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ABSTRACT

A RIVER LOW FLOW PROJECTION METHOD
USING THE UPPER GRAND RIVER BASIN AS AN ANALYTICAL MODEL
by Eckhart Dersch
The purpose of this study was to determine the compatibility of
future Upper Grand River water supply with anticipated demand. Certain
of the primary forces that influence supply and demand were discussed
and projections concerning their probable future condition were made.

Of greatest concern were the agricultural land use changes and soil ,

conditioning measures and the urban land use trends which essentially

N

accelerated the runoff cAycle in such a way that the coefficient of runoff
increased and the summer low flows became even more critical. The
projections revealed that 4 percent of the land would go out of cropland,
forest and woodland, and pasture and range use, that 5 percent of the
land should experience drainage project action, and that 11 percen't of
the land above Lansing woulc% become urbanized.

Low flow requirements were expressed in terms of minimum flow re-
quirements at Jackson and iansing to properly meet the demands imposed
by sewage plant effluent. Both cities are in need of additional flow.

In 15 years Jackson will require an’additional 19.8 cfs during low flow
and Lansing will require 468 cfs durin;; this critical period if the oxidiz-

able nitrogen content of effluent remains at the present high level. The

future supply was expressed in terms of percentage change in flow re-
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sulting from agricultural and urban land use change. The dichotomous
result, that flow requirement or demand will increase as minimum flow
decreases, was made apparent.

The study revealed that the government agencies responsible for or
in some way in control of these flow modification forces, are not totally
aware of the influence their works will have on runoff and the consequen-
tial minimum flow of the Grand River. The Michigan Water Resources
Commission on the one hand operates to improve the water' quality, while
the local governments and the SCS are altering flow in such a way that
low flows will become even more critical. Although this trend is the
major finding, certain methods are still available for increasing flow or
decreasing the present flow requirement. These take the form of flow
augmentation reservoirs or the inclusion of tertiary sewage treatment.

The study revealed furthermore that the projected agricultural land
use change, based upon information from the Soil Conservation Service's

Soil and Water Conservation Needs Inventory, and its 2 percent sample,

induced an inaccuracy variable of greater magnitude than that which a
land use change could possibly induce. This reflects the importance of
and the need for more accurate information upon which to base water
supply projections and the resultant change in runoff and river flow.
Further research is required for determining thé’ijuantitative runoff result
of agricultural land use change, particularly that of artificial ‘drainage,

and for designing an economically operative tertiary sewage treatment method.
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CHAPTER 1
INTRODUCTION

Need for the Study

The present concern over water supply represents the contemporary
manifestation in our economy of water's growing role as an essential and
critical basic resource. Water of the desired quality and quantity is not
available in unlimited amounts at all times and places. Consequently,
the need arises for planning within this vast realm of water availability
and use. A water supply projection method provides one basis upon
which to design an overall approach to the problem of integrating future
water supply with ant.icipated demand for water.

The Select Committee on National Water Resources, under the chair-
manship of Senator Robert S. Kerr, releésed a report in 1960, which uses
the basic projections and information furnished by Federal agencies to
develop tentative balance sheets on water supply and demand for éach of

“the twenty-two regions into which the contiguous parts of the United
States were div'ided.l This report makes clear the relationship of time
to the growing quéli;cy and quantity of water problems. General, but

nevertheless realistic, statements such as these serve to stimulate an

awareness of the need for water supply studies.

1Select Committee on National Water Resources, Water Resources
Activities in the United States, Water Supply and Demand, Pursuant to
Senate Resolution 48, Committee Print No. 32 (Washington: U. S.
Government Printing Office, August 1960).







A knowledge of the physical supply or availability of water is neces-
sarily a primary ingredient in the detailed watershed analyses which will
soon be of prominant importance in our economy. A quantitative water
supply figure based on the absolute yield of water possible from the
hydrologic cycle as it operates within a watershed, defines the limit of
water available under prevailing and anticipated conditions. It is within
this limit that water-related planning must proceed.

The need for a study of this nature, therefore, becomes apparent.

A knowledge of absolute water supply is essential for anticipating water
planning requirements for the increased productivity and growth of the
region'. This is particularly important in light of the fact that both per
capita demand for water and the population itself are increasing. In ef-
fect,. this yields a doub>le geometric water demand progression that must

be satisfied by rain, the static original source of water suppl? and diver-
sion into the region. At the same time pollution can actually decrease

thts static water supply by rendering portions of it economically unsalvage-
Aable.

VA further need for the study and application of water supply and water
supply projection methods is that imposed by thé forces, both natural
and cultural, which modify the actual water supply. The water supply
variation is a function of both seasonality and land use. The resultant
flow must then be shared by both upstream uses such as conservational

water retention measures and downstream demands such as industrial and



municipal supply and waste disposal.

In order to modify the restraining effects that could be imposed by
an unexpected limit in water supply and to encourage long-range planning
that will take into consideration the interrelatiorsh.ps of natural land
conditions, weather variability, land use, population change, and indus-
trial'demands, this method is advanced for establishing a water supply
projection. The practical application of this method is then illustrated,

using the Upper Grand River Basin as an analytical model.

Objectives of the Study

The aim of this study is to establish a method for systematically
relating and projecting naturally and culturally caused variations in
water supply to water demands imposed by the changing water consuming
elements of our economy. An effort was made to select significantly
meaningful criteria for indicating water supply conditions and then to
apply projective techniques to establish the balance or imbalance of
water supply and demand in the selected year of 1975. A motivating
force in this research was to determine the validity and limits of ac-
curacy displayed by several standard sources'of informat:i_on, partic-
ularly the Soil Conservation Service's "Soil and Water Conservation

Needs Inventory, " the Michigan Water Resources Commission's Upper
Grand River Basin report, the Battelle Memorial Institute's study for the

Tri-County Regional Planning Commission, and various Bureau of Census

reports. The final water supply and demand projections, as applied to
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the Upper Grand River Basin, cstablish a dependcence factor of Grand
River communities upon surface water supply for purposcs of sewage

disposal.

Approach to the Problem

A systematic approach was used in the design of this water supply
projection method. First, the present water supply was determined,
making an effort to define the limits of variation and the sources of
supply. Then e water requirement was established, using primarily
published sources of information, and translating these figures where
necessary info a form useful to this study. Using both the present sup-
ply and demand as foundation information, projections were made.
Future supply was determined by expressing the cumulative effect of
both natural change inCluding drought flow, evapotrarspiration, énd
precipitation, and cultural changes including primarily land use change
and change thajc éould be affected by flow augmentation measures.
Future demand was determined on the basis of per capita use projections.
The degree of coincidence of these two projections was then nofed and
implications of the deviation discussed..

This method was applfed to the Upper Grand River Basin, indica'ting
the cumulative effect of water supply factors as they progressively in-
fluenced the selected Grand River‘communities from Jackson down to
Ionia. The resultant compilatio'n of the. water supply-demand conditions

was used as a basis for initial water supply planning recommendations.



CHAPTER II
THE ELEMENTS OF RIVER BASIN WATER SUPPLY ANALYSIS

The Water Supply

The water supply in any given area is necessarily the result of a
direct functional relationship with several variable factors. The under-
lving assumption is here made that the analysis of a wate: supply is best
structured ;m the basis of land use influence upon the precipitation to
streamflow process. This assumption is made because land use change
is increasingly within man's realm of influence, and man is thereby able
to modify, sometimes quite unintentionally, that part of stream flow be-
vond the influence of purely natural forces. These purely natural forces
wili also be mentioned, but only insofar as their variability modified
man's influence.

It can generally be said that prec.ipitation is the primary source of a
drainage basin's basic water supply upon which the additional influences
of land use and climatic, geolog-}ic, and topographic conditions exert a
combined modifying influence. The quantitatiye study of water supply
is consequently an inventory problem. "It is a problem of determining
and keeping on record the amount of water that can be obtained from a

1

given surface basin for whatever development is contemplated."™ The

1Edgar E. Foster, Rainfall and Runoff (New York: Macmillan and
Co., 1948), p. 441.




quantitative value for water supply will here be expressed as the sum of
stream flow and sustained yield ground w>ter withdrawal. It is not a dif-
ficult matter to measure stream flow or to establish a rainfall-runoff
equation, such as that developed by l’oster,1 but in order to translate
these phenomena into an equation whose form permits the projection of
stream flc?w or runoff, requires the inclusion of factors that reflect directly
the potential influence of changes in each of the variables that affect

final streamflow or runoff.

In developing a projection method it is essential that the dynamic
forces in a watershed are given full quantitative consideration. The
§implified form of the equation upon which this projection method will be
constructed is the following:

R+G=P+D-1

where:
R = Runoff available for use
G = Ground water available on a sustained yield basis
P = Precipitation
D = Diversion into basin
L =

Losses, both natural and cultural

Within any éiven drainage basin several variable factors act upon
this equation to cause the final yield. An absolutely stable basin could
produce a vield easily calculatable from a rainfall-runoff relationship
determined simply from previous records, however, one rarely finds such

a stable basin duc to the modifying influence of both men and nature.

lbid., p. 445.



Therefore, it is necessary, in making a water supply analysis easily con-
vertible to projective techniques, to include functions that reflect the
various specific entities that can influence yield with time and change..
These specific entities must be included in the basic equation whose
functions reflect the various specific parameters that can influence yield.

