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ABSTRACT

This study examined the risk of low flow under condi-
tions of extensive groundwater withdrawals in the Upper
Pawcatuck River basin,

The streamflow record of the Pawcatuck River at Wood
Rivef Junction from 1941-1968 was used in this study. The
contribution of groundwater to streamflow (termed beseflow)
was estimated from these records, There is a constant
gravity drain or baseflow recession occurring in the ground-
water reservoir, A recession constant relating the recession
to an exponential decay process was found using the stream-
flow record. The recharge of the aquifer, resulting from
the infiltration of precipitation to the aquifer, was esti-
mated for every month in the record,

A simulation model of the stream was then developed us-
ing recharge as a random variable and the recession equation
as aldeterministic component, Recharge was generated from
empirical distributions on a monthly basis. The effect of
pumping from wells near the stream (stream depletion) was
found using Jenkins' model of an idealized stream-aquifer
system,

The output of the simulation ﬁodel‘under conditions of
no pumping was compared with the historical records in or-

der to validate the model. A search program was then used

iidi



in conjunction with the simulation model in order to find the
maximum withdrawal possible subject to a constraint on the
ma#imum number of'mgan flows below a set minimum flow, An
addifional constraint was necessary to restrict the allowable
range of the pumping rates, The simulation was then altered
to reflect a more realistic situation: 3 wells with differ-
ent stream depletion factors and fixed pumping rates, The
combination of wells which would maintain a certain annual
supply of water and which would deplete the stream the least
was found. These results were related to the 1, 7, and 30
day minimum flow,

This study did not present any new safe yield figure or
single optimal pumping plan., Instead, the study demonstrated
the effects of time and location of pumping on the risk of
low flow in the Pawcatuck River Basin. It is possible that
a more elaborate model could be used to determine the safe

yield of the basin.

iv



ACKI'CWLEDGEMENTS

I would like to express my graditude and appreciation
to Dr. Lawing and Dr. Kelly, who provided countless hours
of assistance throughout this study.

I would also like to thank Dr. Shao, who rezad the

first draft of this thesis and made valuable suggestions.



TABLE OF CONTENTS

Page
I. Introduction
1.1 Objective.isioceeoessasosssssssssossssassscssasocs 1
1.2 Description of Upper Pawcatuck Basineieesososse 2
1.3 Groundwater Reservoir Properties..c.ccscecessse 5
1.4 Availability of Groundwater within the Basin. 8
1.5 Available Dat@eeeecesccsccscsccassscssesscssose 11
II. Streamflow Analysis
2.1 Hydrological CyYCle.eseeeccecsssscssscsasscssse 18
2.2 Baseflow SeparatioNecccecscecsscscecsssscascocse 20
2.3 Comparison Between the Chipuxet and
Pawcatuck RivVeTrS.:.eeeeececccsccscccsassnsnce 26
2.4 Baseflow ReCeSSiON.eceeececcsccscsscsscsasccscsss 28
2.5 Volume of ReCcharg€.ssccscsscossssosscnssscccs 37
2,6 Hydrological Budget.ecceseesosscsscssssssssesase HO
III. Simulation of Streamflow
3,1 Need for SimulatioN.es.cesessscsssscccscsccssss U6
3,2 Generation 0f ReChaATIZC..sessssssscccoscsssssss U6
3.3 Pumping Program....cecceececcscscsscsscssccsee U7
3.4 Generation of StreamfloW...coeeeoececccecscsssss BT
3.5 Validation of the Simulation Model.:.seessoses 59
1V, Optimal Schedule of Groundwater Withdrawals
4,1 Optimization Model...eeseeesscccscsssccsossss 03
4,2 Methods of Evaluating the Risk of Low Flow... 64
4,3 Search TechniquUeS...eececescccosscoocsccsocssns T2
4,4 Search ProOgTaNl. «eceeeeececccscosssscscsnsscses Th
4,5 Optimum Pumping PoliCVeeeceooecssecsocsesscess T8

V. Conclusions and Recommendations
5.1 Conclusions ® & & 5 & 0 o 0 0 0 . ® ® & & & & & 2 & % 0 " 5 8 0 8 08O e e 90
5. 2 Recommendations ® & ® & &6 & & 6 0 5 & 0 0 s 0 0 0 8o . e o & 8 & & 8 0 0 92

Bibliography.-................................--.--o-- 91"'

Appendixoncol.o.co..c..oo..l..c.o.....o...oo..c.c..... 99

vi



e
L] L] L]

wt W VI

=

MDOYDDDDDND
NN U FLUDDE

NN
L]

4 e o e o o
RO O o= WK

o

FrEFFEF R
L]

LIST OF FIGURES

Location of Upper Pawcatuck River BasiNe...eceoeee
Location of Groundwater ReservoirS.ceccsscececsocss
Drawdown in Pumped Well.c.eacocesoccosssccsccsscas
Relationship Between Transmissivity and-
Permeabilityeceosoosscscsnsasasssocccsocssossssscs
Cumulative Distribution of Annual Mean Flows...

HYdI‘OlOgical Cyclen.oo.oOlonooccooo.....ocoo.o.

Typical Strearﬂflow Recordooonaon.oolo-ooooooooD

Graphical Baseflow SeparationN.cccececsceccccscces
Baseflow Separation Using Interval Method......
Comparison Between Chipuxet and Pawcatuck
RiVeIrS.ceeessecosoocscccosccassssoocsssccsosassas
Recession ConstantSesececccescosocscosssosonsasssns
Estimation of the Volume of ReCharge...eeeseees

Generation of Random Numbers from a Discrete
Distribution.cscisccescescscsscsosccscsssssnsacss
Frequency Distribution of Recharg€.cscsececcose
Relationship Between the Ratio of Stream
Depletion to Groundwater Withdrawals at
Various Levels Of SDF...ceoescoscccsscccaneis
Effect of One Month Pumping on Stream
‘Depletion.ccececscsocccscscsscocossoascnsasccasse
Idealized and Actual Stream-Aquifer SystemsS....
Generation of StreamfloW.:sececscscscssscscssssses
Comparison of the Cumulative Distribution of
the Historical and Simulated BaseflowS.....es

Baseflow Duration CUI'VE.ccscesessocccsossaasaocss
Low Flow Frequency CUI'VE€esesssososscossoscoscscsces
Relationship Between 1, 7, 30 Day Minimum Flows

and Minimum Monthly BaseflOW.:..coocscsosccasoss
General Search TechniquUeE..ccecesseccccsscsscsasosss
Optimization Program Flowchart..coeeocsocscssocas
Flowchart of Subroutine SDRMIN....c.eeeeesceess
Flowchart of Exploratory Search SectioN.c.e.sse
Arrangement Of WellS...eceecesseoccacvscoscnsones
Typical Output from SimulatioN.cccscesccscccoss
Minimum Monthly BasefloWe.sceoceoecocosonsonscccscsa

vii

Page

OO ONFWw

19
20
2h
27

33
38

L8

55.
56
58
62



LIST OF TABLES

Annual Mean FlOWS.eeeoceocescssss

Baseflow in Pawcatuck River at
Wood River JunctioN.iseessecssee

Recession Constanteeceecceccsoosces

Recharge from 1941-1968.........

Hydrological Budget.ceecoosscoocsos

Comparison of Hydrological Budget with Other

‘ReportS.-..------.-.........--..-....--.-..

Recharge Frequency DistributioN.ccccoscsccecsos

Use of Different Random Numbers in Simulation,

LOW FlOW FrequenCY.-....--...-.o--....-o.-o..-

Comparison of Minimum Monthly Baseflows to

l, 7 and 30 Day Minimum FlOWS.......-.-...-o
Optimum Withdrawal Schedule -~ Single SDFecaese
Optimum Withdrawal Schedule - Multiple SDF....

Changes in Minimum Flows Under Pumping...ec....

viii

Page

10

27
36
39
L3

Ls
50-51
62
68

71
83
87
89



I. Introductiqn

1.1 Objective

This study will examine the supply of groundwater in
the Upper Pawcatuck River Basin and evaluate alternative
policies for the withdrawal of water., The Upper Pawcatuck
‘River Basin is approximately 70 square miles and located in
southeastern Rhode Island, In 1966, the U, S, Geological
Survey reported in Water-Supply Paper #1821 (1) (termed
Water Resources Report in this study) that the basin would
yield a total of 25,6 millien gallons per day (39.4 cubic
feet per second).l Extensive field testé were done to sup-
port this estimate. Later reports (2,3,4) reduced this
figure to 8- 10 mgd (12.3- 15.4 cfs) due to concern that
extensive pumping would severely lower the streamflow. It
is. essential that the safe yield be established in order to
properiy.plan for the future. Antak (5) concluded that if
the U.,S.G.S. estimate of 25.6 mgd is correct, then plans
for the construction of Big River Impdunding Reservoir might
be postponed or cancelled.

Water may be withdrawn from either surface or ground-~
water sources., Surface water withdrawals from lakes and
rivers may reqﬁire costly treatment due to pollutants in the
water, Groundwater will require far less treatment due to

the nmatural filtration of the groundwater basin or aquifer,

lOne million gallons per day (mgd) = 1.54 cubic feet
pPer sec. (cfs).



except in some areas where there is high concentration of
manganese (l). However, there will be additiomnal pumﬁing
costs for groundwater withdrawals. It is common practice

to plaée wells near streams to minimize the drawdown or dis-
tance the well must 1lift the water. Pumping near a stream
will draw the water from the stream, so there is "stream de-
pletion" or a lowering of the flow in the stream. This study
will be limited to groundwatef withdrawals where depletion

is the major problem,

1.2 Description of the Uppér Pawcatuck Basin

The Upper Pawcatuck River Basin is located in the south-
central part of Rhode Island and includes a major portion of
Exeter, West Greenwich, East Greenwich, Richmond, North Kings-
town and Charlestown (Figure 1.1). The basin is approximate-
ly 15 miies long and 7 miles wide with a total drainage area
of 70 square miles, '

. The principal .river in the basin is the Pawcatuck which
is fed by two tributaries, the Chipuxet and the Usquepaug-
Queen River (Figure 1.2). The Chipuxet River flows through
Worden's Pond while the Usquepaug-Queen River flows through
the Great Swamp before they Jjoin to form the Péwcatuck River,
Many small ponds are located in the basin, including Wordens,
Yawgoo, Barbers, Hundred Acre, Larkins and Tucker, as shown
in Figure 1.2. Streamflow is measured in the Chipuxet at
West Kingston. The Pawcatuck River is measured at Kenyon in
the upper basin and at Wood River Junction and Westerly in

the lower basin.
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The Upper Pawcatuck consists of glacially rounded hills'
and flat valleys., Low rounded hills are found in the north-
ern part of the basin, while the southern part is basically
flat and swampy and forms a plain of 90-100 feet above sea
level. The southern boundary of the basin consists of a
belt of low hills and ridges known as the Charlestown morri-

ane (1).

1.3 Groundwater Reservoir Properties

In order for a groundwater reservoir or "aquifer" to be
suitable for extensive withdrawals, the groundwater must be
able to travel through the aquifer‘without excessive resist-
ance and there must be a sufficient supply of groundwater,
Aquifers not only store water, but also transmit it from one
place to another in response to hydraulic gradients. One
measure of the ability of an aquifer to transmit water is
permeability. Permeability, K {gpd/ftzl, is definéd as the
flow of water throﬁgh a cross sectional area of an aquifer
under the driving force of a unit hydraulic gradient,

An initial estimate of the permeability can be made by
examining the distribution of soil grain sizes., The Water
Resources Report found that the unconsolidated deposits
from the central part of the Chipuxet and Usquepaug-Queen
River valley formed stratified layers of sand and gravel,
These deposits had a high sorting coefficient and therefore
a high coefficient of permeability.

