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ABSTRACT

The objective of this study was to develop and test a river-basin
planning model incorporating the effects of point and non-point sources
of pollution on water quality. The model simulates the quantity and
quality relations in a river network under critical low-flow conditions,
and incorporates precise and hydrologically sound definitions of demand
and supply. Flow and water quality are modeled at use sites (municipal-
ities or industrial locations) by simple equations that allow planners
to evaluate the effects of a complete set of structural and non-structural
alternatives for meeting future water demands. The model was used to
compute critical dissolved-oxygen concentrations for the Merrimack River
Basin in New Hampshire, and showed encouraging correspondence with
measured values. Phosphorus is also an important water-quality constituent,
and extensive field studies of the behavior of that element were carried
out in southeastern New Hampshire to elucidate its behavior in stream
networks. It was found that a given stream reach acts as a source of
phosphorus under some conditions and a sink under others. It appeared
that a chemical-kinetic effect and the erosion and deposition of fine
sediments largely controlled this behavior. The study has established
the need for water-resource planning models, described the specific
elements of such models, demonstrated the feasibility of developing and
applying such models in New England, and identified specific areas where

research will contribute to the improvement of planning models.
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I. TINTRODUCTION

This report describes the results of a three-year study which had
the objective of developing and testing a model for incorporating the
effects of point and non-point sources of pollution on water quality.

This model is designed for river-basin planning, with particular
application in New England. Field work and testing were carried out on
river basins in New Hampshire.

Following this introductory section, the report contains four main
sections. The first of these discusses the objectives of river-basin
planning models, the general approach to modeling that meets those objec-
tives, and short-comings of previous attemps at river-basin planning.

In general, this section establishes the need for planning models and
describes the requirements that such models should fulfill.

Section III looks in more detail at those requirements and develops
a conceptual planning model. The elements of this conceptual model are
described in considerable detail, including explicit definitions of water
demand and water supply, a comprehensive list of planning alternatives
whose impacts on water quantity and quality can be evaluated via the model,
and the ways in which streamflow, dissolved solids, and dissolved oxygen
are modeled through the river network of a particular basin. The selection
of particular water-quality indicators appropriatevto New Hampshire is also
discussed here.

The implementation of the conceptual model is described in Section IV.
The model was applied to the Merrimack River Basin in New Hampshire, with
dissolved oxygen as the only water-quality indicator. This actual modeling

effort includes most, but not all, of the elements of the previously



described conceptual model. The model is tested by comparing predicted
critical dissolved-oxygen concentrations with measured values, and it is
concluded that the model gives satisfactory results given the precision
of existing data and inherent uncertainties in predicting the behavior
of dissolved oxygen in rivers. However, this precision is not great,
and it is suggested that further thought be given to the design of data-
collection programs.

Section V describes detailed studies of dissolved-solids (chloride
and several forms of phosphorus) transport in a small river basin in
southeastern New Hampshire. The field data are used in models developed
in Section III to elucidate the role of the stream bed as a source and
sink of phosphorus.

The final sections of the report summarize the results and indicate
the directions of future research needed to increase capabilities for

modeling as a basis for sound river-basin planning.



IT. PLANNING MODELS

Modeling Objectives and Approach

In general, water-resource models can be classified as: 1) planning
models; 2) design models; and 3) operational models (Whitehead et al.,
1981). Planning models, such as the one developed herein, are intended
to allow planners and resource managers to evaluate a large number of
investment programs and to select those which appear most promising for
further more detailed analysis. Because of the necessity of evaluating
many alternatives, such models must generally be designed to represent
the water-resource system as simply as possible while simulating the
essential aspects of the system's behavior. To be useful at the planning
stage, such models must also provide information about the statistics
(i.e., temporal variability) of the important characteristics of the
system.

Dingman and Lindsay (1981) and Dingman (1981b) described the basic
components and relationships of a model intended for planning in river
basins like those in New England. That model retains the essential aspects
of the stream network within a river basin. It is a steady-state model
in which streamflows are represented by the flow that is exceeded on 95% of
the days, and water use is represented by average-annual values. This
provides a '"picture'" of the basin under conditions that are usually most
critical for water supply and water quality. In using the model, the
planner can alter this picture by: 1) simulating the effects of population
and industrial activity, water-supply alternatives, water re-use and
conservation activities, and water-treatment alternatives on water supply

and quality; and 2) simulating the effects of flow-augmentation strategies



on water supply and quality.

Problems with Previous Models

There appears to be a wide gap between the models developed in the
literature for guiding water-resource decisions and the actual decision-
making process at the local, regional, and state levels. In many cases,
the problem is more than one of simply educating the decision-makers
about sophisticated models, although that problem is far from simple
itself. Rather, the models are commonly conceptually inappropriate, or
they require data and parameter estimates in which one can have little
confidence.

It is widely recognized that water-resource decisions, like most
public-policy decisions, are made in the political arena in a 'bottom-up"
process more like the '"Bow River'" model of Dorfman and Jacoby (1970) than

like the "top-down'" process prescribed by the Principles and Standards

(U.S. Water Resources Council, 1979). Not only is the "bottom-up' process
multi-objective (which often implies one decision-maker with many objec-
tives), it is multi-objective and multi-decision-maker, with possibilities
issues not directly related to water resources will influence decisions.

In spite of this, single-objective optimization models are common in
the water-resource literature. While it is recognized that such models
represent a high degree of abstraction and only approximate the relations
that are of concern to decision-makers, in some cases the problem is form-
ulated such that the model misses the point entirely. One example of this
is the classical water-source sequencing problem, as described for example
by Butcher et al. (1969). The problem is that of identifying the sequence
in which a set of n reservoirs should be built so as to minimize the

present value of the cost while meeting the future demands for water.



However, it seems clear that no future decision-maker will be bound by a
sequence dictated by a past analysis, and with good reason: the decision-
maker wants only information about what to do now, and the classical
sequencing problem has little relevance to this (Dingman, 1981a).

There is another aspect common to single-objective optimization
approaches that must be viewed with caution. Increasing computer capacities
have made it feasible to find optima among a very large number of alter-
native configurations, which can be helpful. However, objectives other than
the one expressed in the objective function will in general be important
to the decision-maker. Thus, it would be of value for one to know which
alternatives were second-, third-, or fourth-best, and by what magnitude
(generally, dollars) these differ from the optimum solution. This
information cannot usually be obtained from these models, and this
consideration seems so important to the actual decision-making process as
to make one wonder whether this approach is ever appropriate.

In spite of the above considerations, the common multi-objective
approaches, and even single-objective models, can inform and contribute
constructively to the process of water-resource planning. However, the
most valuable role of the water-resource professional may be that of

developing simulation models that are understandable to decision-makers

and which can be used interactively with them and by them as they work
toward a decision. This was essentially the role of formal modeling in
the Dorfman and Jacoby (1970) '"case study", and it seems a useful paradigm
for contributing to public-policy decisions in a democratic context.

A second set of problems with previous integrated planning models is
the use of inappropriate levels of temporal and spatial aggregation. For

example, two well known previous attemps at using integrated basin models



as tools for planning and policy assessment were those of Wollman and
Bonem (1971) and the Second National Assessment of the U.S. Water
Resources Council (1978). In both these models, annual flows were used,
and water supplies and demands were aggregated over large water-resource
regions.

Use of long-term mean flows is generally inappropriate for water-
resource planning, as means typically have very low exceedance probabilities
(25 to 35% of the days in New England), and the distributions of annual
flows are not very meaningful except in estimating safe yields of very
large reservoirs. Daily flows provide a more realistic picture of shortages.
Since it is usually possible to obtain information on the frequency
distribution of daily streamflows, and to develop means of estimating low-
flow statistics such as the 95% exceedance flow for arbitrary reaches (e.g.
Dingman, 1978; 1981a), it makes sense to use daily flows for the estimates
of supply.

Both the Wollman and Bonem study and the Second Assessment aggregated
supplies and demands conceptually at the outlets of the water-resource
regions. This high degree of spatial aggregation is unrealistic from many
points of view, and can give a misleading picture of the nature of the
water-supply problem and of the alternatives available for solving it. As
noted by Rickert et al. (1976, p-M4),

Rivers and their basins are dynamic, and the processes within
them result from the interaction of complex natural factors with
man's activities and alterations. This interaction creates unique
local problems which, once adequately assessed, often have unique
local solutions.

