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HYDROLOGIC MODELING
by
Ven Te Chow*

(The Seventh John R. Freeman Memorial Lecture, presented before the Boston Society of
Civil Engineers, 17 February 1972.)

Introduction

During the early years in hydraulic engineering practice, say prior to sixty
years ago, a spillway designed to pass flood 50 to 100 percent larger than the
largest which had occurred in a period of record as long as 25 years, was
considered adequate. This design criterion is essentially a rule of thumb which
involves an arbitrary factor of safety, The concept of factor of safety may be
applicable to other engineering designs, but it was soon found out that this
practice in hydraulic design is after all entirely inadequate. As one example of
absurdities to this criterion, the Republican River in Nebraska was noted to
experience a flood in 1935 which was over ten times as large as had ever
occurred on that river during 40 prior years of record.

Practicing hydrologists and hydraulic engineers then began to search for
better methods of hydrologic design. In 1887, for example, Professor Arthur
Talbot of the University of Illinois derived the well-known Talbot formula to
determine waterway areas.! In 1889, the city engineer of Rochester, New York,
Mr, Emil Kuichling, devised the popular rational formula for the computation of
peak discharges from urban watersheds.? In 1921, Allen Hazen, a consulting
engineer, suggested the logarithmic probability analysis of flood data.®> In 1930,
a committee of the Boston Society of Civil Engineers* reported that flood
hydrographs afford the best basis for the study of drainage areas and concluded
that ““the base of the flood hydrograph appears to be approximately constant for
different floods” and “peak flows tend to vary directly with the total volume of
flood runoff.” Two years later, another consulting engineer Leroy Sherman
proposed the theory of unit hydrographs®, which is practically based on the
conclusions of the BSCE committee.

In recent years, a host of mathematically sophisticated methods of
hydrologic analysis have been developed. All these methods and those proposed
in the earlier years for hydrologic design are essentially techniques of hydrologic

*Professor of Hydraulic Engineering, University of Illinois, Urbana, Illinois.
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modeling. Most natural hydrologic phenomena are so complex that they are
beyond human ¢ omprehension, or that exact laws governing such phenomena
have not yet been fully discovered. Before such laws can ever be found,
complicated hydrologic phenomena (the prototypes) can only be approximated
. by modeling.

Type of Hydrologic Models

It has been said that modeling is the process of approximating the
prototype for the purpose of evaluating the performance of the prototype. Since
the prototypes under consideration are more complex than models can ever be,
certain simplifying modeling assumptions must be made in order to provide the
model with a presentable or workable form. According to such assumptions,
hydrologic models may be classified into various types for the sake of
understanding,

Hydrologic models can be divided into two basic categories: models that
possess certain physical properties of their prototypes; and models that have
only an abstract form. The former category, or the physical models, can be
divided into scale models (iconic models), anatog models, and simulation models.

A scale model that looks.like the prototype is the simplest type. It is
exemplified by ordinary hydraulic models of rivers and structures that are
investigated in many hydraulic laboratories, and whose scales are based on
geometric and force considerations.®

An analog model replaces prototype properties with quantities that bear
the same relations to each other as do those of the prototype, but they are easier
to measure or visualize. For example, the Hele-Shaw model shows the movement
of a viscous liquid between two closely spaced paralle] plates is analogous to
seepage flow in a two-dimensional cross-section of an aquifer.” Many electronic
analog models for surface and groundwater flows are built on the principle of
analogy between the flow of water and the flow of electrical current.®

A simulation model retains the essence of the prototype without actually
attaining reality itself. It reproduces the behavior of a hydrologic phenomenon
in every important detail but does not.reproduce the phenomenon itself. In a
broad sense, it is commonly used to include the scale and analog models, but the
definition adopted here refers specifically to the simulation on digital com-
puters. In hydrology, the Stanford Watershed Model® may be therefore
described as a simulation model. This model simulates the land phase of the
hydrologic cycle in a watershed on a digital computer. ]

Abstract models, or the second basic category, are generally referred to as
theoretical, or mathematical, models since they attempt to represent the
prototype theoretically in a mathematical form. These models neither resemble
nor imitate prototypes physically but replace the relevant features of the system

v
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by a set of mathematical relationships. According to certainty, or uncertainty, of
such relationships, on a priori basis, the models can be further divided into
deterministic and indeterministic types. A differentiation between deterministic
and indeterministic models can be assisted by relating them to the concepts of
certainty and uncertainty. Certainty implies that no matter how many times a
hydrologic phenomenon is processed under a given set of invariant conditions
the same outcome is assumed to result always. On the other hand, uncertainty
implies that every time a phenomenon is produced it may be different.
Theoretically, certainties may be forecasted while the risk aspect of uncertainties
can be predicted with an element of probability. In this sense, therefore,
deterministic models make forecastings, while indeterministic models make
predications. :

Abstract models are the product of modern age, since these quantitative
models must depend on adequate mathematical tools which have now become
available for practical applications. Such models to be useful must inevitably be
complex, yet at the same time be workable. These requirements could not be
compromised without the availability of high-speed computers for the solution
of the models. Since numerous abstract models have been developed lately and
they constitute a significant advance in modern hydrology, this paper will
emphasize discussions on these models. Major types of these models as well as
the physical models are classified diagrammatically in Fig. 1.

Hydrologic Models

Phy|sical ’ At:slfract
| | | |
Scale  Analog Simulation Deterministic Interde{erministic
Lumped} Distributed ProbaElistic St;lhastic
Linear Nonlinear

Fig. 1. Classification of Hydrologic Models

In abstract modeling, hydrologic phenomena are treated as systems. By
this so-called systems concept. the hydrologic system is considered to consist of
an input, an output, and some working medium known as throughput such as
the water passing through the system. For example, a watershed can be analyzed
as a system.. For this system, the input is the rainfall and groundwater inflow; the
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output is the evapotranspiration, infiltration, and runoff; and the throughput is
the water moving over the watershed. By systems concept, a hydrologic
phenomenon can be readily interpreted by modern system-analysis techniques,
and then modeled mathematically and solved on computers.

Mathematically, the input and output relationship of a hydrologic system
may be represented by

Q = ¢l 6

in which Q is the output, I is the input, and ¢ is a transfer function which
represents the operation performed by the system on the input to transform it
into output. For example, the unit hydrograph is a transfer function of the
watershed system. It should be noted that input I and output Q are time
functions and can be also expressed by I(t) and Q(t), respectively, with t
denoting time. The objective of modeling is essentially to derive a mathematical
formulation for the transfer function of the system.

Deterministic Modeling

In deterministic modeling, a hydrologic system is often treated either as
lumped or as distributed, although this treatment is equally applicable to
indeterministic modeling. A lumped-system model is a gross representation of
the hydrologic system as determined from the input and output data pertaining
to the system, thus the system is regarded as a single point in space without
dimensions. In contrast to this is the distributed-system model which considers
the hydrologic processes that are taking place within various distributed points
or areas within the internal space of the system. If the internal space is divided
into a number of small unit spaces and each unit space is modeled as a lumped
system, then the distributed-system model becomes simply a conglomeration of
lumped-system models. For demonstrative purposes, each of the two system
models may be exemplified as follows:

A. A Lumped-System Model

This example describes a general deterministic model.’® By applying the
basic concept of system continuity to a hydrologic system, the following
continuity equation may be written:

I -Q=8 2)
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in which S is the storage of water in the system and thus S is the first derivative
of S with respect to time, or S = dS/dt. The system storage is affected by the
throughput and reflects the characteristics of the system. For given physio-
graphic features of a hydrologic system, the storage is likely a function of the
input and output and their changes. Therefore, the system storage may be
expressed as a mathematical function of the input I and output Q and their
derivatives with respect to time, or

m n

S=fLLL...,1,Q0Q0Q...,Q =f ©)

11{1 which L1, ..., I are the first, second, . . . , n-th derivatives of [; and Q, Q, . .,

Q are the first, second, . . ., n-th derivatives of Q. Because I, and Q are time
functions, S is also a function of time.
If the input I continues steadily, the output, Q, will increase and finally

approach a steady state at which I = I, Q » Q and all derivatives of I and Q
with respect to time will approach zero. The subscript , indicates the steady
state. At the steady state, the storage may be assumed essentially proportioral
directly to I and Q; thus, Eq. 3 becomes -

S* = f(I*a Q*) = aI* +bQ* (4)

in which a and b are coefficients.
Expanding Eq. 4 in Taylor’s series about the steady state!! yields

m m n n

S= 2 a,(0Q I+ Z b, 1,QQ )
m=0 n=0
m n

where a;,(1,Q) = 9f/31 and b, (1,Q) = 3£/0Q. Because these coefficients a, and
by, are functions of I or Q, or both, the above differential equation is nonlinear.

If the coefficients are constant or independent of I and Q, then the equation
becomes linear and its solution will be greatly simplified, leading to a linear
model. For practical purposes, the coefficients may be assumed as functions of
certain characteristic values of I and Q, such as the average input_I and average
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output Q, of the peak input Ip and peak output Qp. Thus, for a particular

hydrologic event, the coefficients are constants and the equation is linear and
can be readily solved for the case of that event. However, the characteristic
values of I and Q obviously vary from event to event. After the equation is
solved linearly for a particular event, the system storage can be then considered
es nonlinear by expressing the coefficients as functions of the characteristic
values of I and Q.

Substituting Eq. 5 for S in Eq. 2 and solving for Q, a system equation
containing a transfer function in the form of Eq. 1 may be written as

a, D™+ 2 DM+ .. kagD — 1

Q= n+] n ) 1 ©)
byD + bpD + ... tbD+1

in which D™ = @™/dt™;pn = d%/dt"; etc. It can be seen that the transfer
function is in the form of a fraction in which the numerator and the
denominator are polynomials that may be denoted by M(D) and N(D),
respectively. Thus, Eq. 6 is written as

_ M)
Q = NG @

Eq. 6 or 7 is the general lumped-system hydrologic model. It can be shown
that many mathematical models that have been proposed are special cases of this
general model.

For example, let M(D) = - agD + 1 and N(D) =b,D + 1. Then simplifying
Eq. 7 and using Eq. 2, it can be shown that

S = agl+byQ (8)

which is the well-known Muskingum equation or the linear model used in the
Muskingum flood routing method.??