To obtain a more accurate estimate of the aquifer's



properties, extensive pumping tests were made~in the basin.
The variable measured in these tests was "drawdown" which is
the distance from the ground (or any datum) to the water
le&el in the well. The.pumpihg of a well draws groundwafer
from the aquifer, which will lower the water level in the
well, as shown in Figure 1.3. The pumping test is used fo
determine the transmissivity and storativity of an aquifer,
The transmissivity, T {épd/ff], is the rate at which water
flows through a wvertical strip; 6ne foot wide, extending
through the saturated thicknessAof the agquifer under the

driving force of a unit hydraulic gradient. For uniform

,Figure 1.3 Drawdown in a Pumped Well
Tzik—*-
t o - _——VWater Table
hY 7 .
AN . .
: ~ .
DRAWBeWN '\ A=——— Change in Wabter TLevel
/
L ______ _,___\i Due to Pumping
' o
77 7 77 77 77 772 777 P e T F 7

permeability and constaht saturated thickness (condifions
which are not actually met in the gquifef, but can be assumed
to be approximately correct), thé transmissivity is equal to
the perméability times thé séturated thickness, m (ft.) aé
shown in Figure 1.k,

Figure 1.4 Relationship Between the Transmissivity and
Permeability

i m = saturated thickness(ft)

T=m




Storativity, S, is a measure of the ability of the aqui;
fer to expand and contract its structure dueAto pressure of
the groundwater. It is expressed as the ratio of the wvolume
of water to the volume of the aquifer and it is dimension-
less., The specific yield is defined as the water removed
from a volume of the aquifer under the force of gravity.
Since the aquifers of the Pawcatuck basin are unconfirmed,
the specific yield would equal the storativity of the aquifer,

Under constant pumping, it is possible to find the aqui-
fer's transmissivity using Thiem's equation (6) once equili-
brium conditions have been reacﬁed, using the drawdown in
nearby observation wells. However, it may take 10 days or
more to achieve equilibrium conditions, so it would be an
expensive and time-~consuming test. The U.S,.G.S. (7) deter-
mined estimates of T and S using the transient behavior of
groundwater to pumping, which meant that the test could be
completed in less than 48 hours. The Theis non-equilibrium
curve and the matching point method (8) was used to find
estimates of T and S for 9 wells, Estimates of transmissiv-
ity were also obtained for all 16 wells using the specific
capacities of the wells. The specific . capacity is the quan-
tity of water a well yield (gpm) per foot of drawdown (ft).
The specific capacity was used to make initial estimates of
T and then dividing T by the saturated thickness, the per-
meability was computed.

It was determined by the U.S5.G.S. that the central part




of the Chipuxet River and the Usquepaug-Queen River wvalleys
had permeabilities of 1,000 gpd/ft2 or more, on the basis

of field and lab tests. The report assumed that the maximum
drawdown would be B/h the saturated thickness, On this ba-
sis, the Water Resources Report estimates that properly con-
structed wells in this aquifer would yield 700-2000 gpm

(1-2.9 mgd or 1.354-4 47 cfs).

1.4 Availability of Groundwater Within the Basin

The average yearly rainfall from 1889-1962 at Kingston
was 48" (1), If rainfall is considered to be uniformly dis-
tributed over the basin, then 48" of rainfall over 70 square
miles (total area) for one year is the equivalent to a con-
stant flow of 247 cfs. The losses from the basin are due to
evapotranspiration which the Water Resources Report estimated
a mean yearly total of 24" on the basis of air temperature
records at Kingston. This leaves 24" of rainfall or 123.5
cfs deposited on the basin yearly. More accurate estimates
of evapotranspiration can be made on the basis of well data
and streamflow records,

The meteorological records are a good indicator of the
abundance of water in the basin. It is possible to use
these records to supplement limited streamflow records, On
a yearly basis, there is good correlation between rainfall
and streamflow. However, on a daily or monthly basis, the
relationship becomes more complex, because the effect of

rainfall in one month is dependent on the previous month,



There has been considerable research in this area to relate
rainfall and streamflow. They range from simple empirical
equations to extremely complex computer simulations (20,11),

The streamflow records available to the Water Resources
Report were sufficient to evaluate the supply of groundwater
and correlations with precipitation were unnecessary, The
Upper Pawcatuck records were available from 1941-1962 for
the 2 years in common, 1958 and 1959, The cumulative distri-
bution of annual mean flows for the Pawcatuck River at Wood
River Junction is shown in Figure 1.5, The results are ex-
tended to the Chipuxet and Usquepaug-Queen River by compari-
son of mean annual flows. The individual probabilities of
the annual mean flows were computed by ranking since the

sample size is small (n=22),

Figure 1.5 Cumulative Distribution of Annual Mean Flow

19

2.0

J
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1
“Figure 1.5 obtained from Figure 17 of the Water Resources
Report, (1), page 45,



10

In assessing the availability of groundwater, the essen-
tial variable is not the average annual mean flow (the equiv-
alent of a grand mean), but the mean annual flow which is
expected to occur very rarely or which has a low probability
of occurring. In the report, the criterion used to establish
the yield of the basin was the mean annual flow, A, for
which there is a .05 probability that a mean annual flow
would occur that would be equal to or less than this flow or:
P{uaf.Ag 4 ,05, This criterion is termed a 20-year flow,
because the expected number of years before a mean annual
flow would equal ér be less than this flow is 20 vears, This
assumes that the mean annual flows are independent random
variables.

The results of the Water Resources Report are shown in
Table 1.1, which is the same as Table 6 in the Report, ex-

cept the values for the Pawcatuck River have also been

Table 1.1 Annual Mean Flow2
Baseflow1

Area 10-Tr Flow 20-Yr Flow 10-Yr Flow 20-Yr Flow

(mie) (mgd/miz) (mgd/mie) " mgd (efs) mgd (cfs)
Chipuxet 9.9 1.08 .97 7.4 (11.4) 6.4 (9.9)
Usquepaug 36.0 .86 «76 22,0 (33.9) 19.0 (29.3)

' *

Pavcatuck  100.0 90" .80 63.0 (97.0) 56.0 (86.2)

* estimated from graph

1) Assuming 70% of Streamflow is baseflow

ZTable 1.1 obtained from Table 6 of the Water Resources
Report (1), page Uik,
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estimated from the graph. The report used the 20 year mean
annual baseflow in determining the groundwater available for
withdrawal from the Usquepaug-Queen and Chipuxet River aqui-
fers, respectively (Table 1.l1)., After considering the po-
tential infiltration of streamflow through its bed and toward
the well and the storage capacity of the aquifer, the report
éoncluded that 26,2 and 13,2 cfs (17 mgd and 8.6 mgd) could
be withdrawn from the Usquepaug-Queen and Chipuxet River
aquifer, respectively, for a total withdrawal of 39.4 cfs

or 25.6 mgd.

l.5 Available Data

Streamflow and well level data are measured by the U,S,
Geological Survey and reported in the Water Supply Papers
(8,9). The Upper Pawcatuck River is continuously monitored
at Kenyon, Wood River Junction and Westerly, which are trib-
utaries of the Pawcatuck. The entire daily streamflow
record of the Pawcatuck, from 1941 to 1968, is stored on
computer tape and available from U.S.G.S. fegional office
in Boston. Records after 1968 are available from the
Washington Office. There are 8 observation wells distributed
throughout the Pawcatuck basin. The U.S. Geological Survey
has measured the wells once a month, usually in the last
week of the month, since 1955. These records are available
in the Water Supply Papers (8) for the period 1955 to 1972,

The Water Resources Board desired more detailed data on

the basin for their study. As such, streamflow was recorded
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on the Chipuxet River and Usquepaug-Queen River, the two main
tributaries of the Pawcatuck River for the period February 1,
1958 to July 6, 1960. Also, the number of observation wells
was increased from 8 to 16 and observations were taken twice
monthly. The data is contained in a report by Allen et al.
(7). In 1973, the Water Resources Board started to record
these rivers again on a daily basis., Currently, records are
available from September 14, 1973 to September 30, 1974,

The streamflow is gaged by measuring the height of
streamflow from an arbitrary datum, then it is converted to
actual discharge in cubic feet per second by a rating curve
(21). The quality of the daily discharge is rated "excellent"
if 95% of the discharges are within 5% of the true wvalues,
"good" if they are within 10%, "fair" if they are within 15%,
and below 15% "poor." Most records of the Pawcatuck River
at Wood River Junction were rated excellent, some were rated
good. The U.S. Geological Survey also reported some regula-
tion of streamflow at low flow due to powerplants and mills,
There is no indication in the record as to the time and de-
gree the stream was regulated. However, after plotting the
streamflow data of the Pawcatuck River at Wood River Junc-
tion, the regular releases of mills at low flow can be
identified. The years 1957, 1965, and 1968 had considerable
regulation.

Climatological data is gathered by the National Oceanic

and Atmospheric Administration National Weather Service with
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the regional offices in Warwick, Rhode Island. The Kingston
Weather Station has been collecting data on daily rainfall,
evaporation, air temperature, relative humidity, and ground
temperature since 1889, However, only records from 1941 to
1973 were available for this study (lO). These records are
not available in computer readable form.
The Water Resources Board recorded precipitation and

evaporation at three additional sites from 1958 to 1959 (7).
These additional sites helped to measure the ¢hange in cli-

matic conditions within the basin.

1.6 TUse of Operations Research

Operating research was developed to make the most ef-
fective use of scarce resources. It is a very broad field
utilizing many different techniques, including simulation
and mathematical programming. There has been a rapid growth
in the use of simulation and mathematical programming in

the development of water resources.

Simulation of River Basins

The use of simulation in the analysis of water resource
systems began on a large scale with the Lehigh River Basin
project (ll). The four year study, conducted by the Harvard
Water Program, was to determine the best development of wa-
ter resources within a basin. It was a complex system, in-
volving six reservoirs for supply and many different uses
of water, including irrigation, recreational use, municipal

and industrial sﬁpply and hydro-electric power generation.
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Also, the use of reservoirs in flood prevention was con-
sidered. The complexities of the system made an analytical
solution impractical, so a computer simulation model was
used., There were 42 decision variables in the final model,
which allowed the planner to vary the sizes of reservoirs,
the capacities of power plants, the amount of water diverted
from one source to another, the acceptable water levels and
the quality of the streamflow. The decision variables were
related to cost or profit, It was infeasible to find a
global optimal solution, so the program randomly selects 20
trial designs and find the best three designs,

The Lehigh River basin project was a key beginning
point for the application of operations research in water
resource development., In 1962; the Harvard Water Program

published The Design of Water Resource Systems, which was a

massive effort to combine the disciplines of economics,
operations research and engineering in the overall planning
of a water supply system (12).

A simulation program requires a streamflow generator,
that is, a routine that will produce numbers similar to the
historical flow record, The historical record can be used
directly, but many simulations require a record longer than
the historical record. There has been extensive research
into the development and use of statistical streamflow

generators (13,14).
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Mathematical Programming

The techniques of mathematical programming have been use-
ful in solving models involving the withdrawal of surface and
groundwater from a basin. These techniques include linear,
integer, dynamic, stochastic and non-linear programming.

Taylor (15) ﬁsed linear programming to find the optimum
withdrawal rates of surface and groundwater in order to mini-
mize the depletion of the stream. The constraints to the
. model are: (l) the total pumpage must be equal to the demand
for each month and (2) the total volume withdrawn from the
aquifer must be less than a specified limit. The model was
applied to the Arkansas River valley in southeastern Colorado
for the two most critical months, July and August. A sensi-
tivity analysis showed that the pumping in July was very
critical.