A complete watershed analysis should include these critical and vari-
able parameters and should furthermore be expressed in terms compatible
with those necessary for making projections. The basic unit for such an
analysis is undérstandably the drainage or river basin. Within'these
bounds usable expressions of past, prevailing, and future conditions
must be represented. These expressions must clearly indicate the sources
of water for the basin and the water losses from the basin as wéll as the
physical, economic, and cultural characteristics which may in time cause
change.

A detailed consideration of the parameters suggested in equation 1,
for the purpose o'f‘investigating the full continuum of forces requiring
consideration in a river basin water supply study, would include‘an under-
standing of the following factors relating directly to those parameters.
The water supply condition must be considered in relation to that quantity
required for present and future sewage dilution, municipal needs, incius-
trial needs, irrigation, and downstream uses. In conjunction with ground
and surface waters, intensive surveys must be made of the minimum flow

threat, augmented flow, surface and ground water storage changes, and



the resultant stream recession curve. Precipitation must be considered
in light of its seesonality, variability, intensity, duration, and drought
probability. Finally, water losses from a basin resulting from transpira-
tion, interception, evaporation, diversion from the basin, and watershed
leakage must be estimated. The sum total of these factors, as applied
in equation 1, would represent a fairly accurate indication of the water

supply condition.

Sources of Water for a Drainage Basin

There are commonly only two majpr sources of water for a drainage
basin. These are precipitation and diversion from other basins. Minor
sources such as cosmic water and volcanic (magmatic) water provide no
appreciable amounts for inclusion in the projection period and location
here considered. Of .the two major sources, diversion is the most easily
measured, and where this source is dominant, prirhary supply can easily
be determined. Precipitation is the other primary source and requires
greater consideration in establishing a useful watershed analysis upon

which a projection technique can be developed.

-

Precipitation
Precipitation records avail themselves quite readily for use in river
bas-in water supply analysis and projection. Emphasis will be placed
here on precipitation records prior to and in times of low flow, for it is

this critical period that determines to a large extent the limit of water-



using development in the area. Of greatest value are precipitation rec-
ords that indicate mean rainfall on the basin during this period, variation
in rainfall intensity, the frequency of rainfall, and the runoff relationship.
The mean rainfall can be expressed by 1) the arithmetic mean, 2) the
Thiessen mean, or 3) the isohyetal method. These methods are suitable
for use in determining the mean depth of rainfall on an area either during
a single storm or for any longer period such as a month, year, or lonpger
period of record.
= The arithmetic mean is obtained by dividing the sum of the depths
recorded at all the stations on the basin by the number of stations. The
results of this method will not differ appreciably from those obtained
from either of the other methods if the stations are uniformly distributed -
over the basin and the rainfall varies in a regular manner.

The Thiessen meanl incorporates a method which compensates for
unevenly spaced recoraing stations. Adjacent stations are joined by
straight lines, thus dividing the entire area into a series of triangles.
Perpendicular bisectors are constructed on these lines, thereby forming
a series of polygons, each containing one rainfall station. Any point
within the polygon is closer to the enclosed rainfall station than to any

other station and therefore would seem to be more indicative of the rain-

fall in that location. If the mean rainfall on the basin is P and the total

'c. 0. Wisler and E. F. Brater, Hydrology (New York: John Wiley
& Sons, Inc., 1949), p. 86.
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area is A, and PlP .Pn represent the rainfall records at the individual

o

stations whose surrounding polygons have areas of Al' A2, . 'An' then:

Alpl + AZPZ + ———AnPn.

A
Equation II
The Isohyetal method consists simply of drawing contours having
equal rainfall. The areas between adjacent isohyetals is found by pla-
nimetering and then Equation II can be used. Special judgment is required
for this method in that the drawing of the isohyetals to conform with the

local situation directly and significantly influences the results.

Variations in Rainfall

It is necessary in establishing the {{Egligrlgy gnqdegr‘e_e_mqf_ var»ilatiobr.l
9{_@_@@@1’1 in a basin for use in determining potential supply, to also
understand what the average percentage‘deviation is from the true mean
for any given number of recorded years. A study made by A. Birmie1
indicates this variation.

Figure 1. Decviation of Rainfall from the True Mean

+80
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10 \ ~
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40
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-80
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Ibid., p. 91.
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It is important to emphasize here that an annual deficit will not
necessarily diminish the summer low flow unless the deficit occurred
during or just prior to the critical period and the deficit rainfall was not
sufficient to recharge the ground water storage to normal levels. In some
instances a deficit rainfall may only vield diminished runoff in a time of
adequate stream flow.

Several types of measurement are used to express the characteris-
tics of rainfall. The best measure, according to Baker and Conkling,l
of seasonal variation which takes into account not only the relation;hip

between absolute maxima and minima, but also the variations in all

years is based upon the theory of least squares; the formula is:

Coefiicient of Variation or C.V.

where:
V = variation 'of any single year from the mean of the record
£VZ2 = summation of the squares of all variations
n = number of years of record

A good treatment of the various other methods for calculating the
precipitation variations, frequenc&ies, fluctuations, and probabilities
can be found in Foster. 2 The actual use of these methods is of greater
value in determining basic precipitation ¢haracteristics of a basin than

in establishing a water supply projection based on changes of land use.
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The basic precipitation information can then be applied to the hyrd{ggrgb‘;\'
or runoff characteristics in terms of probable natural variations. The
hydrograph of any stream is the basic unit upon which surface supply
can be calculated. It is determined by two entirely different sets of
factors, the one depending on the nature of the/ I/Jrecipitation and the
other upon the physic?a\l characteristics of the basin that regulate water
losses. The precipitational influence, then, depends on:

1. Type of precipitation - rain vs. snow

2. Rainfall intensity

3. Duration of rainfall

4. Distribution of rainfall on the basin

5. Direction of.storm movement

For projective purposes, precipitation represents a basic source of
potential water supply which will under ordinary circumstances remain
constant, at least within the probable occurrence of natufal variations.
The probability of variation can be calculated if records of sufficient
length exist. Then, upon the relatively constantl basic sources - precip-
itation and diversion - the water consuming factors operate. Man'does
have an influence on these factors and can, in effect, alter the runoff
from a particular area. The next section considers these various fdrces
and also'considers to what extent a given change induced by man can
alter runoff.

Upon these basic considerations and assumptions it is possible to
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construct a projection of future water supply, using primarily information
relating to the anticipated changes man plans in a given basin. It should
be mentioned here, that in constructing an analysis of a basin such as
this, more accurate results would be obtained by using the cumulative
effect of change in each individual watershed instead of making gross

generalizations about the basin as a whole.

Losses ’

Acting on the basic sources of water are the components that affect
‘water losses. These components include 1) interception, 2) evaporation,
3) transpiration, and 4) watershed leakage. Water loss is here defined‘
as the difference between the total precipitation and the total runoff from

any given area. Water loss could also be defined, 'particularly by the

agriculturalist, as the difference between precipitation and transpiration.

1 ,
According to Wisler . ..the interrelationship between these losses which
makes separate measurement difiicult tends to make their total more nearly
constant for any region and climate and, therefore, reduces the importance

and the necessity for their separate measurements." He goes on to say
"...the presence of vegetation affects and reduces the rate of evapora-
tion from the ground surface and, in turn, the evaporation from the ground

surface reduces the moisture available for transpiration thereby making

their sum more nearly uniform over any given basin regardless of the

1
Wisler, op. cit., p. 142.
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variation in vegetal cover." His conclusion is that the actual amount of
loss on any drainage basindepends on the following factors:

1) The nature of the precipitation

2) The type and development of the vegetation

3) The area covered by buildings, pavements, and other objects

4) The climatological, such as temperature, humidity, and wind velocity.

The implication one easily makes from the two preceding quotations is
that change in vegetal cover, when considered in relation to the sum of
water consuming forces, automatically negates the change of significant
runoff alterations when vegetal land use change, par;icularly in agriculture
can s_igm’ficantly influence water loss and indirectly the final water supply.
Furthermore, it is believed that several of the recommended conservation
measures also directly influence final water supply. .The effect of these
measures will be mentioned in a later section dealing specifically with con-
servational recommendations proposed for ti}e Upper Grand River Basin.

The following is a brief description of the forces effecting water loss

and which are believed to change with change in land use.

Interception

Interception accounts for a small, but nevertheless measurable
amount -of water loss from a basin. Both the vegetative type and precip-
itation duration and intensity determine the percentage of the total pre-

cipitation lost. For illustration, a 0.25 inch rainfall in a dense forest
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may lose 80 percent to interception and only 30 percent in a one inch
rainfall. Coniferous trees intercept greater amounts of precipitation than
deciduous trees even in full leaf. Denses ¢ .isses, shrubs, and grains
approaching full growth can also intercept nearly as much precipitation
as deciduous trees in full leaf.

For any given area and condition of vegetation, the equation for
'interception is of the form:1

X=a+ bt
where X represent's the total interception in inches depth on the basin,
a is the interception storage capacity in inches depth on the basin, b is
the evaporation rate in inches per hour, and t is the duration of the shower
in hours. This equation is applicable only to storms exceeding the in';er-
ception storage capacity a.

For projective purposes, then, consideration must be made of both
interception storage capacity change in relation to land use change,

and the associated effect on the more constant precipitation and intensity

characteristics of the basin.

