23 17.88 23.84
cv 0.64 0.67 0.73 0.98 0.72 0.68
Annual summary for weighted wave power - shore:
Mean: 22.43 S: 8.35 cv: 0.37
Tright: Not significant rleft: Not significant
Weighted longshore wave power (Pl'):

J M M J S N
Pl' - 9.07 - 5.11 ~-11.20 -17.36 ~13.49 - 8.55
S 23.99 12.82 25.00 37.60 30.39 24.46
cv - 2.64 - 2.51 - 2.23 -~ 2.17 - 2.25 - 2.86
Annual summary for weighted longshore power:
Mean: ~10.20 S: 4.06 Cv: -0.40
Tright: Not significant rleft: Not significant
Weighted wave power gradient:

J M M J S N
APO
G - 1.76 - 4.95 -10.26 -44.41 -10.39 ~-10.12
S 31.73 30.51 59.81 208.50 66.19 58.25
cv ~18.03 -~ 6.16 - 5.83 =~ 4.69 - 6.37 - 5.76
Annual summary for weighted wave power gradient:
Mean: -11.80 S: 12.28 Cv: -1.04
rright = Not significant rieft: Not significant
Weighted longshore power gradient:

J M M J S N
API
Qﬁ{d ! - 0.85 - 0.53 1.61 9.26 1.25 0.77
S 12.97 9.78 19.36 53.87 22.24 18.16
cv -15.26 18.45 12.02 5.82 17.79 23.58
Annual summary for weighted longshore power gradient:
Mean: 1.71 S: 2.87 Cv: 1.68
Tright: Not significant fi1efr: Not significant
Type of tide:
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10

11

12

13

Vector strength - direction of sea:

J M M J S N
V.S. 80.7 5245 70.1 80.4 83.8 83.8
Dir. 116° 123° 102° 112° 112° 116°
Weighted wave power (P.') - 30' contour:

J M M J S N
P! 17.36 83.64 82.79 444.86 198.23 33.76
S 2.22 5.92 5.97 41.90 14.88 257
cv 0.13 0.07 0.07 0.09 0.08 0.08
Annual summary for weighted wave power - 30' contour:
Mean: 129.01 S: 138.62 cv: 1.07
Tright: Not significant Tleft: Not significant
Weighted wave power (P.') - shore:

J M M J S N
P! 0.43 1.32 1.37 3.23 2.44 0.57
S 0.35 1.00 1.01 237 1.89 0.41
cv 0.81 0.76 0.74 0.73 0.77 0.72
Annual summary for weighted wave power - shore:
Mean: 1.48 S: 1.00 Cv: 0.68
rright: Not significant rleft: Not significant
Weighted longshore wave power (Py'):

J M M J S N
P1' 0.02 0.13 0.14 0.38 0.23 0.06
S 0.18 0.43 0.47 1.21 0.80 0.19
cv 9.00 3.31 3.36 3.18 3.48 3.17
Annual summary for weighted longshore power:
Mean: 0.14 S: 0.15 cv: 1.07
rright: Not significant Yleft: Not significant
Weighted wave power gradient:

J M M J S N
APO
(Ei—)' 0.13 0.32 0.32 0.51 0.56 0.13
S 0.36 1.01 1.09 1.95 1.78 0.44
cv 2.77 3.16 3.41 3.82 3.18 3.38
Annual summary for weighted wave power gradient:
Mean: 0.33 S: 0.16 CV: 0.48
Tright: Not significant rieft: Not significant
Weighted longshore power gradient:

J M M J S N
APl
CZE_)' 0.01 0.09 0.08 0.13 0.15 0.04
S 0.61 0.29 0.26 0.50 0.49 0.11
cv 61.00 3..22 3.25 3.85 3.27 2.75
Annual summary for weighted longshore power gradient:
Mean: 0.08 S: 0.06 Cv: 0.75
Tright: Not significant Flefr: Not significant

Type of tide: Diurnal
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14

15
16

17

18

19

Monthly maximum and minimum tide range (ft.):

J
Maximum 7.5
Minimum 2.8

Average tidal range:

Salinity:
January: 37.0 /oo
Water temperature:
January: 27°C
Water density:
January: 1.0235
Offshore currents:
J
Direction SW

Speed (knots) 0.5

M M
8.2 6.5
1.3 2.2
4.5 ft.

A J
Sw SW
0.5 0.7
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J S N
7.2 8.2 6.
2.5 1.3 2.
July: 36.5 °/s0
July: 25°C
July: 1.0242
0
SSW
0.7

N U

Sdo Francisco



Niger
14 Monthly maximum and minimum tide range (ft.):
J M M J s N |
Maximum 5.4 5.8 5.4 5.4 5.7 5.4
Minimum 1.8 1.5 1.8 1.8 .1 1.8 |
|
15 Average tidal range: 3.6 f¢, i
16 Salinity: |
January: -33 °/., July: < 32 °/,,
17 Water temperature: 4
January: 24°C July: 29°C i
18 Water density: .
January: 1.019 July: 1.022 i
19 Offshore currents: i
J A J 0]
Direction SE E E E
Speed (knots)0.8 1.0 0.9 0.8
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The Niger and Sdo Francisco River Systems:

A Comparison

The parameters tabulated in the foregoing section indicated the existence of
numerous similarities as well as some significant contrasts between the two river
systems. Some of the more striking differences and their meaning are discussed
below. Identification of differences such as these among a large number of deltas
should eventually lead to an appreciation of the most salient process-form inter-
actions and their variability.

BASIN GEOLOGY AND GEOMORPHOLOGY

Figure 19A and B are maps of the Niger and Sdo Francisco drainage basins,
respectively. Geologically, both basins are tectonically stable. Lithologies,
however, are appreciably different. Whereas the Niger basin is characterized by a
predominance of igneous rocks, sedimentary rocks are more abundant in the Sao
Francisco system. Hence, the material composing the S3o Francisco drainage basin
is presumably less resistant, as a whole, than that of the Niger basin.

The basin of the Niger has nearly twice the area of the Sado Francisco basin
and, in proportion, twice the stream length. Though Hack's (1957) empirical
equation relating stream length to basin area yields for the two observed basin
areas stream lengths in excess of those observed, both predicted and observed
values lie within the same general order of magnitude. The discrepancy is probably
attributable to the fact that the lowest order segments of the streams are not
measurable from the 1:1,000,000-scale maps used in this study.

Relief ratios were found to be slightly but insignificantly higher in the Sao
Francisco basin. Though this trend is in general agreement with Shumm's (1954)
observations that relief increases with decreasing lithologic resistance, the
differences in relief here are too slight to warrant any assignment of causality.

Hypsometric analyses yielded more contrasting results. The hypsometric
curves of the Niger and S3o Francisco basins are shown graphically in Figures 20A
and B. The hypsometric integral of the S&o Francisco basin is more than twice as
large as that of the Niger. This appears to reflect primarily the predominance of
high terrace formations along the course of the Sao Francisco. From the hypso-
metric curves it can be seen that in the Sdo Francisco basin slopes are gentle and
apparently more or less graded to elevations as high as 75 percent of the maximum.
Less than 1 percent of the total dimensionless volume lies above the graded portion,
and it may be inferred that the greater portion of the basin is either aggrada-
tional or in a state of equilibrium. Most of the area of the Niger basin is also
characterized by what appear to be graded slopes (Fig. 20A). However, the low
gradients reach altitudes of only 36 percent of the maximum elevation, and 3.8 per-
cent of the hypsometric volume (6 percent of the total basin area) is accounted for
by steeper, higher altitude portions of the basin. This suggests that, in spite of
the slightly higher relief ratios of the S&o Francisco basin, the Niger basin offers
greater potential energy to supply sediment through erosion of the upper portions
of the basin.

BASIN CLIMATE AND HYDROLOGY
Climatically, the Niger and S3o Francisco basins are somewhat similar. Both

are situated in the wet-and-dry tropics and experience pronounced seasonality of
precipitation and runoff. In the Niger basin moisture surplus is on the average
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Figure 19A. Figure 19B. Sao Francisco River

drainage basin.

Niger River drainage basin.

nil during the months of November through May; maxima occur in late summer. Corre-
spondingly, discharge is at a minimum in May and at a maximum in October. The Sao
Francisco basin has a generally wetter climate than the Niger in spite of its identi-
cal Koeppen classification. Moisture surplus is significant during all months,
though the maximum, which occurs in December, is nearly 100 times higher than the
minimum in October. Although the S3o Francisco basin has nearly two and a half

times the annual moisture surplus of the Niger, the average annual discharge of the
Niger is more than three times greater than that of the Sao Francisco, probably as

a result of its larger basin and more intense runoff.

ALLUVIAL VALLEY CHARACTERISTICS

Both the Niger and Sao Francisco rivers follow braided courses of low sinu-
osity through sandy alluvial deposits. The Niger has the highest coefficient of
variability for discharge in the alluvial valley, as well as a higher flood peaked-
ness index. This tendency is probably partially responsible for the multiple
distributary system of the Niger Delta.

DELTAIC PLAIN MORPHOLOGY AND THE OCEANOGRAPHIC REGIME

Aside from differences in absolute magnitudes, the two river systems ex-
hibited few major contrasts in either the basin or alluvial valley. However, there
are striking differences between the two deltas and their respective coastal energy
regimes, as indicated by Figures 21 and 22. The Niger deltaic plain is crossed by
a complex, multichanneled distributary pattern which disseminates sediments broadly
around a symmetrical, arcuate delta shoreline over 200 miles in length. Deltaic
progradation across a more or less gently sloping shelf has resulted in a conspic-~
uous seaward bulge with an area which comprises 54 percent of the entire deltaic
Plain. Along the coastline, distributary mouths are separated by narrow beach-
ridge barrier islands. Behind these, the interdistributary areas are occupied by
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h/H h/H
1.0 - 1.0

HI = 0.21189
Hig = 0.00779
B Hig/Hl = 0.038

Break in slope

HI = 0.45178
Hig = 0.01912
Hig/HI = 0.009

Break in siope

i L i

OO .2 .4 6 .8 1.0 0 .2 .4 .6 .8 1.0
a/A a/A

A. Niger River B. Sdo Francisco River

Figure 20. Hypsometric curves for Niger and S&o Francisco drainage basins.

extensive mangrove swamps.

In contrast, the S3o Francisco (Fig. 22) follows a single channel all the way
to its mouth, where it debouches over a continental shelf more than twice as steep
as that fronting the Niger Delta. Although the average annual discharge of the
Niger is, at the coast, only a little more than 3 times that of the Sao Francisco,
the former has built a deltaic bulge 25 times as large as those of the latter. The
bulge volume distribution index is appreciably higher in the case of the Sao Fran-
cisco, reflecting the more cuspate form of that delta. Broad beach ridge and sand
dune plains flank the river mouth on either side, reaching inland to mantle relict
Pleistocene terraces.

These salient differences between the two deltas may be correlative with
discharge distribution, shelf slope, and the coastal wave power climate. Deep water
immediately seaward of the Niger Delta is characterized by moderate wave energy;
the most frequent waves arrive from the southwest along orthogonals which are
approximately normal to the average trend of the coast and to the apex of the
deltaic bulge (Fig. 23). As Figure 21 indicates, wave power at the 30-foot contour
exhibits considerable variability throughout the year but varies only slightly
between sectors (statistical analysis indicated a nonsignificant correlation with
distance alongshore from the delta axis). The diagram also illustrates the appre-

ciable attenuation of power between the 30-foot contour and the shore. A high
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variance for the power at the shore is explicable in terms of the tendency for
power to be highest along stretches of unbroken coast and minimal at the mouths of
outlets as a result of associated slope variations. Variation with distance from
the axis was again nonsignificant. The divergence of directions of longshore power
from the axis presumably contributes to rounding the shoreline and is responsible
for the observed directions of river mouth deflection (Fig. 21). Variations of
longshore power with lateral position were nonsignificant.

Although discharge and wave power curves are about 3 months out of phase, the
difference does not seem sufficient to produce any consequential overall inequi-
librium. The river appears to retain its superiority throughout the year, partially
by supplying enough sediment during times of high stage to flatten the subaqueous
profile and attenuate the wave power. Hence, the discharge efficiency index is
relatively high. On the other hand, the lack of net overall power and longshore
power gradients, as well as the presence of beach ridges around the delta fringe,
indicates that the waves have been able to influence sediment distribution enough
to yield a configuration with which they are in harmony.