To be hydrologically sound, it is important to retain the basic



characteristics of the stream network and the distribution of water-use
points, reservoirs, aquifers, and of the influx of point and non-point
sources of pollutants. This is important because neither supplies nor
demands are additive, and only consumptive use can be summed over the
basin. Furthermore, relations between reservoir size and yield and the
effects of reservoir storage on downstream flows depend on the relative
locations of the reservoirs in the network (Dingman, 1981a). In other
words, it is not very meaningful to simply add storage capacities within
a basin, as was done for example by Wollman and Bonem. As a final point,
there are downstream changes in concentrations of both conservative and
non-conservative pollutants that can only be realistically accounted for
by retaining the stream-network configuration. The recent work of
Gianessi et al. (1981) and Gianessi and Peskin (1981) describes a water-
quality model that attempts to account for this configuration.

A third major problem with previous planning models is that, while
they are centrally concerned with "demand" and "supply', these terms are
often not carefully nor comprehensively applied. They must be defined
such that they are hydrologically realistic, and such that they include
considerations of water-quality and minimum-flow requirements for instream
uses. Detailed definitions of these terms are developed later in this

report.



ITI. THE CONCEPTUAL PLANNING MODEL

General Description

Figure 1 illustrates a typical model configuration. It consists of
links, representing stream reaches, which are separated by nodes. The
nodes are of two types, representing either stream junctions or water-use
sites, and are characterized by the mixing of flows, either from the
joining of tributaries or from the entrance of water from point sources
of waste water.

The model is steady state. Stream flows are represented by design
flows, taken here as the average daily discharge exceeded on 95% of the
days (Qgs). These flows increase downstream at a rate appropriate to
the region. Water supplies withdrawn from aquifers, stream channels, or
reservoirs can be represented by annual or seasonal averages projected
for the appropriate planning horizon.

Water quality is accounted for by first selecting one or more
appropriate critical water-quality constituents; separate quality compu-
tations have to be made for each constituent. Simple mixing models are
used to compute concentrations where two flows join at nodes or within
use sites. Downstream changes in concentrations are also modeled by
equations that account for influxes of non-point sources of contaminants
and changes that occur within the channel due to physical, chemical, and
biological processes.

Variables within the model fall into three categories: 1) forecast
variables, the values of which are predicted to represent levels of
population and industrial activity in future time periods of interest;

2} decision variables, the values of which are determined by the planner
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Figure 1: Typical river-basin configuration to be represented by a

planning model.



reflect alternative strategies whose effects are to be investigated;

and 3) computed variables, the values of which are determined by compu-

tations within the model for each set of forecast and decision variables.

Appendix 1 1lists all the variables within each category.

Definitions of Demand and Supply

Demand (Water Requirements) - It is most logical to begin with a

 consideration of "demand", as our definition of it will determine the
most appropriate definition of “supply'. Russell et al. (1970) have made
the most insightful approach to defining demand for municipal systems.
First, they distinguished between short-term demand (determined by maximum
daily demand) and longer-term trends (determined by, say, annual averages
of demand). They also point out that past records of consumption cannot
be assumed to equal demand at current price levels, because use restrictions
or the capacity of the distribution-treatment system may have prevented
consumption from equalling demand.

Wollman and Bonem (1971) provided a careful definition of 'demand"
or "requirement", again considering only long-term averages. They used
a high degree of spatial aggregation, and defined demand as the sum of
the instream flow required to maintain water quality plus consumptive
use, plus the discharge of fresh water into the ocean. Other instream
uses were assumed satisfied if flow was sufficient to satisfy the water-
quality requirement. The Second National Assessment (U.S. Water Resources
Council, 1978) aggregated supply and demand data for major river basins,
as did Wollman and Bonem (1971). Demand was computed as the sum of total
consumptive use plus net evaporation and net exports of water. While
both these studies provided useful insights, the definitions of demand

are not totally satisfactory because they do not allow a realistic
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evaluation of the efficacy of a number of available management strategies.

Russell et al. (1970) defined municipal, or withdrawal, demand on
the basis of long-term trends rather than short-term fluctuations that
are constrained by the capacities of distribution and treatment systems.
This definition is retained herein. However, it is important also to
separate consumptive and non-consumptive components of withdrawal demand,
as doing so allows consideration of re-use as a supply strategy, and can
make a profound difference in demand forecasts. This is particularly
true with respect to industrial usage, a large component of which is
cooling or other process water that can be readily recycled.

As the two large-scale assessments (Wollman and Bonem, 1971; U.S.
Water Resources Council, 1978) recognized, a concept of demand that is
useful for river-basin planning and assessment must include consideration
of instream as well as withdrawal uses. The present report distinguishes
between the two classes of instream demand: 1) flows required to maintain
water quality at acceptable levels; and 2) flows required to satisfy other
instream requirements, such as habitat, navigation, esthetics, and hydro-
power generation. All instream uses are considered to be non-consumptive.

Russell et al. (1970) and Wollman and Bonem (1971) assumed that any
changes in the real price of water would not have a significant impact on
demand over the time horizons considered. However, the National Assessment
(U.S. Water Resources Council, 1978) did project that ground-water
overdrafts would disappear because '"excessive pumping becomes uneconomical
as water levels continue to decline." Ideally, it should be possible
to include the effect of price on demand, particularly for industrial
uses, so that its use as a management strategy can be evaluated. As will

be shown, this presents no conceptual problem, though sound estimates of
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price elasticity for various uses may be difficult to come by.

Figure 2 summarizes the classification of demands used herein. Annual
average values are used for withdrawal uses (although the average flow
for the highest month or other indicator of more extreme values could
be as readily used), the lowest prescribed daily flow is used for
minimum flow, and the flow needed to achieve a prescribed water-quality
standard on 95% of the days is used for the water-quality flow.

The overall water demand, or requirement, is determined by the flow
rates needed to satisfy: 1) instream uses for quality maintenance;

2) instream minimum flow requirements; 3) withdrawal requirements; and

4) consumptive-use requirements. However, as noted above, the total
requirement cannot be found by simple addition of these four components.
In order to show how these requirements are computed, we must first
develop a model of water use and water quality at a use site, which could

be a municipality, single industry or group of industries.

DEMAND
INSTREAM USES WITHDRAWAL USES
] QUALITY HABITAT, HYDROPOWER, NONCONSUMPTIVE | CONSUMPTIVE
| MAINTENANCE NAVIGATION, ETC. USE | USE
O | (EVAPOTRANSPIRAT!ON,
NONCONSUMPTIVE USES INCORPORATION IN

product, leakage)

Figure 2: Classification of water demands.
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Figure 3 shows a water-use location which obtains its water supply

from an adjacent stream and/or from some other source (aquifer, reservoir,

or desalting plant). The letters indicate mean flow rates in each segment

of the system:
E = rate of supply from off-stream source;
W = rate of withdrawal from stream;
C = rate of consumptive use (includes leakage and other losses);
U = rate of use of water;
J = rate at which waste water is treated;
R = rate of recycling;
D = rate of discharge;
We also define:
kC = C/U, "consumptive-use factor";
kr = R/U, "recirculation factor";
kd = D/U, "“"discharge factor".
[
A
v WATER USING
ACTIVITY J
WATER WASTE WATER
TREATMENT TREATMENT
E > .
w D
Q —> : Q, = Q;~W : Q; = (0, -0 —_—
| |
Figure 3: Definition of Water Quantity Terms at Use Sites.

13



The values kc and U are forecast, depending on the mix of projected
uses. E and kr are decision variables. With these four variables fixed,

the others are readily computed by the following relations:

C = kCU; , (D
D = k,U; (2)
W=U-E-R=(1-k)U-E; (3)
J=U-C; (4)
D=J-R=W+E-C=(l-k, -k)U. (5)

In considering water quality, we are concerned with one contaminant
at a time, and concentrations are computed by a steady-state mixing models.
Figure 4 shows the mass flow rates, expressed as a concentration (small "c"
with a subscript) times a volume flow rate (capital letters as defined

above for water flows). In addition, the following terms are defined:

F = mass rate of removal of contaminant in water-treatment process;
A = mass rate of addition of contaminant during use;
G = mass rate of removal of contaminant in sewage-treatment process;

tf = fractional rate of removal of contaminant in water-treatment

process;
tg = fractional rate of removal of contaminant in sewage-treatment
process;
¢y = concentration of contaminant in stream under design-flow
conditions.