Now, let N(D) = 1 and 8.1 = (- l)l'lC]/j! withj=1,2,...,m+ 1, where
C is a constant. Then, using Taylor’s expansion of I(t-C) about t, it can be shown
that

M(D) I(t) = L(tC) ©)
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Thus, Eq. 7 becomes

QM) = I(t-C) (10)

which is the mathematical expression for the well-known linear channel
model.!3 '

Now, let M(D) = 1 and N(D) has a root of 1/K or N(D) = 1 - KD. Then,
Egs. 7 and 2 yield

S = KQ (11)

which is the mathematical expression for -the well-known linear reservoir
model.!3 In a similar manner, it can be shown further that if M(D) = 1 and N(D)
has n real roots of 1/K{, 1/Ky, ..., 1/Kp; Eq. 7 will result in the Nash model
representing a series of linear reservoirs.!* _

For the application of Eq. 6 or 7 to practical problems it is necessary to
know the values of m and n; that is, the highest orders, respectively, of the
derivatives of I and Q. In general, the values depend on the problem under
consideration. In order to determine the most suitable values of m and n for
flood studies, various values m and n have been assumed and hydrologic data
were then fitted to Eq. 5. By comparing the storage values computed by
different fitted forms of Eq. 5 for various values of m and n, with the
corresponding actual storage values computed directly from the hydrologic data,
it was found that the most suitable values of m and n are, respectively, 1 and 2.
Derivatives of I and Q of higher order were found to be insignificant and they
can be dropped without causing appreciable errors in fitting the model. For
practical application, therefore, the following simplified form of Egs. 5 and 6
may be used, assuming constant coefficients:

S=agl+ayl+byQ+bjQ+byQ (12)

1-ayD-aD?
and Q=( ) 1 (13)
1+bgD +byD2 +byD3

Using the above lumped-system model to fit the storage, effective rainfall and
direct runoff for the storm of April 4-9, 1941 on Wills Creek watershed, near
Cumberland, Maryland, the results are shown in Fig. 2.
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B. A Distributed-System Model

As the distributed-system model considers the internal space of the
system, its mathematical formulation must contain space dimensions or
coordinates, The simplest distributed-system model to describe the flow of
surface water over a watershed is the application of the kinematic-wave theory!®
resulting in a one-space-dimensional model® . In fact, such a model has been
applied to Mekong Delta flood studies.!” The example to be given here is a
two-space-dimensional model for the surface flow over a watershed due to
rainfall.!® The physical configuration of the watershed model is impervious and
rectangular. It consists of two equal-sized rectangular plane surfaces for
accommodating overland flows, which intersect to form a trough in the middle
of the watershed for serving the main channel flow. The overland flows are
assumed to travel in a direction normal to the line of intersection of the two side
planes toward the channel flow. The watershed flow thus consists of two flow
components, namely the overland flows and the channel flow. Since the
watershed is-assumed impervious, the watershed flow involves only the surface
flow. The influence of the raindrop impact is assumed as an overpressure head
added to the hydrostatic pressure head. The surface roughness is represented by
the Darcy-Weisbach resistance factor. The distributed-system model of the
watershed flow is a mathematical and hydrodynamic formulation considering
the curvilinear nature of the streamlines of two dimensions on the watershed
surface; while the -third dimension, or the depth of flow, is taken as the
dependent variable. The velocity and pressure are averaged over a vertical depth
of flow and across the flow cross-sectional area. For this model, the unsteady
spatially varied equations of continuity and momentum are normalized in order
to reduce the equations to dimensiontess forms and to save computation effort.
The watershed length and the critical values -of depth and velocity for the
equilibrium discharge at the outlet are used as the terms of normalization. Thus,
in a vector form, the normalized hydrodynamic equations to represent the
watershed model are as follows:

2U, 3F , 3G

at T ox oz = H (14)
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where U= {y; ¢ p}

s}
It

{a @*fy + P1y*; aply}
G = {p; aply; P’y + P1y*}
H = {I: Poy - Pu(f + £5a(q% + p2)95yv2 + VI:
(I, Py - Py(f + £a(q® + p*)"y ;
* 2 2,0.5, -2
Pgy - Py(f + £)p(q® + p?)"y? + P5VI}

in which y = normalized depth of flow; q = normalized discharge in the main
channel direction; p = normalized discharge in the lateral direction; I =
normalized rainfall intensity; V = normalized vertical raindrop velocity; f =
Darcy-Weisbach resistance coefficient; = ag)parent resistance coefficient due to
raindrop impact; Py = (1 - sin®9 - sjn2xp)0- /2 cosf; Py =1 tanf/y.; P3 = PyPs;
P4 = L/8y,; and P5 = sin¥/sind. In addition, § = watershed slope angle in the
main channel direction; ¥ = watershed slope angle in the lateral direction; L =
watershed length in the main channel direction; and y. = critical depth for the
equilibrium discharge at watershed outlet.

To examine the nature of Eq. 14, the following two matrices are defined:

0 1 0
dF 2
A =—-= a —2a,a 2a 0
U 2 1% 1
—a;By By ay
0 0 1
dF
B=""= 1| -8 g a
iU 1P 1 1
2
By" —2B16, 0 26
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where a1 = gfy,a) =qfy + (2P1y)0-5 and a3= qly - (2P1y)0-5, all being the
eigenvalues of A; and 1 = p/y, B = pfy + (2P1y)%-5 and B3 = ply - (2P1y)!/2,
all being the eigenvalues of B. All these eigenvalues are real and distinct, but they
are neither positive definite, nor negative definite. If all three eigenvalues of
either A or B were positive, or negative, definite, Eq. 14 would be of elliptic
type. If they were definite but had different signs, Eq. 14 would be of -
hyperbolic type.' ® In the proposed watershed model, the eigenvalues of A and B
do not fit these cases; thus Eq. 14 is neither elliptic nor hyperbolic although it is
quadratic. _

Eq. 14 can be solved on computer by a four-step scheme of numerical
integration combining the concepts of Lax-Wendroff,2® Burstein?' and
Lapidus.®? This scheme is to express Eq. 14 in a second-order accurate
difference form, which includes an artificial viscosity term that sharpens
discontinuities but has no significant effect on the continuity of streamlines and
the accuracy of the results.

In applying the proposed scheme to the solution of the watershed flow
model, the following major assumptions are made: The falling raindrops are
sufficiently dense so that their mass and momentum flux can be considered
continuous around any grid point of the computer solution. The effect of
raindrop impact on the surface flow is taken as an addition to the Darcy-
Weisbach resistance factor. The watershed flow is not affected by surface tension
and has a momentum coefficient equal to one. Its initial depth and velocity
profiles of the flow are given, and there is no flow across any boundary except
the outlet. Fig. 3 shows the profiles of depth and velocity vector on half of a
square watershed, a typical computer output of the distributed-system model.

Indeterministic Models

Indeterministic behavior of hydrologic phenomena may be described in
many ways. One tangible approach is to hypothesize the risk in uncertainty as
definable by an element of probability. In fact, this does not imply that all
uncertainties can be measured in terms of probability. On the basis of this
understanding, a simple modeling concept can be taken by assuming that
hydrologic events are purely random variables. In this way, hydrologic data have
been analyzed by many mathematical models of probability distribution. Among
the commonly used such probability models are the lognormal distribution,??
Gumbel’s extreme-value distribution,?? and the log-Pearson Type III distribu-
tion recently recommended by the Water Resources Council.? >

However, the concept of prediction implied in the indeterministic model is
more than one of pure randomness since the occurrence of hydrologic event may
be affected by its antecedent event or events. In fact, it has been discovered that
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the variability of groups of recorded streamflows in their natural order of
occurrence is actually larger than if the same flows occurred in random
sequence.2® This means that hydrologic events do not usually occur in random
sequences. By assuming hydrologic events as pure random variables is simply to
ignore the effect of sequence since the variables may occur in different
sequences but not in a random fashion. In order to cope with this situation, the
hydrologic process may be treated as stochastic processes. For example, the
record of a hydrologic phenomenon may be analyzed as a time series and thus,
available mathematical models of time series can be used as stochastic models to
represent the hydrologic process involved. The theoretical meaning of stochastic
process may be further elaborated.?”

A probability distribution is the distribution of a random variable whose
specific value cannot be predicted exactly except in terms of chances.
Mathematically speaking, a random variable X(cw), weS2 describable by a sample
point ¢ is a function defined on the sample space €2 of an experiment such that
for every real number of the variate x there exists a probability P[w;X(w) <
x]. Once the probability function is formulated for a given problem, it is
independent of when or where it occurs except under either a given or an
average condition. However, a random variable may have a different probability
distribution for each point on the time scale, or for each point on the space
coordinates. Because of their dependence on time or space and because there can
be, at least in theory, an infinite number of them, these families of random
variables constitute the so-called stochastic process. Thus, a stochastic process is
a family of random variables [X(t, s) ; t € T, s € S] that depend on a parameter
or parameters which belong to an indexing set T or S, or indexing sets T and S,
of time t or space s, or both.

In a way, it can be seen that the deterministic process and the “purely”
probabilistic process are only two special cases of the stochastic process. When
the probability or certainty of the random variable is one, the stochastic process
simply reduces to deterministic. When the probability is independent of any
parameter index, time or space, and the family of random variables belongs to
the same population, the stochastic process becomes purely probabilistic, in
which no deterministic components exist. On a scale of probability from 0 to 1,
the purely probabilistic and the deterministic cases occupy respectively the two
extremities, while the stochastic process may occur anywhere between them.
Take, for instance, the simple first-order Markov chain model which is a
stochastic model. This model consists of two terms; namely, the trend term and
the noise term. For the special cases, the noise term may be zero, thus producing
a deterministic model; or the trend term may be zero, then resulting in a
probabilistic model.
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Today, stochastic modeling is at the highest level of hydrologic modeling,
although it has not been well developed in view of many practical difficulties yet
to be overcome. By stochastic modeling, all components of a hydrologic system
can be theoretically described by stochastic processes.?8732 In the system, the
input, the output and the transformation of input to output in the form of
throughput passing through the system may be therefore represented mathemat-
ically by time series since these component processes, in general, change with
time and are functions of time. The transformation of input to output is

" characterized by the physical features and hydrologic behavior of the system. All
the processes are assumed to be governed by mathematically simulated
stochastic laws. They may be denoted by [uy; t € T} where uy is a stochastic
variable at time t which is a parameter running over an index set T or over the
time range under consideration. Thus, the input stochastic process is denoted by
[Xi; t € T] where X; is the input stochastic variable; the output stochastic
process by [Y; t € T] where Y, is the output stochastic variable; and the
throughput stochastic process, representing the transformation of input to
output, by [Z;; t € T] where Z; is the throughput stochastic variable. These
stochastic processes can be simply denoted by [Xt]’ [Yt], and [Zt] respec-
tively. They may not be considered as independent but as a stochastic vector
[Xp Yy, 2y teT] or [Xt, Y, Zt] .