The Sao Francisco River debouches along an exposed section of the South
Atlantic coast of South America. The offshore slope is steep, and deep-water wave
energy is comparatively high; seas and swells arrive primarily from the east and
southeast. The coast is so aligned that after refraction the orthogonals of the
southeasterly waves are everywhere normal to the shore (Fig. 24A); however, the
easterly waves impinge at an angle acute enough (Fig. 24B) to generate appreciable
longshore power directed to the southwest (Fig. 22).

In contrast to the Niger Delta, the delta of the Sao Francisco shows definite
effects of wave supremacy. Power levels at the 30-foot contour are considerably
higher for the Sao Francisco; and, owing to the steeper subaqueous slope, there is
considerably less frictional reduction in power between the 30-foot contour and the
shoreline except at the river mouth, where the slope has been reduced by the develop~-
ment of a river mouth bar. The relationships between power attenuation and bottom
slope are clearly evident from Figure 22. The discharge efficiency index is low in
comparison to that of the Niger. Dimensionless discharge and wave power distri-
bution curves (Fig. 22, inset B) are in complete opposition. In combination these
tendencies have resulted in sediments' being reworked back onshore to straighten
the coast and form broad beach ridge plains which flank the river mouth on either
side. Only in the proximity of the mouth has the river been able to oppose the
waves enough to build a protrusion into the sea. Strong onshore winds acting in
combination with the high wave energy have led to the development of large trans-—
gressive dunes.

CONCLUSION

The two river systems just described were seen to share many traits in common
as well as to exhibit several significant contrasts. Some process variables
appeared to exert profound control upon the morphology of the delta; the influences
of others were less conspicuous. The true roles of each variable can be ascer—
tained only after many river systems have been analyzed following the procedures
described and the results have been statistically compared.
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Appendix 1

FORTRAN IV LISTING FOR MAPCAL PROGRAM

PR e T I T B R B P IR R BN B I
CALMA TAPE FUR STREAM LENGTH, BASIN AREA, CONTOUR, AND CRAINAGE STUDY.
* - K - K = & - K e K - k= k- k- k- k- B =k~ &=k~ k- &~ %
DIMENSION CPM(S5C) CAREA(50),AST(20)
COMMON/SL/ZX{126),Y(126) 4D{251) 4X0,Y04X1sY1yCORLyCORA,ACLOSE
sCLOSE KLASTLIFIRST

LOGICAL®] [IFIRST
REAL*8 SUM,SUMA,DUM
DATA CONJASTBLK/'CONT® j20%t%%%%t 0 oy
St=C.
DEN=z(C.
BAREA=C.
BPRMT=0.
DO11=1,5C
CPM{I}=0.
CAREA(T)=0.
1END=0
ICONT=0
JBOLD=0
IFIRST=, TRUE.
READ(B,END=9)NRC+ KKy (D (1) yI=1,KK}
IF (KK.EQ.l) GO TO 2
IF (NRCLEQ.QLAND.D(1).EUQ.CCON.AND. JHRCH.EQ.3) GO TO &5
IF (NRC.EQ.O0) GC TC 3
®Z=KK/2

BRANCHING TC CALCULATICN OF E£ACH JCEB.
GOTO(10y2U43C 940} o JBRCH

READ IN THE MAP AND PARAMETER CCNTROLS.
EEREDEEERRGRERTAXERERRAREXSR A AR ST A SRS

SEQUENCE OF CALCULATICN OF THE JOBS HAS NC FIXEC ORDER.

JUBS MAY BE OMITTED IF SO DESIREC. HUWEVER, TC START THE CALCULATION
tSTREAM LENGTH' MUST LEAD THE SEQUENCE. SINCE *JOBOLC* IS SET

TG € AT THE BEGINNING CF CALCULATICN.

STREAM LENGTH CAN BE CMITTED AT LATER CALCULATICNS.

MAP=INTF(D (1)}
JBRN=JBULD+1
JBRCH=INTF(D(2)}
JBOLD=JBRCH
NTRACE=1
XR=C,
YR=C,
X1=C.
Yi=C.

BRANCHING 1O PRINT.
GO TO (495,647,8),J8RN

JuERN IS THE (JBOLD+1) UF THF RARANCH JUST FINISHED CALCULATION.
STATEMENT 2 READS IN THE YITLE CF THE NEXT JOB, THEN THE PROGRAM
PRINTS QUT THE LAST JCHB (JBRCH) RESULTS BEFORE CGOING TO STATEMENT 4
FUR THE PRINTING THE NEXT JCB TITLE.

STATEMENT €5 BEGINS THE PRINTING CF EACH SUB-CONTOUR VALUES.

PRINT THE TITLE OF THE MAP
[ 2222323333332 222 222 22 2 2]
BRITE(6,3C01 (DI +I=1,KK)
WRITE(Hs30LIUASELT) o1 =1 4KK)
FORMATU////5%20A4)
FURMAT(5X,2CA4)

cP=C.

CA=Ca

IFIRST=o TRUE-

GO TO 2

IFIRST IS LSED TO PICK UP THE FIRST POINT XR,YR IN ANL SUBROUTINE.
1T ALSDO MEANS THE FIRST PASS F EACH SUB-CCNTOUR Jae.

PRINT THE STREAM LENGTH.
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C L s S I 2 I e 2 2 L

CC41l 5 WRITel&,35CIMAP,SL
CO42 160 FORMAT (//15X'STREAM LENGTH FOR MAP NC.*yI3,% =*,£16.7)
C043 SL=C.
CL44 If (IENDEQ.L) STLUP
CO45S SU TJd 4
C
C PRINT THE BASIN AREA.
C kR R FE SRR AR AR TR
C BAST 4 AREA IS ALwAYS CLCScD BY THE FCLLOWING STATEMENT.
Q046 [ BRAREA=RAREA+ACLOSE
CCa7 W2ITC (6+43€6C) BPRMT MAP,BAREA
Co4s BAREA=(0.
Cl49 FRRMYI=0,
€50 360 FORMAT (//15X'BASIN PERIMEITER =%,E16.7,5X*BASIN AREA FOR MAP NOO!
* [3,' =%,E16.7)
cis1 If (IEND.EQ.L1) STUP
Q052 Gl T 4
C
C PRINT CONTOUR AREA AND CCNTCUR FPZRIMETER.
C P 33323 S R S 22222 R R R R R R 2
C Ir IT IS THE FIRST PASS, [T GCES TC STATENMENT 25 AND PRINTS qQuT
C T4E CONTIUR NUNBER AND MAP NUNMRER AS THE SUEB-TITLI NF THE PRESENT
c CONTOUR JuiB.
CU53 £s IfF (IFIRST) G TO 25
C
C LaST DATA POINT OF A COCNTLUR IS FIRSY CaATa POINT 0OF THE NcXT CONTOUR.
C KLAST IS SET IN ANL SUBRCUTINE. TF IT IS 1, IT MEANS THE LAST DATA
C POINT MHAS BEEN ADDED [N ALREADY ANC SHOULLC BE SUBTRACTEC OUuT B8Y *Corb*,
C KNT COUNTS TH: NUMKER CF SUB-CCATCURS AT CACH CONTQUR ELEVATINN,
c
COS54 7 IF (JBRCH.NEL3) 50 TO 75
OS5 cPL=C.
0056 1F (KLAST.EQ.L) CPL=CCRL
0Gs7 (P=Cp-CPL
CG54 CA=CA-C{RA
CusYy 7= KNT=KNT+1
CCé0 CA=CA+CLDSE
0061 CPMEICONT)=CPMICCNT)+LP
Ci62 CAREA(CICONT)Y=CAREA(ICONT)I+CA
co61 Cemp=CPMEILONT)
[sle1. 2 CARP=CARCA{ICONT)
Coe6s5 WRITE (6441C) KNT,CP,CA
CO€s 41C FORMAT (15XI2,2E19.7)
CUe? CP=C.
oceer CA=C(C.
Qo069 IF (IEND.EFQ.1Y GO TO 27
go70 IF {(JBRCH.EQ.3) 4C TO 25
C
C THE FULLOWING STATEMENT PRINTS CUT THE ACCUMULATED CONTOUR RESULTS
C AND GOES TO THE NEXT JCB, WHICH MEAAS THE CCNTCUR JNB IS CONE.
C
CuTl IF {JBRCHNE«3.ANDCJIBRNEGS) WRITE (6,450) CPMP,CARP
cer2 60 T 4
C
C PRINT DRAINMAGE DeNSITY.
C FETTITITT TN FEEET I E2 S
cCc73 e CEN=UEN/4CC.
CCT74 wITc (6444C) MAP,DEN
cus 44C  FORMAT (//715x*MAP =%13,3X*DRAINAGE CERSITY 400 SG. MILE AREA =*
* Flée7}
co76 DEN=G.
cG77 IF (IEND.EQ.L) STUP
0ocre GOTU 4
C
C END UF TAPL.
C whkk bk kkkkE
co79 G {£ND=1
coac 31 TU (596,475,811, J8RCH

STREAM LENGTH CALCULATICN. (JBRCH=1}
e L e L 2 L R

OO
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cosl 1C CALL ANL{Ca 0ayK2,SUM,0,DUNM}

cogz2 SL=SL+ SUM
0083 LU T 2
c
C BWASI AREA AMD PERIMETER CALCULATICN. (JBRCH=2)
C EEEEFERRTFREE R XL RS R A kR RN SRS FR AN &
0084 2 IF (NRCLEQLNTRACE) GO TC 21
cus8s NTRACE=NRC
CUB6 XH=Xi
cCa7? YR =Yl
C
C XReYR PICK ULP THE LAST POINT X1,Y1 CF TRACE 1 AS A REFERENCE
C POINT FOR TRACE 2, wWHICH IS THE MAP BOUNCARY CALCULATION.
C
QUés 21 CALL ANL (XR,yYR,4K2,SUMs1,5UMA)
ooeg BAREA=BAREA+SLMA
C090 IF (NRC-NRC/z%2.t4.1) BPRNT=BPRNTH+SUM
Covl ST 2
C
C PRINT CUNTOLR NUMBER.
C LT 22223322 22222222222 )
co92 25 ICONT=INTF(D(2))
cGC93 IF (D(3).FQ.BLK) [FIRST=,TRUEL.
C IFIRST NOw RESETS TC INITIALIZE THE FIRST POINT OF A NEW CONTOUR.
c094 IF (D{3).EQ.BLK) GO TC 2
0G95 IF (IFIRSTY GO YO 29
c
C STATEMENT 27 PRINTS CUT THE ACCUMULATIVE CCNTOUR AREA ANC PERIMETER.
[ THEN, 1T WILL SITHER STCP CR PRINT LUY THt NEXT CONTOUK NUMBER AND
C MAP NUMBER FOR CONTINUING CALCULATICN.
C
cC9s 21 WRITE (6445C) CPMP,CARP
0097 450 FORMAT (1S5X40{'~*)/1TX2E19.7)
oG98 IF (IEND.EQ.1) STCP
€099 CP=C.
¢100 CA=C.
0101 29 KNT=(
0102 CONT=D(3)
€103 WRITE (6,4C0) CONT,ICONT ¥AP
0104 4C0  FORMAT (//15X'CONTOUR tA4,* ASSIGNED AS CONTCUR NC.*I13,
* ¢ FOR MAP NO'I3/715%Xs4(*=~-~")1//720X* CCNTQUR PERIMETER * 46X,y
* TCONTOUR AREA'/)
Clus 60702
c
c CONTOUR AREA AND PERIMETER LALCULATICN.(JBRCH=3)
C EEREEAERIERAERERREE RS TSSO F B ST SRR AT SRS
0106 3¢ CALL ANL (CayCeygKgodUMyl,aSUMAY
0107 CP=CP+SUM
0108 CA=Ca+ SUMA
0109 G0 10 2
C
c DRAINAGE CALCULATICN. {JBRCH=4)
C EEEKEEEEERREFXFFFTREER
0110 4C CALL ANL{(0.40..K2,SUM,0,DUM}
01l1l DEN=DEN+ SUM
0112 GO T0 2
0113 END
¢uol SUBKUUTINE ANL (XR YR KZ,5UM,L,S5UMA,
ccoz2 COMMON/ZSL/ZX(126) 4Y(126)+0(251)4X0,Y0eX1,Y1+CORLyCCRAy ACLOSE
* sCLUSE yKLASTLIFIRST
co03 LOGICAL*1 IFIRSY
C004 REAL®B SUMsXX,aYY,2ERD
€0o0s DATA ZERO/0./ B
C XR, YR ARE THE REFERENCE PCINT. X0,Y0 15 CCRRECTED BY XReVR.
C L=1 CALCULATES THE AREA, 6=0 SKIP THE AREA CALCULATION.
C X1,¥Yl IS THE LAST PCINt OF THE LAST CONTUUR (CRy THE SAME AS XU,YO
C POINT, IF IT IS THE FIRST PASS).
cQ06 KLAST=0
ceor IF (.NOT.IFIRST) GO TC 10
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cecee
cCco9
ccio
CCll
cer2
0ci13
CCl4
0015
[o10B X.)
CC17
CCl8
0019
co2¢
Gcat
CG2z
0023
ceaa

co25
QL2E
caz?
cozs
cG29
0030
0G31
cc3z
cc33
Cu3a
C035
C036
cCc37
0038
QC39
CC40
Gual
CGa2
0Ga3
0C44
0U4S