A and c; are forecast variables, A depending on the type and level

of water-using activity projected for the particular use site and time

period, and c, depending on the hydrologic and land-use conditions pro-

1

jected to exist upstream. t., t , and c, are decision variables, the

f’ g’
first two depending on the treatment-process alternatives specified by

the planner, and Ce depending on the nature of the off-stream source.

14
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WATER USING
ACTIVITY

c,U eyl
el -
WATER WASTE WATER
TREATMENT TREATMENT
ceE
—_— Y R o
»
c,W cdD
|
| ) |
Ay —» [ 0y = ¢, (Q; - W) | c3Q4
1

—

Figure 4: Definitions of Water Quality Terms at Use Sites.

Using mass-balance equations, one can formulate and solve six

equations for the six unknown variables.

3

(-t IR

as:
Cj _ - tf) (ceE + c1W) + A
J - (1—tf)
G=t c¢c.Jd ;
g
c, = ¢C s,
d ] J
Ct _ cdR + ceE + ¢
U
F = tf e u ;
=c - F
Cu Ct U

The solution can be expressed

(6)

(7)

(8)

(9)

(10)

(11)

We are now in a position to compute water requirements at use sites,

accounting for withdrawal needs, minimum-flow requirements and water-

quality requirements.

15

Comparison of requirements with the available flows



identifies the existence of surpluses or deficits in any reach. A later
section of the report indicates how strategies for dealing with projected
deficits can be evaluated via the model.

With reference to the use-site shown in Figure 2, it is required
that sufficient flow be available in the stream to satisfy the needs for
withdrawal, minimum flows, and water-quality maintenance on 95% of the
days. The design flow projected to be available from the basin upstream
from the site of withdrawal at some future time is designated “Ql”. The
design flow required to satisfy all needs is designated ”QR”, and if
QR>Q1, a deficit is projected for that reach at that time. We use ”Qmin"
to designate the minimum flows required for habitat, navigation, and power
and ”Qq” to designate the flow required for water-quality maintenance.
"W is the flow required for withdrawals and "C" is the rate of consumptive
use, as defined earlier. It can be shown that there are four possible
cases, and the value of QR can be determined for each as follows:

if (Q + W) >Q > Qq (case a) then

min min

Q= Quin ¥ W (12a)
1 (Quyy, * W) > Q> Qyy and (Q + W-C) > Q, (case bl) then

QR = Qpip * W5 (12b-1)
if (Qmin + W) > Qq > Qmin and (Qmin + W-C) < Qq (case b2) then

Q=Q * ¢ (12b-2)
if Qq > (Qmin + Wy > Qmin (case ¢) then

R=Q+C- (12¢)

Thus Q, can be determined if W, C, Q . , and Q_ are known. W is
R min q
determined by the projected water use (U), the amount of water taken from
other sources (E), and the projected amount of recycling (R). C is
determined by the projected type and rate of water use (kC and U), and

Qmin is projected as a legislative requirement or less formal goal. The
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value of Qq is computed for the critical water-quality constituents by
first computing the concentration of constituent downstream from the
outfall, c3:

- C1 (Q-W) + 4 D

(o4 H (13)
3
Ql - C
where 4 is found from Equation 8 and D from Equation 5, then Qq is
given by
ce W+c, D
Q, = ‘1 “d , (14)
a +

Cc

+ . . . .
where ¢ 1is the maximum allowable concentration of the constituent.

In the dissolved-oxygen model developed in the present study (Larson,

1982}, c, is computed for successively larger values of Q1 via Equation 13.

3

The value of Q1 that first gives an acceptable value of Cq is then taken
as the value of the water-quality requirement, Qq'

Supply - In Wollman and Bonem (1971), supply was aggregated over each
region and defined as the annual flow leaving the region that is exceeded
in 90%, 95% or 98% of the years. In the Second Assessment, the U.S. Water
Resources Council (1978) defined supply as the sum of stream inflow, imports,
ground-water overdraft, and runoff generated within each region; long-term
average values were used for each component.

Russell et al. (1970) used the 'safe yield" as the definition of
supply for individual municipalities. For run-of-river supplies and

reservoirs, this was considered to be the flow available 95% of the time.

Apparently they meant 'the mean annual flow available in 95% of the years'".
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By implication, their definition applied to ground-water as well as surface-
water sources.

For river-basin planning at the scale proposed herein, it is most
practical to separate surface-water sources from ground-water sources.
For surface-water sources, which can be either river out-takes or reservoirs,
the supply is taken as the mean daily flow exceeded on 95% of the days. This
is a more conservative figure than the annual flow values used by Wollman and
Bonem (1971) and one that is more meaningful for decision-making.

For ground-water sources, supply is defined in one of two ways, which
are appropriate at least for New England. For sources developed in
isolated aquifers, the supply is equal to the nominal safe yield estimated
from pump tests or estimates of direct recharge. Where pumping the aquifer
will induce recharge from an adjacent stream, the supply is the same as

defined above for an out-take in the same reach.

Evaluation of Alternatives

Table 1 lists alternative strategies for reducing projected water
deficits. The impacts of these strategies on water supply and quality
can be evaluated via the proposed model. Complete evaluation would, of
course, have to include estimates of the economic costs of each strategy
and consideration of environmental impacts and social-institutional
implications.

On the supply side, the principal objective is to estimate the
effects of alternatives on the design flow (Qgs). Approaches to this
are simply mentioned herein; more detailed discussion can be found in
Dingman and Lindsay (1981). Simple planning-level methods for estimating
safe yields of reservoirs and the effect of regulation on downstream

low flows can be developed (Dingman, 1981a). Yield of aquifers can also
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generally be estimated for planning purposes (e.g., U.S. Army Corps of
Engineers, 1976; Hall, 1979; Dingman and Lindsay, 1981). Methods like
that of Jenkins and Taylor (1974) can be applied to estimate river
recharge of aquifers and effects of pumping on stream flows where this
is important.

Water-importation schemes can be evaluated by applying the reservoir
or ground-water yield estimates at the water source, and desalination can
be straightforwardly evaluated based on the design yield of the plant.

The supply (Qgs) increases due to watershed management may be difficult

to assess due to lack of data. Most studies of yield increases due to
vegetation manipulation appear to be concerned largely with increases in
annual or seasonal means. However, a few studies are available that
explore effects on flow-duration curves (e.g., Hornbeck and Federer, 1975).
Where watershed management is viewed as an important component of the
strategy, it may be necessary to conduct studies using watershed models
that estimate daily streamflows, like the BROOK model of Federer and

Lash (1978).

Weather modification is listed in Table 1 largely for completeness.
It is likely that the legal problems and the effect on climatic and
hydrologic data records will be so pernicious as to rule it out as a water-
management strategy. Again, watershed models can be used to estimate the
changes in impacts produced by projected changes in precipitation or
snowmelt regime if this is to be seriously considered.

From the discussion of water requirements, we see that any strategies
that reduce E, W, C, Qmin or Qq below some originally projected value will
reduce projected water requirements. (E + W) and C are directly related
to the projected population and type and level of industrial use. Thus

any strategies that control growth will affect those quantities. In
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addition, (E + W) are directly affected by the degree of recycling and
the consumptive-use factor. C can be controlled by changing the mix of
projected water uses and controlling leakage. Qq is controlled largely
by the projected level and type of water use, the degrees of water and
waste-water treatment, the degree of recycling, and the nature of the
flows from up-basin. These effects are all built in to the model as
described above.

Clearly, any projected effects of regulation or conservation on
water use can be accounted for by simply adjusting the projected values

of U. Price effects can be evaluated by simple models of the form:
Uu=g¢p " (15)
where P is price per unit of water, § is an empirical constant, and 7 is

the demand elasticity of water use appropriate for the projected uses.

Selection of Water-Quality Indicators

In an earlier phase of this study, Dingman and Lindsay (1981, App. B)
determined that dissolved oxygen, phosphorus, and suspended sediment are
the water-quality constituents most critical for water-resource planning in
New Hampshire and in New England generally. Chloride and total dissolved
solids, while not usually of direct water-quality concern themselves, are
generally present in amounts proportional to other undesirable substances,
and are thus often useful indicators of water quality. The modeling
effort in this project has concentrated on dissolved oxygen and phosphorus,
as described in detail by Larson (1982) and Green (1982) and discussed
later in the present report. Sediment was not included for the reasons
discussed below.