The time parameter t in the stochastic processes may be either continuous
or discrete. For practical and analytical purposes and for a possible solution of
the mathematically simulated model by digital computers, the stochastic
processes may be taken as discrete time functions. The index set T represents a
length of time long enough to describe the hydrologic phenomenon under
consideration. Units of the time parameter t can be chosen in convenient time
intervals so that for the integral valuesof t =1, 2, .. ., T, the stochastic variables
define the respective processes in satisfactory detail. It should be noted that the
time interval to be chosen for the discrete time parameter will affect the
simulated stochastic laws of the processes. In general, smaller time intervals will
make the stochastic laws more complicated as the magnitude and extend of
dependence among the stochastic variables based on the historical hydrologic
data of a process will be greater and in more detail.

The input-and-output relationship of a stochastic hydrologic system may
be represented mathematically by a system equation as Eq. 1:

Y] = o {(Xl, (2]} (15)
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where ¢ {[Xt]: [Zt]} is the transfer function that represents the operation
performed by the system on the input and the throughput in order to transfer
them into output.

In most cases, the input, output and throughput of a hydrologic system
are amounts of water, although in certain cases they can be taken as energy or
other forms of medium. By the basic principle of system continuity, the output
is equal to the input minus the throughput which is the amount of flow in the
system. Thus, a single transfer function may be written similar to Eq. 2:

¢{[Xt] H [Zt].} = [Xt] - [Zt] (16)
Hence, from Eqgs. 15 and 16, the hydrologic system equation becomes
[Yt] = [Xt] - [Zt] (17)

For the t-th time interval, or the time interval from t to t+1, Eq. 17 may
be written as

Y, = X, - Z, (18)

where X, is the input in the t-th time interval, Y, is the output in the t-th time
interval, and Z, is the change of throughput in the t-th time interval.

In order to demonstrate the use of the above equation, the watershed is
taken as a hydrologic system which has the precipitation as its input, the
streamflow or runoff as its output, and the change in basin storage, due to
storage and depletion as well as to evapotranspiration plus other losses, as its
throughput. For the watershed, Eq. 18 becomes

Y, = X, - By - Seq + S (19)

where X, is the total amount of precipitation input to the watershed during the
t-th time interval; Y, is the total amount of runoff output from the watershed
during the t-th time interval; E; is the total amount of evapotranspiration plus
other losses during the t-th time interval; S 1s the basin storage at time t; and
Sitq s the basin storage at time t+1.

To illustrate the application of the above mathematical formulation of
stochastic hydrologic systems, a stochastic annual storm-flood model for
watershed systems may be discussed. The annual storm-flood is the runoff of a
flood produced by an annual storm. The annual storm is a storm which
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produced the maximum peak discharge of flood flow in a water year. Therefore,
for N water years of storm and flood records, there are N annual storms and N
annual storm-floods.

The annual storm is treated as the input stochastic process to the
watershed system which transforms the annual storm into the annual storm-
flood. The stochastic process of the annual storm is denoted by [X; teT] where
the time increment for t in general may be conveniently taken .as one hour and T
is the duration of the storm considered in the analysis. It is evident that the
hourly rainfall process in an annual storm is nonstationary as the probability of
transition between the hourly rainfalls of a storm changes with time since the
storm began and hence depends on the time of transition. The nonstationary
discrete-time process can be described by a first-order nonhomogeneous Markov
chain to represent the stochastic process of the annual storm under considera-
tion. This Markov chain may be written as

X = AMXi 1 t e (20)

where X, is the stochastic variable of hourly rainfall in the annual storm, A, is
the Markov or regression coefficient, and € is the random component of X- The
subscript t implies that the process is nonstationary as the process and its
parameters change with time in the process.

The transition probability of the hourly rainfalls in the annual storm
process is

glxy | %) = PIXp=x | X =x¢ql e2))

where the subscript t indicates the nonstationarity and x, is the variate of the
stochastic variable X,. Thus,

P(X; = xp)= OO PXe = xp 1 Xy g = X1 P(Xy_g = X¢p)
t-1

GO B O P ) Py = X g) 22)
t-1

where p(X; ; = %) is the probability for X, ; = x; . Eq. 22 implies that the
probability of the outcome x; depends on the probability of its antecedent x;
_and this dependence is represented by the transition probability of Eq. 21.
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The annual storm-flood depends not only on the antecedent annual
storm-rainfall but also on the corresponding physical condition of the watershed.
It can therefore be assumed that the hourly flood flow Y, in the t-th time
interval depends upon the hourly rainfall X, ; of the annual storm at the (t-1)-th
time interval as well as upon the basin storage S, at time t. Corresponding to the
time increment for hourly rainfalls, the increment of t for flow is also taken as
one hour. The process [Yt;t € T] can then be suitably described by

Y, = 6K 1pS) t & (23)

where ¢,(X,_1, S;) is some function of X, ; and S, to represent the deterministic
component of Yy, and €, is a random variable uncorrelated with X; | and S, but
to provide the random component of Y,. The subscript t implies that the process
and its components are all nonstationary. The length of T is the duration of the
flood to be considered in the analysis.

When sufficient data are available, the function ¢t(Xt-l’ St) can be derived
by multiple regression. For the case under consideration, a multiple linear
regression is found suitable. Thus, Eq. 23 may be written as

Yt = atXt—l + tht tocp t o (24)

where a, and b, are nonstationary regression coefficients and ¢, is the
nonstationary intercept of the linear regression line-of-fit. The random com-
ponent €, may be assumed as normally and independently distributed or as
distributed according to a probability law suitable to the given data.

In the analysis of annual storms and annual storm-floods, the evapo-
transpiration and other losses in the hydrologic process may be ignored because
they are insignificant in the relatively short durations of the storms and floods
under consideration. Thus, Eq. 19 reduces to

Sisp = Xp - Yy + S, (25)

The phenomenon of transforming hourly rainfall to hourly flood flow in
the watershed system, as influenced by the basin storage, may be described by a
one-step bivariate nonhomogeneous Markov process which is represented by a
family of two-dimensional stochastic vectors [Xt’ St +1] as
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Pu) = £i(xp 41 | Xpo1089)
= P[X; = XpSipq = s | o = Xops ¢ = 5l (26)

where P,(t) is the transition probability of the bivariate process from state i at
t-1 to state jat t.

Since Eq. 23 assumes that the flood flow Y, is a function of Xi.1and Sy,
the transition probability of the hourly flood flows for the annual storm-flood
process is

hi(yp I s = PIYy =y | Xpp = %1,8; = 84 @7

where x; ¢, y; and s; are respectively the variates of the variables X, 4, Y; and
S;- Thus, the probability of the flood flow is

P(Y =y = h(yp |2 o s PXog = xS =59 (28)

z
X155t
From Egs. 21 and 27, it can be shown®? that

Py ) = gt(xt | xt-—])ht(yt I Xi-1» St) (29)

Let the two-dimensional state vector [X,, S;.] of the bivariate Markov
process assume discrete values & [X; St+l] i Which can be represented by a point
in a two-dimensional plane.- The coordinates of this point are X, and Sy ;. If X;
can assume discrete states m = 1, 2, ..., M, where each state represents a
convenient range of hourly rainfall amounts, and St41 can assume discrete states
n=1,2,..., N, where each state represents a convenient range of hourly basin
storages, then the state vector [X;, Sy41] canassume MN discrete states, i.e., K =
MN.

Following Eq. 26 the transition probability of the bivariate process from
state i at t-1 to statejat t is

ft(xta St+1 | Xt-1° St) = pij ®,ij = 1,2,..., K (30)

Foreacht=1,2,...,T, there will be a stochastic matrix of size K. Hence, there
will be T stochastic matrices, each of size K, for the proposed bivariate process.

Now, assume the initial probability for the bivariate process, p:(0) forj =
1, 2, ..., K. Since the initial rainfall is always zero, only the probability of the
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initial basin storage should be assumed. The absolute probability of the bivariate
Markov process can be derived inductively®? to be
K

pt) = T p(t-1)pi(t) forj=1,2,..., K (31)
] i=1 1 1]

where Pj (t) = p(X; =X, Sy = 5441) and the state j refers to the state of the
state vector [Xt’ Sy +l]
Summing up the transition probability pij(t) of Eq. 29 over all the values
of x
1>

Z Pyt = 2 gylxy fxp Phy(ye | xpq089)
Xt xt

hy (yt | X¢e_1> St) (32)

Substituting this equation in Eq. 28, the probability distribution of the flood
flow Y, is

p(Y, =y)= 2 . p; (t-1) py; (1) (33)

where pi(t-1) = p(Xy = Xq.1, S = 8¢) is, as shown by Eq. 31, the absolute
probablllty of the bivarjate process being in state i at time t-1, and Pj () is, as
shown by Eq. 30, the transition probability of the bivariate process from state i
at t-1 to statej at t.

The basin storage depends on the input rainfall and the storage at the
beginning of the rainfall interval. From the joint probability, the marginal
probability of the basin storage Si4+1 canbe calculated by

P(Sts1 = St4)) = f PX; = X Siqq = S4p) = f B (34
t t

where the summation is over all values of X4 form=1,2,..., M.

The stochastic annual storm-flood model is now represented by Eq. 25 in
which the components X;, Y, and S, are expressed by Egs. 20, 24 and 25 itself,
respectively, and their probabilities by Egs. 22, 31 and 32, respectively. As an
exercise, this model has been applied to the French Broad River Basin in North
Carolina, Twenty-seven annual-storm records (1935-62) and hydrographs of the
corresponding floods were used to determine the model.3? Fig. 4 shows the
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computed hydrograph by this model, or Eq. 24, as compared with the observed
hydrograph for the annual storm-flood of the hydrologic year 1937-38. An exact
agreement between the two hydrographs is not expected because the computed
hydrograph is generated stochastically and the scattered portion of the observed
data may be caused by the random component.
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Fig. 4 Computed and Observed Hydrographs for Hydrologic Year 1937-38

The above example is a relatively complex stochastic model as it is the
result of a recent research, and it should be further improved for practical use.
Such complex models are generally handicapped by the limited amount of
existing hydrologic data and the storage capacity of available computers. For the
models to be practicable, more data and much larger computer memory would
be required. However, for practical purposes, much simpler stochastic models are
now available.
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Practical Considerations

As mentioned earlier, deterministic models make forecasts, while
indeterministic models make predictions. A deterministic model forecasts by
transforming one sequence of hydrologic events (the input to a hydrologic
system) into another sequence (the output from the system). An indeterministic
model predicts by generating sequences of hydrologic events. The generating
process may be done by using a mathematical random-number generator to
produce random values on a computer and then feed the latter into the
random element of the model, such as €, in Eq. 20 or 24, thus producing various
output sequences.>® The generating process will take into account the order of
events in the sequences. Theoretically speaking, if the indeterministic model is
correctly built, the statistical characteristics of the historical data which
determine the model must be preserved in the generated sequences. This
principle provides a criterion to test the validity of an indeterministic model.