Dracup (16) utilized a form of linear programming called
parametric linear programming in allocating water from vari-
ous sources to particular users. The model is eésentially
a transshipment model, where the cost of transporting a unit
of water from a particular source to a destination has a
unique and ' known Vélue. The sources of water are: external
surface water, basin surface water, basin ground water, and
wastewater. The destination costs are: municipal and in-
dustrial use, agricultural use and recharge of basin, The
costsbare for pumping, treatment and storage. In the case

of external water source, there is also a purchase price,
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The model was used to compute the optimal schedule of with-
drawals from 1965 to 1995 for the San Gabriel Valley in
Southern California.

Hughes (17) formulated the decisions concerning the ca-
pacity of wells, treatment plants, impounding reservoirs
and distribution system as a mixed integer problem, The
model recognizes that well pumps and pipe sizes are available
in finite number of sizes and as such are integer variables.
The objective function is to minimize the total costs which
includes both the initial construction costs and operating
costs. While no applications are presented in the article,
the model appears to be quite realistic and useful in plan-
ning an overall water supply system,

Nieswand (18) used chance - constraint linear program-
ming to find the optimal schedule of withdrawals from both
surface and groundwater sources., The objective of the model
is to maximize the total withdrawal from surface and ground-
water sources while maintaining a minimum allowable overflow.
The monthly streamflow was considered a random variable
with a log-normal distribution. The model used chance-con-
straints to limit the risk of low flow. The model was
successfully applied to Mullica River basin in New Jersey.

Domenico (19) used dynamic programming to find the op-
timum schedule of withdrawals from surface and groundwater
sources over a three year period. The model assumes that

there is a considerable lowering of the water table in
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proportion to the groundwater pumped. This would increase

the pumping costs. The model becomes a sequential ailocation
problem because previous decisions to pump from the ground-
water sources increase the cost in pumping in the next period.
While no actual application was presented, a numerical prob-
lem was solved.

Many other models have been suggested in the literature.
Where there are many different users of water and a scarcity
of water resources exist, it is critical that the best allo-
cation of these resources be made. In the western states,
most notably Colorado and California, there has been exten-
sive study in the optimum allocation of water resources., The
water system differs somewhat in the humid northeastern states
in that: (1) there are few "multiple use" water resources
projects, in that most water is for municipal and industrial
use and not as many irrigation or hydroelectric projects as
in the West. (2) There is, at least for the present, no
great scarcity of water resources in the East. The ground-
water resources in the East are largely underdeveloped,

" while in parts of the West, they are heavily mined to the

point where the aquifer is constantly being dewatered,
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: ' 1I. Streamflow Analysis

2.1 Hydrological Cycle

Figure 2,1 shows a simplified hydrological cycle. The
cycle involves the circulation of water as precipitation,
then surface and groundwater runoff, then finally returning
to the atmosphere through evaporation and transpiration, It
is possible to isolate certain parts of the cycle for study.
For example, the meteorologist is concerned with evaporation-
precipitation relationships, while the hydrologist would
study the rainfall-streamflow relationships (1,2).

The total flow entering the stream is termed basin run-
off, which is composed of surface, subsurface and groundwater
runoff, The total flow leaving the basin is evaporation
from free surfaces (lakes, streams and swamps) and from the

ground moisture, plus transpiration from vegetation. Combined,

these losses are termed "evapotranspifation." The surface
Figure 2.1 Hydrological Cycle
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and subsurface flows enter the stream almost immediately af—’
ter the start of the storm. A portion of precipitation will
slowly infiltrate downwards to the groundwater reservoir or
aquifer and then travel towards the stream as groundwater
runoff or baseflow, The reaction of groundwater to a storm
is more lagged and less responsive than surface runoff;

The effects of the different inputs to the stream be-
come more nearly apparent after examining the streamflow
record., A typical record of the hydrograph is presented be-
low, The sharp peaks represent the surface runoff contri-
bution and the underlying cycliéal trend is due to ground-
water runoff, The groundwater runoff or baseflow is dimport-

ant because 1t is considered the dependable portion of stream

flow.
Figure 2.2 Typical Streamflow Record
_ . " Pawcetuclk River at
5002" Wood River Junction
’4902_ 1941 |
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2.2 Baseflow Separation

During long periods of no precipitation, it can be as-
sumed that the stream receives all its water from ground-
water, However, it is apparent from the typical streamflow
record that long periods with no rainfall are infrequent.
More often, the stream is in the process of recovering from
the effects of one storm when a second one occurs, During
the winter months, it becomes even more difficult to identi-
fy the groundwater or baseflow component due to the slow
melting of ice and snow, There have been many methods de-
vised to separate the baseflow component, either on a daily
basis or monthly basis., The best method to use depends on
the amount and accuracy of the data and the need for precise

estimates, Three methods will be discussed.

Graphical Methods

Every textbook seems to have slightly different methods

for graphical separation of the hydrograph, This study will

Figure 2.3 Graphical Baseflow Separation
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and the Chipuxet River at West Kingston for the period
October 1958 to September 1959, The average well level from
16 observation wells distributed throughout the basin was
used in the separation of baseflow.

The fitting of well data under the hydrograph requires
a certain subjective judgment in correcting for the evapo-
transpiration and other effects. This method does offer an
improvement over static techniques presented in the previous
section, but it would séill be difficult to impi;ment on a

computer, Also, a limited amount of data is available.

Interval Method

There are 28 years (1941-1968) of Pawcatuck River daily
streamflow records on computer tape. It is therefore neces-
sary to find a method that would separate the baseflow com-
ponent "automatically" - meaning a method that did not rely
on additional information or the intuition of a person., One
method which has been used successfully is Fourier Series
analysis which could identify the underlying cyclical pat-
tern (ll). It was found that it was possible to extract the
cyclical pattern without becoming involved in time series
analysis. The "interval method" was devised for this study
for the simple and efficient separationvof baseflow,

It is important to find the expected duration (days) of
the flood hydrograph in order to implement the interval
method. Linsley reported that the time a flood hydrograph

takes to recover (that is, from peak flow to baseflow
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conditions), is proportional to the drainage area (2). He

found that as a rough guide, the recovery time, N (days),

2

is found by N = Ad

s, where Ad is the drainage area in
square miles. Since the Pawcatuck basin at Wood River Junc-
tion has 100 square miles of drainage, N = 2.5 days. Linsley
also states that there may be large departures‘from his
equation and values for N can be found by inspecting the
hydrograph. By inspection of the Pawcatuck River record,

it was estimated that it took 1-~3 days for the flood hydro-
graph to reach a peak and 1-15 days to recover to baseflow
conditions,

For the interval method, it will be assumed that base-
flow conditions are present at least one day in any 20 day
interval, The record is divided into 20 day intervals and
the minimum streamflow and the day on which the minimum
streamflow occurred is found., The baseflow for any day can
be found by interpolating between the two minimum points,
This method was implemented on the computer to separate all
data of the Upper Pawcatuck River at Wood River Junction
from 1941 to 1968, Sample plots and mean monthly baseflows
are shown in Figure 2,3 and Table 2.1, respectively. Graphs

of every year are in the Appendix.



Flow

(efs)

24

Figure 2.4 Baseflow Separation Using Interval Method
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2.3 Comparison Between the Chipuxet and Pawcatuck River

The Chipuxet and the Pawcatuck River have very similar
streamflow records. This is natural since the Pawcatuck
River receives about 8-10% of its flow from the Chipuxet
River. Since the Pawcatuck and the Chipuxet Rivers share a
common groundwater basin, the ratio of their baseflow is
expected to equal the ratio of their drainage areas. The
Chipuxet has a drainage area of 9.9 square miles, while the
Pawcatuck at Wood River Junction has 100 square miles of
drainage, Therefore, it is expected that the baseflow of
the Chipuxet is approximately 9.9% that of the Pawcatuck.

Only the lowest streamflow within a 10 day period for
the Pawcatuck and Chipuxet Rivers for the period 1958-1960
and 1973-1974 for the months of April through December were
used, so our relation would be based on low flow measure-
ments in both rivers. The relation found by least squares
regression was: C = .104P-,18 where C is the baseflow
(cfs) in the Chipuxet and P is the baseflow (cfs) in the
Pawcatuck (Figure 2.5). The F test was performed at
X = 05 to test if there is a linear relationship between
C and P, The test statistic was well outside the critical
region, so we reject the null hypothesis that no signifi-
cant linear relation exists, Analysis of wvariance and
original data are in the Appendix,.

The relationship is important because it enables us to

extend the record of the Chipuxet River. Several researchers
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have investigated the reliability of estimates of means and
standard deviations when the sample has both historical and
derived data (6). It was found that the effective length
of the streamflow record is extended if the correlation co-
efficient is greater than .8. The correlation between the
Pawcatuck and Chipuxet Rivers was .959.

There has been an increase in withdrawals from wells
near the Chipuxet River in recent years (as much as 1 mgd or
1.54 cfs), which could affect the relationship between the
Chipuxet and Pawcatuck Rivers, However, the graph does not
reveal any significant difference (Figure 2.5, 1973-1974

flows are circled).

2.4 Baseflow Recession

There is a constant gravity drain or groundwater re-
cession occurring in the basin. The streamflow increases
in the late fall and the winter months because the rate of
recharge exceeds the rate of loss from the groundwater re-
cession, The recession becomes apparent in the spring and
summer months when there is little or no recharge of the
aquifer. If we assume that the resistance to the movement
of water within an aquifer is constant, then the outflow,
Q, is proportional to the volume of water stored in the
aquifer, S, or Q = KS. By continuity:

Rate In - Rate Out = Change in Storage

T4t K dt

Therefore: Q Qo exp(-Kt)
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This means that the baseflow should recede exponentially,
if there is uniform resistance throughout the basin, This
is a valid assumption if the basin is small and the aqui-
fer is simple.

Meybloom (7) developed essentially the same equation,

t/k

except using base 10: Q = K, 10~ 2., The recession con-

1

stant, k is equal to 2.3/K and Kl = QO. Meybloom's equa-

2’

tion may be easier to apply since k, can be read directly

2
from the semi-log plot of the hydrograph and represents

the number of days for a 10-fold decrease in the hydrograph
to occur,

Singh (8) suggested other forms of the recession curve
due to changes in the transmissivity is continuous, the
recession curve could be fitted to the empirical form,

Q = QO exp(—knt). Singh also showed that the changes in
the recession rates could be represented by a composite
curve consisting of several different recession rates at
different streamflow levels, While there seems to be con-
siderable discussion of the theory of baseflow recession,
methods to analytically identify the recession constant
seem to be lacking. The recession is most apparent in the
summer and fall months when there is little or no recharge
of the aquifer. When the hydrograph is plotted on semi-
log paper (figure 2.6) with streamflow on the log scale,
the béseflow plots as a straight line. The slope of the
recession line would be 2.3 times that of the recession

constant (conversion to natural log scale). The driest
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vears would yvield the best estimates of groundwater reces-
sion., Arbitrarily, it was decided that the dry years would
include all years less than 30" of rainfall between April
and December. These years are: 1949, 1950, 1951, 1964,
1965, and 1968, The points used to identify the baseflow
are the mininum 20 day flows discussed in Section 2.2, The
natural log of the baseflow was obtained so our model be-
came: In Q = 1ln Qo - kt, Linear regression was used to
find parameters Qo and k. The predicted recession line is
shown in Figure 2.6. The average k was found to be .Q1635
days"l or thé equivalent constant using Meybloom's equation
ls 140,67 days.

There is considerable error in computing a recession
constant. There is a continuous loss during the summer and
fall months due to evapotranspiration which is quite vari-
able over this period. This loss is directly related to the
mean monthly air temperature and the depth of the ground-
water, Some researchers (9) have concluded that there should
be a summer recession curve which reflects both the loss in
groundwater due to the gravity drain and evaporatién,_and
a winter recession curve, which accounts for only losses due
to the gravity drain., The winter recession curve could be
obtained from studying the change in well level, Comparing
the two recession curves would yield an estimate for the
evapofranspiration which occurred.