Evaporation

Natural evaporation from a basin occurs primarily as soil or land
evaporation and evaporation from free water surfaces. On free water

surfaces the rate of evaporation depends on the difference between vapor

1Ibid. , p. 143.°
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pressure of air and water or in other words, upon the pressure gradient.
This principle is known as Dalton's law and is expressed by the formula

E=Cl(p , in which E is the rate of evaporation in inches per day,

w—pu)
Py 1S the vapor pressure in the film of water next to the water surface,
p, is the vapor pressure in the air above, and C is a coefficient that is
dependent upon barometric pressure, wind velocity, and any other acting
variables. 1 Depth of the water body further influences evaporation rate,
primar‘ily through the influence of temperature.

Evaporation from soil, according to Foster, 2 can be obtained only by
observation. It is mentioned, however, that evaporation from soil can
equal and even exceed evaporation from a water surface under the proper
conditions. Invariably the discussion about evaporétion by Foster,
B;:aker3 and Wisler,4 were based on experiments using water and land
evaporation pans. Under carefully controlled conditions these results
can reflect those in nature, but only in that location. Consequently,
these evaporation determinations, although of value in studies of small

plots, would not reflect the conditions in a basin or even a watershed

due to the extreme variation in soil type, moisture availability, vegetation,

llpi_d., p. 152.
21-“oster, op. cit., p. 285.

3Donald M. Baker and Harold Conkling, Water Supply and Utilization
(New York: John Wiley & Sons, Inc., 1930), p: 91.

4 -
Wisler, op. cit., p. 147.
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temperature, wind, and humidity. Therefore, although evaporétion may
admittedly play a significant role in a basin's wate:r consumption regimen,
this quantity will necessarily be an assumed and inherent factor in the
rainfall-runoff ratio. For projective purposes it will further be assumed
that evaporation rate in any given location will remain constant unless
an extreme change occurs in land use such as might be experienced when
forested lands change to inter-state highway lands®

Sublimation is also an evaporative force which can, under proper
conditions, consume up to 4 inches of winter precipitation. This loss
occurs primarily where snow and ice are exposed to ‘constant winds and
where coniferous vegetation helps to expose great quantities of branch
accumulated snows to sublimational processes. Thus, iocational climatic,
micro-climatic, and vegetational characteristics determine the sublima-
tion rate and water loss due to sublimation.

.

Transpiration

Transpiration in a river basin represents a loss whose quantity and
significance is‘sti.ll subject to disagreement. One source expressed the
opinioﬁ that change in water losses due to change in vegetal type would
represent a very minor if not insignificant difference. 1 This opinion ap-
pears to be in disagreement with the results one would obtain from ap-

plying the transpiration ratio and runoff alterations characteristic of

1 .
Personal correépondeance from Dr. A. Earl Erickson of the Michigan
State University Department of Soil Science.
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different plants. The runoff changes will be discussed in a later section,
but transpiration ratios will be discussed here. Foster expresses the
opinion that the use of water by plants is best shown by stating the
quantity of water consumed to produce a unit weicht of dary plant matter.l
This quantity is commonly designated as the trar spiration ratio. A few

3

2 ...
representative ratios, as determined by Lee,  Wisler, ™ and Baker4 are

as follows:

Plant Ratio: lbs. of water per lb. of dry matter
corn 345
wheat 375

L
potato 426 ee
alfalfa 829 __|
oats 500 )
rye 500
barley 450 )
red clover 800 Wisler
sugar beets 400
weeds 600 __ |
grasses 861 — Baker
-beech 1,043 L
elm 738 ee

These ratios can be used to advantage in calcullating the change in

water consumption by transpiration due to change in vegetal type. This

YFoster, op. cit., p. 147.

2Ibid. , reference is made by Foster to an unavailable publication by

Lee.

3Briggs and Shantz, "The Relative Water Requirements of Plants, "
Journal of Agricultural Research, Vol. III, No. 1, October 1914, pp. 58-59.

4Baker, op. cit., p. 131.
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would be done by calculating the dry matter change per acre or square
mile and then multiplying that by the transpiration ratio and converting
to inches of water loss. This quantity combined with the associated
change in runoff is of significant value in projecting changes in water
supply due to trends in changed vegetal land use. The projection is made
possible by using Census of Agriculture information to estimate future

v

vegetal land use figures. Transpiration during a given period is equal

1
to:
T:I+Sl-SZ'E—D
where:
T = transpiration during period
I = water received by precipitation or irrigation
S1 = water in root zone at start of period
S, = water in root zone at end of period
E = evaporation from surface of soil
D = deep percolation
Infiltration

Infiltration represents still another significant measure that can be
directly influenced by land use change. Wisler2 and other hydrologists
recognize this fact and have. mentioned several methods for determining
infiltration capacities with change in land use, however, these measures
are only locally meaningful and it remains for the hydrograph analysis to

illustrate indirectly the infiltration change in a large drainage basin.

1Ibid., p. 133.

ZWiSler, op. cit., p. 177.
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Even this can be difficult to accomplish and misleading because delay or
lag periods between rainfall beginning and the appearance of surface run-
off at a measuring point make average infiltration capacity the only usable
measure.

When infiltration characteristics are considered in relation to land
use change, particularly in the critical low flow periods of the summer,
most regions would experience what approaches complete infiltration.
This would mean that although infiltration capacity is of prime importance
in flood studies, it would have only minimal importance in runoff studies
during low flow periods. The implication is made here that the other
forces acting on the infiltrated rainfall such as evaporation and transpira-
tion significantly influence runoff due to their control of the amount of

water that reaches the subsurface flow in the summer months.

The Combined Effect

The most obvious conclusion to be made from the aforementioned
considerations is that although each factor, whether it be interception,
evaporation, transpiration, or infiltration, is influenced measurably by
land use change, the result on a basin wide scale is inevitably extremely
conditional. To equate land use change with these measures of water
transfer and cons;mption to arrive at a final stream flow relationship

would obviously be made infinitely long by the extremely numerous condi-

tional factors. This makes it necessary to formulate the relationship of
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land use change to runoff or water supply in terms of the composit end
result. Therefore, until it becomes possible to integrate the continuﬁm
of variable factors in a river basin that influence final stream flow, it
becomes necessary to measure the naturally occurring cumulative effects ,
of these variable forces. The cumulative effect is found in runoff and
hydrograph records. These cumulative effects are discussed riext in

relation to the influence land use change exerts upon them.

Runoff

Runoff is that water remaining from precipitation after the losses
from interception, evaporation, and transpiration have occurfed. In ef-
fect, runoff constitutes the last phase of the hydrologic cycle. This run-
off may be divided into three types: 1) the residual water from rainfall,
2) residual snowféll and, 3) ground water runoff that comes from sub-
terranean storage. The latter of these types is the predominant factor of
consideration in seasons of low flow. The formulation of a rainfall—runoff

e e e e

‘r_e\l'a't‘ionsii-p‘) is a.commonly used method for representing runofi from a
large watershed, however, in the summer the consumptive forces reign.
The accuracy and proper placement of streamflow and precipitation gages
determines the éffectivenes:‘s of this method. Understandably this rela-
tionship depends to a great extent on infiltration and water consumption

in low flow periods, and infiltration is in turn made a variable factor due

to changes in land use. Many published reports are available concerning
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rainfall-runoff relatiorships, but very few of these reports include quan-
titatively the influence that land use change exerts on runoff. For ap-
proximative purposec, certain studies have been seclected that measured
runoff change with i3 -d use change. The results we-e reduced to per-
centag~ change figures. These percentage figures s e then used in a
later chapter to predict what influence certain anticipated land use changes
on a specific area could have on runoff, assuming that the percentage
relationship remains fairly constant between similar regions even if the

quantitative values may differ.

Runoff and Land Use Change

Among the seve'ral types of land use change that can occur in a
drainage basin, the most common are the agricultural and urban types.
The agricultural types include crop change, cropping me hod, and cul-
tivation method. The urban types range from highway caused drainage
modiﬁcations to the vast assortment of urban features that block, divert,

and prevent precipitation from infiltrating.

Runoff has been shown to be least ")controllable from crop lands.l

N

Crops have as a major disadvantage over forest and grasslands, the

extreme exposure of soils which can be the result of the crop type, such

-

as corn, or the cropping method which allows soil to be exposed in times

1}3. A. Colman, Vegetation and Watershed Management, (New York:
Ronald Press, 1953), p. 216.
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of the greatest rainfall. Terracing, contour cultivation, stubble mulching,
minimum tillage, sod strips, and shifts between clean cultivated and
close growing plant covers offers some additional resistance to immediate
runoff. Contour cultivation can reduce runoff from 12 to 99 percent. One
series of experiments has shown that in fifteen of twenty-one tests, run-
off was reduced more than 30 percent.1 Of the two runoff-decreasing
cropping methods strip cropping provides a more constant influence than
rotation cropping, but the long term average remains the same. Strip
cropping did have the advantage of reducing soil erosion by nearly 50 per-
cent, however. One crop rotation experiment in LaCrosse, Wisconsin,

had the following surface flow result: 2

Crop (3 year rotation) ~ Runoff (percent of rainfall)
Continuous corn 29.2
Corn rotation 20.6
Grain in rotation 18.9
Hay in rotation (Clover, Timothy) 11.5
Rotation average 17.0

In a glacial till area of Bethany, Missouri:

Crop (4 year rotation) Runoff (percent of rainfall)
Continuous corn - 27.1

Corn in rotation 20.7

Wheat in rotation 23.3

Meadow in rotation 11.8

Rotation average 16.2

1
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Percentage figures such as these preferably obtained directly from
the location being analyzed, rather than from a similar area, could be
used to indicate in a projection the expected percentage increase or de-
crease in runoff that one could anticipate from an area if an agricultural
land use change occurs. Additional percentage runoff change could be
predicted if it were known exactly what influence a changed cultivation
method would impose.