From the above discussion, it can be seen that the two types of abstract
model are complementary rather than competitive in the practical application. It
is perfectly possible to take the generated output from an indeterministic model,
a sequence of events that could occur, and transform them using a deterministic
model. The deterministic model then produces a forecast of what would happen,
given what could happen. By this procedure, Chow and Ramaseshan®* generated
runoff data from historical rainfall data for the French Broad River Basin in
North Carolina. In this case, given a predicted rainfall sequence the runoff
resulting from the rainfall could be forecast.

The two types of model can also be used independently. For example, an
indeterministic model built on historical streamflow could predict future
streamflows. Such predicted streamflows can be used to design a water resource
system over the period of planning projection. Fig. 5 shows one historical
sequence and 98 stochastically generated sequences of average monthly flows
which are used for the design study of the Trans-Texas Water System.?*
Selected sequences from such water supply and demand sequences were then
used to help find the optimal implementation plan, or the plan to be developed
at various stages of the planning horizon having the least total expected cost. For
such a study, Fig. 6 shows the present value cost response surface where the least
expected cost of 4.34 billion dollars occurs when the change in canal capacity is
AC = - 1000 cfs, i.e., so much less than a given design capacity, at every interval
of time AT = 10 years.

On the other hand, for short period data, the actual input to a
deterministic model may already be available. For example, deterministic
flood-routing models are widely used for flood forecasting in river control
works. Such a model is an operational one and would, for this case, forecast the
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Fig. 5. 99 Average Monthly Flow Sequences Used in the
Trans-Texas Water System Study>*.

downstream flood that would occur from the observed upstream flood. Used
independently as so described, the two types of model have separate
purposes: indeterministic models are tools for planning, while deterministic
models are tools for operation.

The procedure of hydrologic modeling may be either analytic or synthetic,
although the distinction cannot be too exact. The analytic procedure is to
assume certain physical principles that can be theoretically described. Given
these principles, a means of analysis is developed, and the product is an analytic
model. For example, Eq. 3 for the development of a general deterministic model
is a principle which is described by a mathematical expression and soluble by
mathematical analysis. The procedure is therefore analytic. As for the synthetic
procedure, it is to combine the elements, or subsystems, of a system into an
entity which will represent the system; and the product is a synthetic model. For
example, The Stanford Watershed Model® is built by this procedure, and the
entity to be represented is the land phase of the hydrological cycle of a
watershed. If the way of combining the subsystems is not well defined or
generally agreed upon, the synthetic model may vary between model builders.
The subsystems are building blocks, and they may be individual analytic models.
Thus, an analytic model usually describes a narrow and restricted system in
hydrology so that the problem is made manageable, whereas a synthetic model
can be complicated and cover as broad a scope of hydrologic phenomena as one
wishes.

Whatever form the model takes it inevitably contains a number of
unknowns, i.e., parameters, that serve to characterize a given hydrologic
phenomenon. To be justifiable in a model’s structure and to make it practically
useful, it is desirable that the parameters be physically meaningful and capable
of estimation. This point is of vital importance if the model is used to assess the
effects of natural or man-made changes in the hydrologic system, or if a model
developed from a known hydrologic region is to be transposed to an unknown
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hydrologic region. At present, hydrologic modeling technique has not advanced
sufficiently to allow reliable estimates of the absolute values of the parameters
to be determined. Furthermore, the parameters are not independent of one
another; it is their relative magnitudes that count. This explains why certain
models can satisfactorily reconstruct events for the hydrologic system to which
they were fitted but are useless when applied to situations where a knowledge of
the absolute values of certain parameters is required. When too many parameters
are involved, usually in synthetic models, the interdependence of parameters is
frequently aggravated. In a synthetic model, a wide variety of data can be used
in the determination of the parameters. The model structure is not
predetermined and it can be built to use whatever data are available. This
flexibility is both a virtue and an evil, because each model can be tailored to fit a
given hydrologic phenomenon but this has led to a vast proliferation of models
whose relative merits are uncertain. .

During the process of modeling or selecting of a model, one is invariably
faced with a decision concerning simplicity versus completeness of the model. A
simpler model is easier to understand and apply, and probably cheaper to use.
This preference has resulted in an oversimplified and unrealistic model, such as
the rational formula. On the other hand, a good model should involve minimum
assumptions and approximations. This choice has led to certain components
being more sophisticated than others and thus has biased the overall model
structure towards special objectives. Both the analytic and synthetic modelings "
face the same problem, but the decisions are not easy to make as the effects of
assumptions and approximations are not so obvious. To be effective, the model
builder should be at least capable to distinguish the relative significance of the
assumptions and approximations and between the components of the model. A
desire for completeness in a model may result in one which is unwieldly to
manage and may contain various components that are of incomparable
significance. It has been suggested that if a simple model will do, no more
complexity is necessary. This rule fails in practice unless “do” is better defined.

Conclusions

This paper has introduced briefly the status of hydrologic modeling today.
Hydrologic models are classified according to various assumptions. Emphasis is
given to abstract models and their examples are illustrated. In practice,
hydrologic modeling is partly science and partly art. It is an art since ingenuity
and judgement enter into the modeling process and its assessment. As a science,
it requires an advanced knowledge in physical principles and mathematical
methods, but a main problem is to develop models with their practical
application in mind. Many practicing engineers hesitate to accept new
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techniques, because they find difficulties in understanding and applying them. It
is therefore apparent that the practical value of hydrologic modeling in the
future will depend on a better communication between practicing engineers and
theoretical hydrologists.
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DISPERSION ESTIMATES OFF NOBSKA POINT
USING RECORDING CURRENT METERS

By M. D. Palmer? and J. B. Izatt?
Abstract

Dilution estimates were made from the data collected by a recording

current meter operated for two weeks off Nobska Point. The estimates were
compared to estimates made by other methods. The 5 and 6 hour dilution rates
for the ebb and flood tides range from 4690/1 to 8100/1 with the lower value
occurring during the ebb tide. Five hour dispersion coefficients of 8.6 and 8.2 x
10° c¢cm?/sec were determined from the current meter data. Generally, the
“hourly dispersion predictions from the current meter data were larger than
estimates by other means and considered more representative. On the other
hand, the steady state dispersion predictions from the current meter data require
some other validation.

Background

The Town of Falmouth, Massachusetts, has proposed building a domestic
sewerage system with disposal of the effluent to take place in Vineyard Sound
off Nobska Point. Bumpus,® as the result of drogue and drift bottle studies, has
proposed that the site of the outfall should be located in approximately 30
meters of water 0.504 km south of Nobska Point. Bumpus' and Charnews and
Jaffee? have applied several techniques to determine the probable extent of the
sewage plume and what dilution might be expected if the outfall was located as
mentioned above. The intent of this paper is to provide similar estimates from
data collected concurrently by a current meter. The data were supplied by
EG&G, Woods Hole,

Charnews and Jaffee? undertook dye studies to determine dispersion
patterns for a tracer released at the location of the outfall. From these results,
surface dispersion due to wind driven and tidal currents may be studied.
Bumpus! bases his steady state mixing estimates on the assumption that
one-tenth of the sound is new water in a tidal cycle. This is considered a
conservative estimate by Bumpus. The volume of water in the sound changing
every tidal cycle was determined from the low water volume and mean tidal rise,
Similar computations were made for a net flow assuming 10 percent water
exchange on a tidal cycle. In addition, immediate mixing estimates were made
by multiplying the sound cross-section above a diffuser by an estimated mean
velocity. An eddy diffusion coefficient was also determined emploving an
estimated velocity. The dispersion estimates determined from current meter data

YEnvironmental Systems Engineer, Water Quality Surveys Branch, Ontario Water Resources
Commission.
Management Services Officer, Systems & E.D.P. Branch, Ontario Water Resources
Commission,
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presented subsequently do not require velocity estimates. The time history
sequence of the measured currents are maintained in the analysis. However,
current meter methods are based upon currents measured at a single fixed point
and it is necessary to extrapolate the measurements to areas for dispersion
estimates. This requires a reasonably homogeneous velocity field over the area of
interest. Therefore current meter measurements should be supplemented by
concurrent dye and drogue measurements.

The two techniques for determining dispersion and dilution are
complementary. Dye and drogue measurements are Lagrangian techniques which
provide area characteristics. The predominant variable is space. These
measurements are normally limited to daylight hours during reasonably calm sea
conditions. Current meter records are continuous with respect to time at one
location. The predominant variable is time. The two techniques are obviously
not independent. Resultant dispersion and dilution characteristics are a mixture
of both, although one may predominate in a particular case. Unfortunately, it is
not possible to determine which variable is the more important in this case as
concurrent Lagrangian measurements are not available. This means that the
current meter estimates require some validation. Comparison with the estimates
of Bumpus! provide some validation. However, the assumptions involved in
Bumpus’s computations are qualitative. ,

The results of the current meter study are presented in the following. The
techniques are summarized: Further details on the techniques can be obtained
from the appropriate references.

Resglts

The current meter was operated at the proposed site of the outfall from
November 26, 1969, to December 10, 1969, at a depth of 10m. A longer period
of record would be desirable. The data set resulting from the operation consisted
of readings of current speed and direction reduced to 10-minute averages. The
data time sequence was smoothed using a moving average technique over +20
minutes to make the data suitable for analysis. A measure of the smoothing can
be obtained by comparing some data statistics. The resultant and arithmetic
mean velocities for the complete record were 3.8 cm/sec at 154°N and 59.3
cm/sec for the smoothed data and 1.9 cm/sec at 154°N and 59.3 cm/sec for the
raw data set. The smoothed data were reduced to obtain a two-dimensional
frequency table (Table 1). The tidal effect is clearly evident with some 40
percent of the readings occurring in the north-east direction, and 45 percent
occurring in the south-west direction.

To determine a resultant velocity magnitude, it is necessary to find a mean
velocity during an ebb tide, then compare it to the mean of the flood tide.
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Towards this end, twelve tidal cycles were selected from the record. Eight of the
tidal cycles were selected so that they were sequential in time, while the other
four were selected in sequential pairs. The results are summarized in Table 2.