There is additional error or inconsistency with the
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equation when the aquifer is not simple or homogeﬂous. There
is a possibility that a more thorough investigation of the
recession in the Upper Pawcatuck may reveal a slight curve
at low flows due to change in the transmissivity of the aqui-
fer., At low flow, some of the contributions from swamp and
pond discharges may be lost because these sources have dried
up. bAlso, the tributaries ieading into the Pawcatuck may
dry up. There is also human error in identifying the reces-
sion curve. In the humid Northeast, very few days can be
considered completely baseflow, It is possible that time
series analysis could be useful\in analytically computing
the recession, although these methods are beyond the scope
of this study.

The recession curve is directly related to the aqui-
fer's properties, namely the hydraulic diffusivity, T/S.
Rorabaugh (10) developed an equation which expresses the
relapionship between the slope of the recession curve and
T _ <933

transmissivity: 125 = kz where k2 equals the recession

constant as expressed in Meybloom's recession equation and

L is the average distance from the stream to the hydraulic
divide. From topographical maps, the distance from the
stream to the till areas, which are fairly impermeable de-
posits surrounding the aquifer, is about 1500 feet, so using
L = 1500 ft, and K2 = 140.67 days, the hydraulic diffusivity
equals 14,994 ftz/day (112,000 gpd/ftz). If we assume the

specific yield equals .2 throughout the aquifer, then
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T = 2998.9 ffz/day or 22,431,7 gpd/ft. Estimates of L

‘could also be found by using the relation:

Basin Area . . .
L = >% Stroam Longth « The transmissivity computed is an

areal estimate for the entire upper basin, which is quite
different from the transmissivity obtained from the pumping
tests which were specific to the relatively small areas they
affected. The coefficients of transmissibilities from the
pumping tests ranged from 30,000 gpd/ft to 200,000 gpd/ft.

It is reasonable that the pumping tests should give consider-
ably higher estimates of transmissivity, since they were
performed in the highly permeabie deposits in the Chipuxet
and Usquepaug-Queen River valley.

The average T or T/S can be useful as an initial indi-
cation of the properties of an aquifer (12). However, the
average values camnnot be used to estimate the potential
yvield of a well, The average T could be used as the minimum
Ty, in that it represents the transmissivity at the hydraulic
diviée. This will be useful in Section 3.3 in which the lo-
cation of the well in relation to stream depletion will be

discussed,
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- FPigure 2.6

Recession Constants from Semi-Log Plots
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Recession Constants

Precipitation Air Temperature Baseflow Recession
Year Apr— Dec, inch. Annual Mean, °F Days_l
1949 23,66 50.90 17,41+ 1072
1950 2%.66 48.60 14,24
1951 20,43 50,10 14,82
1964 28.76 48,70 19.08
1965 21,94 48,00 17.%4
1968 30,89 48,50 14,81
Average K = 16.35+ 1072
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2.5 Volume of Recharge

Recharge is the amount of water that infiltrates through
the soil and into the aquifer, Some have related recharge
with the change in mean monthly water levels measured from
a series of observation wells distributed throughout the ba-
sin (13). This approach was not used since our well level
data was limited,

Others (14) have related recharge to the precipitation
and evapotranspiration, This can be done when streamflow
records are poor or unavilable. However, it is possible to
obtain estimates of recharge directly from the hydrograph,
as demonstrated in Meybloom's article (7).

Figure 2,7 shows the technique used in this study to
find the volume of recharge per month. The volume of re-

charge occurring in January, V would equal the area under

1°
the baseflow line and between the recession curve beginning
in January and the recession curve beginning in February.
The calculation of Vl required first summing the area be-
tween the baseflow line and the lower recession curve and
then computing the area between the two recession lines be-
ginning at the end of the month, which is equal to Ql/k -
Qzﬁc(k is the recession constant), as shown in Figure 2.7.
There were months where the flow declined at a rate which
exceeded the recession rate and a negative value for re-

charge was found., This is reasonable, since there is con-

siderable evapotranspiration in the summer and fall months

o
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Figure 2.7

Estimation of the Volume of Recharge
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Table 3.1

2,46 4,05
2.81 2,78
2.63 2,25

RECHARGE (INCHES) FROM 1941 TO 1968
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which might exceed the amount of precipitation that infil-

trates to the aqguifer,

2.6 Hydrological Budget

The hydrological cycle, as discussed in Section 2.1, is
a continuous dynamic process and as such, it would be diffi-
cult to account for all inputs and outputs to the system on
a daily basis. However, it is possible to make approximate
estimates of the inputs and outputs to the basin on a month-
ly and yearly basis.

The Upper Pawcatuck basin can be considered a "closed"
system, in that the streamflow originates in the basin and
the flow out of the basin as groundwater and subsurface wa-
ter is negligible., It will be assumed that the precipitation
is uniformly distributed over the entire basin. The balance

equation may then.be written:
P - SR - GW - A4S - ET = O

where P = precipitation, SR = surface runoff, GW = ground-
water flow,s8S5 = change in groundwater storage and ET = evapo-
transpiration losses. The groundwater recharge, computed
in Section 2.5, would equal GW + As; So the balance equa-

tion may be written:
P - SR - RECH - ET = O

where RECH = GW + AS. The balance or "budget" for the

basin will be computed on a volumetric basis and then
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converted to depth in inches over the drainage area at Wood
River Junction (lOO square miles).l By using units of
inches, similar basins may be compared.

The hydrological budget was computed using the precip-
itation records from the Kingston station and recharge
estimates found in Section 2.5. The surface flow was com-
puted by subtracting the baseflow estimates (Section 2.2)
from the total flow (Appendix A-6). The total evapotrans-
piration for each month was computed from the balance equa-
tion. The complete hydrological budget on a monthly basis
for 1941-1968 is found in Appendix A-7. A statistical
summary of the budget is shown in Table 2.4,

On a yearly basis, the change in groundwater storage
may be assumed negligible, so the total annual volume of
recharge would be approximately equal to the total wvolume
of baseflow, In Table 2.5, the hydrological budget is pre-
sented using baseflow instead of recharge for purposes of
comparison with a 1956 study (15). The 1956 study con-
sidered streamflow records of the Pawcatuck River from 1945
to 1954 at Wood River Junction. It can be seen that the
estimates from this study are reasonably close to those in
the 1956 study.

The Water Resources Report also formulated an extensive
budget for the Chipuxet, Usquepaug-Queen, and the Pawcatuck

Rivers for the period October 1958 to September 1959,

lone inch of water over 1 square mile = 26.88 cfs - day
or 2,32 x 106 cubic feet.
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The baseflow component was extracted in the Report us-
ing the average well level from 16 wells in the basin, The
baseflow estimates in this study are in close agreement with
those in the Water Resources Report.

There is, however, considerable error in the monthly
hydrological budget (in Appendix A-7). In some winter
months, there is a negative loss of water, indicating a gain
in water., This may be explained by melting snow and ice
from the previous month or by an error involved in the esti-
mation of surface and recharge components. The budget is
obviocusly in error for the year; 1950, 1951, and 1968 where
November has the highest evapotranspiration.

It is possible to refine the techniques used in this
chapter to eliminate obvious errors, Well level and air
temperature data could be correlated with baseflow and evapo-
transpiration estimates. Possibly, the conceptual models
could be used to make more exact estimates of the hydrological

budget (15).
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Table 2.4

Precip.
Surface
Rech.
Losses

Precip.
Surface
Rech.
Losses

Precip.
Surface
Rech,
Losses

Precip.
Surface
Rech,
Losses

Hydrological Budget

1941 1942 1942 1844 1945 1946 1947
32.02 48,71 31,76 um.gm 42,85  39.24  41.68
5.06 7.32 4,74 .56 5.62 7 .66 5.78
lo.64 17.51 13,83 19,38 19,14 17,70 15.29
19.32 23.88 13.18 15.53 18,09 13.88 20.60
1948 1949 1950 55T 1952 1955 1954
42,73% 35.85 35.41 42,65 44,96 61,12 53,82
7.60 4,09 3.59 5.64 6.64 11,52 10.24
23.61 15,11 14,81 20.39 17.69 30.14 22.81
11.52 16.65 17.01 16.62 20.62 19,46 20.77
1955 1956 1957 1958 1959 1960 1961
50.40 45.63 34,00 53,99 44,84 46,38 53,15
8.77 6.26 5.29 9.27 5.16 5.24 10,09
22,55 20.69 14,14 28.07 21.41 17.62 26.24
19.08 18.67 14,57 16.66 18.27 23.52 16.82
1962 1963 1964 . 1965 1966 1967 1968
49.61 42.04 40.45 30.69 38.54 50.61 47.34
9.10 5.85 5.14 4,34 3.90 6.44 8.39
22.65 15.09 19.27 10.79 12.43 21.43 15.61
17.86 21.10 16.04 15.56 22.21 22.71 23.33%
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Teble 2.4  EHydrological Budget (continue)

Hean Minimun Meximum Std. Deviation .
Rainfall 43,68 30,69 6l.12 7396
Surface Flow 6.62 3.59 11.52 2.091
Recharge 18.72 10.642 30,14 4.903

Losses 18.34 11.52 23.88 3,045
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Table 2.5

Comperison of Hydrological Rudset

With Other Studies

This Study 1956 Report
L Inches Fercent Tnches Tercent
Precipitation uz .7 48,0
Total Runoff 26.0 6075 24,0 50%
Baseflow 19.4 7562 - 17.0 715
Surface flow 6.6 25% 7.0 29%
Evapotran, and 17.6 405 24,0 50%

Other JTosses

1) Percent of Total Rainfall

2) Percent of Total Streamflow

Comparison of Raseflow Fstimates from

Water Resources Renopg(lnches)

1958 1959
Oct HNov Dec Jan Feb HMar
This Study 1 1.3 2.02 1.67 1.55 1.47 4,20

Water Res. Revort® 1.48 2.13 1.85 1.49 1.27 2.75

Aor May Jun Jul Aug Sep

This Study 3.41 2ol 1.%3% 1.11 .69 A6

VJzter Res. 3%.20 2,07 1.32 1.38 .81 «50
Report

1) Pawecatuck R. at Vood River Junction

2) Pawcatuck R, at Kenyon
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was stopped or the rate changed, there would be a lag in
the response of the stream depletion rate. This lagged re-
spdnse is proportional to the hydraulic diffusivity (T/S)
and inversely proportional to the distance a well is from
the stream,

Jenkins (4) used a simplified stream-aquifer system to
reduce depletion effect to a mathematical model. The as-
sumptions of his system were: (l) aquifer is isotropic,
homogeneous and semi-infinite in extent; (2) stream is
straight and fully penetrates the aquifer; (3) well is open
and fully penetrates the aquifer; (4) water is released im-
mediately from storage; (5) transmissivity does not change
with time; (6) the temperature of the stream is assumed con-
stant and to be the same as the groundwater; (7) pumping is
steady during any periodj; (8) flat water table. Assumptions
1 through 4 are the conditions for perfect hydraulic con-
ductance between the stream and aquifer. Jenkins solved

this system, relating pumpage to depletion:

< OF
sd, - ?_ o
= = - A _ ? SOF
3uot /< e e = \— e "
o
wWhece - 2oF = Slreas c\-e?\&*‘(“" g“ckc'f—

= cf4j75>
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Notation
a = distance from stream to t = Time (days)
well (ft.)
T = Transmissivity (ftz/day) gW, = Pumping rate (cfs)
during t
S = Storativity
sd, = Streamflow depletion
t
(cfs)

Jenkins'! model relates the ratio of the stream deplgtion
rate to the groundwater withdrawals for a specific stream

dépletion factor (SDF)‘ The SDF is directly proportional to
the square of the distance from the stream to the well and
inversely proportional to the hydraulic diffusivity.