CGab
Q047
CGs8
co49
coso
C0Gs1

ccol
ccuz
coo3
CQu4
CCus
CChe
ccoer
coos
€oe9
CGic
Co1il
0012
CC13
CCL4
CG1LS

ccol
€002
cco3
€004

1C

1C

XC=D{11+XR

YC=D(2)+4YR

Xl=xy

Yi=YC

IFIRST=aFALDSL o

X{1y=X1

Y{1)=Y1

CU221=1+K2

J=2%1~1

X{I+1)=DLJI+XR

Y{I+1Y=0D(Je1)+YR

IF (L.FQ.0} GO 1O 28

SUMA=0.

PO28I=1+K2

XX=X{1+1)=-X{I)

YY=Y(I)eY(I+}L)
SUMA=SUMA+YY®XX/2.D0

STREAM LENGTH AND DRAINAGEL CALCULATCN. TAKE SVERY 10 POINTS.
Ke=1(

KT =KZ

I =KZ/KPEKP

IF (K2.GT.KI) KF=KI+KpP

SUM=L.

00 30 I=1,KF.xP

K=1

J=1+KP

IF (J.GT.K2) J=K2

IF (1.GT.K2) K=[-KP

XX=X{J)=X(K)

YY=Y{(J)-YIK)

IF (XX EWQ.ZERO) SUM=SUM+CABSI{YY)
IF (XX.EQ.ZEREC) GC TC 30

IF (YYLEQLZERC) SULM=SUN+CABS(XX)
IF {(YY.EQ.ZERD) GO TO 30
SUM=SUM+DSQRTIXX®XX+YY*YY)

IF (J.EQ.K2) KLAST=1

CONTINUE

X1=x{K2+1}

Y1=Y{K2+])}

CURL AND CORA ARE USED FGR THF LAST PCINT CORRECTICN FOR CONTOURS.
CLOSE IS USED TO CLOSE THE CUNTCUR AREA ONLY, ACLCSE IS FOR UTHER AREAS.
CORL=DSQRT({XXEXX+YY*YY]
CORAS{YL+Y{K2)IR(XI-X(K2)) /2.
CLOSE=(YO+#Y(K2) )% {X0~-X{K2)) /2.
ACLUSE={YO+YL)®(X0~X1)/2.

RETUKN

D

FUNCTION INTF(ID}
DATA IBLK/ZZICCCCCC40/
DATA KF/ZCCCCCCFU/
K=}

INTF=0

0 1C I=1,4

J=5~1

ki=C

CALL SPOT (J,1D44,KD)
IF (KD.FULIRLK)Y GO TO 10
[NTFSINTF#K® (KD-KF)
K=K#10

CONTINUE

i TURN

END

SUBRUUTINE SPCT (NsA,V,.B)
LOUGICAL®L XL{4),YL(4)
TOUIVALENCE (X,XL),(Y,YL)
X=A
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€005 Y=8

ao0ns YL{M)=XL(N)
coor B=Y

coos RETURN

C009y END

Sample Output for MAPCAL Program

00020001 STREAM LuNGTH
BERKRERRSRREEE SR ERLRELEE

STREAM L:zNGIH FOR MAP NO. 2 = 0.3727661E 03

00020002 2¢RIMETER ARLA
EEERBERE KRR KRR LERE TR NE

BASIN PZRIMZTER = C.583247T6E 03 BASIN AREA FOR MAp NO. 2 =

00020003 ZoOHTIUR
AR K R R e R

CONTUUR  1CU ASSIGHID AS CONTCUR NO. 11 FCR MAP NO. 2

CONTOUR PCRIMET:R CCNTUUR AREA

1 0e39628208E 02 0.2206709F 02

Ce33628282 02 0.2206709E 02

CONTOULR  BCG ASSIGNED AS CONTCUR NG. 12 FCR MAP NO. 2

CONTOUR PERIMETER CONTUUR ARCA

i e 75688908 g2 0.1330507& 03
2 J.20894 L HE 02 0.1135573F 02
3 Ce12606c1E G2 0.8390717€ 01
Jel111893E 03 0.1527972£ 03
00020004007 DeNSITY
223322222 222222 222 2
MAP = DIAINAGE DENSITY 400 SQ. MILE AREA = 0.35631417 00 _
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Appendix 2
WAVE ANALYSIS

In order to make the detailed wave regime analyses described in this report
feasible, a FORTRAN IV computer program and data reduction procedures had to be
designed. An original computer program by Dobson (1967) was modified by the addi-
tion of several subroutines to satisfy the requirements of this study. In its
original form, Dobson's routine computed only the effects of ordinary refraction
and shoaling on wave direction, celerity, and height over a changing bottom con-
figuration, given deep-water wave characteristics and gridded depth data input in
card form.

In the modified version, ungridded depth data are input from magnetic tape
on which the x and y coordinates at 0.0l-inch intervals along each depth contour
are stored, together with the depth value (in feet), by tracing the contours
directly from hydrographic charts. A CALMA Model 300 electronic digitizer is used.
An interpolation routine in the program then converts these data into gridded form,
the grid size being optional and selected on the basis of the intricacy of the
bottom. Hindcast deep-water wave period (T) in seconds, height (H) in feet,
direction, and initial (deep-water) coordinates of each ray are input in card form.

The change in wave direction, celerity, and length caused by refraction and
the change in wave height because of shoaling are computed by Dobson's (1967)

original routines. Dobson (1967) has fully described and discussed the calculations,

which are based on conventional linear wave theory. Wave theory and the theory of
wave refraction may also be found in Weigel (1964). The FORTRAN IV program listing
in this appendix may be referred to for the actual calculation procedures.

Wave height, energy, and power depend not only upon the degree of wave
refraction and shoaling but also upon the amount of energy expended by frictional
interaction between the bottom and the shoaling wave. The equations derived by
Bretschneider (1954) and Bretschneider and Reid (1954) are used to compute the
dissipation of energy and consequent reduction in wave height caused by bottom
friction. At each increment, j, along the ray (the step length is optionally
specified) the mean wave height, Hj, is computed as a function of the wave height
at the previous interval, Hj-1, change in shoaling coefficient, Ks, refraction
coefficient, Kr, and frictional attenuation by the following:

= 2 4
Hj Hmj/([f Hmj $ (Ax)j/Ksj TV + 1)

in which Hm, = H +Q./2
3 j-1 J/
Ks, Kr,
where R, = H‘-l *E‘L—‘ E”l_" H
J J sj—l rj—l

f is a constant friction factor, the value of which depends on, among other things,
bottom roughness, (Ax) is the linear distance along the ray between points j and
j-1, and
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64 Ks,
]

3 g2 sinh 27d/1

where g is the acceleration of gravity, d is the water depth, and L is the wave
length.

Wave characteristics are determined at each interval. From these the follow-

ing additional parameters are computed:

Wave steepness, H/L, the ratio of height to length;

Wave energy, E, from

E =y HZL/8
where y is the unit weight of water;

Longshore energy, EQ,

Eg = E sin 8 cos ©

where 6 is the angle between the wave orthogonal and the normal to the
bottom contour;

Wave power, P,
2
P=vyHC /8
v 24

where Cg is the group velocity of the wave train given by

4md /1. >

Cg =lzc (l * oinh 4nd/L

where C is the phase velocity;

Longshore wave power, P_, is given by

L

P2 = P sin 6 cos 0.

All values are output at each increment along each ray as indicated by the

sample output following the program listing. In addition, bottom contours and wave
rays are plotted automatically by a CALCOMP plotter. From this output the monthly
and annual wave climate parameters (weighted values) are calculated; a Wang 700
programmable calculator is used.

A listing and a sample output of the program just described follow.
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0001
0002

c003
0004
0005
0006
0007
cQos
€no9
0010
0011
0012
0013
C014

0015

0Gle
0n17

cols8
co19

0020

0021

3022
0023
0024
0025
5026
0027
0028
oc29
0030
0031
cn32

[alelsNaNsisEaReNeNaNeNalale el

FORTRAN 1V LISTING FOR NAVE PROGRAM
(Modified after Dobson, 1967)

MI = MAX. VALUE FOR [ SUBSCRIPT, NOW FIGURED IN PROGRAM

MJ = MAX. VALUE FOR J SUBSCRIPT, NOW FIGURED IN PROGRAM
XMAX, YMAX = DIMENSIONS OF AREA DIGITIZED

IGRCON = GRID UNIT IDENTIFER. 1 = FEET. 2 = MILES. 3 = METRES.
LIMNPT = MAX. NUMBER OF RAY COMPUTATION POINTS. (I5}).

NPRINT = FREQUENCY OF PRINTED OUTPUT FOR EACH RAY. (I5).

GRID = NUMBER OF GRID UNITS PER GRID DIVISION. (Fl0.5)

NOW FIGURED IN PROGRAM

DCON = MULTIPLIER TO CONVERT DEPTH UNITS TO FEET. (F1l0.5}).
DELTAS = MINIMUM STEP LENGTH ALONG RAY IN SHALLOW WATER. (F10.
GRINC = STEP LENGTH ALONG RAY IN DEEP WATER. (F10.5).

FMT = FORMAT FOR DEPTH DATA. (EG. (10F8.3}). (2A6).

10PT = 1,IF PRINT OF DEPTH ARRAY IS WANTED

0,0THERWISE
oo CONDITIONS FOR MARK [l. MI .GE. MJ AND LIMNPT .GE. 500.