The concentrations of many species of dissolved solids in rivers are

typically inversely related to streamflow rate. This means that critical
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concentrations tend to occur at low flows, and thus that concentrations
of chloride or total dissolved solids associated with the Q95 flow can
be considered good indicators of water-quality conditions. The use of
the water-quality equations developed earlier in this report (Equations
6-14) is straightforward when constituents of this type are to be
modeled.

Those equations may also be readily used to model any of the various
forms of dissolved phosphorus. However, the inverse relation between
phosphorus concentration and streamflow rate usually exists only in a
stream reach immediately downstream from a significant point source of
phosphorus, such as untreated or partially treated sewage. However, if
phosphorus is contributed by non-point sources such as agricultural or
urban runoff, concentration may tend to increase as stream discharge
increases. Furthermore, physical, chemical, and biological processes
within the stream channel may alter phosphorus concentrations in complex
ways. Phosphorus concentrations therefore often show little relation to
streamflow rate, as was found in the detailed field studies undertaken
during the present project (Green 1982). Thus while Equations 6-14 are
perfectly applicable to phosphorus, the concentrations associated with
the steady-state Q95 flows in the model may not be the most critical
from a planning viewpoint. This suggests that further modeling studies
of phosphorus may be needed to supplement the approach adopted here.

In modeling dissolved oxygen, a biochemical oxygen demand (BOD)
should be used as the constituent in Equations 6-14, As explained later
in this report and in the detailed study by Larson (1982), the BOD
concentration in the river channel is related to a dissolved-oxygen
concentration, and it is dissolved oxygen that is modeled through the

river network. For dissolved oxygen, which is positively related to
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water quality, low concentrations typically occur at low streamflows,
because low flows mean low velocities and hence low rates of reaeration.
In addition, low flows usually occur in summer, when temperature is

high and the water can hold less oxygen, or in winter, when ice cover
restricts reaeration. Thus a steady-state low-flow model such as the one
developed here is well adapted for use with dissolved oxygen as a
critical water-quality constituent.

Suspended sediment concentration usually increases markedly with
streamflow rate, so a steady-state low-flow model is not suitable for
identifying critical concentrations of this constituent. Any attempt
to model suspended sediment must await extensive research on sediment

yield in the region.

Streamflow Modeling

As noted above, the model represents a stream network as links and
nodes (Figure 1). Nodes represent either tributary junctions or locations
where wastewater discharges into a river. (In the operational version
of the model (Larson, 1982), a node can also represent a location where
there is a marked change in stream width, depth, or velocity, but no
addition of flow). Thus nodes generally represent point sources of water,
and the model must contain an algorithm for increasing the design flow
at such nodes.

In the present version of the model (Larson, 1982), nodes represent-
ing tributary junctions are assigned two design-flow (Q95) values, one of
which is for the mouth of the tributary and the other of which is for
the main stream immediately above the junction. These values are entered
as input data, and are based on gaging-station records (Dingman and Capsis,

1981). The two values are added to give the Q95 just below the junction.
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While this procedure is not strictly correct statistically (Warn
and Brew, 1980), it is most practical for manipulation of flow data and
does not introduce serious error at least in New Hampshire. This is
indicated by the following empirical relationship which was found for

the 21 unregulated gaged streams in the state:

Qqe = 0.055 Aé'zs (16)

(r2 = 0.83; std. error = 0.4297 natural log units),

where Q95 is in fts/s and AD is drainage area in miz. Statistical tests
indicate that the exponent in this relation is not different from 1.00
at the 5% significance level. Thus, for practical purposes, Q95 is very
nearly proportional to drainage area and the process of adding Q95 values
at tributary junctions does not seriously distort the actual relations.
In any case, input values can be readily adjusted to maintain. the correct
values through the river network.

The computation of flows at use-site nodes is the same as at tributary
nodes, except that the Q95 just downstream of the point of discharge is
the sum of the Q95 just upstream of the discharge and the rate of discharge,
D, for the use site. This procedure is statistically appropriate if D is
in fact constant, as the program assumes. If D varies widely and is of
significant magnitude relative to Q95’ this procedure will produce distorted
estimates of Q95 below the node.

In the present version of the model (Larson, 1982), the Q95 computed
as described above for a tributary or use-site node is considered to apply
throughout the reach below each node. Thus there is in effect no 'non-
point source' contribution of water in the present model. However, some
aspects of the downstream increases of Q95 were addressed as part of the

research. Under the assumption that Q95 increases with drainage area
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according to Equation 16, the preliminary empirical study described in
Appendix 2 yields the following relation between Q95 and distance down-

stream of a node, x:

Qgs (x) = Qqg (0) + 0.085 <3 (17)

where Q95(0) is the design flow just below the upstream node, x is

down-valley distance below the node (mi), and the discharges are in fts/s.

Dissolved-Solids Modeling

The present operational version of the model (Larson, 1982) does not
include modeling of dissolved solids, but the problem has been examined
theoretically and in the extensive field study of Green (1982).

Elementary mass-balance considerations produce the following relations

for discharge and dissolved solids at a node (Figure 5):

Q = Q * Q (18)
A Qoo (19)
CC = QC

where c's represent concentrations, Q's represent discharges, and the
subscripts refer to the locations indicated in Figure 5. Equation 18 is
the relation for combining flows at a node, discussed in the preceding
section.

While Equation 18 and 19 are based on fundamental physical relations
that are true at any instant, difficulties may arise when they are incor-
porated in a design-flow model: Warn and Brew (1980) showed that these
equations are not in general true if the discharges represent statistically-
defined design flows such as Q95. However, it was shown in the preceding
section that Equation 18 is approximately true for Q95 in unregulated

streams in New Hampshire (Equation 16). Thus Equation 19 appears to be

25



Figure 5:

Definition of locations for mixing equations (Equations 18-19).
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an acceptable basis for modeling design concentrations at nodes; in any
case it is difficult to conceive of an alternative approach that would
be more appropriate for a model of the type developed here.

In general, non-point sources of streamflow and physical, chemical,
and biological processes in the stream itself will cause the concentration
of a dissolved-solid constitutent to change in the downstream direction.
Thus the concentration in the design flow arriving at a node will be
different from that leaving the node next upstream from it. To account
for this, equations are derived in Appendix 3 for the case when the

design flow increases downstream {(the usual situation):

Srsx + Qo(c0 - cb)
b QD

QL 2Q (20)

and for the case where it decreases downstream:

Sr x
D7 % " T, B2 - (21)

In Equations 20 and 21, c_. is the concentration in the flow arriving at

D
the downstream node, o is the concentration in the non-point-source
flow entering the stream, T, is the rate at which the constituent is
added to the flow as a result of physical, chemical, and biological
processes in the stream (mass per unit distance of channel per unit time),
x is down-valley distance, S is stream sinuosity, Qo is stream discharge
leaving the upstream node, and <, is the concentration leaving the upstream
node.

Green's (1982) approach to representing downstream changes in

concentration is slightly different from Equation 20:

Stox + e Qp ALy (22)

c. =
D QD
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where Ab is the area of watershed contributing streamflow between the
upstream and downstream nodes and Lb is a non-point-source loading
factor for that area (mass per unit area per unit time). The similarity
between the two approaches can be seen by rearranging Equation 20 to:
+ + -
SrsX CoQo Cb(QD Qo)

p

; (23)

CD=

from which it is seen tha Ab Lb = cb(QD—QO).

Dissolved-Qxygen Modeling

Larson (1982) reviewed approaches to dissolved-oxygen modeling
appropriate to the objectives of this study. Most models of dissolved
oxygen in rivers are based on the Streeter-Phelps (1925) equations, and
that approach has been used here. However, other steady-state methods,
such as the WIRQAS model developed by the U.S. Geological Survey (McKenzie
et al., 1979), are equally suitable for a planning model.

As noted earlier, when dissolved oxygen (DO) is the water-quality
constituent of concern, biochemical oxygen demand (BOD) is the contaminant
in the use-site equations (Equations 6-11). There is no general means
for relating BOD concentration to DO concentration, so unless other infor-
mation is available, one can conservatively assume a zero DO concentration
in effluent from a use site. When this effluent is introduced into the
stream, the concentrations of BOD and DO immediately downstream from the
node are computed via the standard mixing equation (Equation 19). These
values become the initial values of BOD and DO for computing DO concen-
trations downstream of the node (L0 and Cyo respectively, in Equations
23, 25, and 26 below).