The extent of grazing also influences runoff. Lysimeter experiments
showed that in storms of low intensity and long duration there was no dif-

1 However, intense

ference in runoff between grazed and ungrazed lands.
summer storms yielded the following runoff change:2

Runoff (percent of rainfall)

Ungrazed 1.8%
Moderately grazed 5.5%
Heavily grazed 10.8%

In LaCrosse, Wisconsin, the runoff increased from 0 in ungrazed
woodlots to 1.2 percent in grazed ;/voodlots.

These experiments indicate in a general way the relative magnitudes
of the various changes possible in a watefshed. Additional changes of
course would be created by the cﬁanged evabotranspiration ratio as pre-
viously mentioned.

Urbanization is responsible for yet another change in the rainfall-

1pid., p. 243.

2Ibid. , p. 290.
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runoff relationship. Studies in both the Delaware River Basinl and the
Detroit area of Michigan2 have revealed that urban development has no
marked effect upon total volume of storm runoff. However, a change
does definitely occur in the time of peak flow resulting from a storm.
The Detroit study found that the time of concentration or lag time3 for
the urban basin was about three hours, while in the natural basin con-
centration of flow did not occur until twelve hours after the "center of
mass of precipitation excess."

Although the above mentioned study near Detroit would be most rep-
resentative, of the available studies at least, of the conditions that one
might expect in the Upper Grand River Basin, this is not to say that the
runoff lag times could not be more or less divergent under other land
conditions.

Lynch has made one of the few available statements with actual

urban coefficient of runoff figures.4 He states that the fraction of total

1
R. L. Hobba, Memorandum No. 2009 from U. S. Department of Agri-

culture, Forest Service, Washington, D. C., March 13, 1959, p. 4.
2S. W. Wiitala, Some Aspects of the Effect of Urban and Suburban
- Development upon Runoff, United States Geological Survey open file re-
port, August 1961, p. 11.

-

3Concentration of lag time is defined as the "time between the center
of mass of precipitation excess and the center of mass of the resulting
storm runoff."

Kevin Lynch, Site Planning (Cambridge: Massachusetts Institute of
Technology Press, 1962), p. 197.
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rainfall which runs off on the surface may be estimated for any area from
the following approximate values:1
Surface Type C. or Coefficient of Runoff

Roofs, asphalt, concrete pavements
and other waterproof surfaces ..... ceees.. 0.9

Macadam, compact earth and
gravel without plant growth .............. 0.7

Lawns and parks v v vt ieieveeeeeneeennanas 0.3

Unpaved yards and lots and
OVEIgIOWI GICAS e v s e s s sessssassssasassas 0.2

Woods tvieiiiiiiiiiieieeiaesennennsaeass 0.1-0.2
The coefficient of runoff may also be more quickly estimated from
the following, using density of development as a criteria:
Density of Development C. or Coeffiqient of Runoff

Development at 10 families/acre «vvvveeee.. 0.3-0
Development at 40 families/acre «vvvvevve... 0.5-0.
Dense urban ar€a@ «.ceeeeeeieeescesaaassss 0.7-0

O N w;m

. .

In making projections about runoff, and the consequential downstream
flow and surface supply resulting from urban development, these figures
could be used for making rough estimates of the quantities of water in-
volved in the concentration or time lag change resulting from urbanization.-

Several of the commonly used expressions for stream flow conditions

can be modified to also represent projections. These basic expressions

include base flow regression curves which form the basis of the drought

These values are not based upon rigorous scientific experimentation.
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or minimum flow curve, and flow summation curves. If streamflow records
are available, these curves can be plotted, including the desired limits
of deviation. These curves can then be projected, using as much as pos-
sible the anticipated influence of land use change. Then the resultant
curve can be superimposed with a curve that expresses projected water
supply requirement. The variation of these two curves would indicate

the magnitude of corrective measures necessary to match water supply

with demand.

Minimum Flow

Because summer minimum flow is of more importance in the Great
Lakes States than excess flow, this value for stream flow should be
emphasized. As previously mentioned, land use change can influence
infiltration capacity transpiration, evaporation, and runoff. There being
a direct relationship between these quantities and final stream flow
would necessarily reflect the need to seriously co}lsider anticipated land
use change in watersheds when one analyzes the seriousness of the
present and future low flow. The low flow threat can conéeivably be
i;lcreased or decreased depending on long range forethought \.Nhen con-
sgrvational measures and urban developments are expanded.

In areas such as the one which will presently be discussed, loW
water flow is derived primarily from ground water instead of other pos-

sible sources such as snow melt waters, and areas that contain a large

amount of surface storage. It was shown by Horton that that portion of
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the hydrograph that represents only ground water flow is an exhaustive

curve, and may be expressed by an equation of the form:l

n
Q=Q, e

discharge in cubic feet per second at the end
of d days after termination of surface runoff.
Qo = discharge when d equals o.

Napierian base 2.718

c and d = constants

O
[

o
1

A composite ground water depletion curve should be constructed from
the recession graphs of the drainage basin for a number of storms in order
to evaluate QO, c, and n. This is accomplished by shifting, with respect
to the time axis, the various segments of the recession curves until they
appear to match and then an average or composite curve is drawn through
them. The time when d = o is arbitrarily selected at or before the time
of occurrence of the highest point on any of the recession curves that is
thought to be free of any surface runoff. The longest period that is likely
to elapse betwecn rains of sufficient magnitude to produce ground water
accretion may be determined by studying long-term records of rainfall in
the region.

Yield in low flow periods is determined not by basip size as is the
procedure for determining surface runoff , but rather by climate. In humid

regions the yield of a stream for any year as for any month is dependent

upon the elevation of the water table at the beginning of the period. - The

1
Wisler, op..cit., p. 315.
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change in ground water storage is obviously important. According to
Wisler, "...if the long-term mean annual rainfall and the corresponding
average annual water loss are known, the average yield may be taken as
the difference between the two. However, the determination of yield,
month by month or even year by year, cannot be made with the same de-
gree of accuracy (as from 10-year records) because of the increasing
importance of A\S (change in storage) as the time interval decreased and
because of the relatively greater influence of the various fac'tors that
influence evaporation opportunity. wl

The conclusion by Wisler is that there is a lack of correlation be-
tween water loss, rainfall, and temperature for short periods. This
would indicate among other things, the importance of including in these
considerations the influence of AS and specifigally the influence of
land use change on A\S.

As any study of total water losses from a drainage basin indicates,
it is difficult to measure loss from interception, evaporation, transpira-
tion and ground water out flow. But collectively losses can be more ac-
curately and easily estimated by considering the rainfall, runoff, and
storage, as in the equat‘ionv':_

L=P-Q+AS

where:
L is the total losscs for the period
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P the total precipitation for the period
Q the total runoff for the period
A\ S the increment in surface and subsurface storage
during the period
the three factors of AS are:
1) the increment in surface storage in lakes, ponds,
swamps and streams
2) the change in ground water storage below the
water table, which for any given area and period
is equal to the product of the average change in
level and the average porosity of the soil
3) the change in field moisture above the water table
Acting on this relationship are the rather well defined cyclic char-
acteristics of rainfall.” For example, in southern Michigan, 18 percent
of the annual precipitation occurs in winter, 27 percent in spring, 29
1
percent in summer, and 26 percent in fall. In response to the cyclic
nature of a basin's water regimen, ground water level usually reaches
. its maximum stage in the first of May and then experiences a more or
less general decline until late September or early October. Although
there may be fluctuations amounting to several feet or even more in any
one year, the observed level on October 1, of any year does not ordinar-
ily differ greatly from the long term elevation for that date except as a
result of unnatural changes or developments made within the basin.
Surface storage and soil moisture deficiency do not vary considerably
from year to year at this season of the year. Consequently, the average

annual loss for any period of five years or longer, beginning and ending

on the first of October may be determined from the previous equation,

1Ibid.
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ignoring AS. The accuracy, according to Wisler, would be within one
or two inches.

However, if only one year is considered in deterﬁmining the loss,
the error will be considerably' greater depending then on the value of
A\ 'S for that vear. This error can be detected and at least a partial cor-
rection made because all the stream flow is derived from ground water
and from surface storage with the exception of surface runoff immediately
following a storm. Surface storage and soil moisture content vary more
or less in parallel with the ground water storage, and except when sur-
face runoff is occurring at the end of the watér year, the streamflow at
that time provides a good index of AS for that year. A change in this
value from one year to another would indicate ground water levels and
surface storage should be checked, and with complete information could
reflect a correlation factor and possibly a relationship with land use
change.

Another method for determining A S in the above equation (L=P-Q+AS)
would be from the normal depletion curve which represents the rate of
depletion of ground water storage, and at the same time, the area beneath
the portion of the curve bounded by the (;ischarge rates occurring at the
beginning and end of the period for which /AS is being determined is
actually equal to AS.

.Thus it is possible to determine average annual water losses from

any drainage basin quite accurately for a long period of time from only
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precipitation and runoff records. Annual water losses can be determined
with reasonable accuracy if /.S is taken into account using hydrograph
and ground water level information. Seasonal and monthly losses are
naturally slightly less accurate.