The SDF at the hydraulic divide may be computed using

the recession constant found in Section 2.4. Since
T = .933 = 1 , where L = distance from stream to hy-

24 K SDF
UrSulic divide (ft.) and K

, = recession constant (140,67
days as computed in Section 2.&), the SDF for a well at

the hydraulic divide equals 150.67 days. This represents an
upper limit of the SDF for welis in the basin. The effects
of the various levels of SDF, is shown in Figure 3.3, It
can be seen that at higher levels of SDF there is a slower
response of the stream to pumping. Physically, this means
that wells which are located far away from the stream or

pump from agquifers with low hydraulic diffusivity, would

take a long time for their withdrawals to affect streamflow,.
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When the pumping rate is stopped or changed, there is also

a lag in the response, This is computed using Jenkins equa-
tion by adding or subtracting the net increase or decrease,
When pumping is stopped, the time to recover is proportional
to the SDF, as shown in Figure 3.4. The &istance from the
well to the stream in Figures 3.3 and 3.4 would be for an
aquifer with T=100,000 GPD/ft2 and S = .2,

As previously stated, Jenkins' model assumes a stream-
aquifer system coupled by a perfect hydraulic conductor,
which the well penetrates completely. As shown in Figure
3.5, our system departs considerably from the model. How-
ever, the model is still applicable., Since our system
deviates from the assumptions in the model, a well close to
the stream may produce stream depletion rates similar to
what Jenkins' model would predict at a very distant well,
This means that the SDF can be evaluated from pumping tests

instead of using a SDF computed from the distance to the

stream anfi the hydraulic diffusivity of an aquifer. It is
also plossible to obtain the appropriate SDF through nu-
merical modelling of the basin, By treating the aquifer as

a distributed system,

Figure 3.5 Comparison Between Ideal and Actual Aguifers
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Table 3.3

Effects of Stream Depletion Factors (SDF)
in Relation to the Stream Depletion

SDF
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Jenkins' model assumes that eventually all the water
held in storage will flow into the stream. The further the
~well is from the stream, the more delayed the response of
the stream to pumping. Jenkins model assumes that even for
very distant wells, there is still some depletion effect.

In reality, the depletion effects of pumping are within a
finite radius of the well. The aquifer is also finite in
capacity, so in winter months the recharge may be sufficient
to make up for water withdrawn during summer months and fill
the aquifer to capacity. As a result, the more distant
wells may have no effect on the‘stream. It is possible

that the model could be modified to account for these dis-
crepancies,

The model is based on daily pumping rates. However, it
would be very inefficient to simulate every day. Instéad,
the month is divided into 10 day intervals. The monthiy

depletion is found through averaging these evaluations,

3.4 Generation of Streamflow

In each month, there is a gain in baseflow due to re-
charge and a loss due to streamflow depletion and recession,
The simulation part of the computer program is shown in
Figure 3.6. The average stream depletion for each month is
computed earlier in the program and is stored in array Dl.
The program calls subroutine RECH to obtain the volume of
recharge for each month, V. The stream depletion, D, is

multiplied by 30 days to convert it to a monthly volume



(cfs-days) and then subtracted from V to obtain the total
volume change, VOLR. The volume change will be added in the
middle of the month (15% day). The streamflow recedes using
the recession constant to Q2 (Figure 3.6) then the net re-
charge is added, bringing it up to Qa and the streamflow
recedes again to the end of the month, Ql' The average
monthly flow is found by averaging Qo and Ql' The method
used to estimate recharge is different from the method to

generate recharge, but the results should be almost exactly

the same,

Figure 3.6 Generation of Streamflow

@
FLow
CCFS)

Davs
VOL R = cg% - &o ‘ Program Statements
generate monthly flows
QRa = VOLR » K + o from recharge
Q, = Qa* e—ﬁ\<

Quwe = (@, + QD2
Qo = Q.
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3.5 Validation of Simulation Model

As stated in Section 3.1, there is no direct check of
the simulation results., However, it is expected that the
simulation of streamflow with no pumping would give flows
whose distributions are close to the historical record. The
distribution of flows is shown in Figure 3.7. The Kolmorgov-
Smirnov test was used (5) to test the hypothesis that the
two samples are from the same distribution., The test is a
noh—parametric test, whose test statistic is the maximum

difference between the cumulative distribution of the two

samples. The critical region is 1.36'J”(m+n)7;;;j where

m and n are the sample sizes. The maximum difference is
.053 and the critical region with m = 336, n = 240, is .115.
Since the test statistic is well within the critical region,
the hypothesis that the two samples are from the same dis-
tribution is accepted,

The Kolmorgov test does not validate the program; it
simply states there is not sufficient evidence to conclude
that the distributions are not the same. The simulated and
historical distributions in Figure 3.7 are very similar, but
not exactly identical. The simulated record was consistently
higher by 5-10 cfs (obtained by shifting the curves until
they matched), until 160-170 cfs, where they became prac-
tically identical. This discrepancy does warrant further study
of thé simulation model. It is possible that the simulation

estimates are closer to the true distribution of flows, The
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period of the historical flows (1941-1968) had an average
rainfall of 43.8" while the long term average from 1889 is
48.3m,

The random component of the simulation is recharge. It
was assumed that the recharge is an independent raﬁdom vari-
able, but in reality there is some correlation between suc-
cessive months. This would be a possible source of the dis-
crepancy between our model and the historical values,

The simulation model was run with different initial ran-
dom numbers (called the "seed" of the generator) to test for
the variations within the model. The results (Table 3.8)
show that there is a comsiderable range in the low end of
the frequency table. The 10% flow or the flow which 10% of
the moﬁthly mean flows are equal to or less than, varies
from 41,43 - 46,60 cfs, while the 20% flow varies from 57.18 -
68.85 cfs. One possible way to feduce this error is to run
the program for a longer period. However, the computer time
increases exponentially with longer simulation runs, so our
simulation period will be limited'to relatively short periods

(20 years seemed adequate).
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Table 3.2

Use of Different Random Humbers

in Sinmulation

100 Year Simulation

Less Than: (1) (2) (3) (4) (5) Mean
0 Cfs .002 .0 .0 .001 .001 .0008
10 .002 . 004 .0 .002 . 007 . 003
20 .008 .012 . 007 .011 .017 .011
30 .OL6 034 .022 . 036 034 034
40 .091 .070 064 .092 Neyd .078
50 L154 .125 .118 L1hh .127 <134
60 .218 .188 .169 .205 .194 .225
70 .258 .237 .,219 <257 246 243

Flows (cfs)

Q(t)<a) ’ _
rlatey=s (1) (2) (3) (%) (5) Mean

«1C Li,43 Lhs, Ly Lé6,60 41,50 Lk, 90 L3,90
<20 57.18 62 44 66.20 59,20 66.85 62.77

Random Numbers

(1) 25

(2) 375567695
(3) 1974000271
(4) -100241457
(5) -1109923249



IV, Optimal Schedule of Groundwater Withdrawals

4.1 Optimization Model

The simulation program can be used simply as a fore-
casting tool, in that, given a schedule of monthly with-
drawals, the program can predict the risk of low flow. This
would be helpful to an administrator in planning to meet
current demands.

In planniqg for the future, it would be necessary to
know the maximum withdrawal possible without exceésive risk
of low flows. In the optimization model, the monthly pump-
ing rates gw(t), t =1, 2, ... 12, become decision variables.
The withdrawals from groundwater will produce a certain lo-
wering of streamflow or stream depletion, sd(t), during time
period t. AThe constraint to the model is that the streamflow
must not be excessively low for some month, This could be
expressed: Q(t)- sd(t) <4 A. However, streamflow is a raﬁdom

variable and as such a chance constraint is appropriate:
P fa(t) - sa(t) €al<at for all t

or the probability that the mean monthly streamflow minus
stream depletion is less than A must be less thane , To
complete the model, the stream depletion rate is a function
of the present and all previous pumping rates, as explained

in Section 3.3. This would be expressed:

sd(t) = f(gw(t), gw(t-l), ...)
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The optimization problem involves a non-linear constrant and

a chance constraint and as such ié not easily solved.

Nieswand showed (1) that an analytical solution is possible
for this model and a conjunctive model using chance-constraint
linear programming. An alternative to an analytical solution
is to search for an optimal pumping schedule throuéh a selec-
tive trial and error technique. The search technique is very

useful when the model may be changed often to relate differ-

ent situations.

4,2 Methods of Evaluating the Risk of Low Flow

The assessment of low fiow in a stream is complicated by
the fact that the measure of low flow appears to be multi-
dimensioﬁal. One is interested in the magnitude, duration
and the expected recurrence interval of a low flow. However,
these dimensions are interrelated, in that, one would expect
an extremely low flow to have a long duration and a long re-
currence interval.

One measure of low flow is the flow duration curve, This
is the cumulative distribution of the annual, monthly and
daily mean flows. Since the supply of groundwater is of im-
portance, the baseflow duration curve was found (Figure 4,1,
values in Appendix) for the annual and monthly baseflow. From
this curve, the 10 and 20 year annual mean baseflow were
found to be 94 cfs and 86.2 cfs, respectively. This is in

close agreement with values estimated in the Water Resources
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Report's annual mean flow duration curve (Figure 1.5), which
by assuming 70% of the total flow is baseflow, would yield
97vcfs and 86.2 cfs, respectively for the 10 and 20 year
annual flows, The cumulative distribution of daily total
flows 1is élso shown in Figure 4.1 (values for curve in Appen-
dix). The curve is in close agreement with values from the
Water Resource Report curve (Figure 13 in the Report). The
difference between these estimates is due to the different
time periode used (our study used 1941-1968; Water Resources
Report 1942-1962) and human error in reading the graph in
the Report.

Another measure of low flow, which has been used in
water quality studies, is the "7 day minimum flow" (2).
This is the lowest value in a running average of 7 consecu-
tive daily flows in a year, The 1 and 30 day minimum flows,
which are also useful statistics, are similarly defined.
The 1, 7 and 30 day minimum flows are shown in Table 4.1
and the cumulative distribution in Figure L4.2. These were
obtained from the historical record of total flow. Since
the simulation program was designed to generate mean monthly
baseflows, it would not be possible to obtain 1, 7 and 30
day minimum flows directly from the simulation output., How-
ever, a comparable statistic which can be generated in the
simulation program is the minimum monthly baseflow for each
vear., The minimum baseflow was obtained from the monthly

mean baseflows (Table 2.1) and these values are shown in
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Table 4,2 for each year. The cumulative distribution of
these flows is given in Figure 4.2. It can be seen from
Figure 4.2 that the minimum baseflow is between the 1 and
7 day minimum flows. This is reasonable since the baseflow
was separated by interpolation between the minimum daily
flows in a 20 day interval, During periods of low flow,
generally September to November, the baseflow changes very
little and is near the minimum of the year. The minimum
monthly baseflow can be related to the 1,7 and 30 day mini-
mum flows by use of the ratios, as shown in Table 4.3. The
ratio of minimum monthly baseflow to the 1, 7 and 30 day
minimum flows is 1.2 , .945 and .815, respectively.
Measures of low flow are closely related. The vyears
which have the lowest 1 day minimum would also be likely to
have a very low 7 day minimum and that year would also con-
tribute more montﬁs to the tail of the baseflow duration
curve, Figure 4.3 shows the years 1949, 1957, 1964, 1965
and-l968 are common to the 1 and 7 day minimum flows below
a probability of .2 and these years also have months with -
mean monthly baseflows below the .05 limit, Aléo, it was
found that these years had rainfall from April to December
of less than 31" (within the 25% percentile). The profile
of a 10 year low flow (expected recurrence once in ten

years) is shown in Figure 4.3.
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Table 4.1