The traditional Streeter-Phelps approach assumes that DO in a river

reach below a source of biodegradable waste depends on the balance between
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the rate at which carbonaceous waste is oxidized and the rate at which
new oxygen is dissolved in the water. (Other oxygen-regulating processes
can be accounted for in the equations if appropriate). By assuming that
both deoxygenation and reaeration are first-order rate processes, an
equation relating DO concentration and travel time downstream from the

node can be derived:

°r = T X [exp(—KlT) - exp(-K,T)] + c, exp(-K,T) (23)

where ¢, is DO concentration at travel time T, k

T is the deoxygenation

1
rate coefficient, k2 is the reaeration rate coefficient, and Lo and SR

are the mixed initial concentrations of BOD and DO just below the upstream
node, respectively.

Equation 23 typically defines an "oxygen-sag curve' of the form shown
in Figure 6. Note that travel time in that equation is readily translated
into downstream distance, X, by assuming a constant flow velocity.

X = V95T s (24)

where v,. is the flow velocity at the design discharge, The location

95 Q95'

of the point of minimum DO concentration ("sag point'') can be found by

computing the travel time at which this point occurs, Tc’ from

1 K co (K=K |, (25)
1

T = infj—11 -
c K2—K1 K1 LOK

and using Equation 24. If the sag point occurs upstream of the next node

downstream, the DO concentration at the sag point is given by

c_ = exp(—KlTC) . (26)

(Derivation of Equations 23, 25, and 26 is given by Larson (1982).)

If the location of the sag point computed from Equation 25 is
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downstream of the next downstream node, the lowest DO concentration in
the reach occurs immediately above that node. The magnitude of that

concentration is computed as

K. L \
170 X X X
c_= — exp - K, —tFex-K, — Jj+ c_exp (- K, — |, (27)
c K2 K1 1 v95> o(Z Vor o 2 v95

o’ whether

where X is the distance between the two nodes. The value of c¢
computed by Equation 26 or 27, is analogous to the value of Cz computed
for dissolved solids via Equation 13. However, for dissolved oxygen, a
water-quality requirement exists (i.e., Qq>0) when . is less than a
desired value (c+) rather than greater than that value.

In order for the computations of DO concentration to proceed down-
stream, the DO and BOD concentrations at the end of each reach must be
calculated. For DO, this is done via Equation 27, while '"Phelps' Law"

is applied for BOD:

_ X
LX = Lo exp(—K1 ;;;_ , (28)

where LX is the concentration just above the downstream node.

The report of Larson (1982) describes in detail how the above
computations are incorporated in the logic of a computer program. In
that program, it is assumed that no BOD is contributed by non-point
sources of streamflow; in fact, it is assumed that Q95 is constant
between nodes, with an appropriate step increase at each node proceeding
downstream. Other practical aspects of this model, including estimation

of K1 and KZ’ are also discussed by Larson (1982).
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IV. TIMPLEMENTATION OF THE MODEL: DISSOLVED-OXYGEN

MODELING OF THE MERRIMACK RIVER BASIN, N. H.

Introduction

A major portion of the present research project has involved the
implementation of the conceptual planning model developed in Section III.
A complete description of this effort can be found in Larson (1982). The
present section gives an overview of her work, with particular attention
to those aspects that relate to the general problems addressed in

Sections II and III.

Overview of Modeling Study

Larson's (1982) model was written to simulate summertime low-flow
(Qgs) dissolved-oxygen conditions in the Merrimack River Basin above
Manchester, N. H. (Figure 7). The modeled river network includes the
mainstem Merrimack River and two orders of tributaries, and contains 39
use-site nodes and six tributary nodes. Only point sources of BOD are
included, as non-point sources are thought to be insignificant under
low-flow conditions. The model, called OXYGEN.PAS, retains most of the
features of the conceptual model described in Section III, and was
developed on the University of New Hampshire DEC-10 system using the
computer language PASCAL.

The output of the model is a list of values of the dissolved-oxygen
concentrations at each node, representing the Q95 design-flow and
summer temperature conditions for a set of water-use, treatment, and design-
flow conditions provided by the planner for each node. The specific input
data are the Q95 values for each node and, for each use-site node, either:

(1) the appropriate values for the forecast and decision variables
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described in Section II; or (2) the value of the wastewater discharge

to the river and its concentration of BOD (D and ¢, in Equations 1-11).

d
If the first of these options is chosen, the program uses Equations 1-11

to compute the concentration of BOD discharging into the river at each

node. Mixing equations (Equations 18 and 19) are used to compute the

mixed BOD concentration in the river, and the Streeter-Phelps equations
(Equations 23-28) are used to compute the dissolved-oxygen concentration

at a sag point if it exists in the reach, or at the downstream end of the
reach if there is no sag point.

The essence of the model is the logic for moving through the river
network from one use-site node to the next node downstream, applying the
use-site, mixing, and Streeter-Phelps equations in the correct sequence.

When a tributary node is encountered, the sequence skips to the farthest
upstream node on the tributary, continues downstream to the junction,
mixes flows at the junction, and continues downstream.

One of the major uncertainties in dissolved-oxygen modeling generally
is that of estimating the reaeration coefficient (K2 in Equations 23 and
25-27). This is generally considered to be a function of stream velocity
and depth, but several empirical relations have been given in the literature,
and these often give quite different estimates of K2 for the same conditions.
Larson's (1982) model used two alternative estimating equations, which gave
only slightly different estimates of dissolved oxygen, but she identified
this problem as an important one requiring further research in order to

improve the precision of models of this type.

Results
An attempt was made to evaluate the model by comparing computed

dissolved-oxygen values with values measured by government agencies in
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summer when flows were "low" (in general, actual measurements of
streamflow rates were not available). For the most part, data on dis-
charges and BOD concentrations at use sites were taken from pollution-
discharge permits; at eight sites the discharges were estimated via the
use-site equations, making assumptions to compensate for missing data.

The comparisons between predicted and measured values of dissolved
oxygen are shown in Figure 8 for the mainstem Merrimack River and in
Figure 9 for its major tributary, the Contoocook. There is a tendency
to underestimate the concentrations in the lower reaches of the Merrimack,
while for the Contoocook and the upper Merrimack the computed values show
reasonable agreement with the few available data. However, it is clear
from the intent of the model and the nature of the available data that
these comparisons must be interpreted cautiously. The modeled conditions
are in a sense "fictitious", in that they are intended to represent a
situation that is statistically defined. The measured values do not
represent the precise conditions that were modeled and, indeed, the
different "low-flow'" measurements of dissolved oxygen vary over a fairly
wide range at each site. Larson (1982) pointed out that more attention
should be given to flow and related conditions when water-quality sampling
is done, so that future comparisons of the type attempted here will be

more meaningful.

Conclusions

The major result of Larson's (1982) work is to demonstrate the
feasibility of constructing river-basin planning models with the features
described in Section III, to fulfill the needs described in Section II.
Comparisons with existing data suggest that one can confidently employ

such models in river-basin planning, and that it should be possible to
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increase confidence in such models with further research and attention to

sampling procedures.
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Solid line: Covar's method used to determine reaeration
coefficients.

Dotted line: Isaacs-Gaudy equation used to determine
reaeration coefficients.
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Solid line: Covar's method used to compute K2

Dotted line: Isaacs-Gaudy equation used to compute K2
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V. FIELD STUDIES OF PHOSPHORUS

IN STREAM NETWORKS

Introduction

As noted earlier, phosphorus is the most critical dissolved-solid
constituent for water-quality planning in New Hampshire, and in New
England generally. Previous studies (see literature review of Green
(1982)) have shown that phosphorus occurs in several forms with varying
chemical behavior, and that it may be readily absorbed or released by
sediment and organisms under various conditions. Thus its presence in
dissolved form in a stream depends on a complex set of factors and is
highly variable in space and time. The detailed field investigation
of Green (1982) was undertaken to provide further knowledge about this
important water-quality constituent.

The background, methods, results, and conclusions of the study are
described in detail in Green's (1982) thesis. The present section gives
a summary of the major elements of his work, and relates his results to

the overall project objectives.

Study Area and Approach

Green (1982) studied Dudley Brook, which is in the town of Brentwood
in the Piscataqua River Basin in southeastern New Hampshire (Figure 10).
Its watershed has an area of 12.8 km2 (4.94 miz) above a gaging station
that has been maintained by the U.S. Geological Survey since 1962.