From Table 2 it can be seen that the direction of the current off Nobska
Point remains relatively constant varying between 56°-65° on the flood tide and
between 231°-237° on the ebb tide. However, the resultant velocity magnitude
varies widely up to 50 percent on the flood tide and 40 percent on ebb. In the
first group of eight half tidal cycles, if taken in pairs starting with the first two,
it would appear that there is a large net flow alternately on the ebb and flood
cycles. However, starting with the second half cycle, and taking pairs, there is
little net flow. This phenomenon also appears in the other pairs of tidal cycles.
These records indicate that misleading results can occur by assessing the net flow
on the basis of measurements over one tidal cycle. They may also indicate the
need for several current meters operated at different locations. Considering the
twelve tidal cycles presented in Table 2, the resultant speeds for all twelve on the
flood and ebb tides are 54.10 cm/sec and 54.29 cm/sec respectively. Thus, for
the twelve cycles chosen here, representing 45 percent of the data, the net
transport velocity is 0.16 cm/sec to the south-west (ebb tide direction). The
overall arithmetic mean velocity magnitude is 54.20 cm/sec.

These results may be compared with those found by Bumpus!. The
arithmetic mean velocity magnitude is 1.06 knots (54.20 cm/sec) compared to
1.15-2 knots found by Bumpus.! The net speed found here is 0.004 knots (0.16
cm/sec) whereas Bumpus found a value of 0.1 knots in his net flow analysis. The
effect of this difference is to lower the net transport from 200 million m® to 10
million m® and to decrease the dilution from 2850/1 to 134/1. Thus the dilution
is 20 times lower than found by Bumpus. The meaning of this small dilution or
net transport integrated over a period of 14 days is not clear. The mean
velocities for each ebb and flood cycle are so large that material will be
transported long distances during a single cycle into regions which may have
different dispersive qualities.

The summary of the twelve tidal cycles indicates that the directions of the
current at the proposed outfall site remain constant at 233° and 60° for the ebb
and flood tides respectively. During the 14 days when the current meter
operated, it is likely that meteorological conditions varied. It would thus appear
that meteorological effects have little effect on subsurface currents at the depth
at which the current meter was located. It is difficult to estimate the current
characteristics at other depths and locations from one current meter site without
the aid of other current meter installations. However, initially dispersion should
be in a direction slightly more offshore than found by Charnews and Jaffee? in
their surface dye experiments. The difference in direction is not surprising since
subsurface and surface currents are generally different.
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TABLE 2 Mean Resultant Velocities for Selected Half Tidal Cycles

START DATE END DATE DIRECTION EEES]‘EJ]ID{QI/‘ISZC'
Nov. 27 11:56 Nov. 27 18:00 61.6° 55.0
Nov. 27 18:00 Nov. 28 00:06 233.2° 68.6
Nov. 28 00:44 Nov. 28 06:04 56.1° 64.2
Nov. 28 06:44 Nov. 28 12:44 233.1° 45.4
Nov. 28 12:25 . Nov.28 18:31 62.5° 48.0
Nov. 28 18:31 Nov. 29 00:25 232.5° 66.0
Nov.29 1:25 Nov.29 7:25 59.8° 64.6
Nov.29 7:31 Nov. 29 13:31 233.6° 45.0
Dec.1 2:25 Dec.1 8:31 59.3° 64.2
Dec.1 8:31 Dec.1 14:25 237.6° 45.6
Dec.1 14:50 Dec.1 20:50 64.8° 34.8
Dec. 1 20:50 Dec. 1 02:50 234.5° 64.7
Dec. 1 20:25 Dec.2 3:13 233.5° 58.5
Dec.2  3:25 Dec.2  9:25 58.2° 41.0
Dec.2 9:31 Dec.2 16:00 233.5° 50.5
Dec.2 16:31 Dec.2 22:25 59.4° 45.4
Dec.2 22:31 Dec.3  3:13 233.0° 36.3
Dec.3 3.5 Dec.3 10:44 60.4° 70.0
Dec.3 10:50 Dec.3 15:50 235.3° 49.1
Dec.3 17:00 Dec.3 22:31 60.1° 45.4
Dec.5 18:06 Dec.6 00:13 61.3° 51.7
Dec.6  0:13 Dec.6  6:06 231.2° 46.0
Dec.6 6:13 Dec.6 12:13 60.2° 65.1
Dec.6 12:38 Dec.6 18:00 233.2° 75.7

Resultant 233° 0.16 cm/sec
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The current meter data may also be used as input to stochastic models for
the prediction of dilution rates. The currents were classified into states by speed
and direction. For example, 10 speed states (0-13 cm/sec; 13-26 cm/sec, etc.)
and 8 direction states (337.5°-22.5%; 22.5°-67.5° etc.) were defined. Thus, it is
possible to categorize each current reading by its speed and direction. By
comparing each current state with the one following, it is possible to find the
probability of a current transferring from one state to another in one time
period. Using the complete record of readings, a matrix called the first order
Markov Chain transition probability matrix, is developed. For this study two
transition matrices were developed, one for ten-minute interval data and one for
hourly interval data. A more complete outline of the method is contained in
publications by Palmer and Izatt.® >

The frequency table shown in Table 1 gives the probability of being in any
one of the 80 possible states based on the period of record. The probability of
going from one state to another-in one hour is given by the probability transition
matrix. Thus, the probability of starting in state A and proceeding in 5 hours to
state B through 4 intermediate states may be found. The distance travelled may
be calculated by assuming that the speed for'each state remains constant for one
hour, then multiplying the speed and time together. The distance travelled in
five hours may be weighted by the probability of that sequence of states
occurring. The weighted distance travelled can be resolved into components in
the 4 major directions. If all the possible sequences for all initial and final states
are considered, then a weighted mean distance and standard deviation of
distance in each direction can be found for the time period. The number of
possible sequences increases by the power of the number of hours considered
and computer costs limit the practical sequence to 5 states or 5 hours for hourly
transition matrices. Diffusion coefficients can be found from the standard
deviations using the following equation (Hinze*).

<y?> = 2et €))

in which <y*> is the variance of particle separation in cm?; ¢ is the diffusion
coefficient in cm?/sec ; and t is the time in seconds. The mean velocity for five
hours may be found by dividing the weighted distance by the time. In the case
of strong tidal action, as occurs off Nobska Point, the two directions
perpendicular to the tidal current do not have enough readings in the current
meter record to give meaningful results. A summary of results for 5 hours is
given in Table 3. The mean velocities shown in Table 3 are a bit low since the
Markov Chain analysis ignores some of the smaller probability sequences in order
to economize on computer time. The diffusion coefficients for both ebb and
flood tide direction are about the same.
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TABLE 3 Summary of Dispersion Characteristics for 5 Hours

Direction Weighted Standard Weighted Diffusion Mean Velocity
(Degrees) Deviation Coefficient
<y?>1/2 (cm) € (cm?/sec.) <U>>(cm/sec.)
60° 1.76 x 10° 8.60 x 10° 51.6
150° 11 x 108 .03 x 10° 38
240° 1.72x 10° 8.22x 10° 55.0
330° .001 x 10° .00x10° 1.3

A measure of the dilution taking place can be found using the following
equation (Foxworthy et al®)

Q
(2ml/2 <y2>1/2 <U>

<Cmax (> = (2)

in which <Cmax (x)>is the maximum concentration at a distance x in mg/cm?;
Q is the mass discharge in mg/sec.; <y?>> is the weighted mean spread in cm?;
and <U> is the weighted mean velocity in cm/sec. This is essentially a
two-dimensional equation as current meter readings are two-dimensional. From
the consultant’s report, the source concentration of POy as P is 30 mg/1 and the
effluent is being discharged at the rate of 0.156 m?/sec.

In order to make the source two-dimensional it is necessary to assume that
the outfall consists of a circular pipe discharging at a speed of 1 m/sec. The
diameter of the pipe is then 0.492 meters. Taking a 1 cm wide slice at the
maximum diameter gives a source of 150 mg/sec. Substituting in Equation (2)
yields <Cmax (x)> = 4.7 x 107% mg/cm® on the flood cycle and <Cmax (x)> =
4.5 x 1078 mg/cm® on the ebb cycle for a 1 cm thick layer. The percentage
dilution is then 0.016 percent and 0.015 percent on the flood and ebb tides
respectively.

An alternative way of finding dilution characteristics involves defining an
initial state vector and mutltiplying it by the transition probability matrix
(Palmer and Izatt®). This defines a final state probability vector after one time
period. Weighted mean distances travelled can be found by multiplying the
probability of a state by the speed and the time interval and summing those in
the same direction. This produces a mean distance travelled in one time period
for each of the eight directions. The final state vector can be used as an initial
state vector for the next time step. The procedure may be carried on for as many
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steps as desired. Figure 1 illustrates the contours predicted for 1, 3 and 6 hourts
for an initial state with 100 percent probability of a current going north-east at
33.5 cm/sec. and for an initial state with 100 percent probability of a current
going south-east at 33.5 cm/sec.

The areas represented by the contours do not represent the shape of an
effluent plume released at the source. On the average, an effluent released at the
source will form a plume which will be contained somewhere within the -
contours after 1, 3 and 6 hours. The plume would not necessarily occupy the
total area within the contour. If a constant depth for an effluent plume is
assumed then a pessimistic estimate of its volume may be obtained by measuring
the area of the contours in Figure 1 and multiplying by the constant depth. The
dilution rate may then be found if the amount of effluent released in 1, 3 and 6
hours is known.

A depth of 10 meters has been assumed and the areas, volumes, and
dilutions for 1-6 hours for a flood tide and an ebb tide have been calculated and
summarized in Tables 4 and 5. The dilution is 4690/1 parts seawater to effluent
for an ebb tide after 6 hours, and 8100/1 for a flood tide. There is a 42 percent
difference in initial dilution in the two directions after 6 hours. This method is
restricted to times less than a half tidal cycle because the probabilistic nature of
the solution forces flow in both directions even after the currents have reversed
direction. An approximation for the steady state dilution may be found by
averaging the dilution for the two directions. This yields a steady state dilution of
6345/1 parts of seawater to sewage.

Discussion

The current meter data indicates that the average tidal current varies up to
50 percent in magnitude but remains constant in direction. Analysis of mean
tidal resultant currents shows that several tidal cycles must be considered when a
net current is sought. Definition of a net current based on one tidal cycle may be
in error if the current is to be used as a mean value to represent exchange
processes for many tidal cycles.