REAL*8 IFEET,IMILES,IMETRE,IGCON
C OMMON IPT(200), D(12V+E(6)+81+4B2,C0+»CXY+DCDHyDCON,DELTAS,DRC,
+DTGR1DXY sGRINC s HO o IGO JGO s LIMNPT g NPRINT yNP Ty PHX s PHY ¢ RCCORHSRK,y
«SIGySKsTOP, VWL ¢WLO,THETA(200) ,ET{200)EL(200),STEEP(200),CG(2001},
« PLIZ200) +PL200),IDIR(200) WX{200)4WY{200),FACTOR,IWRT,DTHETA{200)
COMMON/COMPLT/ XPLT(500) 4 YPLT {500} 4SCAFAC
COMMON /NEWH/ SKPREV.RKPREV HPREV¢DSoHNEW, T
COMMON /RAYNUM/ NORAY
DIMENSION TITLU18),FMT(18), DATA(1024)

51 FORMAT{2F10.2+315,3F10.5,F5.0,15)
COMMON /KOUNT/ DEPCNT
DIMENSIUN DEP(10000}

52 FORMAT(18A4)

56 FORMAT(IS)

58 FORMAT{({IS5, 2F10.2)

59 FORMAT(3F6,2)

60 FORMAT({1HL,4)1HWAVE REFRACTION BY METHOD OF R«S. DOBSON,//51H CIVIL
JENGINEERING DEPARTMENT, STANFORD UNIVERSITY.///)

61 FORMAT(1H1,18A4/8H SET NO.,13,10H, PERIOD =,F7.2,TH SECS.y,8H RAY
INUe 9135 13Hy TIME STEP =,F8.4,6HSECS.//1H ,SHPOINT,5Xs1HX,8Xy1HY,

2 6X 3 5HANGLE ¢ 5X 9 SHDEPTHe3X s THMAX DIF s 4X 9 3HF IT 95X, 6HLENGTH, 4X  SHSPEE
3D 45Xy 6HHE IGHT 4 5%y 2ZHKR 48X 9 2HKS y 4 Xy 4HNEWH/ /1H 415,3F9.1,28X,3F9,2}

62 FORMAT(39HO ALL SETS COMPLETED, NUMBER OF SETS =,14})

63 FORMAT({1HO,5X, 2IHPROGRAMME PARAMETERS.//25H GRID LIMITS, ABSCISSA
e =914,12H, ORDINATE =4f4,1H./27H PRINTED OUTPUT INTERVAL =,14,8H
SPOINTS./19H GRID SIZE, UNIT =,F7.3,1XsA6,1H./31H DEEP WATER INCR
+EMENTAL STEP =4FT7.3412H GRID UNITS./49H DEPTH CONVERSION, DEPI(I,J
«) TO FEET, MULTIPLY BY,F6.3)

64 FORMAT( LHO, 4SHPROGRAMME STOPPED, MI QR MJ GREATER THAN 100.)

65 FORMAT( LIHO, 62HPROGRAMME STOPPED, MI LESS THAN MJ OR LIMNPT GREATER
« THAN 500.)

DATA IFEET,)IMILES,IMETRE/4HFEET,5HMILES y6HMETRES/
oo READ BASIC DATA
READ{S, 511 XMAX,YMAX, IGRCUNy L IMNPT  NPRINT, DCUN,DELTAS,GRINC,

1 DEPMAX, I0PT
DEPCNT=DEPMAX-10.
CALL GETDEP (DEP,M,N,GRIDyXMAX, YMAX,IOPT)

TWRT=1

MI=M

MJ=N

RHS = MI

RHS = RHS-1.5
TGP = MJ

TGP = TOP-1.5

UNIT = GRID
FACTOR=GRID

109

12
13
14
i5

16
17
i8
19
20
21
22
24

25

28
30
31
32

34




3033
D34
CO3s
NaRée
orzT
(e300 %]
0033
GO40
CC41
0042
0343
G044
Cl&45
Ch4s
coa7
Qan
D49
050
c051

0052
0653
0054
c055
0050
ans7
058
0059
CcCoO
0Cel
0062
cC63
CO6%
0065
0066
(067
0068
0069
0Cc70
6C71
o072
cQor3
0074
0075
co76
cory

0078
0078
0080
cO8l
0CR2
0083
0084
0085
0086
co87y
coRg
0089
0090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100
0101

>0 TQ ti6eLf918)y IGRCON

1e 16CuN = IFEET
Gy TG 19

17 GRID = GRID*6ORC.27
IGCaN = IMILES
Gu T 19

18 GRIO = GRID%*3.,281
[6CON = IMETRE

19 CONTINUE
WRITE(6,60)

WRITF(A,63) MI;MIyNPRINT,UNIT,[GCON, GRINC,DCUON

IF (M1 JLT. MJ JURe LIMNPT .GT.

XMI = MI-1

Yild = Mi-1

SCAFAC = 10./YMJ

XMI = XMI*SCAFAC
NUXZAMAX1(11.0, XMI+1.5)
XML = XMI+e,

CALL PLOTSIDATA(L), 1024)

cee READ WAVE DATA
READ(5,56) NOSETS
DO 120 NOSET=1,NUSETS
READ(5,52) TITL
READ(S5,58) NORAYS, T, HO
DO 130 I=1,NOX
XPLT(T) = I-1

130 YPLT(I) = 0.

500) GC TO 11

CALL SYMBOL{O0.21404+0.21+TITL,90.,55)

CALL PLOT(1.40.9-3)
XPLTINDX+1) =0,
YPLTINOX+1)=0.
XPLT{NOX+2)=1.
YPLT{NOX+2)=1.

CALL LINE(XPLT YPLT,NOXy»l,—1s 3)

XPLT(12)=0.
YPLT{12)=0.
XPLT(13)=1.
YPLT(13)=1.

CALL LINE(YPLT XPLT411s15-1, 3)

SIG = 6.28318531/7
CO = 5.1204062%7

Wi = CO=*T
DRC = WLO*0.6
GRINC/CO

o
=
@
x

i H

UNIT = DTGR=GRID
DO 110 NORAY = 1,NORAYS

READ{S5+59) X1,Y1,A
Y=Y1/FACTOR
X=X1/FACTOR

NPT = 1
NDS=GRINC
CXy = CO
Wl = WLO
HPREV=HO
B8l = 1.
B2 = 1.
RK = 1.
SK = 1.
RKPREV=1.
SKPREV=1.
Al=450.~A

IF {A1.GT.360.) Al=A1-360.
WRITE(6,61) 7[TL,NDSETvTpNORAYvUNITvNPT:XlrYlvAlvHLOvCO,HO

XPLT{1) = X*SCAFAC
YPLT{1} = Y*SCAFAC

CALL RAYCON(XsYsAyDEP+M,N)

NPT = NPT-1
RAYNU = NORAY
XRAYNO = XPLT{1)-0.1

CALL NUMBER{XRAYNO,YPLT{1)40.14,RAYNOyQ.,~1)

110

89

90

92
93

95
96
97

99

100
101

102
103
104
105

107
108

110
111
112
113



ol1ce XPLT{NPT+1)=0.
0103 YPLT(NPT+1)=0,
N104 XPLT(NPT+2)=1.
Q1065 YPLT(WPT+21=1.
10 CALL LINE{XPLT  YPLT NPT,1,404L)
aln7 110 CONTINUE 115
o108 CALL PLOT{XMI,C.y=3) . ; 116
croe 120 CONTINUE 118
0110 CALL PLOT {C.y0,,0999)
C1ll WRITE(6,62) NOSETS 119
o1li2 G Ty 12 120
&8 B IR 10 wkITE{6,64) 121
Ill4 GLoTO12 122
c11s 11 «kITE(o,65) 123
Clie 12 STGP
3117 [ 125
000t SUBRUUTINE RAYCON( XY ¢AyDEPyMyN) 127
onne C OMMUN 1PT{2CC), NDLL2)+EU6) yBLyB2yCOsCXYyDCDHyDCUONGDELTASyDRCy 21
JOTGR $DXY gy GRINC yHO y [GG 1 JGOs LIMNPT ¢ NPRINT GNP T, PHX, PHY sRCCU,RHS, RKy g
WS 165Ky TOPYV ywl ywb Uy THETA{200) ,ET{2C0)4£L(200),STEFP(2001,CG(2001},
. PLUZO0Y s PL200) f1DTRI200) yWX{200) yWY{200) ,FACTOR, EWRT,OTHETA{200)
neo3 CUMMUMN/CUMA/XP ,,YP 131
CoCs COMMONJCOMPLT/ XPLTL{500),YPLT{500) ,SCAFAC 132
nens CUMMON /KLUNT/ DEPCONT
[OISEAR) DIMENSION DEP{MIN)
cany REALER [1,C2
Chas DATA C14C2/0.0174532925,57,29577951/
crna 5 IND=2
ooLrn ISw=n .
[SIAN ANG = A ‘ 133
uN12 A = A%(1 134
GhL3 o= W 135
[ R0 160 = 1 136
[ARSD Y CusSAa = COSLA) 137
0510 S5INA = SIN{A) 138
Ne17 10 PX = X 139
s} ) Y = Y 140
0n1a 101 AX= CUSARGRINC+X
pyas YY= SINA®GRINC+Y
a2l CALL DEPTH (XX YYDEP My N}
0022 IF {NPTW.NELL) GO TO 5C0
o023 400 NWRITE = 1 144
0324 =XX
[E30 0 0] Y=YY
G126 I+ (DXY JLE. O.) GO TO 22 145
anz7 IF (DXY LY. DRC) GO TO 11 C 146
coen NPT = NPT+] 147
cuze XPLTINPT) = X*SCAFAC 148
0030 YPLTINPTY = Y%SCAFAL 149
N3l CALL FRICTN
G332 CALL ENERGY {A,H)
¢n33 CALL WRITER (X, YsANGsHeNWRITE,IND)
0034 50 10 (10,11423), 16O 151
235 I1 X = PXx 152
0334 Y = PY 153
037 CALL CURVE(X Y A FKyDEP,M,N)
0nN3a 12 NPT = NPT 155
0039 NWRITE = 1 156
Ca4d CALL REFRAC{XyYsAsFE, INDFXDEP My N)
004l GOOTD (194,27,214922425), INDEX
0042 20 NWRITF = 2 158
0043 su Td 19 159
044 21 NWRITE = 3 160
004> Giy TY 19 161
CN4as 22 NWRITE = 4 162
Coa7 GO T 13 163
Co4R 25 NWRITE = 7 164
0246 19 CALL HEISHTIXP,YPsAWH) 165
0a%0 XPLT{NPT) = X%SCAFAC 166
nosl YPLT(NPT) = Y*SLAFAC 167

111




052
G053
cN54
D55

a056
0057
CGC58
0%50Q
GG60
o6l
2062
Qo3
D64
0065
566
0067
CCHR
0369
Go7Q
2071
covr2
Q73
0074
0375
Q076
anTT
anTs
09279
CO5B0
D0R1
03z
Q0Aa3

2001
00Nz

Gun3
0004
c0as
G005
Qco7
ceon
£a09
co10
0011
oci2
G013
o0l4
nn1s
0016
col7
ool
(13 )
coz2e
onzi
ona2z
0023
nNN24
a2y
0NC2e
0027
0e23
G029
ca3n
[
cN3z
[ADEE

IF (NPT .GT. LIMNPT) NWRITE = 6

IF (X .5F. RHS DR, X JLE. L.5) NWRITE
IF (Y JGE. TOP LOR. Y +LE. 1.5} NWRITE
[F (NWRITE .GT. 1) GO TO 13

IF (PT/NPRINTHNPRINT-NPT .NE. 0) GO TO 14

13 ANG = AX(2
CALL ENERGY {(A,H}
CALL wWRITER [XsY ANGoH NWRITEZIND)
14 60 TO (104129230, 16O

23 RETURN

500 TEST=ARS(DXY-DEPCNT)
IF (TEST.LE.1.0) GO TO 510
IF {ISA.EQ.1) GO TO 505
IF (DXY.LT.DEPCNT) GO TO 505

502 OXYSv=DXY
GrSV=GRINC
GRINC=GRINC*Z2,
G4 TN 101

5C5 IF (DXY=-DXYSV.EQ.O0.) GO TO 502
[Sw=1
SLEP=LDXY-DXYSV)I/ (GRINC~GRS V)
DXYSV=DXY
GRSV=GRINC
GRINC=GRINC + (DEPCNT-DXY)/SLOP
G T 101

510 IF {DxY.LT.DRC) GO TG 400
IF (DFPCNTLLEL10.) DEPCNT=DEPCNT~-1.
IF (DEPCNT.GE.20.) DERCNT=DEPCNT-10.
DXYSV=DXY
GRSvV=0D
GO TO 400
END

SUBRIUTINE REFRACUX Y JAFKyINDEX 4DEP»MoN)

COMAIN IPTL200), D{12)4E(6),31,32,C0,LXY,DCOHyDCON,DELTAS, DRC,
CUTGR $DXY s GRINC ¢HO s IGL v JGU LIMNPT g NPRINT ¢ NPT, PHX, PHY y RCCO s RHSy RK,y
CSIGeSKy TP, VWl ¢WLO,THETA(200) 4ET{200),EL{200)STEEP(200),CG(2001),
. PLE200IyPI200) 4 IDIRE200) yWX(200) «WY(200),FACTOR, [4RT,DTHETAL200)
COMMIAN /NEWH/ SKPREV RKPREV 4HPREV ¢DS yHNEW, T

COMMUN /KOUNT/ DEPCNT
DIMENSTION DEPIM,N)
NCUR = 1
17S=9
1 SWaK=0
ISw=0
5 GU TU (11s12+10), IGD
11 FKM FK
1GO 2
12 DS = CXY=*DTGR
IF (DS.GF.0ELTAS)Y G0 TO 14
INDEX=%
RETURN
14 RESMAX = 0,00005/DS
13 DO 110 I=1,20
NELA = FKMxDS