The topography of Dudley Brook watershed is gentle, with a total
relief of 35 m (120 ft). Figure 11 shows its mix of soil types and
land uses, which are generally representative of the region. A significant

source of secondary-treated sewage effluent (from a jail and an elderly-
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care facility) is present in the upper basin (Figure 12). Effluent from
this source enters upper Dudley Brook continually except for periods of
low flow during the growing season, when it is stored in a lagoon if
capacity permits. This situation allows observations of phosphorus
dynamics to be made under conditions of both high phosphorus loading from
a point source and purely non-point-source loading.

Twelve sampling stations were established on Dudley Brook and its
tributaries, as shown in Figure 12. These were visited on an approximately
weekly basis, with 38 visits between 10 June 1980 and 30 June 1981.
Measurements of streamflow rate and some water-quality parameters were
made at each visit. Water samples were also collected at each site for

laboratory analysis of pH, four forms of phosphorus, and chloride.

Major Results

Concentrations of the various forms of phosphorus showed no significant
correlations with streamflow rate at any station, whether or not point-source
loading was occurring. On average, phosphorus concentrations tended to
decrease downstream when the stream was being loaded with treatment-plant
effluent, but not when loading ceased (Figure 13; "FMRP'" stands for
"filterable molybdate-reactive phosphorus', the most abundant form and
the one most readily available for uptake by organisms). However, phosphorus
loads (the mass of phosphorus transported in the water column per unit time)
tended to increase downstream both with and without point-source loading
(Figure 14).

The concentration of total phosphorus in the channel sediments of
Dudley Brook tended to decrease downstream, but there was a major peak at
Station 3 reflecting the sedimentation of fine sediments and organic matter

in a particularly slow-flowing segment of the stream (Figure 15). On the
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two tributaries, sediment phosphorus increased in the downstream direction.
Thus it appears that the main stream pattern reflects the inputs of
phosphorus from the waste water and the operation of a "trap" in a slow-
flowing reach.

Computation of the phosphorus sink-source term (rs in Equations 20-23)
in three reaches of Dudley Brook showed that, with few exceptions, the
channel functioned as a sink (i.e., r, < 0) only when waste-water loading
was occurring (Figures 16-19). When there was no loading, the channel
virtually always acted as a source (i.e., L 0). With loading, the
picture was more complicated. For the two upstream reaches ( Reaches 1-2
and 3-4), the channel tended to continue as a source at low flows, became
a sink at moderate flows, and was again a source at the highest flows.
However, for the lowest reach (Reach 5-6), there was no clear pattern to
the sign of r.as a function of flow rate when loading was occurring.

Figure 19 shows the net behavior of the entire channel of Dudley
Brook between Stations 1 and 6. When there was no waste-water loading,
there was a net transport of phosphorus out of the watershed at a rate
roughly proportional to flowrate (reflected by stage height). The stream

acted as a sink only when loading occurred.

Conclusions

The results described above suggest that a chemical-kinetic process
in part determines whether a given reach acts as a source or sink of
phosphorus. In simple terms, a kinetic effect is one in which a chemical
constituent moves from regions of higher concentration to regions of lower
concentration. In the present case, one can partially test the hypothesis
that a reach tends to act as a sink when concentrations in the stream water

are high and as a source when they are low. The data for this test are

47



=
>-
a
o
~N
) s
~
o
L )
&
m |

ul - I- o .
= 9 E’.‘HEE B o SOURCE
1] Q -
O SINK
OD‘ .
0 n um
v -
~
p74
z 2 ~
-4
@ 1
a ¥ |
£ o n -
w l

o = i

'_:1|1|L|1|||11|1|11)1|||||

|

2.90 3.20 3.50 3.80 4.10

STAGE HEIGHT AT STATION 68 C(FEETJ
Figure 16: Daily FMRP Sink/Source Terms (Reach 1-2)
B - with Wastewater Loading
[J = Without Wastewater Loading

1.0

FMRP SINK/SOURCE TERMS (REACH 1-2)

T T T ] 1
2.5
at

5.75 ft.

T : H I k] § v 1 l 1 1 1 1 I H T i L]

48



FHMRP SINK/SOURCE TERHM (8/K/DAY)

2.0

FMRP SINK/SOURCE TERMS (REACH 3-4)

¥ 1 1 T ‘ ) 1 LI { 1 1 1 1 i 1 i i 1 { 1

1.5

1.0

0.5

0.0

SOURCE

gy apft = SINK

2.90 3.20 3.50 3.80 4.10
STAGE HEIGHT AT STATION 6 (FEET)

Figure 17: Daily FMRP Sink/Source Terms (Reach 3-4)
B = With Wastewater Loading
0 = Without Wastewater Loading

49



FMRP SINK/SOURCE TERM (G/M/DAY)

n FMRP SINK/SOURCE TERMS (REACH 5-86)
Q LI SN IR NN B B LB B AU | IS I S R RN SEND SRR B NN B
]
L 2 -
||
’ -
- | o -
m
a f. g o a a -
e % m SOURCE
© L] N SINK
| ]
= [ -1
- - —
o . 4
ol -.62 —
] at
i 5.75ft. "
° L -
- - -
[
- n -
N i ]
._: [ YOR T N TN WY VAN TN U TR N TS WO NN U WO SN NN A W N B
I2.90 3.20 3.50 3.80 4.10 4.40
STAGE HEIGHT AT STATION 68 (FEET)
Figure 18: Daily FMRP Sink/Source Terms (Reach 5-6)

.
|

With Wastewater Loading

Without Wastewater Loading

50



NET FHMRP LOAD OF REACH (KG6/DAY)

NET FMRP LOADS OF

N STUDY REACH
N T T | Y | T
| 1 1111 Ilrl ]Il7:le4-‘
= at ~
" 5.75ft.
QL i
N -
P -
iDL .
- —
[ o i
OP -
ﬁ, . i
- o :
"2 i Jn m n
or - —
= mmg -
I L ]
°T . m;ﬁb m SOURCE .
Q
I an SINK j
L an n .
n L -
. - |
or -
In— -
OP -
v: | TR | Illlll-lllllll|lllll
I
2.80 3.20 3.50 3.80 4.10 4,40
STAGE HEIGHT AT STATICON 6 (FEET)
Figure 19: Daily Net FMRP Loads of Study Reach

|
57}

With Wastewater Loading

Without Wastewater Loading

51



shown in Table 2, which gives the frequencies with which reaches act as
sources and sinks when the average FMRP concentration in the reach is above
and below 0.25 mg/1l. A statistical test (the Pearson chi-squared test of

association with Yates connection) of these data indicated rejection of the

TABLE 2
ASSOCIATION OF SINKS AND SOURCES WITH
CONCENTRATIONS OF FMRP GREATER
OR LESS THAN 0.25 mg/1,

DUDLEY BROOK. Data from Green (1982)

Reach 1-2 Reach 3-4
Sink , Source Sink Source
<0.25 <0.25
mg/1 1 21 mg/1 7 15
>0.25 >0.25
mg/1 7 8 mg/1 7 7
Reach 5-6 All Reaches
Sink Source Sink Source
i 1
<0.25 ‘ <0.25
ng/1 4 15 mg/1 12 51
>0.25 >0.25
mg/l 10 9 mg/l 24 24
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null hypothesis of no association at the 5% level for all cases except

Reach 3-4. This test is not fully conclusive because other factors which
would be expected to affect the source-sink behavior such as pH,
temperature, dissolved-oxygen concentration, flow rate, and sediment

type have not been accounted for. The failure to reject the null hypothesis
at Reach 3-4 could be due to the slow-flowing nature of the stream in that
reach, which causes it to operate as a sink of phosphorus more often than
the other reaches.

The overall '"model' that emerges from Green's (1982) study reinforces
the notion that phosphorus behavior in streams is complex. It suggests
that phosphorus may leave the water column to be stored in sediments for
some distance below a significant source of phosphorus loadings. However,
the time and occurrence of such behavior depends on a number of variable
chemical, flow, and sediment conditions. At high flows, sediments may be
eroded and phosphorus may be reintroduced into the water column and
transported downstream. If loading decreases to relatively low levels,
phosphorus may be released into the water column due to the kinetic
effects described above.