1 Day Annuel Minimum’

Low Flow I'requency

7 Day Minimum

50 Day Minimum

Year Month Day Tlow (cfs) Month Day Flow Month Day Flow

1941 10 19 20.00 9 26 34,14 9 20 737,43
1942 10 17 39,00 10 11 48,29 9 18 52.60
1943 9 26 29,00 10 5 3%2.00 9 12 34,50
1044 9 12 22,00 S 6 206.45 8 15 32,40
1045 "10 13 35,00 10 18 34,43 9 25 36,27
1946 12 15 59.00 12 11 61.4% 11 21 68,83
1947 10 11 15.00 10 9 28.71 9 50 35.13
1948 10 7 32.00 10 4 34,14 9 24 36.77
1949 8 28 21.00 10 19 25.29 9 27 29.80
1950 10 8 27 .00 ) 10 4 29,57 9 10 3%.27
1951 10 © 30.00 9 30 3%6.71 9 8 41.87
1952 7 26 37,00 v 26 44,14 10 2l 52,30
1653 10 3 56,00 10 17 46.14 9 26 49,60
1954 7 31 62.00 7 16 7%.00 7 10 77.%3
1955 8 7/ 50.0C0 8 3 6l.l4 V4 13 72.17
1956 10 5 37.00 9 9 50.00 } 9 7 55.47
1957 10 5 19.00 9 30 25.57 9 19 28,00
1958 8 9 71.00 8 9 85.71 7/ 26 108.2%
1959 9 30 44,00 5 50 44,57 9 24 55.97
1660 9 3 27,00 9 3 34,00 8 13 44,43
1961 8 19 50.00 8 14 60.43% 7 2% 8l.57
1962 S 22 34,00 9 11 43,86 8 28 52.%%
1663 10 26 26.C0 10 22 40.14 8 30 46,67
1064 9 9 16.00 9 5 27.57 8 25 34,5%
1965 S 11 16,00 9 6 30.71 8 14 33,27
1966 9 3 20.00 8 23  36.71 8 5 40,47
1967 9 23 45,00 9 22 55,00 | 8 21 67.43
1968 9 19 25,00 S 26 30,86 9 17 %6.57
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Figure 4.3
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Table 4.2

Comparison of Minimum Monthly Baseflow to

l, 7, 30 Day kinimum Flows

Minimunm Ratio: Min. Mon. Baseflow/ 1, 7, 30 Day Min.

Monthly
Year Baseflow 1l Day 7 Day 30 Lay
1841 25.70 1.%4 .'782 . 713
1942 41.90 1.07 . 868 797
1943 31,90 1.10 .997 .922
1944 30.90 1.40 1.170 . 954
1945 34,30 1.04 1.004 OU46
1946 65.40 1.11 © 1.065 950
1947 28.40 1.89 ‘ . 989 .308
1248 38.80 1.21 1.1%56 1.055
1949 22.30 1.11 .921 .782
1950 27470 1.03 937 «855
1951 3%.60 1.12 915 .80%
1952 41.10 1.17 .931 786
1953 40,30 1.12 875 . «812
1954 72,50 1.16 . 990 ¢ 935
1955 65.80 1.32 1.076 914
1956 43,00 1.16 860 804
1957 21,80 1.14 853 779
1958 79.10 1.11 .930 <730
1859 52.90 1.20 1.187 < U5
1960 40,50 1.50 1.191 .911
1961 60,50 1.21 1.001 o 704
1962 41.00 - 1.21 .935 «783
1963 31.50 1.21 «'785 675
1964 29.80 1.86 1.081 .863
1965 18.C0 1.13 .586" <541
1966 26.%0 1.31 .716 .650
1967 50.20 1.12 . 213 o 7H
1968 23%.80 1.0% o771 .54

liean Ratio: 1.23 .on5 .815

td Dev. : 214 o144t «115



4,3 Search Techniques

A search technique is like mountain climbing in the dark,
only in this case, the mountain climber (i.e., the computer)
has a very short memory of where it's been. Methods are clas-
sified as derivative—free and gradient methods. The gradient
method requires the function and its derivative, while the
derivative~free methods require only function evaluations.

In general, one would expect gradient methods to be more ef-
ficient due to the added information provided., The gradients‘
may be evaluated numeriéally, however this would cause some
problem as the gradients near tﬂe vicinity of the optimum
become extremely small (3). We will use derivative-free
multivariant search techniques to solve the model,

The search program finds the optimal value by evaluating
the objective function at different points until an optimum
is found, The decision variables are incremented or de-
creased a certain "step" and the change igfhe objective func-
tion is measured. If no improvement is found by moving in
any direction, the program assumes that it has found the op-
timum point. If the surface is not unimodel, it is possible
the search will end at a local optimal solution., There is no
way to guarantee the success of a search routine. If there
is some doubt that the optimal solution is true, the routine
could be run again using a different initial point and then

one could see if the results are the same,



Figure 4.4 General Search Technigue
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The flowchart of the optimization program is shown in
Figure 4.5. The search program varies the decision variables
in the objective function until an optimal solution is found.
Our objectiﬁe function must be changed to force the search
program into a feasible region.\A penalty is assessed fqr vi-
olation of a constraint and subtracted from the objective

function. The model becomes:

Maximize Z = zggwt - penalty
where: penalty = lOO*(PlQ’(t)e:Aj‘
ir P{Q7(t) 2af> <
= 03 Otherwise
Notation
Q/(t) = Monthly baseflow (cfs) after pumping
A = Limit assigned in program (cfs)

oL

Lim+t assigned in program (cfs)

I'd
P{:Q (t)= AS = Estimated in Simulation Program

An estimate of P {Q'(t)é A} is found in the simulation pro-
gram by counting the monthly flows less than A and dividing

by the total number of months simulated. The form of the
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penalty function is somewhat arbitrary and alternative forms
are discussed in the literature (4). If the penalty is too
small with respect to the violation, then convergence toward
an optimum would be too slow, If the penalty is too high,
there is the possibility the search program would increase
its step size and skip overthe maximum point. The risk of
low flow could be put in terms of damage costs, and the

penalty function could be based on economic loss,

4,4 Search Program

Many search techniques are‘available in the literature
(3). In this stgdy, a derivative-free search routine,
SDRMIN, was used (5). The routine would be regarded as a
slow but safe routine in that it advances to an optimum
solution slowly in comparison to gradient methods, It would
be considered a safe method in that it continually reports
its progress, making debugging and restarts easierx.

The flowcharts of the overall search routine and the
exploratory section are shown in Figure 4.6 and 4.7. Ini-
tially, the user must supply: (l) the initial wvalues of
the decision variables, X(i), i=1,... Nj (2) the number of
decision variables, N3 (3) the minimum and maximum values
for the decision variables, XMIN(i) and XMAX(i); (4) the
maximum number of objective function evaluations, MAXTRY,
The initial step size is assumed to be 10% of the allowable

range, unless specified., The initial evaluation of the
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Figure 4.5

Optimization Program Flowchart
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objective function establishes a "base point" by which im-
provements can be judged.v The decision variables are in-
cremented by é "step" one at a time and then evaluated in
the objective function. If there is any improvement; the
new vaiue is retained, However, if there is no improvement,
a "reverse move" is tried (Figure 4.7), where the step is
substracted from the variable, If this fails to make any
improvement, the variable is restored to its original wvalue,
If there is no improvement in any variable, this would indi-
cate an optimal point. To insure that this point is an
optimum, the program is restarted at another point to see if
the same optimum is found. 1In order to accelerate the search
process, the step size will be incremented when there is an
improvement resulting from two consecutive moves,

There is no guarantee that the search program will find
an optimal solution,and not a local maximum. The bounds
may be placed so the optimal solution is above the maximum
allowed, Time is also a critical factor, as each evaluation
of the objective function ﬁeéns the simulation program must

be run.

4,5 Optimum Pumping Policies

Optimum is used here only with respect to the model and
while efforts were made to have the model reflect reality,
nevertheless, the model greatly simplifies the complexities
of the stream-aquifer system. Also, the "optimum policies"

may be rather difficult to implement. Any withdrawal plan
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must be consistent with existing pumping capacities, treat-
ment, storage and distribution system and the demand for
water. The primary objective in this study is to show the
maximum possible development given a certain level of riék

of stream depletion.

Constant Pumping

Under constant pumping, the rate at which water is with-
drawn will eventually become equal to the rate at which the
stream is depleted using Jenkins' model., Therefore, if 10
cfs is continuously withdrawn, the daily streamflow would be
lowered by 10 cfs. The monthly and yearly mean baseflow and
the minimum monthly baséflows would also-be lowered by 10
cfs. This is the equivalent of shifting the minimum flow
curve (Figure 4.2) and the baseflow duration curve (Figure
h.l) fo the left by 10 cfs. Pumping 10 cfs would lower the
7-day, 10O-year flow from 27 cfs to 17 cfs; and the 30-day
lO-yéar flow from 31 cfs to 21 cfs. Also, the monthly mean
baseflow occurring 10% or less would shift this value from
41,1 to 31.1 cfs. Continuous pumping simulations were use-

ful in validating the operation of the pumping routine.

Variable Pumping - Single Stream Depletion Factor

If we are allowed to change the pumping rate each month,
the maximum allowable withdrawals in a year is not immediate-
ly obvious. An absolute maximum would be to pump until the

stream is dry, which would equal the total recharge. This
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is a rather extreme policy. A more reasonable approach is
to set a constraint based on the results of continuous pump-
ing and determine if there is an improvement under wvariable
pumping.

Under constant pumping of 10 cfs, the monthly baseflow
duration curve at the 10% limit would shift from 41.1 cfs to

31.1 cfs, The constraint used in our optimization model is:
Pfa(t)es3l.1y « .10

or the probability that the monthly mean baseflow is less-
than 31,1 cfs is less than .10. A penalty will be assessed
if more than 10% of the months have baseflows of less than
31,1 cfs, A second constraint was found necessary to limit
the range of pumping rates. The constraint limited the mini-

mum pumping rate to 75% of the maximum or:

Min {gw£§2 .75 Max {gwtf
It is possible that the range constraint could be related to
the available water storage in the basin. It is assumed
that the wells do not interfere and there is é single SDF.
The simulation program will simulate 20 years of streamflow,
and report the violations to the search routine. It was
found that with 12 decision variables (12 monthly pumping
rates), the search routine required over 300 objective func-
tion evaluations and took over 5 minutes to complete. This
problem was overcome by grouping the monthly pumping rates

into 4 groups: Jan.-Mar., Apr.-June, July-Sept.,, Oct.-Dec.,
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so the program will need only to determine four variables.
The lower constraint on the decision variables, XMIN, was
set at 5 cfs and the upper limit, XMAX, was set at 30 cfs,
The program was run for SDF equal to 1, 50, 100 and range
constraint of .75, .50 and .25, as shown in Table 2.3. A
well placed far from the stream would mean that there would
be considerable delay between the start of pumping and the
depletion of the stream, and so more water can be withdrawn
without lowering the stream below a critical level., This is
reflected in the results in Table 4.3, where fhe maximum

withdrawal of 150.09 cfs-month occurs at SDF

100. When
the range constraint is relaxed, the advantage of a slow re-
sponse becomes a disadvantage in that lowering the pumping
rates in the Summer and Fall months when streamflow is
critical, will not result in an immediate lowering of stream
depletion., From Table 2,3, the maximum withdrawal at a range
constraint of .25 (wide range) was 165.84 cfs-month, which

occurred at SDF = 1 (near the stream).