Another method for determining change in storage is proposed by
Foster.l First the average change in ground water level is determined in
the basin area. (The Thiessen method can be used here, using wells in-
stead of rain gages as before mentioned.) "The change in stage for any -
given well is expressed in terms of specific yield. ne Then in an area A
with n wells, the change in volume Vg can be expressed as follows:

\Y% = A/al(WSSy)l + az(WSSy)Z + a3(WSSy)3 + ... an(WSSy)n

wn
1

specific yield

increase in elevation of water table or P,

Sy

3
I

Where PW = portion of precipitation reaching free ground water.
This equation naturally applies only to unconfined aquifers. The ground
water equation according to Conkling is as follows:

Surface outflow

+
Underflow out Surface inflow
+ +
Consumptive use = Underflow in
+ ' o
Change in storage Precipitation
+
Exportation

1l’ostexr, op. cit., p. 433.

ZIbid .

Harold Conkling, "Utilization of Ground Wafer Storage in Stream
System Development," Proceedings of the Amelican Society of Civil Engi

neers, Vol. 33, January 1945.
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Drought flow, a term usually used Synonymously with minimum flow,
is defined as the minimum stream discharge Occurring during the summer-
fall warm weather season from May 1 through October 31. The discharge
can be measured in any one of several ways. These include minimum
daily average discharge, minimum consecutive 7, 15, or 30 day averages,
Or even minimum monthly average. The fundamental approach to the sta-
tistical evaluation of low flow characteristics of streams stems from the
theory of extreme values (Gur;1bel Theory).1 An extremal probability grid
initially developed for flood flows was adopted to droughts by the simple
technique of dealing with values in their order of severity rather than in
order of magnitude. Yield is u‘sually expressed as cfs per square mile of
tributary or cfs at the gaging station. The variability ratio which is
sometimes expressed as the standard deviation, is better expressed as
a simple ratio because drought flow is an asymmetrical distribution.
Flow duration curves do not provide the probability of occurrence, but
reflect entire distribution of discharge. Another common method for es-
timating flow at a specific location other than by gaging station record,
is to assume that flow is proportional tg the size of the drainage area

tributary to that location, using the yield at the nearest gage.

—_—

1Clarence J. Velz and J. J. Gannon, "Drought Flow Characteristics
of Michigan Streams. " University of Michigan for the Michigan Water

Resources Commission, 1960.
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Physical and Economic Characteristics of the Basin

Physical

Certain physical conditions of a basin will under ordinary conditions
remain constant for Years and probably for times longer than those used
in most projections. These conditions would ihclude area, shape, eleva-
tion, slope, directional Orientation, drainage net, indirect drainage, and
artificial drainage. Although the last factor, artificial drainage, could
easily change within a Projection period, the end flow result would be
constant, but not the same in quantity as before. Artificial drains can
lower the water table in portions of a drainage basin and thereby influ-
ence peak flood flows and minimum flows depending upon the drain's
relative loca‘tion in the basin and the permeability of the soils involved.
The lowered water table in drained regions can also bring about the par-
adoxical condition where water yield is increased because evaporat;on
and transpiration losses are decreased while low flow can be even further
decreased because a large amount of potential ground water supply has
been released. The quantitative expression for the influence of artificial
drainage can best be made by direct measurement of flow changes, but .
for projecti.ve purposes can be roughly estimated by calculating the run-
off as a function of AS for the drained area, as previously described
for the drainage basin as a whole. Often times estimates of anticipated

drain construction can be obtained from county drain commissions and an

estimate of drainage needs can be obtained from surveys such as the
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Soil and Water Conservation Needs Inventory, inade by the Soil Conserva-

tion Service and CoOoperating agencies.

Economic Characteri stics

Economic considerations must be made in water supply projections
In so far as it is neces sary to know what amount of water will be required
to meet the demands imposed by expanding water use and the price the
public will bear for such a supply of water. The water demand or require-
ment is commonly expressed on the basis of per capita use. Because the
combined increase in_ population and increased per capita demand for
water usually remains generally geometricall'y constant within a projec- /
tion period, with the exception of a sudden change in the industrial condi~
tion, population projections ordinarily serve as the best indicator of
future water supply requirements. This study concerns itself primarily
with water supplies available under natural conditions or under the in-
fluence of land use change but will not delve deeply into the economics
and feasibility of developing extensive water supply systems per se.
This is a subject in itself and is of course extremely important in regions

of chronic water shortages, but is not as yet of chief concern in the humid

east where the Upper Grand River Basin is located. But for reference

- Purposes, Heady presents a model mathematical analysis for specifying
the optimum allocation of a given investment between alternatives within

a watershed.l In addition, a rather valuable treatment of the economics

1G. S. Tolley, Economics of Watershed Planning (Axnes: Iowa State
University Press, 1961), p. 197.
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of utilization of existing water supplies, municipal rates, investment in
additional water supplies, practical logic of investment efficiency cal-
culations, and technology and costs of water supplies can be found in

Hirshleifer, DeHaven, and Milliman.1

The Balance of Future Water Supply with Future Demand

In addition to understand‘ing the forces that influence the essen-
tially natural progression of water supply, it is necessary to understand
the probable activity of man in a watershed, both as he influences the
supply related forces and as he influences the demands for which the
supply is used. This probable activity can best be expressed in terms
of two basic projections. One projection being that of anticipated change
in the watershed that will influence supply, and the other projection
being that of anticipating future water demand. The primary analysis of
a watershed would treat these two projections independently and merely
compare the end re—sult to establish the degree of balance. These inde-
pendent projections would then serve as the basis for designing a program
that would most effectively balance supply influencing measures with

demand or demand-reduction measures.

Projecting the Physical Availability of Wfiter Supply

The projection of a water supply is accomplished by quantitatively

l]. Hirshleifer, J. C. DeHaven, and J. W. Milliman, _W_a‘—t?—r—S‘iEBlY'
Economics, Technology, and Policy (Chicago: University of Chicago,
1960).
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evaluating the change rate of forces that influence the supply. One
category of these forces is man-influenced urban or vegetal land use
change and the other is upstream man-influenced losses such as con-
sumptive use through irrigation, diversion, and industrial consumption.
The relative magnitude of these forces would naturally depend on the
particular watershed, and would range from the rather stable influence of
a wilderness area, through that of an agricultural area and on to the in-
fluences exerted by urban and highly industrialized places.

The basic availability of a surface water supply can be determined
in terms of average flow and limits of variation on a time scale. Then,
upon this record of known conditions, a projection is made incorporating
both the previously experienced natural variations and the culturally in-
fluenced supply modifying influences such as those exerted by land use
change and new upstream consumptive uses. A complete supply projec-
tion includes also ground water supplies. Since there is an interrelation-
ship between surface and ground waters, in that some upstream measures
can decrease surface supply and at the same time increase ground water
recharge, these two sources are here considered together. They should

be considered separately, however, in areas where there is a distinct
economic difference between the two supplies. Specific methods for the

presentation of this projection are illustrated in Chapter IV.

Projecting Water Requirements

The subject of projecting water requirements is a distinct topic in
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itself. For this reason the reader is referred to the methodology used by
the S_elect Committee on National Water Resources1 and the specific study
of the Upper Grand River Basin area by the Tri County Planning Commission2

and the Michigan Water Resources Commission.

Generally speaking, the projection of water requirements can be ex-
pressed either as a simple projection of the combined result of increased
per capita demand and increasing population or this projection could be
further sophisticated by considering the economic incentives that would,
with increasing water costs, encourage the installation of water saving

systems, and by considering the array of water quality classifications

required by a water demanding area.

The Value of Balancing Supply and Demand Projections

As a result of the above considerations, a comprehensive program can
be initiated to deal with the water condition of an area before make-shift
emergency measures are required. Water supply planning should be an

integral part of the overall planning operation in any area. The capacity
of an area to deal effectively in the preparation of measures for preventing
future emergencies, whether they be flood, low flow, or pollution threats,

could well determine the future economic well being of that area.

Liwater Resources Activities in the United States;" op. cit.

2D. A. Crane, et al., "Long-Range Water Use Planning for the Tri
County Region, " Preliminary Draft for the Lansing Area Water Advisory
Council, Battelle Memorial Institute, Columbus, Ohio, April 8, 1963.

3"Water Resource Conditions and Uses in the Upper Grand River Basin,"
Michigan Water Resources Commission, Lansing, Michigan, 1961.




CHAPTER III
THE ANALYTICAL MODEL

Considering now a specific area and its condition in relation to the
several water supply modification. factors upon which the area depends
for future economic stability and productivity, it becomes apparent that
planned water control measures must be included as an integral and dy-
namic function of the overall development design. The Upper Grand River
Basin does have an ample potential supply of water, however, the cul-
tural and economic condition of the basin a.rea necessitates a serious
consideration of the water regimen for assuring an adequate supply of
water, particularly in times of naturally low flow. Man's activity and
his relative locational placement of water dependent communities in the
basin ha';/e automatically made the time of summer low flow the critical
period and the period for which planning effor‘_cs are most essential.

The Upper Grand River Basin, as indicated on Map 1, is located in
south central Michigan, where Lansing and Jackson are the two major
cities. The drainage area extends from the City of Ionia at the western
extreme of the basin to the headwaters of the Grand River above Jackson.
The basin covers about 2,840 square miles and the main stream length
betwéen these two points is approximately 172 miles. The basin bound-
aries were established by the Michigan Water Resources Commission (;n
the basis of natural.surface drainage characteristics. These boundaries

39
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obviously do not follow county lines, and even interpolations using town-
ship data do not accurately define the condition of individual watersheds.
Therefore, basin information is expressed in terms of watershed units.
These watershed units are also indicated on Map 1. Their relative posi-
tion of cumulative impact in relation to the selected Grand River commu-

nities are listed on Table 1.