Clearly, the spatial and temporal variability of the behavior of
phosphorus suggests caution in using a steady-state design-flow approach
to model it for basin-planning purposes. Equations 20 or 22 are sound
bases for modeling the downstream changes in phosphorus concentrations,
but can be usefully applied only if the concentrations can be meaningfully
associated with the design flow, and if appropriate values of h and T,
can be determined. As noted in the last section of the present report,
these are areas to which future research should be directed.

The steady-state planning model of Gianessi et al. (1981) included
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phosphorus along with total dissolved solids, BOD and DO, and nitrogen.

They modeled phosphorus by assuming that loads attenuated downstream

following an exponential decay. Figure 14 shows that such a model would

not be appropriate for Dudley Brook.
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VI. SUMMARY AND CONCLUSIONS

Water-resource planning models are designed to allow resource
managers to evaluate a large number of alternative plans and to identify
the most promising candidates for more detailed analysis. Given the
context of water-resource decision making in the United States, planning
models are most helpful if they are descriptive simulation models, rather
than prescriptive optimization models. Simulation models are best adapted
to allow planners to try out many combinations of alternatives and to
evaluate them with respect to a realistically large number of objectives,
some of which can be expressed only qualitatively.

Such simulation models are necessarily simplified constructs of the
behavior of a river basin. To be of use, however, they must satisfy four
criteria: 1) they must retain the hydrologically correct spatial relations
of the river network in the basin; 2) they must simulate important water-
quantity and -quality parameters in hydrologically appropriate relations;
3) they must give a "picture'! of the river basin water quantity and quality
under conditions that are critical for river-basin planning; and 4) they
must contain enough complexity to allow evaluation of a full range of
planning alternatives, including both structural and non-structural schemes
on both local and regional scales. In order to meet these criteria, the
model must incorporate explicit, comprehensive, and hydrologically sound
definitions of water demand. Many previous planning models have not
satisfied these requirements.

Section IIT of the present report describes in detail the elements of
a model that satisfies the above conditions. It explicitly defines water

demand to include withdrawal use, instream use, water-quality maintenance

55



and consumptive use in a hydrologically realistic way. It defines supply
as a specific low-flow condition: streamflow available on 95% of the days
(Qgs). A simple but comprehensive model of water use and treatment at a
water-use site (municipality or industrial location) is developed, which
shows interactions among quantity and quality under any combination of
planning alternatives.

In New Hampshire and New England generally, the most important water-
quality constituents for planning purposes are dissolved oxygen, phosphorus,
and suspended sediments. In general, dissolved-oxygen concentrations are
most critical under low-flow conditions that are also critical for water
supply. The behavior of phosphorus is variably related to flow rates, but
simulation of low-flow conditions probably gives a good indication of
phosphorus problems. Suspended-sediment behavior can not be simulated in
a low-flow model and was not included in those studies. Detailed relations
for modeling Q95, dissolved oxygen, and phosphorus were derived using
basic principles and empirical relations appropriate to New Hampshire.

The implementation of the planning model to simulate a portion of the
Merrimack River Basin in New Hampshire was described in Section IV. Dissolved
oxygen was the only water-quality constituent included in this simulation.
Comparisons of estimated dissolved oxygen concentrations and dissolved
oxygen measured under summer low-flow conditions were encouraging, and
clearly demonstrate the feasibility of developing models of the type
required for planning.

Extensive field studies of phosphorus in a small stream network in
southeastern New Hampshire showed that the behavior of that element is
complex. Phosphorus was taken up and released by sediments and stream

organisms, and a given reach operated as a source under some conditions
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and a sink under others. There was no consistent relation of phosphorus
concentrations to streamflow rate, but there was some indication that a
chemical kinetic effect was operating. Further work is required to
determine the most appropriate approach for including phosphorus in water-
resource planning models.

Overall, this study has established the need for water-resource
planning models, has described the specific elements of such models, and
has demonstrated the usefulness and feasibility of developing and applying
such models in New England. The impetus for this development and
application must come from the region's water-resource planning agencies,
particularly those at the state level.

The next section of this report identifies research needed to improve

water-resource planning models.
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VII. SUGGESTIONS FOR FURTHER RESEARCH

Specific suggestions for further research to improve capabilities

for river-basin planning models are listed below, related to major topics

addressed in Section ITI.

B.

Definition of Demand and Supply

1.

How does withdrawal demand vary seasonally for various types
of use?

How can satisfactory estimates of industrial water use be
obtained?

How should water demands be forecast?

How can yields (supply) of aquifers be estimated for planning

purposes?

Evaluation of Alternatives

1.

How can the effects of water-supply and flow-augmentation

reservoirs on Q95 be estimated?

How can the effects of watershed management practices on
b i ?

Q95 e estimated

What are the potential effects of water re-use, conservation

and pricing policies on future demands?

Streamflow Modeling

1.

How does Q95 change in the downstream direction in the region?

Dissolved-Solids Modeling

1.

How best can critical values of phosphorus concentrations be
represented in a planning model?
How do short-term inputs of phosphorus from urban and

agricultural sources affect critical phosphorus concentrations?
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Under what conditions does a river reach act as a source or
sink for phosphorus?

What are appropriate values for base-flow contributions of
phosphorus to rivers, and how are these related to land

use and soils?

Under what conditions are other dissolved-solids species,

such as nitrate, critical?

G. Dissolved Oxygen Modeling

1.

How best can reaeration coefficients be estimated for
critical low-flow conditions?

How can sampling programs be established that allow for
meaningful interpretation of dissolved-oxygen measurements?
Under what conditions are factors other than carbonaceous
deoxygenation and reaeration important in dissolved-oxygen

dynamics?
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APPENDIX 1

LIST OF VARIABLES AND SYMBOLS

Definition, Dimensions, and Designation as

Symbol Forecast (f) or Decision (d) Variable

A Rate of addition of contaminant at use site [M/T] (f)

Ab Area of watershed contributing streamflow between two
nodes [L2]

AD Drainage area [L2]

C Rate of consumptive use [LS/T]

SN Concentration just upstream from node [M/LS]

g Concentration just upstream from node [M/LS]

R Concentration in non-point-source contribution to
streamflow [M/LS]

e Concentration just downstream from node [M/Ls]

Ce Concentration of dissolved oxygen at sag point [M/Ls]

< Concentration in flow arriving at downstream node [M/LB]

3 Concentration in waste discharge to stream [M/Lz]

Cq Concentration in off-stream water source [M/LS] ()

cj Concentration entering waste-water treatment facility

3
[M/L7]

Cr Concentration of dissolved oxygen at travel time T
below waste source [M/LS]

. Concentration entering water-treatment plant [M/LS]

c, Concentration in water being used [M/Ls]

¢’ Maximum allowable concentration in stream [M/LS] ()

<, Concentration just below upstream node [M/LS]

¢y Concentration in stream arriving at use site [M/LS] (£)
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Concentration in stream leaving use site [M/LS]
Rate of waste-water discharge [LS/T]
Rate of withdrawal from off-stream source [LS/T] (d)

Rate of removal of contaminant at water-treatment
plant [M/T]

Rate of removal of contaminant at waste-water-treatment
plant [M/T]

Rate of flow entering waste-water-treatment plant
3
[L7/T]

Deoxygenation coefficient [1/T]

Reaeration coefficient [1/T]

Fraction of water used consumptively [1] (f)

Fraction of water used that is discharged to stream [1]
Fraction of water used that is recycled [1] (d)

Areal rate of addition of contaminant in non-point

contributions to streamflow [M/LZT]
Concentration of BOD just above downstream node [M/LS]
Concentration of BOD just below upstream node [M/LS]
Price per unit of water [$/L3] (d)
Streamflow rate just above node [L3/T]
Streamflow rate just above node [LS/T]
Streamflow rate just below node [LS/T]
Streamflow rate just above downstream node [LS/T]
Minimum flow rate in stream for instream uses [L3/T] (d)

Streamflow rate required to maintain contaminant

concentration at acceptable level [LS/T]
Total water requirement from stream [LS/T]
Streamflow rate just below upstream node [LS/T]

Streamflow rate arriving at use site [LS/T] ()
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Streamflow rate between point of withdrawal and point

of waste-water discharge [LS/T]

Streamflow rate leaving use site [LS/T]

Streamflow rate exceeded on 95% of the days [LS/T]

Rate of recycling [LS/T]

Rate of addition of contaminant due to physical, chemical,
and biological processes in stream channel (source-sink)
[M/LT]

Stream sinuosity [1]

Travel time [T]

Travel time to sag point [T]

Fractional removal of contaminant at water-treatment
plant [1] (d)

Fractional removal of contaminant at waste-water
treatment plant [1] (d)

Rate of use of water [LS/T] ()

Average stream velocity at Q95 [L/T]
Rate of withdrawal from stream [LS/T]
Distance between adjacent nodes [L]
Distance downstream of node [L]

Thalweg distance downstream of node [L]
Empirical water-price coefficient (f)

Demand elasticity for water [1] (f)
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APPENDIX 2

RELATIONS BETWEEN STREAM LENGTH AND DRAINAGE AREA

Introduction

This Appendix describes a preliminary analysis of the relations
between: 1) inter-node stream distance and inter-node drainage area;
and 2) first-order stream length and drainage area as a basis for estimating
downstream changes in concentration of dissolved solids (Equations 20-23).
This preliminary work is an analysis of streams on two arbitrarily
selected 1:24,000-scale U.S. Geological Survey quadrangles in northern
New Hampshire. A supplementary examination of relations between inter-
node stream distance and drainage area was also done using data developed
by the U.S. Army Corps of Engineers for the upper Connecticut River.