HoH

AAd = A+DELA

AM = DNELA%0.S5+A
XX = (DS{AMY%)DS5+X
YY = SIN{AM)*DS+Y

CALL CURVE(XX,YYsAAFKK,DEP,M,N}
54U T 500
400 CALL CURVZIXX,YYsAA,FKK,DEP 4 MyN)
[F (MXY.6T.0e) GU TO (111y 16}, NCUR
INDEX=4
RETURN
111 FKM = (FK4FKK)*0.5
IF (I LEQ. 1) GG 7O 110
I[F (RESMAX .GT. AGS{FKP-FKM)} GO TO 16
It (I JE3. 1R) FK1I8 = FKM

112

o0

wn

168
169
170
171

172
173

175
176

21
181

183

185
186
187

189
190
191
192
193
194
195

199
200
201
202



co71

coTs

cocl
coo2

ca03
000CY
ccos5
0006
0oc7
acaor
0009
Q010
0011
o012
oC1l3
cecle
oC15
0016
0017
coL8
cnLe
coz2e
ce21

110

15

16

s ]

10

500

502

505

510

11

10

FKP = FKM

IF (RESMAX .GT. ABS(FK18-FKM)} GO TO 15
INDEX=3

RETURN

FKM = (FKM+FK18)%0,5

NCUR = 2

A

FK = FKK

IF {NCUR-2} 10, 9, 10
INDEX=2

RETURN

INDEX=1

RETURN

IF {ISWOK.EQ.1l) GO TO 400
TEST=ABS{DXY-DEPCNT}
[T8S=11S+1

IF {TEST.LE..10) GO TO 510
IF (ITS.GE.30) GO TO 510
[F (ISW.EQ.1} GO TO 505

I[F (DXY.LT.DEPCNT) GO TO 505
DXYSV=DXY

DTSV=DTGR

DTIGR=DTGR*2.

G0 YO 5

IF {(DXYSV-DXY.EQ.0.) GO TO 502
ISw=1

SLOP={DXY=-DXYSV)/(DTGR~-DTSV)
DXYSV=0DXY

DTSV=DTGR

NDTGR=DTGR + {(DEPCNT-DXY) / SLOP

cU TO 5

IF {(DEPCNT.LE.10.)DEPCNT=DEPCNT~1.
IF (DEPCNT.GE.2D.) DEPCNT=DEPCNT-10.
I SWOK=1

DXYSV=0DXY

DTSv=0

175=0

GO T 400

END

SUBROUTINE CURVE(X,Y, A,FK,DEP,M,N)}

C OMMCN IPT(200), D(12),E(6)4BL+B2,CO+CXY,DCOHyDCON,DELTAS,DRC,
WDTGR G DXY s GRINC ¢HG 3 1GC » JGO, LIMNPT ¢ NPRINT y NPT, PHX s PHY yRCCOyRHS RK,
WSIGSKsTUP VoWl sWL O, THETA(200) yET{(200),ELL200),STEEP(200),CGL 20010,
o PLLZ2CO)+PL200D) 4IDIR(200),WX(200),WY(200),FACTOR, IWRT,DTHETA(200)
COMMUN/CGMA/ XP ,YP

COMMON /KOUNT/ DEPCNT

DIMENSION DEP{M,N)

GO YO (10,11}, IGO

CALL DEPTHIX,YDEP,M,N}
RETURN

ENTRY CURV2{X Y A FKyDEP,MyNI}
IF (DXY*200., .GT. WL} GO TO 10
IF (DXY .LE. 0.) RETURN

JGG = 2

ARG = 32.1725%DXY

CXY = SGRT{ARG)

DCDH = 16.08625/CXY

GO TO 14

CI = CXY

JGO = 1

DO 12C I=1,50
ARG {OXY*SIG)/CH
C Xy CUXTANH(ARG)

H#ok
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206
207
208
209
210
211
212

215

21
219

221

222

224
225
226
227
228
229
230
231
232
233
234
235

eI




0022
0023
0024
Q025
0026
0027
0028
0029
0030
ce31
0032
0033

0001
2002

cCo3
Q004
Coo5
no0ce

o007
coon
0noe
co1ce
0011
o1z
0013
G014
0015
00lé
co17
0018
0019
0320
0c21
coze
223
GO24
nezs
Co2n
o027
RSP
29
[ESETN
0031
0032
0033
0034

0301
[eleTop

cona
0004
€05

RESID = CXxY-Cl
IF (ABS{RESID) .LT. C.001) GO TO 13

120 CI = (CXY+CI)*0.5

13 RCCO = CXY/CO
SCMC = (1.,-RCCO*RCCOI=*SIG
V = SCMCxDXY+RCCO*CXY
DCOH = CXY*SCMC/V

14 PHX = E(41¥2.%xXP+E(5)xYP+E(2])

PHY = E(6)% 2.2 YP+E(S5)*XP+E(3)
FK = (SIN(CAY*¥PHX~COS(A)*PHY ) *DCOH*DCON/CXY
RETURN
END

SUBRNAUTINE DEPTHIX.Y,DEP,M,N)

C OMMON IPT(20C), D{12),E(6)4B1,B24C0,CXY,DCDHyDCON,DELTAS,DRL,
OTGRyOXYyGRINC yHO 9y IGC 4 JOU,LIMNPT g NPRINT yNP Ty PHX ¢ PHY yRCCUsRHS yRKy
eSIGySKyTOP, VWL yWLO,THETA{20C) 4ET(200),EL1200),STEEP(2001,CG(200),
« PLL2C0D)4P(200)4IDIR(200),WX{200)4WY(200) FACTOR,)IWRT4DTHETA(200)

COMMON/COMA/XP,YP

DIMENSION DEP(M,yN)

DIMENSION SXY{12,6}

DATA SXY /0.30861241,0.23684207,0.21770331,
0.23684207,~0.084592823,2%-0.05143541,~0.08492823,0.00598086,2%0,13
D38277,0.00598086,0.05322964,0.,19677030,0.14413872,0.10586122,0.09
.03110C,-0.06758374+y-0.03349283,0.03349282,~0.18241626,~0.34031099,
«~0+12440190,0.12440190,0.,0532296440.1058612240.14413872,0.19677030
«1G6+03349282,-0.03349283,~-0.06758374,0.09031099,0.12440190,~0.12440
+1914-0.34031099,-0.1B241625,4%~0.12499998,+2%0,125,2%0,,2%0,1249999
Gy 2%=0,4,0.,05263157,~0.05263157,0.05263158,~0.,05263157,-C.15789473,
W2%0,157894T4,2%~0415789473,2%0,15789473,-0.15789473,4%~0.12499998,
2%0 09 2%0,12542%-0,.42%0.,12499999/

I = X+1.

J = Y+l.

XP = AMOD{X,1.)

YP = AMUD(Y, 1.}

IF (NPT JFQ. 1) GO TC 11

IF (1P WnE. 1) GO TO LD

IF (JP LEQ. J) GO TO 14

Ip =1

P =

DE1) = DEP{L,4d}
0(2) = DEPUI+1,U)
D(3}) = DEP(I+1,J+1)
D(4) = DEP(T,J+1)
D51 = DEP(I+2,J)
O(6) = DEP{I+2,J+1)
DIT) = DEPLI+1,J+2)
WH) = DEP(I,J+2)
D) = DEP{I-1,J+1)
D10 = DEPLI-1,4)
DIELL)Y = DEP(I,yJ=-11)
ull2y = DEP(I+1,J-1}
NOLIC K=1,40

E(K) = 0.

DO 110 L=1,12

110 E(K) = E(KI+D{LI%SXY{LyK)

14

DXY = (ECL) #E(21xXP+E(B)RYP+E(4) R XPRXPH+E(S)IRXPHYP+E(6)*YP*YP)%DCON

RETURN
END

HETGHT (X, Y A H)

i IPT(200), DU1214E{6)+81+82yCO4CXY,DCDH,DCON,DELTAS,DRC,
DTGH G UXY 2y GRINC yHI 9 IGU s JGOPLIMNPT s NPRINT g NPTy PHX 3 PHY yRCCUyRHSyRK
SIGySKyTUP VWL ¢y WL Gy THETA{200) 4ET{200),EL{200),STEEP(200),
LOMLL2000), PLI200),DM2{200},IDIRE20D0C) ,WX{200) 4WwY(200),FACTUR, IWRT,
. DTHFTA(200)

CUMMUM /NFWH/ SKPREV,RKPREV yHPREV DS HNEwW, T

SKPREV=SK

RKPREV=RK

114

236
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243
244
245
246
247

21
251

253
254

256
257
258
259
260
261
262
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264
265
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269
270
271
272
273
274
275
276
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279
280
281
282
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284
285
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287
288
289
290
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JGH6
0de7
CO0R
Go09
0010
0011
0012
0G1L3
00L4
ColLs
nolo
Q017
notis
cCla
o020
€021
0022
Q023

0074
anes
0026
€027
noza
0029
0030
0031
0032

0001
0co2

cons3
0004
acos
acoe6
oeoT
aoes
0009
octo
Gol1
0012
CGl13
0014
o0Ls
CC16
covr7
coie
0l9
cgze
cozi
G022

2001
ove2

£n03
0004
1905
0006

wL = WLU%RCLO

GN = 12.5663706144%DXY/HL
CG = (1.+GN/SINHIGM) ) *CXY
SK = SQRT(CT/CG)

IF {C6 JLT. D4} RETURN

RK = ABS{1./82}

K = SJIRT(RK)

H = A0%SK®RK
60 TG (1L.12), JGO

11 U = ~2.%SIG*RCCU*CXY/ (V%V)
Gu TO 10
2 U = —0.5/DXY
U = U*LDLON
DCOH = DCDH*DCON
CUGSA = COS(A)
SINA = SIN(A)
P = —{COSA%PHX+SINA*PHY )} *DCOH*DTGR*2.
D = ((F14)%2 . ¢USPHXRPHX Y RSINARSTINA~(ELS I +UXPHXERPHY } %2  #SINARCOSA
. +{E(0) %2, +UsPHYEPHY ) #CISA*CUSA) *DCOH*CXYXDTGR*DTGR*2,
33 = ([P-2,1%81+({4.-Q)xB2)/{P+2.)
3l = B2
32 = 83

WRITE (64100C) SINAZCOSA,PHX PHY DCNH, DTGRP LE(4)
ARITE [56,1000) UsE(S)1E(6)4CXY,0Q,83,B1,82

1000 FURMAT (1X,3E14.6)

CALL FRICTN
RETUKRM
END

SUBROUTINE ERRORIFIT,DIFMAX)

C CMAUN IPT(200), DIU12}4E(6)4+81,82,C0,CXY,DCDH,DCON,DELTAS,DRC,
WJOTGR P DOXY 3 GRINC ¢ HOy IGO s JGOyLIMNPT ¢ NPRINT yNPT, PHXyPHY s RCCORHS s RKy
WSIG,SKTOP, VWl yWL0, THETA({200) yET(200),ELL200)ySTEEP{200},CG1200),
. PLI200) 4 PL200),IDIR{200),WX(200) ,wY(200) +FACTOR, INRT,DTHETA(200}

DIMENSIUN DP{4)

IF (NPT JLT. 3) GO TG L1

IF {EP .EQ. E{5)) GO TO 12

11 bP(l) = E(1)
DP(2) = E(LI+EL2)I+E(4)
DPE3) = ELLI+E(21+E(3I+EL4) +ELS)I+EL6)
DPla) = ECLI+EL3)+E(6)
DIFHMAY = O.
SUM = 0.