TABLE 1. Cumulative Watershed Impact on Selected Grand River Commu-

nities
Watershed Percent of
Communities Acreage Square Miles Total Area
Big., " 122,560 191.5
Total at Jackson 122,560 191.5 0.7
61 236,600 369.7
860 111,080 1736
861 140,864* 220 . 1*
874 68,000 106.3
875 108,000 __168.8
Total at Lansing. 787,104 12805 ’ 43.3
861 196, 224%* S306.6*
865 127,720 199.6
866 55,000 85.9
867 307,000 479.7
868 - - 115,000 1797
869 58,000 90.6
876 171,440 19679 ’
Total at Ionia 1,817,488 2,840. 100.0

(River Basin Total)

*Interpolated value
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This basic cumulative impact table will also be used later to express
other parameters significant to this study. The watershed numbers used
in this table correspond with those indicated on Map 1. These numbers
were established by the Soil Conservation Service, but do not include the
original prefix MICH-GL-SL, used to designate the Great Lakes and St.

Lawrence major drainage area.

The Present and Projected Water Requirement
Presently the water requirement or demand considerations initiate
most of the concern about water supply, although at first an abundant
~water supply may have influenced the region's original development.
This occurs as water consuming forces, particularly those of irrigation,
sewage disposal, and industrial use increase to the limit o_f water avail-
ability. At this point decisions and modifications must be made to assure

a favorable and continuing water supply.

Critical Regions

The present water requirement can be measured if sufficient investiga-
tion is possible. This is primarily an inventory procedure that measures
the total water use of an area by water source and season of use. A
completeraccount of water use in the Upper Grand River Basin is, of
course, far Beyond the scope of this study. Consequéntly, three Grand
River communities appearing to display the most critical need for water

were selected. These communities are Jackson, Lansing, and Ionia.
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Jackson was considered to be a critical region because during summer low
flows, the effluent from its sewage disposal plant occasionally exceeds
the Grand River flow itself. Lansing was selected on the basis of its
summer flow threat in relation to power plant requirements and high volume
sewage effluent. Ionia, although not itself threatened by low flow, is a
convenient meas.uring point representing the sum total Upper Grand River
surface flow product. This becomes an important measure in that the
next downstream metropolitan area, Grand Rapids, depends on the Grand -
River for not only sewage disposal processing, but also for about 50 per-

cent of its water supply at peak demand periods.

Measures of Water Requirement

The water requirement in the Upper Grand River Basin during low flow
can best be measured in terms of irrigation needs and sewaée disposal
needs. These are the two primary purposes for which Grand River surface
flow is used. A short discussion of the local condition follows.

An irrigation survey was cbmpleted late in 1958 by the Michigan
Water Resources Commission1 which revealed that during years of aver-
age precipitation, 4.28 inches of irrigation water are applied per irri-
gated acre, of which the Uppe‘r Grand has:‘ 2,470 acres (1959 Census of
Agriculture interpolation). Typical irrigation practices in the area indi-

cate the following usages:

1
Water Use for Irrigation, Michigan Water Resources Commission,
Lansing, Michigan, 1959.
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Crops Irrigated Inches of Water Applied Per Year
Potatoes S
Field Crops 3-1/2
Hay, Pasture, Silage 4-1/2

It was also found that agricultural irrigation was increasing at a
greater rate than municipal irrigation and that a trend to ground water
and storage water as sources could be detected. Although this trend to
non-surface sources does essentially make more water available for
sewage needs, great quantities of water are being used nonetheless for
irrigation, and in most cases the water used would indirectly have con-
tributed to surface flow. This would have occurred primarily through
base flow. In terms of economic return, irrigation also suffers a handi-
cap, since agriculture in the region contributes only 2 percent to the
economy although it occupies 86 pefcent of the land.l This and the fact
- that the Tri-County area imports more agricultural items than it exports,
indicates the relative insignificance of water in agriculture as a result «
of the insignificance of agriculture itself. A later section will show,
however, that agricultural land use can influence river flow.

The primary water réquirement problem in the Upper Grand River
Basin is that of providing sufficient quantities of water for sewage dis-
posal purposes. During gummer low flow periods, the BOD (Biochemical

Oxygen Demand) becomes dangerously high relative to flow, and threatens

1 X

O'Donnel, John L., et al., Economic and Population Base Study of
the Lansing Tri-County Area, Bureau of Business and Economic Research,
Michigan State University, 1960.
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both fish life, recreation, and aesthetic value. In order to determine
exactly how critical the problem is and exactly how much flow augmenta-
tion must be considered for future water requirements, some figures will
be cited that indicate the flow requirement per population unit. This
flow-to-population relationship is made possible due to the fact that
nitrogenous and other organic content of sewage is fairly constant per
unit of population, and consequently it is possible to roughly approxi-
mate the cubic feet per second (cfs) of stream flow required per 1,000
people to effect natural purification. For the treatment of raw sewage,
Blackett considered 3 cfs/1,000 persons sufficient to preserve fish life
if not corr.lplicated by industrial chemical wastes.l However, in a Re-
sources For the Future, Inc. publication, the suggested flow was 4 cfs/
1,000 popula’éion. 4 In areas where treatment occurs, Blackett assumes
that primary treatment reduces oxygen demand by 35 percent and complete
treatment reduces oxygen demand by 90 to 95 percent. These figures are
particularlylimportant in the Upper Grand River Basin because this region
is the most heavily populated portion of the State outside of Detroit. The

basin population is approximately 760,000 of which 520,000 are urban. 3

lBlackett, Olin W., Water Resources and Plant Location in Michigan,
University of Michigan, School of Business Administration, 1957, p. 25.

2]arrett, Henry, ed., Comparisons in Resource Management
(Baltimore: Johns Hopkins Press, 1961), p. 162.

3Blackett, ) < P o § T < I ¥ 40
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Many of the growing urban-areas are being pressured into the construction
of sewage disposal facilities and the costs must be considered in their
planning program. Blackett mentioned, as an average figure, for total
sewage treatment expansion, including lateral and interceptor sewer and

pumping equipment, $127/capita.

Condition at Critical Period

Jackson "

In Jackson the problem is primarily that of creating sufficient river
flow for handling sewage plant operations and effluent dilution. The
present municipal water supply system, serving nearly 51,000 people
and several industries with 11,758,000 GPD from well sources amounts
to approxim‘ately 232 GPD/capita.1 But indirectly, river flow influences
this water supply by way of infiltration through the river bed. Jackson
has already acquired rights to this river bottom land as far upstream as
Center Lake to protect the area from practice:\s harmful to natural recharge.
Sewage plant expanéion has kept pace with increasing demands and pro-
vides complete treatment except undér heavy storm drainage conditions.
Assuming that 93 percent'2 of the oxygen demand is eliminated at this
treatment facility, only 7 percent of the 4 cfs required per 1,000 popula-

tion would be necessary. This means that 0.28 cfs are required per 1,000

1
Water Resource Conditions and Uses in the Upper Grand River Basin,
Michigan Water Resources Commission, Lansing, Michigan, 1961, p. 105.

ZA figure given by Mr. Greene, superintendent of the Jackson sewage
disposal plant.
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population, or assuming an equal number of persons have municipal sew-
age drainage service as receive municipal water supplies, 14.3 cfs would
be the required flow of the Grand River at Jackson.

Figure 2 is a typical hydrograph of the Grand River at Jackson, and
serves to show that the low flow threat does not appear to be extremely
critical. However, the minimum discharge has fallen below this figure
twice (in 1936 and 1941) in the last twenty-eight years in terms of daily
average, and once in terms of the seven-day average.1

This apparently rare incidence of critical low f.low is deceptive,
however. According to the sewage plant superintendent, the entire river
flow is frequently diverted through the sewage plant during low flow
periods. Obviously the resultant e‘fﬂuent then has no river flow with
which to be diluted, and consequently additional river flow at Jackson
can be deemed desirable. In view of this discrepancy, it would seem
reasonable to increase low flow at Jackson at least by 14.3 cfs, or by
an amount equal to that required to properly dilute the effluent at times
of essentially' no:_ flow due to the complete diversion into the sewage
treatment plant.

Projecting now, to determine the Grand River flow requirement during
low flow periods, on thé basis of 1975 population sewage treatment needs,

non-city population seems to be the determinant factor. Jackson itself

will probably not experience a population change of a greater order than

1
C. J. Velz and J. J. Gannon, op. cit., p. 296.
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1,000, judging by the 368 decline between 1950 and 1960, or representing
a change of -0.7 percent. However, a two to three MGD increase in
sewage is expected from the anticipated sewage connections with periph-
eral communities. This would result in a 31.5 percent increase over the
present 9.52 MGD average sewage flow. This, in turn, would increase
the required minimum flow to 14.3 cfs + 4.5 cfs or 19.8 cfs. This addi-
tional flow must be produced in the 174 square miles of watershed above
Jackson, which is already responsible for a ten-ycar variability ratio of
.440, .488, .475, and .464 for one-day, seven-day, fifteen-day, and
thirty-day periods respectively.l The following chapter discusses the
present and future water supply, and will describe the influence that
anticipated land use change will have on this flow requirement at Jackson

for proper sewage dilution.