The dispersion estimates determined from the current data are summarized
in Table 6. It is observed that the current meter estimates are much larger than
those predicted by Bumpus' confirming his qualifications that the estimates are
conservative. For hourly predictions the current meter method is probably more
representative as the temporal variations are large. The mean resultant current
directions for the ebb and flood tides are probably more representative of the
initial dilution for a sub-surface outfall than are the results obtained by
Charnews and Jaffee? in their surface dye tracing experiments. The current
meter data indicate that initially dilution will take place in a direction more off
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Figure 1 Predicted Mean Dispersion Patterns for 1, 3 and 6 Hours
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TABLE 4 6 Hour Dilution Characteristics for Flood Tide

HOURS  AREA VOLUME  SOURCE DILUTION
(m?) (m®) (m?) (Parts Seawater/Effluent)
1 86 x 10° 8.6 x 105 584 1472/1  (.07%)
2 3.56 x 10° 35.6 x 10° 1168 3050/1  (.03%)
3 9.25 x 10° 92.5 x 10° 1752 5270/1  (.02%)
4  13.98x10° 139.8 x 10° 2336 5980/1  (.02%)
5  21.58x10° 2158 x 10° 2920 7390/1  (.01%)
6  28.40x10° 284.0 x 10° 3504 8100/1  (.01%)

TABLE 5 6 Hour Dilution Characteristics for Ebb Tide

HOURS AREA VOLUME SOURCE DILUTION
(m?) (m3) (m3)  (Parts Seawater/Effluent)

1 2x10° 2x10° 584 343/1  (3%)

2 1.3 x 10° 13x10° 1168 1111/1  (.09%)
3 3.7x10° 37x10° 1752 2105/1 (.05%)
4 6.7 x 10° 67 x 10° 2336 2870/1 (.03%)
5 117x10° 117 x 10° 2920 4000/1  (.02%)
6 164x10° 164 x 10° 3504 4690/1  (.02%)

shore than found by Charnews and Jaffee.? The steady state current meter
dilution predictions from single fixed point measurements require extrapolation
to large areas. Consequently these predictions require validation by other
methods. It is the authors’ opinion that the steady state prediction from the
meter data is too large.

The application of the dispersion estimates to an actual effluent would
require some consideration on both positive and negative buoyancy effects.
None of the estimates considers buoyancy directly. The dye studies of Charnews
and Jaffee? do provide a qualitative indication of the possible dispersion pattern
of a positively buoyant effluent. Normally surface effluent releases dilute more
slowly than subsurface releases. Buoyancy effects should be incorporated into
the estimates if the range of expected specific gravities for the effluent and
receiving water were known,
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Frank Alwyn Marston
1885 — 1972

Frank A. Marston was an engineer’s engineer. Always a gentleman,
friendly, conscientious and having a sense of pleasant dignity. His passing on
February 22, 1972 marks the end of a full life and a busy career.

He was born in Worcester, Massachusetts on September 21, 1885, the son
of Charles F. and Abby M. Marston. He attended grammar and high schools in
Worcester from which he entered Worcester Polytechnic Institute, graduating in
1907 with the degree of B.S. in Civil Engineering. In 1960 the Institute awarded
him an honorary Doctorate of Engineering.

In 1907 young Marston entered the employ of the Boston engineering firm
of Metcalf & Eddy and began an association which was to continue until his
retirement in 1966. He was made a partner of the firm in 1920 and was a senior
partner at the time of his retirement. His work was mainly in relation to public
water works and wastewater disposal systems, for which he received wide
recognition and the highest honors of his profession.

He was Consulting Engineer to the New York Board of Water Supply from
1937 through 1966, and Chairman of the Board of Engineers (on wastewater
disposal) for the District of Columbia from 1954 through 1964. Major projects
with which he was connected include a wastewater treatment plant, large
diversion sewers, and investigation and report on a sewerage system for the
District of Columbia; sewers and a treatment plant for Louisville, Ky.; and
reconstruction of water pumping stations and a new water filtration plant for
Wilmington, Del. He also participated in some two hundred other projects of
various types and sizes in his nearly 60 years of practice. He gave expert
testimony in a number of court cases and also served on boards of arbitration.

In addition to his work in sanitary engineering, Mr, Marston had a deep
interest in the field of soil mechanics and foundations. This interest led him in
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1925-1926 to attend a series of lectures on soils mechanics at Massachusetts
Institute of Technology, and again in 1936 to attend another such series at the
Harvard Graduate School. Still following the same interest, he attended in 1948
the 2nd International Conference on Soil Mechanics and Foundation Engineer-
ing in Rotterdam. He was a member of the executive committee of the ASCE
Soil Mechanics and Foundation Division for seven years, four as chairman.

Mr. Marston was active in a number of professional societies and
associations. He joined the Boston Society of Civil Engineers in 1909, served as
its president in 1927-1928, and was made an Honorary Member in 1960. Over
the years he authored some thirteen papers which were published in the Journal.

He joined the American Society of Civil Engineers as a Junior Member in
1910, became as Associate Member in 1917, a Member in 1920, a Fellow in
1959, and was President in 1959-1960. In addition to his membershin in BSCE
and ASCE, Mr. Marston was a Life Member in ASTM, AWWA, APWA, NEWWA.
He was a member of the American Institute of Consulting Engineers, a
Diplomate of the American Academy of Environmental Engineers, a member of
NSPE and MSPE, NEWPCA, International Association for Hydraulic Research,
International Society of Soil Mechanics & Foundation Engineers, and United
States Committee on Large Dams. _

' Mr. Marston was registered as a Professional Engineer in fourteen states,
the District of Columbia, and the Province of Ontario.

A resident of Wollaston, Mass. he was active in community affairs there.
He joined the Colonial Savings and Loan Association of Wollaston as a director
in 1930, was elected president in 1941, and president emeritus in 1966. He was a
man of strong religious convictions, being a 50-year member of the First Baptist
Church in Wollaston and serving as Moderator for 30 years. He was also a
collector of stamps and a member of both the American Philatelic Society and
the Society of Philatelic Americans.

Mir. Marston married Bertha Wheeldon of Worcester, Mass. in 1911. Mrs.
Marston passed away in 1952. He is survived by two sons, Alwyn F. of
Weymouth, Mass., and Philip L. of Essex, Conn., and two daughters, Mrs. Ruth
Alice Dexter of Cranford, N.J. and Mrs. Priscilla Stewart of Gloucester, Mass. He
was devoted to his children and they in turn held him in love and high respect.

Frank A. Marston was dedicated to his profession, practiced a high
standard of ethics and insisted on quality workmanship. In return he enjoyed a
rewarding career, the high esteem of his engineer colleagues, a fine reputation
and a host of friends.

Edwin B. Cobb
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Minutes of Meeting

Boston Society of Civil Engineers

January 19, 1972.—The regular monthly
meeting of the Boston Society of Civil

Engineers was held jointly with the
Massachusetts Section of the American
Society of Civit Engineers at Nick’s

Restaurant, 100 Warrenton Street, Boston,
Mass. The members of the two societies
assembled at 5:30 P.M. for cocktails. At
6:00 P.M. dinner was served, and the
business meeting commenced at 7:30 P.M.

President Robert Barton of the Mass.
Section A.S.C.E, called the meeting to order
and introduced the guests at the head table.
He then turned the meeting over to
President Ernest A. Herzog, to conduct any
business for the Boston Society of Civil
Engineers.

President Herzog announced that the
minutes of the previous meeting held on
June 2, 1971 had been published in the July
1971 issue of the Journal, and that the
reading of those minutes would be waived
unless there was objection,

President Herzog announced, with
regret, the following had been lost to the
Society by death during recent months:

Thomas R, Camp, elected a member

October 14, 1930, who died November

19, 1971

Charles C. Cain, elected a member May

18, 1948, who died September 12, 1971

Theodore M. Beach, elected a member

September 21, 1909, who died during

1971

Frederick S. Gibbs, elected a member

February 18, 1942, who died November

19,1971

Clyde W. Hubbard, elected a member

June 20, 1950, who died November 12,

1971

William G. Horton, elected a member

June 21, 1944, who died August 5, 1971

James M, Mullarkey, elected a member

February 16, 1966, who died June 6,

1971

Attle Bene, elected a member January

22, 1964, who died August 21, 1971

Ashley Q. Robinson, elected a member
December 19, 1917, who died January
17, 1972

Richard E. Cavanaugh, elected a member
November 16, 1966, who died February
15,1971

The members present stood for a
moment of respectful silence in memory of
the deceased,

President Herzog called upon the
Secretary for any business that he might
have. The Secretary moved, it was seconded
and VOTED “that the Board of
Government of the Boston Society of Civil
Engineers be authorized to transfer a sum
not to exceed $8,000 from the principal of
the Permanent Fund to the Current Fund to
meet Current Expenditures”.

The Secretary then announced that

applications to membership had been
received from the following:
Hector Zayes-Bazan, Jamaica Plain,
Mass.

George R. Bird, North Tonawanda, New

York

Thomas L. Brown, Cambridge, Mass.

Domenic Thomas Bua, Peabody, Mass.

Robert E, Germain, Needham, Mass.

Joseph A. Handziak, Taunton, Mass.

Gino L. Mastrabattista, West Roxbury,

Mass.

John F, McFarland, Cambridge, Mass.

Arnold F. Thibault, Coventry, Rhode

Island

Christian A, Wethe, Lewes, Delaware

Paul J. Traudeau, Needham Heights,

Mass.

James W, Weaver, Reading, Mass.

Paul A. Dipietro, Somerville, Mass.

Thomas C. Anderson, Arlington, Mass.

Richard H. Bender, Framingham, Mass.
Transfer from Grade of Junior

Richard F. Desrosiers, Pembroke, Mass.

Albert B, Pincince, Pasadena, California

President Herzog then returned the
conduct of the meeting to President Barton
of the American Society of Civil Engineers
who introduced Mr. Rogers, District
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Director of A.S.C.E. Mr. Rogers discussed
the removal of Article 3 from the Code of
Ethics of the A.S.C.E. He also discussed the
revision of Bulletin 15 which is published by
AS.C.E. In addition he discussed a wage
guideline which is published by the A.S.C.E.
Members of the Mass. Section discussed
committee  organization which  was
underway.,

President Barton introduced the speakers
for the evening, Mr. Anthony J, DiSarcina
and Mr. Lawrence Whipple. The speakers are
Associate Members of the American Society
of Civil Engineers and co-chaired a Mass.
Section Committee “Compensation Task
Force”. In November 1971 that Committee
published a bulletin entitled ‘“Guidelines for
Wages and Fringe Benefits”. Messrs.
DiSarcina and Whipple described the

formation and the activities of the
Committee., They also described the
conclusions reached leading to many of the
statements made in the publication,
Following their discussion of their
Committee’s efforts, the members present
engaged in a spirited discussion of the entire
matter of wage and benefits for Civil
Engineers.

Seventy-one members and guests of both
societies  attended the dinner, and
seventy-nine members were present at the
meeting following the dinner.

President Barton adjourned the meeting
at 9:50 P.M.