DO 110 I=1l,4
DIF = ABS{O{I)-DP(I))
DIFMAY = AMAXLI{DIF,DIFMAY)

110 SuM = DIF*DIF+SuUM

DIFMAY = DIFMAY*DCON

SUM = SUM=*0.33333333
FIT = SQRT(SUM)
EP = E(5)
12 DIFMAX = DIFMAY/DXY=*100.
KETUAN
END

SURBRIUTINE WRITER {X1yYLlsANG,HyNWRITEIND])

COMMUN IPT(200)y Ul12)4E(6),81,82,C0,CXY,DCOH,DCON,DELTASyORC,
JOTGR o DXY 3y GRINC yHOy IGUy JGO e LIMNPT g NPRINT ¢NPTy PHX s PHY y RCCO,RHSyRK,
LSIGSKyTOP, VWL yWLU, THETA(200) sET(2G0) ,BL(200),STEEP[200),CG(2001},
. PL{200),PL200),IDIR(200) 4WX{200) 4WY{200)+FACTOR, [WRT,DTHETA{200)
COMMON /NEWH/ SKPREV,RKPREV HPREV DSyHNEW, T

CALL ERROR(FIT,DIFMAX)

A =450, - ANG

IF (A .GT.360.) A =A -360.
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21
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350
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0007
0008
0009
0010
0011
co12
0013
0014
0015
00le
co17
0018
0019
ooz2¢c
0021
0n22
0023
G224
noz2s5
n026
0027
0028
0029
€030
0031
0032
c0n33

0034
0035
003e
0037
0038

0039
0040
0n4l
042
0043

0044
0045
Gab

5001
0002

(203
CO04
Co0s
0006
2007
coes
ooy

[ s

o1l
o2
0013
0014
0015
colo

[aNeNe]

mDOao

X=X1 * FACTOR - FACTOR
Y=Yl % FACTOR - FACTOR
IF (IND.EQ.L) GO TO 10
WX{ IWRT =X
WY{ IWRT }=Y
IPT{IWRT)=NPT
[WRT=IWRT + 1
10 WRITE (6,62) NPTyXyYsA yDXY DIFMAX FIToWL sCXY yHyRK9SKyHNEW
62 FORMAT (1H ¢15,3F9.1,F11.2,FB8.2,4F9.2,2F10.4,4F9.2)}
GO TO (114204521422+23+24925)» NWRITE
20 WRITE(6,61) NPT
61 FORMAT{29H CURVATURE AVERAGED AT POINT, I4)
GU T3 11
21 ARITEL6,63)
CALL WRITE2
WRITE(6,63)
63 FURMAT{1H ,42HRAY STUPPED, NU CONVERGENCE FOR CURVATURE.)
GO TO 12
22 ARITE(6964) XsY
CALL WRITE2
WRITE(6+64) XpY
64 FORMAT{1H ,32HRAY STOPPED, REACHED SHORE. X =,FT7.2,6H, Y =,F7,2)
GO TO 12
23 WRITE(6,465) XyY
CALL wWRITEZ2
WRITE(6+465) XY
65 FORMAT{1H ,35HRAY STCPPED, REACHED BOUNDARY. X =,FT7.246H, Y =
FT7.2)
GO TO 12
24 HRITE(64066) LIMNPT,X,Y
CALL WRITEZ
WRITE(bL,66) LIMNPT,X,Y
66 FURMAT({1H ,55HRAY STUPPED, NUMBER OF POINTS EXCEEDS MAXIMUM. LIMI
T =,14,13H POINTS. X =,FT7.2,6H, Y =,FT7.2}
GO TO 12
25 WRITE(64,67) DELTAS XY
CALL wWRITEZ
WRITE(6,67) DELTASy Xy Y
67 FORMAT(IH ,S5IHRAY STOPPED, INCREMENT DISTANCE ALONG RAY LESS THAN,
FE.3,17TH GRID UNITS. X =,F7.246Hs Y =,FT7.2)
12 160 = 3
11 RETURN
END

SUBRUUTINE GETDEP{DEP sMy,N,GRIDyXMAX,YMAX,I0PT)

C OMMON IPT(200), D(12)4,£(6),81,82+C0,CXY,DCDH,DCONyDELTAS,DRC,
DTGR yDXY 3 GRINCsHO, IGUy JGU,LIMNPT ¢ NPRINT NPT, PHXyPHY ;RCCOsRHSyRK 4
cSIGySK,TOPy Vb sWLU,THETA(200) ,ET(200),ELL200),STEEP{200),CG{200),
e PLL202)sPL200),IDIRI200) yWXL20C) yAY(200) 4 FACTORy IWRT,DTHETA{200)

COMMUN /NEW/ NTIT(18) yNEWCONXLIM

DIMENSTON NDATA{251),CO0RDSI251)

OIMENSTON TA(4)

DIMENSION DEP(1CCCQO)

DATA 1TWD3K /4H /
FGQUIVALENCE(COURDS (1) NDATALLY))
NEWCON=1

w&% READ TAPE FRUM DIGITIZER (TAPE IS BINARY)
READ (1) [CODE, NWCEDS, (NDATA(I),I1=1,NWCRDS)

#%  [CNDE=Q RECBKD IS IDy SCALING, UR COMMENT
ICODE=1 RECCRD IS X AND Y COURDINATES FROM CONTOUUR MAP
NWORDS = NUMBER OF WOKDS IN RECORD
IF (NwDRDS.GT.18) NWORDS=18
N 10 IT=1yNWORDS
10 NTITELI ) =NDATA(T)
IF ((WORDSLEQ. LBY GU TO 15
N 12 I=NWORDS,18
12 NTIT(T)=1wDRK
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co17
col8

cote
€020
0021
o022
nezs3

oC2s
gees
[elsk4d)

co27
0028
0029

co3e
0031

0032

0033
0034

QoCc35
0G3o
o037
0038
0039

CCo&Q
co4l

3001

CoCR
o009
nglLe
coll
0012
co13
col4
0Cl15

[aNal

[aEaNeRaNal

OOV S

<y

OGO OMm

15
20

30

35

40

50

10

*¥%  FILL UEP AXRAY WIIH 1,820 *x=

D1 20 [=1,10000
DEP(I)=1.E20

®%  CUMPUTE SIZE UF GRIU *%

=%  GRID IS SIZE OF GKID INTERVAL
#% # [S NO. OF CULUMNS =

% M IS NU. UF ROWS %%

GRID =SQRTIXMAX®YMAX/10000.)
AM=XMAX/GRID

M=XM

YN=YMAX/GRID

N=YN

#%  FIRST TIME SWITCH %%

ISh=1

READ(1,END=50) ICODE,NWCORDS, {NDATA(I},[=1,NWORDS]}
IF {ISW.EQ.0} GO TG 25

IF (ICODEJ.NE.O) GO TO 30
1 Sw=0
IF {ICODE.NE.O) GO TO 40

#%  UNPACK DEPTH IN COMMENT FROM DIGITIZER TAPE **
CALL UNPACK (NDATA, 1A )
CALL CONVRY ([A,DEPTH)

GO TO 30

CALL BLDDEP (DEP,MyN,NWORDS,COORDS,DEPTH,GRID]}
G3 TO 30

CUNTINUE

CALL PLOT (XLIM+#1.,0.4-3)

IF {JUPT.EQ.1) CALL WRTDEP (DEP,M,N)
CALL INTERPI(DEPyM,N)}

IF {I0PT.EQ.1) CALL WRTDEP (DEPyMsN)}

RETURN
END

SURRUUT INE INTERP {(DsIXs1VY}
*% THIS SUBROUTINE DOES 3-DIMENSIONAL INTERPOLATION %%
%% D = DOUBLE SUBSCRIPTED ARRAY OF FUNCTIONAL VALUES
MUST BE PADDFD WITH NC.'S LARGER THAN 1.E20
IX = N3, DF COLUMNS IN ARRAY
[Y = NOJUF RLWS IN ARRAY

COMMON /KOUNT/ DEPCNT

DIMENSIGN DUIX,IY)

LOGICAL NO1,NOZ,NU3,NO4

DO 30C J=1,1Y

20 3CC I=1,IX

#% [S FUNCTIONAL VALUE AT [.J KNOWN *¥¥
IF (D(I,J).LT.1.E2C) GO TO 300

%% SEARCH FOR KNOWN VALUES ON EACH SIDE OF VALUE WANTED
%%  SEARCH IN NEGATIVE X DIRECTION *¢
N=]-1

[F (N.LT.1) GO TO 20

00 17 K=1,N

NX1=I-K

[D1=D(NX14+J4)/10

Ui=[D1*10

IF (D1.EQ.DINXLsJ}) GO TO 30

CONTINUE
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0016 20 NX1=0

c #% SEARCH IN POSITIVE X DIRECTIGON
0017 30 N=I+1
oQ1s IF (N.GT.IX) GO TO 50
019 DO 49 K=N,IX
Q020 NX2=K
0021 IF (DINX24J).LT.1.E20) GO TO 90
0022 40 CONTINUE
0023 50 NX2=0
C %% [NTERPOLAYION IN X DIRECTYION *%
C *% SEARCH IN NEGATIVE Y DIRECTION *¥
co24 90 N=J=-1
0025 IF (N.LT.1) GO TG 11C
0026 DO 100 K=1,N
0027 NX3=J-K
coz28 101=D(T,NX3}/10
ac29 01=101%10
C030 IF (D1.FQ.DITI,NX3)) GU TO 120
0031 100 CONTINUE
co32 110 NX3=0
C %% SEARCH IN POSITIVE Y DIRECTION
c033 120 nN=J+1
0034 IF (N.GT.IY} GO TO 140
cC35 DO 130 K=N,1Y
0036 NX4=K
0037 IF (D(IyNX4).LT,1.E20) GO TO 150
c038 130 CONTINUE
co39 140 NX4=0
C %% INTERPOLATIUN IN Y DIRECTION *x*
C040 15C IFINXI.EQ .0 ANDNX2EQ.C.ANDJNX3.EQ.O0.AND.NX4.EG.Q) GU TG 300
0041 IF {NX1.EQ.O0.AND.NXZ2.EQ.0Q} GO TO 180
0c4a2 IF (NX3.EQ.0.ANDJNX4.EQ.0) GO TO 170
0043 IF (NXLEQeDeORNX2.EQa0OR.NX3.EQ.0.OR.NX4.EQ.CQ) GO TO 190
QCa4s NXDIS=NX2-NX1
G045 NYDIS=NX4-NX3
C046 IF (NXDIS.LE.NYDIS) GO TO 155
Q04T DUI,J1=D415J-1) + (DUI4NX4)=DUI,NX3))/INX4-NX3)
C048 GO 1O 200
0nas 155 O{14J1=D{I-1s3)+{D(NX24J)~ D(NX1,d}}/INX2=NXL}
0050 GU T3 200
G051 170 IF (NX1.EQ.0) GO 7O 210
0052 IF (NX2,EQ.0) GO T 220
0053 DIL,d1=DLI-14¢d) + {DINX2,J)-DINXL,J}}/INX2~-NX1)
054 G T3 200
0055 180 IF (NX3.EQ.0Y GO TO 230
0056 IF (NX4.,EQ.0) GO TO 240
0057 DEI,J)=D0Tyd-1) + (D{I,4NX4) - DII,NX3))/ (NX4-NX3)
N0SH GO 1O 200
o059 190 NUl=.FALSE.
0CHD NUZ=.FALSE.
00n6l Nulz,FALSE.
D062 NJb=FALSE.
0063 1F (NX1.NELOY NOL=.TRUE.
Coo4 [F {NXZ.NF.C) NO2=.TRUE.
0065 IFf (NX3.NE.OQO) NO3=.TRUE.
0060 IF (NX4.NF.O} NU4=,TRUE.
C IF Twu VALUES FUGUND IN SAME DIRFCTION, INTERPOLATE ALONG THAT AXIS
0067 IF (NO1LLANDGJNOZ2)Y GO TO 155
0068 IF (NU3.AND.NO4) GO TG 180G
C IF Tw0D VALUES FOUND, NOT IN SAME DIREDTIUN, CHOSE VALUE CLOSEST
C TG SURRUUNDING VALUES
005 IF (NOLLANDLNO3)Y GO TO 250
0070 IF (NULLANDWNGS) GC TO 260
0071 IF (NU2.ANDWGNO3) GU TO 27C
cer2 IFINGZ2.ANDWGNGS)Y GO TO 280
c IF UNLY ONE VALUE FOUND USE IT
co73 IF (NCL) DUI1,J)=D{NX1,J)
CO74 [F (NU2Y DUTsd)=NINX2,J)
Q875 TF (NU3SY OUI,d)=DIT,NX3)
onvTe IF (NG4)Y DETed)=D{T,NX4)
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o077
0078
oc79
2030
¢031
08’2
0043
0084
00135
G0R6
0037
0038
CoRa
CG9I0
0nal
0092
0093
0094
0095
0095
co97
0NA9R