Lansing

The primary reason for.which La_nsing is dependent upon Grand River
flow is' again for sewage plant efiluent dilution. The Lansing sewage
treatment facility serves a population of 113,379. 2 The average result-
ant treated sewage was 18.34 MGD or 153 GPD/capita in 1961. The

facility presently has a 30 MGD capacity, well over that required for

Libid.., p. 293.

2Tlrie superintendent of the Lansing sewage disposal plant provided
the sewage operation statistics.
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the city's present population, but none the less, in three years, con-
struction will be completed that will increase the capacity to 50 MGD or
sufficiently to serve the anticipated 1980 population of 178,000.

The present plant operation removes 90. 2 percent of the BOD. This
leaves 9.8 percent of the 4 cfs/1,000 population as the required flow of
the Grand River to properly dilute the sewage plant effluent of 0.392
cfs/1,000 population. This means that required flow at Lansing should
be 44.44 cfs. However, if the oxidizable nitrogen continues to be re-
leased at the present high level, a flow of 300 cfs would be required at
Lansing. 1

Minimum flow of the Grand River at Lansing has fallen below this
minimum 44.44 cfs rate three times in the last 28 years, and falls below
the 300 cfs mark every summer, even when calculated as a 30-day aver-
age. This does indicate a serious condition, and in order to properly
handle the effluent load for 178,0'00 people in 1980, some modifications
must occur in the 1,385 square mile drainage system upstream of Lansing
to increase the flow to 0.392 cfs x 178 or to 69.78 cfs. Possibly even:
408 cfs will be required if the extreme nitrification continues. This
represents a minimum flow increase of 36 percent or 25.34 cfs without
the nitrification problem and 108 cfs with continued nitrification.

It must be kept in mind when considering these values that these

are representative only of the residential sewage treatment requirements

1 .
Water Resources Conditions and Uses in the Upper Grand River
Basin, op. cit.; p. 121:
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and not those of the industrial requirements. According to the Bat.telle
Memorial Institute, 1 BOD generation from manufacturing in the Tri-County
regionin 1960 was 21 percent greater than residential BOD generation,
and in 1980 it will be 39 percent greater. Also, as determined from
Battelle figures, commercial, manufacturing, and municipal BOD genera-
tion was 42 percent that of residential BOD generation in 1960, and in
1980 will be 54 percent that of residential BOD generation. Translated
into the terms previously used to show the required cfs of river flow
‘necessary to handle residential sewage effluent, an approximate figure
for total minimum river flow required at Lansing ‘to handle total sewage _
effluent without nitrification would be 63.1 cfs in 1960 and 107.46 cfs
in 1980. With nitrification the requiremént was 116.7 in 1960 and 198.8
cfs in 1980. The seven-day average minimum flow at Lansing has already
fallen below this 1980 non-nitrification requirement seven times in the
la-sy 28 years and sixteen times if only one-day averages are considered.
Combined with this more apparent low flow threat is the additional un-
certainty iqduced by the ten-year river flow variability ratio, which at
Lansing amounts to .268, .390, .398, and .420 for one-day, seven-day,

fifteen-day, and thirty-day periods respectively. 4

1D. A. Crane, et. al., Long-Range Water Use Planning for the Tri-
County Region (preliminary report), Battelle Memorial Institute, Columbus,
Ohio, April 8, 1963, p. V9.

2

C. Ju: Velz:and J. J. Ganhon, op. cit.; P. 293
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The following chapter will make clear the relationship between the
above mentioned flow requirements and the future flow that can be ex-

pected as a result of anticipated land use change.

Ionia

Ionia serves as a convenient measuring point for indicating the sum
total result of the water regimen in the Upper Grand River Basin. Although
the city itself does not sufier from inadequate low flow during the summer
and fall months, the actual and projected total flow at this point serves
to indicate what the downstream city of Grand Rapids might exp’ect in
terms of flow f1-rom the Upper Grand River Basin. The Grand Rapids de-
pendence factor on Grand River flow should be expressed in terms of
sewage treatment plant effluent dilution requirements rather than in terms
of supply due to the fact that supply expansion would cost the same
whether it is by way of a Lake Miéhigan pipe supply or morev intensive

1 And the additional expense of making

treatment of Grand River water.
upstream modifications solely for supplying Grand Rapids sufficient
quéntities of water during low flow periods would add to the expense
and thereby make the river source a less feasible alternative. |

The sewage BOD reduction at Grand Rapids is 80 percent to 85 per-

cent efficient and the population éerved in 1961 was 225,000. Then,

20 percent of 4 cfs is 0.8 cfs/1,000 population or the required flow for

lPersonal correspondence with Mr. Elmer Bauhahn, of the Grand
Rapids Water Works, Grand Rapids, Michigan.
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treated sewage effluent dilution is 180 cfs. Minimum flow has never
fallen below this level, even for a one-day average, but it has fallen as
low as 381 cfs in 1936. The superintendent of the sewage treatment
works, Huntley DeLano, and the superintendent of the water works pro-
vided data that indicated they did not consider the need for additional
Lake Michigan water as urgent as did various consulting firms. 1 Thus,
Grand Rapids is actually not in the desperate situation that various con-
sulting firms would like to have one believe existed. Consequently,
Grand River flow at Ionia will be expressed in the following chapter only

as a statement of conditions at the lower end of the Upper Grand River

Basin.

Overall Indicators of Grand River Flow Requirements

A general idea of the sewage treatment condition can be obfained
from Figure 3. In Jackson and Lansing the circled area designated as
"untreated equivalent" is.due primarily to the inherent inefficiency of
the treatment facility. Eatbn Rapids, Dimondale, Grand Ledge, and
Portland show relatively large percentages of "untreated equivalent."
This is not serious, however, because the effluent rate in comparison to

river flow at those points is sufficiently small.

1a) Report on Water Supply for Kent-Ottawa Metropolitan Water
District and Grand Rapids, Michigan, Black, Veatch Consulting Engineer-
ing, Kansas City, Missouri, 1956.

b) City of Grand Rapids, Michigan, Report on Water Supply Improve-
‘ments, 1954, Revised February 1955, Consoer, Townsend and Associates,
Consulting Engineers, Chicago, Illinois.
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At Ionia, the only city on the ﬁpper Grand River with no treatment
facilities, but with a sewer system, plans are being completed to provide
at least primary treatment. This will be accomplished by way of thirty-
year 5 percent bonds for a lagoon system costing $58, 838.

Population growth values, as indicated on Figure 4, also serve as
indicators of water requirement. The percentage chart readily reflects
the highly urbanized nature of the basin. The Lansing and Jackson
urbanized areas could experience a 38 percent popula'tion increase from
1960 to 1975, according to this Figure, or an additional flow require-
ment of 680 cfs for residential needs alone. The graph designating
actual population values serves well to show that botl:1 rural and urban
populatidn might increase at a rate of 100,000 each ten years. This
rapid population increase, particula;ly that in urban regions will also

influence the runoff from the resultant expanded urban regions, as will

be discussed in the following chapter.
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5.
Present and Projected Water Supply

Present Supply in Critical Regions

In this discussion water supply will be referred to as that water
flowing in the Grand River. Other supplies such as those from well
sources will not be considered in detail because well sources in this
region are not generally in immediate danger of depletion. In Jackson,
for instance, the city has acquired rights to the well field recharge area.
There, the recharge is so obvious that a direct correlation had been
made between river level and recharge rate. The lag time between in-
filtration through ‘_che river bed and the appearance of that water in the
wells is two to three days. There seems to be little danger that Jackson
will suffer from an immediate well water shortage. p

Lansing has experienced a steady decline in its water table due to
increased pumpage as illustrated in Figure 5. However, according to
Mr. David Johnson o‘f the United States Geological Survey in Lansing,
the falling water table is fairly well stabilized now due to better well
spreading and regulated pumping, although climatic changes still cause
two to four foot changes ip level. Precipitation is still responsible for
the greatest amount of recharge water, but the Grand River has become
influent in the Lansing area and consequently contributes substantially
to the ground water reservoir.

The river water supply for purposes of proper sewage dilution does

represent a pressing contemporary situation. To illustrate this condition
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the following table indicates the daily and seven-day average minimum

flow in Jackson and Lénsing from 1935 to 1959.1

TABLE 2. Minimum Flow at Jackson and Lansing in cfs

PN 13- Wi ¢ T ¢ o kansing. . . .
Daily Seven-Day Daily Seven-Day
Average Average Average Average
1935 20 2257 72 102.
1936 12 14.0 25 44.4
1937 39 43.9 160 189.
1938 36 39.0 94 121,
1939 26 30.3 48 75.4
1940 28 30.0 50 9.2:1
1941 14 19.0 20 69.9
1942 29 34.0 92 152
1943 50 : 56.0 187 281.
1944 29 377 76 127.
1945 33 35.6 145 176.
1946 20 24.1 43 78.4
1947 38 49.9 214 2325
1948 22 27 +9 70 133,
1949 31 3541 97 168.
1950 39 42.9 154 191.
1951 44 46.9 156 194.
1952 30 i 123 16:2
1953 15 21,0 76 127.
1954 20 30..0 89 157
1955 19 29.6 84 114,
1956 30 3241 101 146.
1957 25 3353 123 176.
1958 23 - 257,01 116 167.
1959 28 29.3 140 108. .
25 Year Average 28 33.0 102.2 143.3
Deviation +22 -16 +23 -29 +112 -82 +138 -99

1Velzand Gannon, op. cit., pp. 296 and 313.
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These flows are the direct product of surface runoff and base flow,
the latter being the most important during summer low flow periods. For
the purpose of illustrating the variation between these low flows and the
annual mean flow, Jackson's twenty-five year mean annual flow was
119.2 cfs, with a high of 203 cfs in 1943, and a low of 70.7 cfs in 1936,
and Lansing's 31 year mean annual flow was 845 cfs, with a high of
1,410 in 1943 and a low of 431 cfs in 1935. Various forces, primarily
those resulting from land use change, will act on the critical summer
low flow. Some deliberate agricultural méasures such as irrigation and
'soil conservation techniques act on the base flow characteristics of a
region. Other changes effect less obvious influences on the low flow.
Included in this category are the changes caused by urbanization. These
land use changes, particularly t'hose which will specifically have the
greatest influence on the Upper Grand River flow will be discussed in

the following section.