Variable Pumping - Multiple Stream Depletion Factors

It is not realistic to assume that the wells within the
basin will have the same SDF. There may be some high capac-
ity wells close to the stream which means a low SDF which
would cause a fast response from the stream. The wells
close to the stream could pump during the winter, when the

streamflow is high and more distant pumps could be started
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in the summer and fall months when the streamflow is criti-
caliy low. The effects of the more distant pumps would not
be felt on the stream immediately. The proposed strategy is
to pump from the distant wells from July to Septembef on the
assumption that the stream depletion rate will not reach its
maximum until several months after the start of pumping. By
that time, in November or December, there should be suffi-
cient amount of recharge.

To test this strategy, the model was modified to include

three wells:

Well 1: Pumping Capacity 15 cfs, SDF = 1 -~

fast response, near stream
Well 2: Pumping Capacity 10 cfs, SDF = 10 --
medium response, between
Well 1 and 3

]

Well 3: Pumping Capacity 5 c¢cfs, SDF = 100 --

slow response, distant from

stream
The arrangement is shown in Figure 4.,8. It is assumed that
the pumps do not interact with each other. Typical simula-
tion runs are shown in Figure 4.9. Since the pumps have
fixed pumping rates, the problem is not how much to pump,
but which pumps should be kept on and which pumps should be
turned off. After some initial runs, it became obvious
that the low flows were most sensitive to the pumping in
period 3, July to September. Therefore, the pumping rate
for period 3 was set at 5 cfs. Then the three remaining

periods were allowed to vary from 10 to 30 cfs. (10 cfs
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Figure 4,8
Arrangement of Wells L
- I Stream
5 cfs ®~- SDF = 1 —— | |
10 efs - @————'SDF
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would be pumped from Well 2, 30 cfs would be pumped using

all three wells.) Using monthly baseflow statistics, the
best pumping schedules were selected, as shown in Table b,3.
For certain pumping schedules, the minimum monthly baseflow
was found and its frequency distribution was plotted as shown
in Figure 4.10. It was assumed that the ratio of the minimum
monthly baseflow to the 1 and 7 day minimum flows and the
annual mean flow obtained in Section 4.2 is valid under pump-
ing conditions. The 10 and 20 year minimum flows were com-
puted from the minimum monthly baseflow as shown in Table
h.s.

The pumping schedules presented may in some way appear
intuitive, in that someone who has had experience in setting
pumping rates could obtain the same results without the use
of simulation and search techniques. However, as a system
becomes larger, intuition becomes poorer, Certainly, in the
early planﬁing stages, it would be essential to find the
correct location of the wells., The result shows the advant-
age of placing some wells near the stream and others more
distant.

A more complex system might include‘more wells at dif-
ferent SDF and a certain capacity to store the withdrawn
water. The objective would be to supply a constant volume
of water each month by selecting the wellslwhiéh would be
least>likely to lower streamflow to whiéh levels., The re-
lationship between the water storage and the location and

time of the groundwater withdrawals could be analyzed.
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. Figure 4.7

Typical Output from Simulation

NO.
ND .
NO.

Pe

=
>
<

D000 O0O0COOO

1 100.0000
2 10.0000
3 1.0000
APR MAY JUN JuL AUG SEP ocT
0 5.0 5.0 5.0 5.0 5.0 5.0 0.0
0 10.0 10.0 10.0 0.0 0.0 0.0 , 10.0
0 15.0 15.0 15.0 0.0 0.0 0.0 0.0
© WELL NO 1 CWELL NO 2 WELL NO 3
2.4696 8.4295 042232
2.6661 8.6686 0.i980
2.9101 8.7993 0.1781
3.0992 8.8907 11.7383
3.2420 8.9597 13.4368
3.3526 9.0143 13.7595
3.4409 4,4613 2.3590
3.5133 2.5R05 0.7631
3,5738 1.9732 0.5133
3.1756 6.2306 0.3928
2.8083 7.9226 0.3203
2.4325 8.3977 0.2715
36,684 84,328 44,154
JUN JUL AUG SEP OCT NOV DEC TOTAL CUM TOTAL
0 0 0 o 0 0 0 0.0 0.0
0 0 0 0 0 1 0 1.00 1.00
0 0 3 2 2 0 0 7.00 8.00
0 1 4 4 6 1 0 16,00 24,00
0 3 4 7 3 1 1 20.00 44 .00
0 A 3 2 3 1 1 14.00 58.00
1 2 3 a0 4 1 15.00 73.00
1 4 2 0 2 7 0 16,00 89,00
3 1 1 2 1 2 1 11,00 100.00
2 1 0 0 1 0 1 6.00 106.00

TOTAL PUMPED 180.00000
SIMULATE FNR 20 YEARS
STREAM DEPLETION FACTOR IN WELL
STREAM DEPLETION FACTOR IN WFLL
STREAM DEPLFTICON FACTOR IN WELL
PUMPING SCHEDULE: JAN FER
WELL NO. 1 5.0 5.0
WELL NO. 2 10.0 10.0
WELL NO. 3 0.0 0.0
MONTH FLOW (CFS) AVER, DE
1 148.6165 11.1224
2 196.2252 11.5326
3 237.8537 11.8876
4 229.1791 23.7281
5 177.2999 25.6385
6 115.8839 26.1264
7 63.1577 10.2612
3 40.2608 6.8568
9 39,8433 6.0603
10 49.6813 9.7990
11 70,8900 11.0512
12 104.9957 11.1018
TOTAL 165.1660
INTERVAL : JAN FER MAR APR
-10 - 0 0 0 0 0
0 - 10 0 0 0 0
10 - 20 0 0 0 0
20 - 30 0 ] 0 0
30 - 40 0 1 0 0
40 - 50 0 0 0 0
50 — 60 1 0 0 0
60 - 70 0 0 0 0
70 - 80 0 0 0 0
80 - 90 1 0 0 0

FRACTION
0.0
0.004 . .
0.033
0.100 °
0.183
0.242
0.304
0.371
0.417
0,442
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(h) ‘The Jenkins model for pumping could be replaced
by another relationship obtained from field data.

(5) The grouping of months in the search program
could be changed, where the ﬁost critical months,
Sept.-Nov, would be in one group.

(6) The effect of pumping when the stream is dry
could be studied and the program could be modi-
fied to account for this,

(7) The model could be modified to include some
storage capacity for withdrawn water. Various

levels of storage could be investigated,

It is possible to use other techniques for generating stream-
flow, such as "Fiering's" method, which generates monthly

flows using serially correlated random number generator (1).

5.2 Recommendations

It is difficult to recommend specific areas of research
for the future without full information on current studies
and the needs of the érea. Extensive studies are being con-
ducted on the upper and lower basin, but unfortunately the
results were not made available for this study. It seems
that operations research studies often take a back burner
position to more traditional studies in water resourcés en-
gineering. However, Jjudging from the literature, the use
of operations research is rapidly growing.

Extensive research has been conducted in the conjunc-

tive use of ground and surface water to satisfy an expected
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demand, This is a complex problem and simply an analysis
of the demand for water might be a complete study in itself,
There is a definite need to know accurately how much above
the expected demand a water system should be designed for,
This problem has been studied in an economic context by
Hoeh (2).

Another possible area of study is the further analysis
of streamflow data utilizing the computer. The methods of
time series analysis have been shown to be an effective
means of analyzing extensive streamflow records (3). It
is possible that a more precise measure of the occurrence
of floods and droughts éould result from the study. Also,
a "regional analysis" could be performed (4), where the
common characteristics from a series of 5asins are compared
in order to extend the size of the record, hence increase
the reliability of the records.

The use of operations research may be extended into

the overall planning of water resources in a large area,
It could be determined which areas are in most critical de-
mand and what sharing of water resources are possible, The
sharing of many different sources of water to satisfy many
users has been formulated as a network problem (5).

The success of any project will depend ultimately on
the ability to be flexible in the application of operations

research,
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A-1 Data Used in Comvariscn of Chipuxet and
Fawcatuck miver at wood River J.

19 1959
. Chip, PFPaw, Chip, Paw,

AFR S 42,0 ~ 410.0% AFR 10 28,0 373.0
AFR 20 46.0  430.0¢ AFR 19 29.0 ., 291.0
APR 27 44.0  389.0 AFR 26 - 28,0 240.0
MAY 6 48.0 488,0 MAY 10 21.0 213.0
MAY 20 39.0 346.0 MAY 18 - 18.0 183.0

MAY 30 35.0 348,90 MAY 30 11.0 151.0

.JUN 10 . 26.0 257.0 . JUN i i3.0 1532,0

CJUN 20 24,0 220.0 T - JUN 12 12.0 120.0

.JUN 30 16.0- 149.0 JUN. 30 23,0 188.0
JUL 4 13.0 128.0 : JuUL 9 i12.0 110,0

-JuL 20 13.0 123,0 JuL 12 21,0 188.,0

JuL 25 10.0 ?1.0 ' JuL 31 13.0 114.0
AUG 10 7.7 71.0 . AUG g 11.0 94,0

- AUG 12 7.3 80.0 AalUG 20 9.7 80.0
AUG 24 7.0 81.0 - AUG 28 7.7 - 71,0

- SEF S 11.0 1210 SEF 10 8,7 68.0
SEF 15 9.0 104,0 SEF 15 6.9 83,0
SEF 26 Pe7 100.0 SEF 28 6.1 44,0
oCT 10 192.0 173.0 . ocT 7 6.1 44,0
OCT 20 12.0 122,0 OCT - 20 © 643 55,0
ocT 21 11.0 120.,0 _oeT 22 - 5,9 52.0

" NOV 8 22,0 °188.0 - NOV b3 . 9.4 80.0
NOV 20 ° 19.0 174.,0 NOV 164 - 9.4 86,0
NOV 24 14,0 151,0 NOV 23 9.2 85,0
DEC 10 24,0 208.0 ) . DEC 6 13,0 119.0
IEC 20 16,0 163.,0 DEC 11 19,0 178.0

1960

. et - Ch E‘~ hw'

-APR 3 42,0 3291.,0
AFR 20 34.0 293.,0 : -

APR 30  29.0  230.0 0 o
22: qg zg.o 197.0 Chip, = Paw,

& 2 04 2 * oy o ’

MAY 31 20.8 123.3 : APk 8 29.0  320.0

.JUN I 18,0 ' 148.,0 AES =0 29.0  297.¢

JUN 17 - 12.0 108.0 APR 30 23.0  217.¢

SUN 36 i om0 MAY @ 21,0 189.¢

U : ~. .82, MAaY 20 19,0 177.0

: i , MAY 27 18,0 168.0
. ' . JUN 10 11,0 137.0
1973 © T JUN 14 9,0 111,0
. : JUN 30 1i.,0 127.0

I . We )

SEF 14 i s e 100 906 9440
SEF 2o o o= 0 JUL 15 7.9 80,0
0CT 10 6.8 84,0 JUL . 30 Se7 68.0

"0CT 20 5.0 77.0 AUG 6 Sl I940
oCT 23 4,9 26,0 AUG - 20 405 46.0
NOV 10 7.3 95,0 L AUG 2z 4.2 41,0
NOV 20 6.5 89,0 oEb 10 617 6500
NOV o1 6.3 88.0 SEF 20 S.6 55.0
DEC 7 13,0  124.0 . SEP 27 6.1 58.0

- DEC 14 17.0 175.0 .