Q099
0100
Clo1l
o102
0103

0001
noe2
0C03
0024
0005
006
0027
0Go8
[oRelelt)
0010
N0oll1
nC12
0013
0014
0015
nole
001L7

00C1
00062
2003
0Cna
0Q0%
[selel
0007
0038
cone
oole
6311
N0le
cGC13
ncle
necls
0010
onL?
0018

400

21¢

220

230

240

250

260

270

280

1001

10

30

50

10
50

1¢C

[101=D{I,J10/710

Di=1D1*10
IF(DL.EQ.D(I4J)ID(T,4J)=D(1+4J4)-.001
CONTINUE

DO 400J=1,1Y

20 430 I=1y1X

IF (D{1,4J)eGE.1.F20) D(IyJ)=DEPCNT+i0.
CONTINUE

RETURN

DIL43)=D(NX24J)

Gu TO 200

DETyJ)=DINX1,yJ)

GG TO 200

D(I4J)=DLTsNX4)

GO 10O 200

DI, J1=DCI,NX3)

GO TO 200

CALL CLOSE (NXL,NX3,D,IXy1Y914J)
GO 10O 200

CALL CLOSE (NXT¢NX4yDgIXy1Yslsd)
GG TO 200

CALL CLOSE (NX24NX34DyIXxelY,I,y4)

GO TO 200

CALL CLOUSE (NX2yNX4DyIXy1YyI,yd)
Gu TQ 200

FORMAT (1H ,415,€14.7)

END

SUBRQUTINF CLOSF (11,J14DyMeNyl,J)
DIMENSION D{MyN)

IF (D(I1,J).NE.D(I,J1))GO TD 10
D(I,0)=D(1I1,J}

RETURN

IF (J-1.LE.C} GG TGO 50
VALL=R{T1l,J)-D{i,J=-1)
VAL2=D(1,J1)-DtE,0-1)

IF (A8S{VALL).GTL.ABS(VAL2)) GC TO 40
DIL,J)=0(11,4)

RETURN

DI, J)=D(I,J1}

KETURN

VALL1=D(11+3)-D11~1yJ)
VAL2=C(1,JL)-D(I-14J}

Ga TO 30

END

SUBKFIUTINE BLNDEP (DEP,MyNyNWORDS ,COURDS»DEPTH,GKID)

DIMENSTON COORDS(NWORDS)y DEP(M,N)
CONTINUE

LIMIT=NwJRDS-1

DT 10 I=1,LIMIT,2
1Y=COOKDS(1+1)/GRID+1
IXx=CUURDS(I)/GRID+1
YY=CONROS(I+1)/GRID+1
XX=CUORDS(I)/GRID+1

CALL PLTCON {DEP M Ny XX,YY)

IF (IX.GT.M.ORLIY.GT.N) GG TO 50
DEPU{IX,y1Y)=DEPTH

R ETURN

WRITF (6,100) 1Y,COORDS(I+]1)
ARITE (6,100} IX,CCORDS(I1)
FURMAT (1H ,I54E14.7)

GO 7O 10

END
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0001

0002
0003
0004
0005
0006
c007
0008
0009
0010
c0l11

0001
0002
0003
0004
0005
0coé
0007
oooes
[s1e0 )
0010
0011
0012
0013
0014
co15
0016
Q017
0018
0019
€029
00z1
022
ceC23
0024
0025
0026
0027
0ces
co2e
a03c¢
0031

0033
0034
0035
0036
0037

[aNaRaXal

101
102

10
20

25
30

40

50
60

65

SUBROUTINE UNPACK (IALPH, ISEP )

#% THIS SUBROUTIN UNPACKS ALPHA INFORMATION. PUTTING EADH CHARACTER

%% [N A WORD BY ITSELF #%

M=4

DIMENSION ISEP(4)

REWIND 2

WRITE (2,101 )} IALPH

REWIND 2

READ (2,102 ) LISEP(I),I=1,M)}
RETURN

FORMAT (A4)

FORMAT (4Al)

END

SUBROUT INE CONVRT (I1A,DEPTH)
DIMENSION IA{4),INT(4)

DATA [AMP /1HE/

DATA MINUS /1H-/

DATA IBLNK/IH /

DATA MT24/21000000/

DO 10 I=1,4

J=4~1+1

IF (IALJ).NELIBLNK) GO TO 20
CONTINUE

IF (1A(1).EQ.MINUS) ISGN=1
IF (TA(1).NEJMINUS) ISGN=-1
IF (IA(L1).EQ.TAMP) GO TO 65
DO 40 I=1,3

K=J-1+1

IF (TA(K).EQ.MINUS) GO TO 25
INTUL)=1A(K)/MT24

IF CINT(D).LT.0) GO TO 30
IGO=INT(1}/10
INTOII=INTIT}-1GO*10+8

GO TO 40

INT(4)=0

GO TO 60

INTUL)=INTOE)+ 127
INTCD)=INTII)-112

CONTINUE

IF (J.EQ.%) GU TO 5¢C

L=J+1

DU 50 I=Ly4a

INT{I)=0

LAST=ISGN*{INT{1) + INT{2)*10 + INT{3J%100 + INT(4)%1000)
DEPTH=LAST

RETURN

LAST=100

DEPTH=LAST

RETURN

END
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0001
0002
0003
0004
0005
cooe
0007
0003
Qoae
cain
001l
0012
0013
0014
3015
2016
0017
0018
0019
o020
0021
0022
0023
0024
0025
026
oc27

0ce1
60902

0c03
00C4
0005

ccoe
Qo7
oceR

coeg
0c10
cnil
0c12
C013
0014
0015
o016

co17
G018
o019
0020
0021
onz2
0023
0024

N30l
0002

Co03

20

30

40

ago
1000
1cel

100

10

102

20

1C1

SUBRUUTINE WRTDEP{(DEP+MsN)
COMMON /NEW/ NTIT(18}

DIMENSION DEP({M4N)

NSAVC=1

NSAVR=1

NRUW=NSAVR

NROWS=NROW+S

IF (NROW.GT.M) RETURN

IF (NRUWS.GT.M) NRUWS=M
NCOL=NSAVC

NCOLS=NCUL+4S

IF (NCOL.GT.N} GO TO 40

[F (NCOLS.GT.N) NCOLS=N

WRITE (649001 (NTITUID)+I=1,18)
ARITE (641000} (I,I=NROW,NROWS)
D0 30 J=NCOL,.NCOLS

ARITE (64,1CCL) Js(DEP (149J)yI=NROWyNROWS)
CUNTINUE

NSAVL=NCOLS+1

Gu TO 2Z¢C

NSAVC=1

NSAVR=NROWS+1

GO T4 1C

FORMAT (1H1,18A4)

FORMAT {1HO,8X,10(5H COL 413,4X), 4X)
FURMAT {S5H RUW 213,1CF12.444X)
END

SUBROUTINE WRITEZ

CUMMON IPT(Z200)y DUL12)V,E(6)4B1,82,C0yCXYyDCDHyDCON,DELTAS,DRC,
JOTGR yDXY yGRINC yHO s IGG s JGO LI MNPT g NPRINT yNPT, PHX yPHY ¢y RCCU4RHS ) RK
WSIGsSKeTOPs VLl ywLOs THETA(200) 4ET(200),EL{200),STEEP{200),06(200),
. PLI200),PL200)4IDIK(200) 4wX(2C0) WY{200),FACTOR,y IwRT,DTHETAL200)
COMMoN /RAYNUM/ NORAY

WRITE (6,100}

FORMAT (LHL )SHPOINT 25X LHX 38X LHY 45X ¢ 4HIDIRy 3X,SHTHETA, 3X,

1 6HDTHETA,OX y2HET 412X 2HEL 49Xy SHSTEEPy 12Xy 2HCG 912X, 2HPL 413X, 1HP//
2}

K=lwrT-1

DO 16 I=1,K

ARITF (64101) IPTUI ) wWXUL),wYUI)JIDIRUL)THETALL) JDTHETALTL],

1 ETUL)LELUL ) oSTEEP(T)COLI),PLUTIYPLD)

1Ff (NUKAY.EQ.1) GO TO 20

PDIF=PPREV-P(K~1)

PLDIF=PLPRFY - PL{K~-1)}

DIS=SWXT ((XPREV-WX{K-1))*%x2 + (YPREV - WY(K=1}}**2}

PG=PDIF/DIS

PLG=PLUIF/DIS

WRITE (6,102} PGyPLG,DIS

FORMAT (LHO, 1 THPOWER GRADIENT = ,£15.6,28H LONGSHURE POWER GRADIEN
1T = 4F15.647H DIS = ,E15.6)

PPREV=P(K-1)

PLPREV=PL{K~-1}

XPREV=WX(K~1)

YPREV=WY(K~1)

FORMAT (1H ,1542F9.1,A4,2F10.3,6E14.5)

IWRT=1

RETURPN

END

SUBRUUTINE FRICTN

COMMON IPT(200)y DULZ2),E{6)4B1,B2+C0,CXYsDCDHy DCONyDELTAS,DRC,
DTGReNXY s GRINC 4HO y IGO 4 JGO LI MNPT 4 NPRINT ¢NPT, PHXyPHY 4 RCCO 4 RHSy RK,
WSIGySKeTOPyV oWk ywLO,THETA(200) yET(200),EL{200),STEEP{200),CG(200),
. PLI20D),P{200),IDIR{2C0) ywX(2C0) WY{200),FACTOR, IWRT,,DTHETAL 20001
COMMON /NEWH/ SKPREV,RKPREVHPREVDSIHNEW,T
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0004
0005
0006
coov
o008
cao9g
0010
0011

0001
0002
0Cc0o3
0004
oocs
{006
0007
ooos
000s
Co10
0011
o012
0C13
0014
0015
0016
0017
0018
0019
0020
co21
goz2
0023
0024
2025
2026
0027
coes
gec29%
0030
0031
0032
Q033
0034
G035
0036
€037
c033
cC39
C040

(e
DO
[oRe]
N

nNnn3
NN04
0025
nonNé
Qon7
Q203
0ace
010
0011
0012

DXx=0S * FACTOR * 5280,

OH=HPRKEV *{SK / SKPREV)*(RK / RKPREV])

ARG=6.,2830 * DXY / WL

PHI=,6391 * {(SK / SINHUARG)) **3)

HNEW=0H / (.02 * 0OH * PHI * DX) / {SK * T%%4) + 1.)
HPREV=HNEW

RETURN

END

SUBROUTINE PLTCON (DEP,MiNy XX, YY)
DATA IND /0/
CCMMON /NEW/ NTIT(18) NEWCON,XLIM
COMMON /COMPLT/ XPLT{50C),YPLT(50C),SCAFAC
NDIMENSION DATA (1C24), DEP{M,N)
IF {IND.EG.1F G0 7O 200
100 IND=1
NEwCON=1
XLIM=M-1
YLIM=N~1
SCAFAC = 10./YLIM
XLId=xXL1M * SCAFAC
NUX=AMAX1 {11.0sXLIM+1.5)
XLIM=XLIM + 6.
CALL PLOTS (DATA(1),1024)
DO 10 I=1,NUX
XPLT(I)=I~1
10 YPLT{I)=0.
CALL SYMBOL (02140440421 4NTIT+90.,4551)
CALL PLOT (1.40.9=31)
XPLT{NOX+1)=0,
YPLT{NOX+11=0.
XPLTINOX+2)=1.
YPLT (NOX+2)=1.
CALL LINE (XPLTyYPLT,NOXyly~14+3}
XPLT{121=0.
YPLT{12)=0.
XPLT(13)=1.
YPLT13)=1.
CALL LINE {YPLT XPLTsllsls—=1431}
200 IF (NFWCONLEQ.1) GO TO 210
[C=+2
205 x=XX * SCAFAC
Y=YY % SCAFAC
CALL PLOT (X,Y,IC)
RETURN
210 IC=+3
NEWCN=0
Gu TO 205
END

SUBRUUTINE ENERGY (A,H)

COMMON IPT{200)y DUI2),E(6),481,482,C04CXY,DCOH,DCUN,DELTAS,DRCy 21
fITGRyOXY ¢y GRINC o HO» IGU, JGOs LIMNPT g NPRINT y NPTy PHXyPHY s RCCO4RHS, RKy 22
SIGySKy TPy Vewl +WLO, THETA(20C) ,ET(200) +ELL200),STEEP{200),CG(200),

o PLL200),PL2001,IDIR(2001 ,WX{200) yWY(200),FACTOR, IWRT,DTHETA(200)

CUAMNN  /NFWH/ SKPREV,RKPREV HPREV yDSyHNEW, T

DATA IRIGHT /4H R/

DATA LFFT /4H L/

IF (PHYEQeOL) GG TO 20

THETA{IWrT )=  ATAN (PHX/PHY) + 3,14159265/2.