Paul A. Dunkerley
Secretary
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PROFESSIONAL SERVICES

ALBRIGHT & FRIEL INC.,

CONSULTING ENGINEERS
Water, Sewage, Industrial Wastes and
Incineration Problems, City Planning
Highways, Bridges and Airports, Dams,
F1 Control, Industria Bulldmgs

Investigations, Reports, Appraisals and Rates

THREE PENN CENTER PLAZA
PHILADELPHIA 2, PA.

Brown EfRoot Inc.

Engineers/Constructors / Houston, Texas

P. O. Box 3
Houston, Texas 77001
(713) 672-3011

A HALLIBURTON Company
CAMP DRESSER & McKEE
A .,,é ANDE RS()\"'VI(‘"OI S Consulting Engineers
mwu*s) nm/mn/- ne. ! Water Resources — Water & Air Pollution

A COMPRENENSIVE ENGINEERING AND MANAGEMENT SERVICE

Consulting Engineers

Boston
Massachusetts

Concord
New Hampshire

Hartford
Connecticut

Water Works — Water Treatment
Sewerage — Wastes Treatment
Refuse Disposal — Flood Control
Research-& Development

Boston, 02108

O

One Center Plaza, Mass.

THE AUSTIN COMPANY

Designers « Engineers + Builders
* * *
General Offices: Cleveland, Ohio 44121

Offices in principal cities of North America,
Europe, South America and Australia

Wellesley Hills, Mass. 02181 Tel. (617) 237-1438

ANDREW CHRISTO, Engineers
CONSULTING ENGINEERS

230 Boylston Street
Boston, Mass.

Tel. 266-2525

02116

BARNES ENGINEERING
COMPANY, Inc.
Civil Engineers
411 Lexington Street

AUBURNDALE, MASS. 02166

CLARKESON & CLOUGH
ASSOCIATES
Consulting Engineers
Design, Construction Inspection
Airports, Bridges, Tunnels, Highways,
Traffic and Transportation Analyses and

Reports, Valuations.
40 Washington St., Wellesley Hills,

BARNES & JARNIS, INC.

Engineers

61 BATTERYMARCH ST.
Boston, Mass. 02110

Tel. 542-6521 — Area Code 617

Congdon, Gurney
& Towle, Inc.

Engineers

53 State Street Boston, Mass.

BRASK AND STANDLEY
ENGINEERING CO.

Consulting Engineers
177 State Street, Boston
227-3170

CRANDALL DRY DOCK
ENGINEERS, Inc.

Dry Docks — Plers — Waterfront Structurea
Underwater Examination

238 Main Street Cambridge, Mass.
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William S. Crocker, Inc.

(Fermerly Aspinwall & Linceln)

Registered Professional Engineers
Registered Land Surveyors

35 Wm., T. Morrissey Blvd., Boston, Mass, 02125

EUSTIS ENGINEERING CO.
Soil and Foundation Consultants

Soil Borings Laboratory Tests
Foundation Analyses and Reports
3011 28th ST. P. 0. BOX 125

METAIRIE, LOUISTIANA 70004

E. D’APPOLONIA

Consulting Engineers, Inc.
Foundation Engineering
Vibrations & Soil Dynamics
Applied Mechanics

ENGINEERING OFFICES
10 Duff Road M. R. 5228
Pittsburgh, Pa. 15235 Chesterton, Ind. 46304

(412 - 242-5107) (219 - 926-3814)
CORPORATE OFFICE
1177 McCully Drive, Pittsburgh, Pa. 15235

FAY, SPOFFARD &
THORNDIKE, INC.
Engineering

for
Public Works and Industry

11 Beacon Street, Boston, Mass. 02108

De Leuw, Cather

&
Company
Engineers
Public Transit — Traffic — Parking
Highways — Subways — Railroads
Community Planning — Urban Renewal
Municipal Works — Port Development

24 SCHOOL STREET
BOSTON, MASS. 02108

HARRY R. FELDMAN, INC.
Civil Engineers and Land Surveyors

Engineering and Survey Service for
Consulting Engineers - Architects
Contractors - Appraisers
Municipalities

Accolon Way Boston, Mass. 02114_:

RICHARD J. DONOVAN, INC.
ENGINEERS: Design & Construction Management

540 MAIN ST.,, WINCHESTER, MASS. 01890

Ganteaume & McMullen

Engineers

99 Chauncy Street
BOSTON

B. M. DORNBLATT & ASSOCIATES, INC.

Consulting Engineers
826 Lafayette Street, New Orleans, Louisiana
Atlanta Baton Rouge Gulfport
Highwayu—Bridges—Structum
Sewera, Water Supply—Drainage
Commercial & Industrial, Site Development
Port Development—Marine Structures
Airports—Public Works—Railroads
ign—Reports—Valuations

GERAGHTY & MILLER, INC.

Consufting Ground-Water Hydrologists
Water Supply-Quality and
Pollution Problems
Regional Ground-Water Studies
Recharge-Well Design
44 Sintsink Drive East

Port Washington, N.Y. 11050
516-883-6760

Jacksonville, Fla.
Ponce, P.

Hartford, Conn.

m('EDWARDS
and KELCEY

Engineers and Consultants

470 Atlantic Ave., Boston, Mass.

Fleld
Laboratory

Analytical Studies
in Soil Mechanics &
Geotechnical Engineering

GOLDBERGZOINO
& Associates,Inc.

SOIL AND FOUNDATION ENGINEERS

377 ELLIOT STREET, NEWTON UPPER FALLS, MASS. 02164
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Greeley and Hansen

! J. F. HENNESSY
Engineers Civil Engineer
Water Supply, Water Purification,
Sewerage, Sewage Treatment, Flood BROOKLINE, MASS. 02146

Control Drainage, Refuse Disposal
222 S, Riverside Plaza, Chicago, I11. 60606

4 CYPRESS STREET 566-3860
233 B’way, New York, New York 10007
GREEN ENGINEERING AFFILIATES HOWARD, NEEDLES, HNTE
Consulting Engineers TAMMEN & ?ERGENPOFF
Water Supply and Treatment ~onsu "ng. ngineers
Sewage and Industrial Waste Treatment All‘pOl"tS, Bridges, Stru.CtUl‘CS
Storm Drainage Systemy and Sanitary Sewers Foundations, Express Highways,
Highways, Bridyes & Structures ' Water Resources
625 McGrath Highway Suite 3050, Prudential Center
Winter Hill Branch Boston, Massachusetts 10019
B()‘?[_On' Massachusetts 1345 Avenue of the Americas
617 623-2311

New York, New York 10019

HALEY & ALDRICH, INC.

Consulting Soil Engineers

JOHN J. KASSNER & CO., INC.

Consulting Engineers
Site Investigations; Soil Mechanics Studies
for Foundations, Retaining Walls, Dams,

Highways, Airfields and Marine 475 PARK AVENUE SOUTH
Structures NEW YORK, N. Y., 10016
Office and Laboratory

(212) 685-8511
238 MAIN ST. CAMBRIDGE, MASS. 02142 .

FENTON G. KEYES ASSOCIATES

Haley and Ward

Consulting
Civil and Sanitary Engineers ARCHITECT~ ENGINEERS
25 Fox Road - Waltham, Mass. 02154 —
Tel. 890-3980 Area Code 617 WETHERSFIELD, CoNN 00100 WASHUA. NN, 03080

PUTNAM, CONN.06280

The Haller Testing Laboratories INC. | oo oo & Eae e €

CONSULTING ENGINEERS
Testing, Inspection of Structural & ARCHITECTS
Materials, Concrete, Asphalt &

Soils and Structural Steel.
Laboratories in New York, New Jersey,
Connecticut, Rhode Island and Water-

town, Massachusetts
68 Laurel St., Watertown, Mass. 02172 Reports ® Design * Supervision
Tel. 924-2321

BOSTON » PROVIDENCE © WETHERSFIELD o CARACAS

Weter Supply ® Sewerage # Drainage ® Solid Wastes
Highways e Brdges ® Amrports
Commercial and Industrial Buildings

Waterfront Facilittes ¢ Dams

Hardesty & Hanover
Consult);ng Engineers MAI N

Bridges — Fixed and Movable

. . CHAS.T. MAIN, INC.
Highways and Railways .
Special Structures = Engineers
Design, Supervision, Inspection, Stutlies, Reparts » Design « Construction Management
Valuation

Southeast Tower, Prudential Center, Boston, Mass. 02116, Tel. (617) 262-3200
101 Park Ave. New York, N,Y. 10017

1301 £. Morehead St.. Charlotte, North Carglina 28204, Tel. (704) 375-3761

Please mention the Journal when writing to Advertisers



PROFESSIONAL SERVICES

METCALF & EDDY I ENGINEERS

STATLER BLDG., BOSTON « 423-5600

Alonzo B. Reed, Incorporated
CIVIL — MECHANICAL —
ELECTRICAL ENGINEERING

for try — Utilities —
Municipalities

Boston, Massachusetts
Manchester, New Hampshire

Pl 2 Ind

| o

H. W. MOORE ASSOCIATES

Consulting Engineers

Civil — Structural — Sanitary
Urban Planning and Transportation

Tel.

112 SHAWMUT AVENUE
357-8145

BOSTON, MASS. 02118

Maurice A. Reidy Engineers
101 Tremont Street

Boston, Massachusetts 02108

MUESER, RUTLEDGE,
WENTWORTH & JOHNSTON

Consulting Engineers

Foundations for Buildings, Bridges and Dams;
Tunnels, Bulkheads, Marine Structures; Seil
Studies and Tests; Reports, Design -
and Supervision.
415 Madison Avenue
New York, N. Y. 10017
Eldorado 5-4800

ROBERT M. RUMPF
& ASSOCIATES
Consulting Engineers
Structural & Civil
229 Berkeley Street

COpley 7-2656 Boston, Mass.