- DEC .26 33,0  414.0

*> ndt 5hmah'°ﬁ~cﬁruh
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A=3
Freguency Distribution of Daily Flows (Total Flow)
Flows Less‘ Ilo of l Probability .
_Then: Flovs (Cunulative)
| t
30.¢Fs 189, 00,0184
60, 1872, 0+1830
90, o 3273, Q0.3200
120. A2H7 Q0.4172
150, 5123, Q0.5009
180, a9%13, D,5782
210. 54685, 0.,6537
240, 7361, 00,7198
270, 7996, 0.7819
300, 8459, - 0.,8271
330. 5819, - 0.8623
340, OG5, 0.8893
390. 9339, 0.9132
420, P561, Q0.9349
450, @701, 0.9486
480, 9815, 0. 9597
© 310, P01 . 0.9681
G540 . @981, 00,9759
370, 10034, 0.9813
600, 10089, 0.928463
4630, . 101146, 0.92821
4660, 10136, 0.,9911
620, 10157, 0.,9932
720, 10170, 0.,9944
750, ’ 10184, 00,9958
780, 10127, 0.9971
810. 10203, 0.9977
840, 10203, 0.9977
870, - 10209, 0.9982
00, 10212, 0.99385
?30. 10214, 0.92987
260, 10215, 0.99388
?%90. 10216, 00,9989
1020, 10219, 00,9992
1050, 10220, 0.,9923
1080, 10220, 0.9993
1110, 10222, 0.9995
1140, 10222, Q0,995
1170, 10223, 0.9996

£1200, 10223, 0.,99964



' At 4Comparison Setween Historical and Simulated
! Streamflow —- Ilo Pumping
"Less Then: Simulated Historical
0 ecfs 0.0 0.0
110 .. .02 0.0
20 . ,008 - --,008
30 - Lou6 . .068
50 Lo | .131
50 54 - ,199
60 - Lo218 o Lem
20 . .o58 .300
" 80 | ,306 ) | -.360 * Maximum Difference
%0 © 355 oy O
100 T w07 Laa9 )
0 . a0 BT
120, . .487 E l';~_.523
130 . . 523 - 547
140 - 53 . 592
150 . .e07 .616
160 | .650 . .654
170 . .680 C.een
180 ' - Te717 | 726
190 78l " L762
- 200 | .;.790 791
220  .e4 .e18

220 . . 833 | 851
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- Comparison Between Historical and Simulated (Continue)

Simulated Historical
2%0 c¢fs .856 ' .881
210 .881 | .895
250 .896 .913
260 912 _ .922
270 .930 L
280 ~ou% .43
290 - .970 .961
310 .977 . 9ok
220 .986 .O74
330 .992 .82
340 . 955 . 985

100 2999 .999
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A-S> e

- Analysis of Variance for

‘? ﬁ_ela,ti_onship D:zvclopcd in Section 2¢3
S_g_ﬁ:c_'_c_:_e_ d.f. Sum of Squares Mean 'Square F
Attributable to 1 10204,371 10204371 2155,67
ﬁég‘ression - '
Deviation fron 91 430,770 b 73
Regression '

© Total

.1) Test H 1 %‘=°

Hi' gff'é

2) Set 4 = .0%

.

92 10635141

3.95

DY

3) Critical Reglont P ran)
. C b

L) Since F» F_ , The null hypo;hesis is rejectad,
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Hydrological Budmet 1081- 1968° . . ¢ [

A-7 :
1941 . . | A : )
: - JAN FEB MAR APR MAY JUN  JuL . AUG  © SEP  OCT NOV - DEC  TOTAL
RAIN 3.75 1.56 3.27 1.99 2.48. 6.83 4,15 1,87  0.35  2.19 -3.75 2,83 35,02
_ SURFACE. . 0.75 1.14 0,47 0.22 0.43 1,01 . 0,13 0.17 . 0.08 0413 0.25 0.28 - 5.06
RECHARGE  1.01 1.8  3.23 0.67 0.36. 1.33 - 0,10 0.26 =0.,02 0.58 0.58 0.86 10.64
EVAP 1,98 =1.26 -0.43 1.10 1,70 4,49 3.92 1.43 0429 1,47 - 2,92 . 1,70 - 19.32
1942
JAN . FEB MAR - APR MAY - JUN JuL” AUG SEP OCT ~ NOV DEC  TOTAL
 RAIN 3.61 4,60 7,10 - 0.72 - 1.72 2,65  4.26 6400 2,21 4.27 S5.19 6.38-- 48.71
SURFACE 0,37 1.03 2.52 0.26 0.11 0.06 0.26 0462 0.18 0.29 0,37 1.25  7.32
_ RECHARGE 1.74 3.79 3.59 0,46 0.19 0.21 0.30 0435 0.41  1.24 1,58 . . 3,45 17.51
EVAP, - 1,49  =0.21  0.99 -=0.00 1.42 2,38 3.71 . 5.03 1.61 7 2,74 3,25 1.48 23.88
C o 1943
0 Ce ———— _ : ; : _
> MJAN - FEB MAR  APR MAY JUN  JuL AUG SEP ocT NOV DEC . TOTAL -
. RAIN  * - _. 3.43 _ 2,10  2.640 3.33  3.61 1.40 2,69 | 2.63 1.20 .- 4,57 2.66 1.54 - 31.76
. . SURFACE 0.68 0.98 1.05 0.38 0.72 =0.00 -0.12 “ 0.23 0,07 0,15 0.24 0.13 4,74
* | RECHARGE 2,56 3.70 1.71 2,04 1,96 =0.5% -0.04 0.14 0.23 . 1.11. 0.70  0.25  13.83
EVAP 0,19 -2,58 -0.16 0.91.  0.92 1,93 - 2,61 226  0.90 3.31 1.72 © 1.15  13.18
1944 . :
<JAN ' FEB MAR APR . MAY JUN . JuL AUG SEP  OCT NOV DEC  TOTAL
RAIN 2,03 1.82 5.61  3.32 0.76 . 2.10  0.67 1.82 610  2.46 9.90 2,89 39.48
SURFACE 0.49 0.41 0.81 0.85 0.34. 0.39 0413 0.05 0.48 0,20 0.76 1.66 6456
RECHARGE -~ 1,06 1.12 4,20 1.87 0.16 0.03 ~0.00 0.25 0463 0.41 3.48 * 4,17 17,38

EVAP . 0,48 0.30 0,60 0.60 0.26 1.468 0.54 1.2 ° 4,99  1.83 5.66 =2.94 15.54
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RAIN
SURFACE
RECHARGE
EVAP

RAIN
SURFACE
RECHARGE
EVAP

RAIN
SURFACE
RECHARGE

EVAP

RAIN
SURFACE

-RECHARGE

EVAP

 JAN FEE
3.14 3.18
0.26 0.51
1.77 3.28
1.10 =0.642

JAN FEB
" 4,47 2.460
2,43 0.83
3.33 1.85
.IH.NW |°.°w

JaN FEB
3.41 0.67.
0.49 0.17
NoOb Ho&N
0.88 -1.14

~JAN FEB
5.79 2.77
0.30 1.32
2,18 4,09
-2.44

3,31

1945

MAR

2.28
1.66
4,21
-3.58

1946

MAR

1.73
1.07
3.10
-2.44

1947

MAR

3.33
1.23
2,45

-0.35

1948

MAR

4,43
2,23
7.+65
=545

APR
2,59
0.12

0.51
1.96

APR

2,53

0.14
0.33

2,06

APR’

S.26
1.01
3.82
0.43

AFR

4,20
0.86
1.48
1.86

MAY

. 4.86

0,82
1.69

2,35

MAY

4.77
0.42
3.10

MAY

4,42
0.79
1.29

- 2.34

MAY

8.61
1.37
6407
1.17

JUN

‘2,84
0.08
'OoOH
2.77

JUN

2,83
0.86
0.03
1.94

o Juit.

0.28
|°owH
3.24

JUN

2.37
1.00
=0.45
. 1.82

JuL

1.22
0.08

'~0.04

1.17

JuL

2.04
0.12

-0.08.

2,00

JuL

4.79
0.31
0.38
" 4.20

JuL

1.87
-0, HN

=0.94

2.94

AUG

3.83
0.14
0.34
3.35

AUG

11.12

1.23
4.17
J.72

AUG

1.62
0.12
-0.,10

1,60

AUG

0.79
0.03
IOoON
0.78

SEP

1.25
0.03
0.16
1.06

SEP

2.24
0.14
IOon
2,38

SEP

2.35 -

0.20
0.23
1.92

SEP

0.96
-0.00
0.07
0.89

ocT

2.33
0.06
0.49
1.79

ocT

0.57
0.15
0.73
~0.31

OCT

360
0.11

0.65

.2.84

ocT

4,22
10,09
0.73
" 3.40

. NDV

8.16
0.15

2,90

S.11

NOQV

0.96
0.06
0.51
0.38

NOV

4,52
0.29

1.16:

3.08

DEC

7.17
1.70
3.84
1,63

'DEC

3.38
0.20
0.%91
NoNV

DEC

2.80
0.38
1.02

1,40

DeC

2.20
0,25
1.59
0.36

TOTAL

42.85

S.62
1?.14
18.0¢9

‘TOTAL

39.24

7.66
17.70
13.88

TOTAL

41.48
15.29

20.60

TOTAL

42.73 -
7460
23.61
11,52



RAIN
SURFACE
-+ RECHARGE
gEvar

RAIN
SURFACE
RECHARGE
EVAP

RAIN
SURFACE
RECHARGE
EVAP

RAIN
SURFACE
RECHARGE
EVAP

P T

J&N

S.22
0.60
3.92
0.70

JAN

3.5
0.18
1.93
1.435

JAN

4,07

0.54
- 3495
‘O.bN

JAN

5.02
0,97
4,78
Q.73

FEER

4,39
0.99
4.43
lHoON

FEB

3.97
0,34
2,70
0.93

FEB

3.67
1.11
4.05
-1.,49

FEB

3.60
1.00
2,65

=0.,03

1949

MAR

2.58
0.42
2,01
0.09

1950

MAR

3.46
0.61
3.95
|HOHH

1951

MAR

4.48
0.45
3.68
0.35

1952

HAR

476
1.76
3.25
|°6wm

AFPR

4.57
0.87
3.36
0.34

AFR

2.14
0.47
2,09

”'°obN

AFR

" 2.81

0.65
1.45
0.70

AFR

3.06
0.19
0.85
2,03

MAY

2,63
0.26

|°o&b
3.01

MAY

.

.

NOONK
»

NN O

ad ol

HAY

3.90
0.34
0.20

. 3,36

HAY

4.18
0.47
1.81
1.469

JUN

- 0.04
. 0.04
|°ob&

0.45

JUN

2,00
0.36
0.36

1.28

JUN

2.38
0.30
0.56
1.52

JUN

2.43
0.07
lOowQ
Noum

JuL

1.89
0.10
=0,19
1.98

JuL

1.18
0.046
-0.,19
1.31

JuL

1.05
0.12
|°oub
1.27

JUL

0.43
0.05

.|00Hw

0.51

AUG
2,51
0.09

0.16
2.25

AUG

2.94
0.13
-0.00
2.81

" AUG -

3.95
0.15

0.18
3.22

‘AUG

13.56
1.06-
2.75
Q746

SEP

4.02
0.11
0.36
3.36

SEP

1.28
°0°m
0.23
0.97

SEP

2.55
0.12
0.27

2.17

SEF

1,17
0,05
|°o$u
1,73

ocT

1.460
0.07
0.32
1.21

ocT
1.56
0.10

0.35
1.11

OCcT

2.60

. 0.13

1.046
1.42

ocT

0.88
0.25
0.25

0.38

NOV

3.40
0.19
0.35
2.86

NOV
6.76
0.53

0.7
5.44

NOV

6.84

0.72 .

2.59

3.53

NOV
1.86
0.20

0.73
0.93

DEC

3.00
©0.29
1.48
1,23

DEC

3,55
0.60"

1.97
0.98

DEC

4,75
1.02
2.74
0,99

DEC

.booo
0.39
1,47
1,94

-TO~AL

35.85

4.09 -

15.11
16.65

TOTAL

35.41
3.59
14.81

17.01,

TOTAL

42,65
 5.64
'20.39

1662

TOTAL

- 44,95

6.64
17.69
20.62

-
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