10 DTHETALINRTI=THETA(IWRT) - A

TF (OTHETALTWRT)LLT.Co0) IDIREIWRT)=LEFT

IF (JTHETA(TWRT)I.GTWCo0) IDIR{IWRT)I=IRIGHT
DX=0DS*FACTIR¥5280,

FTUTWRT ) =R, * HNEW * HNEW ¥ WL
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c013
0014
0015
2016
0ont7
5018
Q019
QG2T
0n21
0022
2023
0024
0025
ol26
02T

20

ATHFTA=SDTHETA( IWRT)

ATALTA=ABSLATHETA)

DTHETA(LART) = ABS(ATHETA)

ELITARTI=ETUIWRT) * SIN(ATHETA) * COS(ATHETA)
STEEP( [WRT)=HNEW/nWL

DLR=4, ¥ 3,14159265 * DXY /WL
SUL2=SINH(DLR])

[F (SINH(DLRI.LT.1.E=10) SDLR=1.F-10
COULaRT)I=05 % CXY % (1. + DLR/SDLR)
{LaikT)=8, % HNEW * HNEW * CG(IWRT)
PLITWRT)I=P{IWRTY * SIN(ATHETA) * COS(ATHLTA)
RETURN

THETA(IWRT)I=3,14159

G Ty 1Y

EnND
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%eT

NIGER PERIOD=6,ANG=0,HT=5
6400 SECSes RAY NO. 3,

SET NO.
POINT

VR NOWM S WA

RAY STOPPED,

POINT

R ~NTUmPH WN

10
12

1, PERIOCD
X

46,41
45.0
4601
47.3
4844
49,5
5066
51.7
52.8
53.9
55,0
5641
57.2
5843
59.4
60.5
6l.6
62,6
63.7
64aT
6547
6647
67.7
68,7
69,7
7046
7l.5
72."
73.2
T4.0
T4.8
15.5
7661
7641

45,0
4641
4743
48e4
49.5
5046
Sle?
528
53.9
5540
56,1

Y

2440
218
21. 8
21.8
21. 8
21. 8
21l 8
21.8
2le 8
21.8
21. 8
21. 8
21’8
21e9
21.9
21’9
22.0
2241
2241
2242
2243
22 4
22‘5
2246
22. 8
22'9
23,1
23.3
2345
2347
24'0
2443
2446
244 6

Y

21a8
21.8
21.8
218
21. 8
21.8
21.8
21e8
21.8
21. 8
21e8

Sample Output for Wave Program

ANGLE DEPTH MAX
30.0
90.0 100.67
90.0 99,94
90.0 99.59
30.0 96451
89,9 92.03
89,9 88.,1C
89.8 8l.29
89.8 17.36
89,6 76434
89.5 T2.76
89.2 70.56
88.9 67.69
8845 60435
88,0 56450
876 53.02
87.1 49.48
86.5 47.08
86.0 44,97
85.4 42489
84,7 40,09
84e1 37.75
8345 35.49
8246 33.51
8l.3 31.05 1
19.7 28452 1
78,2 26406 1
7646 23443 1
T4.8 20477 1
7246 19.69 2
69,7 16425 2
65.8 12433 3
60.2 6.88 5
6042 Ce99 71

IDIR THETA

DRI VOO DD

0.137
22832
2599
24553
24445
2.522
2+680
20542
2e344
24248
1.942

NO CONVERGENCE FOR CURVATURE.

DYHETA

0.137
2832
2'699
2552
24444
2520
24677
24538
2.338
24239
1.928

TIME STEP =221.2698SECS./

DIF FIT
130 0. 95
1.30 0.95
2.10 1.60
2.17 1.60
3446 2483
3.61 2.83
5.03 3,52
5429 3.52
6499 4410
7.33 4010
2.58 2. 10
2469 2.10
4032 1,74
4062 174
T.90 3.11
8.46 3.11
T.80 3.30
8417 3.30
8.56 3,30
9416 3.30
8437 3.65
8.90 3,65
9.42 3.65
1.83 3.30
2.88 3.30
4.09 3.30
5.67 3.30
7.68 3.30
4417 3.36
G031 3,36
8461 3.36
8433 3.04
3.80 5647

ET
0436346E 05
0.36318E 05
0.36301€ 05
0.36185E 05
0«35978E 05
0«35739€ 05
0s35219E 05
Oe34798E 05
0+34600E 05
0. 34064E 05
0.33559€ 05

LENGTH

184.33
183.95
183.94
183.93
183.83
183.66
183,45
182.95
182455
182.43
181,93
181.56
181.01
179.07
177.68
176413
174.22
172.72
171.23
169.59
167.10
164,73
162.18
159,70
156.28
152.32
147.98
142.75
136.74
134,07
124445
111.09

85,74

33.59

EL

0,49334E
~0410545E
~0.14047E
~0.16721E
~0.,17710E
-0s16921E
~0a14115E
~0e16267E
~-0.17289¢E
~0.16565F
~0.11004€

SPEED HEIGHT
30.72 5.00
30,66 4437
30.66 4e97
30665 4e 87
30.64 4496
30.61 4e95
30.58 4e94
30.49 4051
30.42 489
30440 4e88
30.32 4086
30.26 4083
30.17 4480
29.85 4.72
29461 4e66
29436 4060
29.04 4¢54
28479 4450
28.54 4o 40
28426 4443
27.85 4439
27446 4437
27.03 4e35
26462 4033
26405 4.31
25439 4429
24466 4429
23,79 4430
22.79 4433
22.34 4436
20474 4e43
18,52 4e57
14.29 5.01
5460 T« 68
STEEP

04 0.27016E-01
05 0427010E-01
05 0.27005E-01
05 0.26983E~01
05 0.26944E-01
05 0.26899E~01
05 0.26812E~01
05 0.26740E-01
(o)} 0e26691E-01
0s 0.26592E-01
C5 0e264T4E-01

KR

1.0000
1.0000
1.0000
0.9999
0.9998
0.9995
049990
0.9985
09978
09965
0e9941
0.9903
0.9849
0.9793
0.9737
0.9686
09638
09595
C.9558
0.9529
0.9509
0.9484
09459
0.9430
0.9404
0.9382
0.9368
0.9371
049392
0.9385
0e9349
0.9288
C.9227

CG

0e15547E
0.15555E
0. 15558E
0. 15595E
Ve 15660E
0. 15730E
0e15886E
0. 16001E
0, 16034E
O.16161E
0.16245E

KS NEWH
0. 9940 497
C.9938 4. 97
09936 4457
Ce 9925 4496
0e 9904 4495
0.9882 4093
09833 4. 91
0.9798 4488
0.3788 4eB7
0e 9749 4o B4
0.9723 4481
0.9686 4076
0.9575 4466
0,9510 4458
0» 9449 44 50
0.9384 4e 40
0.9341 4432
0.9304 4,23
0.9268 4413
069224 4.02
069192 3.61
0.9165 3.79
0+9147 3. 66
09133 3.51
0e9131 3.35
0e9143 3.17
0.9178 2457
0.9241 276
Ce9277 2455
0.9443 2430
0.9774 1. 97
1.0783 l.34
1.6657 0.08
PL

02 0. 416G5E
02 ~0.89176E
02 -0.11882E
02 -0.14185E
02 ~0.151C1E
02 -0.14508E
02 -0.12257¢
02 -0.14258E
02 -0.15195E
02 -~0.14715€
02 ~0.98482E

03
03
04
04
C4
04

04
04
04
c3

0.30718E
0.30713E
Ce30T08E
Ce30697E
0.30677E
0.30643E
0.30582¢€
0+ 30501E
Ge30411E
0. 20260E
0. 20034E

04
04
G4
04
04
04
04
04
04
04
04




ST

i3 57.2 21. 8
14 5843 21.9
15 59.4 21.9
16 60.5 21.9
17 6la.6 22,0
i8 62.6 2241
19 63,7 221
20 64.7 2242
21 65.7 2243
22 66.7 2244
23 67.7 2245
24 68.7 2246
25 69.7 22.8
26 70.6 22.9
27 Tle5 2341
28 72.4 23.3
29 73.2 23.5
30 T4.0 23,7
31 T4.8 24,0
32 7545 24,3
33 7641 24,6
34 76.1 24,6

POWER GRADIENT =

RAY STOPPED,

TRVOIDAZXOIDDODVI DO ODORIR

2.115
2433C
26346
24462
24404
2.180
20223
20274
2.435
2.565
24283
2.189
24146
24179
20215
2265
24262
20212
2220
24228
2.138
24304

2.095
2303
2.312
2.420
24353
2,119
2.153
2,193
24343
2.462
24169
2.060
1.994
1.999
2.009
2,030
1.996
1«908
l. 866
1. 806
1.618
1.783

0.32828E
0«31172€E
0« 29866E
0.28510€E
0« 2T035E
0.25736E
0e24454€E
Q0e23148E
0e21626E
0+20162E
0e18620E
0e17091E
0.15398€
0e13642E
0.11883¢
Oe10091E
0.83273¢
Oe 69983E
0.52831E
Oe344l4C
0.12363€
0.17801E

~0.444677E 02 LONGSHORE POWER GRADIENT =
NO CONVERGENCE FOR CURVATURE,

~0sl4226¢
~0+15498E
~0+14874E
~0e14138E
~0.13517E
~0.11450E
~0e11229¢E
-0+10964E
-0.10809€E
~0.98552¢E
~0e86654E
~0.70858E
-0.57628E
~0.51528E
-0.45633E
~0.40101E
~0«31309E
~-0.21863E
~0e14685E
~0.77935E
-0.57772¢
~0436662E

0s209132E

05 0.26304E~01
05 0. 26050E-01
05 0.25798E~01
05 0425539€-01
05 0.25279E~01
05 0424987E~01
05 0e246T6E~01
05 0.24357E-01
0S5 0.24071€-01
04 0.23744£~-01
04 0.23358E~01
04 0.229026~-01
G4 Q.22455€~01
04 0.21967E-01
04 0.21410€6-01
04 0.20825€~0C1
04 0.20178E-0C1
04 0. 19054E-01
04 0.18509€-01
03 0.177T13E~01
02 0.15657E~01
00 0e242276~02
0L OIS =

0.16375E
0e16753E
0«16983E
O 1T206E
Oel7443E
04 17604E
Oe 1 TT46E
0.17882E
0418053€E
0.18182E
0.18287E
0e18359¢
Oe18416E
0s18425E
Qe 18374E
0.18237¢€
0,17989¢
0.17851€E
0e17227E
0e 16079E
Oe13211E
0.55365E

0e428085E 01

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
g2
02
02
02
01

~0e 12869E 04
~0s 14499E Q4
~0.14217€ 04
~0e13811E 04
~0e13533E 04
~0+11670E 04
-0+11638E 04
~0s 11561E 04
~0.11678E 04
~0.10877€ 04
~0.97708E 03
~0.81457E 03
~0+67508E 03
-0 62333E 03
~0e56661E 03
~0.51231E 03
~0s41189E 03
~0.29111€ 03
~0.20327E 03
~0.11280€ 03
-C.8SC10€ 01
~04604226-01

0429697E
0.29164€
0. 28547E
0.27851E
Qe 2706TE
0.26231¢
0.25344E
0424407€
0e23365E
0.22253E
04 20995E
04 1964TE
0. 18144E
C.16502€
0. 14755E
O 12892E
0. 10955¢€
0.93181E
0.73129E
0.49808EF
0. 1904TE
0.29338E

04
04
04
04
04
04
[+23
04
04
04
04
04
O4
04
04
04
04
03
03
03
03
00