New England Survey Service Inc.
Civil Engineers & Land Surveyors

FIRST ORDER SURVEYS
GEODETIC SURVEYS
Property - Right of Way - Land Court - Topo-
graphic - Photogrammetric Surveys. Aerial Photo-
graphs - Vertical or Oblique,
35 Wm. T. Morrissey Boulevard, Boston, Mass,
Tel. -287-1057

61 Arrow Road, Wethersfield, Conn., 06109
Tel. 203-563-9301

STORCHENGINEERS

Boston
Massachusetts

Hartford
Connecticut

Florham Park
New Jersey

PARSONS, BRINCKERHOFF

QUADE & DOUGLAS
Engineers

STUDY ¢ PLANNING ¢ DISIGN

Highways ® Bridges @ Tunnels e Ports &

Harbors @ Rapid Transit ® Parking ® Dams

Flood Control ® Water Supply ® Sewerage

Industriol Wastes ¢ Buildings

711 Boylston $t. Boston, Massachusetts

THE THOMPSON & LICHTNER GO.,INC.
Engineers
Designs and Engineering Supervision
Investigatiens, Testing and
Inspection of Structural Materials
Concrete, Asphalt, Seils Contrel

Offices and Laboratery, 8 Alfon Mace, Brookilne 48, Mass

HERMAN G. PROTZE
MATERIALS TECHNOLOGIST

36 Jaconnet Street
Newton Highlands, Mass.

TESTING INSPECTION
DEVELOPMENT

RESEARCH
CONSULTATION

l €< tibbetts engineering corp.
CONSULYING ENGINEERS
CIVIL / SANITARY /STRUCTURAL

620 BELLEVILLE AVE. / NEW BEDFORD, MASS. 02745
TEL. (617) 9965633
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PROFESSIONAL SERVICES

CHARLES R. VELZY
ASSOCIATES, INC.
Consulting Engineers

Water Pollution Control
Industrial Wastes - Drainage
Solid Waste Disposal - Air Pollution
Control - Water Supply

350 Executive Blivd. | Mineola, N.Y. 11501
Elmsford, N.Y. 10523 | Babylon, N.Y. 11702

FRANK H. WHELAN, INC.
Consulting Engineers
Bridges Buildings

Appraisals Investigations
1616 SOLDIERS FIELD ROAD

BOSTON, MASS., 02135
Phone 254.9011

JOSEPH S.WARDandASSOCIATES
CONSULTING ENGINEERS

Engineering Geology Earthworks
Soils and Foundations Reclamation
Retaining and Waterfront

Structures Pavemeuts

91 Roseland Avenue,
Caldwell, New Jersey 07006
Telephone: 201-226-9191

WHITMAN & HOWARD, INC.
ENGINEERS & ARCHITECTS

89 BROAD STREET, BOSTON, MASS 02110
TEL. (617) 426-6400

WESTON & SAMPSON.

Sanitary-Civil
Consulting Engineers

Water Supply, Treatment, Distribution
Sewerage, Sewage & Industrial Wastes
Trestment, Bupervision of Treatment
Water & Air Pollution Studies—Rates
Drainage Flood Control Refuse Disposal

Kellogg Road Essex Jet. Vi. 05452

MKA wo0DWARD-CLYDE CONSULTANTS
w AFFILIATED FIRMS
GEOTECANICAL ENGINEERING
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New construction method
‘ ‘
- cuts cost 0
r JUST CLIP « NO NOISE
grom o fose THE FRAME o NO HOLES
TOGETHER  « NO EXPENSIVE FABRICATING EQUIPMENT

AND WELD
; Why not give the Owner a break in
these days of high building costs.
Why not abandon the horse and buggy
days of a bolted steel structure and
reinforced concrete. Why not use our
Method for building an all welded one
piece steel structure to save 15% on
cost of bolted steel or 5% of cost of
reinforced concrete.

K-3 Cllr » Fixed Pusnhon
Manual Ad‘uatm

Buy 10th Edition Saxe Structural Welding Manual,

Pocket size 120 pages, result of 40 years experience for
design and construction of thousands of structures,
Contents—Specifications, 8 pages; Design data, 42 pages;
Design tables, 9 pages; Connection Details and Drawings,
47 pages; Photo illustration. 130 Work covered, High Rise
Buildi Beams, Col Pipe and Rectangular Tube
 sections, Trusses, Plate girders, Plate work.

e SAXE WELDED CONNECTIONS Eng.

1701 ST. PAUL ST. BALTIMORE, MD. 21202

Thousands of these Manuals have beer:\ sold.
] Why use it for a reference book when so
MERCY HOSPITAL . ! .
{lor&l-'lsher Architect : many have used it to build one piece eco-
Baltimore, M nomical steel structures.
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Most Complete Stock of
SURVEYORS’  BUILDERS’ - ENGINEERS’

INSTRUMENTS and ACCESSORIES

SALES and REPAIRS

Theodolites ¢« Transits ¢« Levels * Rods
Tapes * Rules - Measuring Wheels

PRODUCTS OF ALL LEADING MANUFACTURERS ; MODERN REPAIR DEPARTMENT

KERN KOH-I-NOOR DIETZGEN . Complete facilities for repair and colli-
LIETZ DAVID WHITE GURLEY + mation of almost any type of Engineers’
BERGER PATH WATTS + and Builders' instrument.

CURTA SOK LENKER

KISHA
ROLATAPE ~ KUKER-RANKEN LUFKIN Tel. 617-864-4840

RENTALS OF LATE MODEL CARL HEINRICH COMPANY
TRANSITS and LEVELS 228 711 Concord Ave. » Cambridge, Mass. 02138

WEST END IRON WORKS

CAMBRIDGE, MASSACHUSETTS

STRUCTURAL STEEL
FOR
BRIDGES AND BUILDINGS

FRANKI

foundation specialists

PRESSURE INJECTED FOOTINGS
CAST-IN-PLACE PILES *« CAISSONS
STRUCTURAL WALLS AND CUT-OFFS BY SLURRY TRENCH PROCESS

FRANKI FOUNDATION COMPANY

916 STATLER OFFICE BUILDING * BOSTON, MASSACHUSETTS 02116 - PHONE (617} 426.4369
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Asphalt Paving

WARREN BRO_THERS COMPANY
DIVISION ASHLAND OIL INC.
Leaders in design and construction of asphalt pavements since 1902,
Engineering staff and testing laboratory available to furnish specifi-
cations and advice on unusuil paving problems.

JU 8-3660

Brockton, Massachusetts 0X 6.8555

SPENCER, WHITE & PRENTIS, INC.
CONTRACTORS AND ENGINEERS

21 FRANKLIN STREET QUINCY, MASS. 02169

TELEPHONE 773-9245

foundations
underpinning
drilled-in caissons
heavy construction
pretest tie-backs

MAIN OFFICE: NEW YORK
BRANCHES: DETROIT o CHICAGO » SAN FRANCISCO ¢ WASHINGTON, 0.C.

Complete soil investigation service Special equipment for islands
anywhere in New England and the and other water areas.
eastern states.

ATLANTIC TEST BORING CO., INC.
P. J. Maloney, Proprietor
34 KING STREET
BOSTON, MASS. 02122

Foundation test borings Phone:
Undisturbed samples 617 - 436-8428
Rock core drilling 617 - 436-8429
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CARR-DEE TEST BORING
AND CONSTRUCTION CORP.

Complete Soil Investigation Service
Anywhere in New England

37 LINDEN ST. Phone:

MEDFORD, MASS. 02155 617 - 391-4500

Telephone COlumbia 5-2600

BEACON PIPING COMPANY

Power Plant Piping - High Pressure Piping
Fabricators of Piping

205 FREEPORT STREET
DORCHESTER, MASS. 02122

SOIL INVESTIGATIONS CONSTRUCTION
FOUNDATIONS CENTRILINE

RAYMOND INTERNATIONAL INC.

74 Concord Street
North Reading, Mass. 01864

Telephone: (617) 729-8105
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HUB FOUNDATION CO., INC.

Telephone 617—-237-9510

47 RIVER STREET, WELLESLEY, MASSACHUSETTS 02181

| PILE DRIVERS)]

PIPE — SHEETING WOOD — H-BEAMS

C. L. GUILD DRILLING
& BORING CO., INC.

Complete soil investigation service

P. O. Box 108 — Bodwell Street — Avon Industrial Park
AVON, MASSACHUSETTS 02322 '

Telephone Area Code 617 584-0510

PRECISION PERFORMANCE

and

LASTING
ACCURACY

assured with

KoE
B .
PARAGON Drawing Instruments
“The Best Drawing Instruments in the World” . , , the standard by which

all others are judged. That's the professional opinion of K&E PARAGON
Drawing Instruments. They're the product of individual hand work by
master craftsmen using precision methods and equipment — and the
results show in the fit of parts, the balanced feel, the smoothness of
action, and the quality of appearance. Other K&E drawing sets, for every
need, every wallet, available from Makepeace.

Write or call for catalog containing complete descriptions
of all K&E Drawing Instruments and Drafting Room Supplies.

s.. MAKEPEACE nc.

1266 Boyliston St., Boston, Mass. 02215 « (617) 267-2700
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NORTHEAST TEST BORING CO., INC.
DIAMOND DRILLING
“THE BEST FROM TOP TO BOTTOM”
FREE ESTIMATES

Tel. 471-0728 — 0729 |
156 ESSEX STREET WEYMOUTH, MASS.

New England Concrete Pipe Corp.
NEWTON UPPER FALLS, MASSACHUSETI‘S
(617) 969-0220
MANUFACTURERS OF ‘

Plain and Reinforced Concrete Sewer and Culvert Pipe
Pre-cast, Pre-stressed Concrete Structural Units
PLANTS
Newton, Dedham, Westfield, Plainville, Massachusetts

reeees O

railroads’ standard
BUMPING POSTS Il
All-Steel,

Six Types

DERAILS

Sliding
Hinge
Portable

7m leatherette ring-binder catalog of
world's most-specified derails, bumping
posts and wheel stops {including periodic
supplement sheets). Write on letterhead.

Specialists since 1903 in side track security

Hayes Track Appliance Co.

RICHMOND, INDIANA <7314
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P. Gioioso & Sons, Inc.
GENERAL CONSTRUCTION

38 ROBINSON STREET

DORCHESTER MASSACHUSETTS 02122

PIPE FOUNDERS SALES CORP.
CAST IRON AND DUCTILE IRON PIPE AND HTTINGS

Representing
The American Cast Iron Pipe Company

6 PLEASANT STREET MALDEN, MASSACHUSETTS 02148
617-324-3920 '

NEW ENGLAND FOUNDATION CO., INC.
Foundation Contractors
376 BOYLSTON STREET
BOSTON 16, MASS.

CAISSONS PILING
DRILLED woobp
BELL BOTTOM COMPOSITE
UNDERREAMED PIERS CONCRETE
DRIVEN STEEL

McKIE LIGHTER COMPANY
HINGHAM STREET

ROCKLAND, MASSACHUSETTS 02370

TEL: 617 -871-1700
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INSTANT PRINTING

A printing company specially oriented
to the
Architeet & Engineer

We meet his deadlines
{Cater to his whims)
Listen to his problems
Help correct his mistakes
(never admit them)

Try our service on your next specification

or report. We have white print equipment
and can print your plans, too!

Benj. Franklin Smith

OFFSET/COPYING

uptown Boston:
426-1160 / 320 Stuart Sireet

downtown Boston:
423-3167 / 157 High Street
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492-6796 / 2089 Massachusetts Avenue
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