Forces That Will Act on the Grand River Flow

Certain land use changes are predicted or recommended for the
Upper Grand River Basin. The anticipated agricultural land use changes
were obtained primarily from a recent study by the Soil Conservation

: ; ; ) 1 ;
Service concerning soil and water conservation needs.  As applied to

1S0il Conservation Service, An Inventory of Michigan Soil and Water
Conservation Needs, published by Michigan State University Agricultural
Experiment Station (no date, but probably 1962). (Unpublished original
data was also used extensively.)
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the Upper Grand River Basin, the anticipated changes were determined
by using both individual watershed data and the county percentage con-
version factors, found in Appendix A, for translating the county informa-
tion into watershed data. A straight percentage c;)nversion of this nature
did not seem inaccurate considering the fact that the SCS information
was based on a 2 pefcent sample. The difference between Census in-
formation and expanded SCS estimates of land use ranged from +24.2
percent to -10.1 percent according to Heneberry.l This range of inherent
inaccuracy in the basic agricultural land use data makes it impossible
to project runoff and infiltration changes because the magnitude éf the
hydrologic changés due to changed agricultural land use is far less than
that displayed by the variability in the original land use data. The run-
off change resulting from changed crop type is less than 15 percent and
usually less than 10 percent, as indicated by the runoff figures in Chap-
ter II. Thus, the basic information available concerning anticipated
crop type and acreage were not considered accurate enough to make a
valid projection on this basis.

’I"his is not a serious limitation, however, according to the available
SCS information, as illustrated on Figure 6. Only 76,000 acres will be
eliminated from cropland, forest and woodland, and pasture and range

use in the next fifteen years. This is only 4 percent of the total area

1Wi]liam H. Hencberry, Differences Between 1954 Census and Ex-
Panded Soil Survey Estimates of Land Use in Michigan, unpublished,
undated.
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and 3,000 acres of this is only idle land which usually restricts runoff
even more than cropland. The urban net gain of 73,000 acres is signifi-
cant and will be discussed in the urban section that follows the next
section about agricultural water hanagement.

Of greatest significance in the SCS report is the section about agri-
culfural water management. In this section the opinion is expressed
that more drainage problems exist needing project action than any other
type problem such as flood water and sediment damage reduction, ero-
sion damage reduction, and irrigation. Acreage requiring project action
is said to be 85,000 acres or 5 percent of the U'pper Grand River Basin
'area. The cumulative impact is illustrated in Table 3. This 5 percent
increase in drained area could have an extremely significant influence
on low flow, due ;co the effect drainage has on speeding_ the runoff cycle.
It could safely be assumed that the resultant runoff would occur before low
flow periods and thus decrease summer low flow even more. This assump-
tion is made because drainage would lower the water table considerably
and it is this water which contributes to base flow during summer low
flow. A discussion with Mr. Arlington Ash of the United States Geo-
logical Survey and Mr. Dale Granger of the I;Aichigan Water Resources
Commission revealed that apparently no publi.shed information is avail-

able concerning qﬁantitative agricultural drainage-runoff relationships.
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TABLE 3. Cumulative Impact of Proposed Drainage Projects in the Upper
Grand River Basin

Percent of

Watershed Total Acreage Needing Upstream
Communities Acreage Project Activities Area

873 122,560 0

Total at Jackson 122,560 0 0
61 236,600 4,000
860 111,080 2,000
861 140,864 2,190
874 68,000 1,000
875 108,000 3,000

Total at Lansing 787,104 12,190 IS
861 196,224 3,050
865 127,720 0
866 55,000 0
867 307,000 30,200
868 115,000 18,000
869 58,000 0
876 171,440 22,400

Total at Ionia 1,817,488 85,840 4.7

In terms of quantitative figures it is unfortunately not possible to
express the exact cfs change that agricultural land use change :Nill have
on Grand River flow. However, it is possible to make the inference
from available information that agricultural land use change and conser;
vation measurc;s will essentially diminish the base flow rate. ‘The
exact amount of change is difficult to estimate, but an assumption on
the basis of the percentage of land expected to experience drainage in-

stallation and the percentage of land expected to go out of agriculture,

as will be described in the next section shows that roughly a 5 percent
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decrease could be expected in low flow assuming present trends continue.

The Influence of Urban Land Use Change

Having discovered that agricultural land use change, as determined
by the SCS, is'not sufficiently accurate to be used in deriving the re-
sultant change in stream-flow and runoff relationships, another approach
must be considered. This approach also involves agricultural data, but
the enumeration used is that of acreage in farms as a percent of total i
area in acres. The assumption was made by Steinmueller, Hostetler,
and Jensen that the non—agricultural remainder of farm acreage is repre-
sentative of the urban land.l Because a major part of the urbanization
that would influence runoff would occur in the peripheral regions of
metropolitan areas, the townships surrounding metropolitan areaé were
designated by total acreage, farm acreage and percent for 1930, 1940,
1950, and 1960. This information, taken from the Steinmueller, Hostetler,
and Jensen study, for the two large Upper Grand River metropolitan areas

of Jackson and Lansing, reveal the information found in Table 4.

1Milton H. Steinmueller, John E. Hostetler, and Clarence W.
Jensen, "Urbanization and Its Effects in the Rural Areas." Unpublished
research, June 1963.
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TABLE 4. Peripheral Urbanization
Interpolated
_15 Year Project .
1930 1940 1950 1960 Percent 1975

Metropolitan Area -- Jackson
Total Area 451,008 |-==-===-|-=-==== [-==———-
Farm Acreage 362,083 (378,2391349,089 |303,392
% in Farms 80.28 83.86 77 .40 67.26
% Non-Farm

(urbanized) 19._72 16.14 22.60 32.74
Non-Farm

Acreage

(urban) 88,925 72,769|101,919 (157,616 | +44.57 | 227,861
Population 37,117 | 43,452| 56,837 | 81,274 |+38.30 |112,403
Metropolitan Area -=- Lansing-
Total Area 2287890 | ===s=mr v otasa frssnbas
Farm Acreage 453,964 |450,321|426,060 (433,954
% in Farms 85.83 85.14 80.55 82.04

% Non-Farm

(urbanized) 14,17 14.86 19.45 17.96
Non-Farm :

Acreage

(urban) 74,932 78,575|102,836| 94,942 +4.46 | 99,178
Population 41,414 55,601| 72,354 93,564 | +31.62 |123,150

The 1975 projection was made on a percentage basis. The 1975

Jackson urban area increase would be to the order of 44.57 percent.
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This corresponds roughly to the population increase and can be con-
sidered a reasonable percentage indicator of the urban land area that
can be anticipated in fifteen years. However, the small percentage in-
crease that appears to be Lansing's fifteen year rate of urban growth
could well be misleading. It appears to the writer that a greater number
of peripheral townships should have been included in the study by
Steinmueller, Hostetler, and Jensen. On the one hand the acreages
considered for the Lansing area could well have already experienced thie
initial surge of urbanization and that over-urbanization may even have
occurred. Urbanization may also be occurring farther from the central
city area than originally anticipated, and is probably occurring in the
so-called bedroom communities surrounding Lansing.

However, for making a rough estimate of runoff increase ;'esulting
from urbanization, the Lansing value was modified to correspond rela-
tive to population with Ia_ckson's percentage figure. This results in a
37 percent value for Lansihg, or an acreage increase of 35,129 acres.

Using this information in combination with the previously mentioned
urban runoff information and a knowledge of the runoff conditions in the
basin, a rough approximation can be made of the influence urbanization
will have on streamflow. First, urbanization of the nature expected in
the Upper Grand River Basin would result in an approximate coefficient
of runoff amounting to 0.5. Since average runoff .at Lansing is 9.40

* Anches and the total average rainfall is 31.30 inches, 15.65 inches rhay
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become the runoff instead of 9.40 inches. This is an increase of 6.25
inches.

The combined acreage affected in this way near Jackson and Lansing
alone is 85,374 acres. This is 11 percent of the area above Lansing.

If the 20 percent runoff increase from the 11 percent of the land is con-
sidered in relation to the rainfall and runoff data on Figures 7 and 8,

then it becomes obvious that‘ any decrease in runoff in the summer months
could seriously affect the already existent low runoff. The bottom graph
of Figure 7 indicates the possible future runoff using augmented reser-
voir flow. (The temperature graph is included in Figure 8 to illustrate
the additional temp?rature created evaporation potential during the sum-
mer period..)

This potential runoff increase from urbanization is essentially a
subtraction from Grand River low flow, because a great percentage of
the increase would occur in the high rainfall seasons when low flow is
not a problem. In other words, the cfs increase occurs as rapid runoff
instead of contributing to the ground water resefvoir which had previously
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