The "stream distance'" measured in these analyses is actually the
down-valley distance, because the actual stream (thalweg) distance is not
hydrologically relevant. The relation between the two distances is:

x = x./8 (2-1)

where x is down-valley distance (often called "stream distance' herein),

X, is thalweg distance, and S is stream sinuosity.

1:24,000-Scale Analysis

The Franconia, N. H., and East Haverhill, N. H., 7-1/2 minute
quadrangles were arbitrarily selected for analysis. All complete stream
networks shown on these maps were traced, and drainage areas at tributary
junctions were delineated. A total of 32 first-order streams (all streams
above their first tributary junction) and 28 inter-nodal links were present
on the two maps. Tables 2-1 and 2-2 summarize the data.

Figure 2-1 is a plot of AD vs. x for first-order streams. The
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Table 2-1

Stream Lengths and Drainage Areas for First-Order Tributaries
Stream Area (miz) Length (mi)

East Haverhill Quad.
N. Br. Oliverian Bk.

1A 0.12 0.14

1A1 0.43 0.42

1A2 0.07 0.40

1A3 0.85 0.89

1A4 0.51 0.56

1A5 0.42 0.56

1A6 1.19 1.04

1A7 0.03 0.26

1A8 0.60 0.82

1A9 0.45 0.28

1A10 0.29 0.64

1A11 0.35 0.52
Titus Bk.

1AB 1.89 1.67

1A1 0.34 0.85
Wilmot BKk.

1A 0.86 0.75

1A1 0.03 0.28

Franconia Quad.

Lafayette Bk.

1A 0.78 0.75

1ABC 1.70 2.45
Skookumchuck Bk.

1A 0.82 1.22

1A1 0.38 0.75
Jordan Bk. 0.82 1.55
Beaver Bk.

1A 0.80 0.47

1A1 0.85 0.52
Meadow Bk. 2.76 2.96
Pemigewasset R.

1AB 2.80 2.55
Walker Bk.

1A 0.69 1.08

1A1 0.34 0.71
Dry Bk.

1A 0.43 0.80

1A1 0.20 0.42
Scarface Bk. 1.90 2.22
S. Br. Gale R.

1ABC 2.21 2.31

1Al 0.13 0.61
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TABLE 2-2

Stream Lengths and Drainage Areas for Inter-node Links
Stream Area (miz) Length (mi)

East Haverhill Quad.
N. Br. Oliverian Bk.

2A 0.50 0.56

3A 0.16 0.40

3B 0.22 0.45

3C 0.19 0.52

3D 0.03 0.23

3E 0.02 0.23

3F 0.37 0.92

3G 0.03 0.19

3H 0.05 0.33

2A1 0.05 0.28

2B 0.34 0.45

2C 0.12 0.42

2A2 0.48 0.75
Titus Bk.

2A 0.29 0.56
Wilmot Bk.

2AB 0.69 1.55

Franconia Quad.

Lafayette Bk.

2A 0.41 0.47

3A 0.05 0.09

3BC 1.36 2.07
Skookumchuck Bk.

2A 0.55 1.04
Beaver Bk.

2A 0.67 0.94

3A 0.13 0.75

3B 0.10 0.33
Pemigewasset R.

2A 0.63 0.56

3A 0.64 0.33
Walker Bk.

2A 0.22 1.27
Dry Bk.

2A 0.26 0.61
S. Br. Gale R.

2C 0.40 0.89

2D 0.63 0.75
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regression relation is:

Ay = 0.71x %% (2-2)
with AD in miz, and x in mi; n = 32, r2 = 0.67, and standard error of
estimate = 0.2913 log10 units.

Figure 2-2 is a plot of A, vs. x for inter-node links. The

regression relation is:

_ 1.30
AD = 0.50x

with AD in mi2 and x in mi; n = 28, r~ = 0.61, and standard error of

estimate = 0.3119 log10 units.

Connecticut River Analysis

As part of their flood study of the Connecticut River, the U.S.

Army Corps of Engineers measured '"local areas'" contributing flow directly
to the mainstem of the river. These are identical to inter-node links.
However, in their analysis, only major tributary streams were considered,
so their local areas contain many stream segments that would have been
separately identified in a study done at a larger map scale. The data
for these local areas are given in Table 2-3. The statistical analysis
gives the following regression equation:

Ay = 3.32x1 28 (2-4)

with AD in mi2 and X in mi; n = 15, r2 = 0.82, standard error of

estimate = 0.1703 log10 units.

Conclusion

The above analyses, although preliminary, indicate that drainage
area increases approximately as the 1.3 power of stream length for both

first-order tributaries and inter-node links. At a given scale, the
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Figure 2-2:

Drainage area vs. length for inter-node links, Franconia, N.H.,

East Haverhill, N.H., quadrangles, (solid line and dots) and
Mainstem Connecticut River (dashed line).

68



TABLE 2-3
Stream Lengths and Drainage Areas for Inter-nodel Links,

Main Stem Connecticut River

Link ('"Local Areas") AD (mi™) x (mi)
A(4, 5, 6) 132.1 19.3
B(7) 57.9 12.8
C(8, 9, 10) 136.0 12.0
D(11, 12) 129.0 21.1
E(14, 15, 16) 124.0 13.1
F(19, 20) 81.0 12.5
F(21) 39.0 6.8
H(24, 25, 26) 138.0 22.8
1(28) 62.0 8.8
J(31) 39.5 4.0
K(33) 167.0 14.8
L(35) 72.5 12.0
M(37) 24.0 6.8
N(39) 7.0 2.8
0(42, 43) 179.0 22.8
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coefficient in the relationship is somewhat larger for first-order streams
than for inter-node links because a certain size drainage area is required
to support the formation of a stream. The coefficient in the relationship
is determined by map scale (i.e., the size of the smallest streams which
are considered), and increases with scale.

Assuming direct proportionality between Q95 and AD (see discussion of
Equation 17), the average relationship between Q95 and drainage area for
unregulated streams in New Hampshire is:

Qgs = 0-17Ay (2-5)

where Q95 is in ftS/S and AD is in miz. (This relationship ignores known
geographical variability within the state, as discussed by Dingman (1978)).
Substituting Equation 2-5 into Equation 2-3 gives:

Qs - 0.085x "> (2-6)

as a statewide estimate of the rate of increase of Q95 with distance

downstream of a tributary node. Equation 2-6 is the basis for Equation 17.
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APPENDIX 3
BASIC EQUATIONS FOR DOWNSTREAM CHANGES

IN DISSOLVED-SOLIDS CONCENTRATIONS

Figure 3-1 illustrates the terms defining the one-dimensional steady-
state mass balance of a dissolved-solids constituent in an Eulerian stream
reach of length Ax, ignoring longitudinal diffusion. Q (= Q(x)) is the
discharge at the upstream end [LS/T], ¢ (= c¢(x)) is the concentration of
the constituent at the upstream end [M/LS], %y is the concentration in
the water entering or leaving the reach [M/LS], and T, is the rate at which
the constituent is added by physical, chemical, or biological processes
within the reach [M/LT]. Formulating the mass balance:

cQ + Cb SQ Ax + T, Ax - (¢ + %E-A Y (Q + Slg-Ax) =0 . (3-1)

Ignoring second-order terms, Equation 3-1 reduces to

de
- +

1do__Sbda,
dx Q dx

Q ax * Q . (3-2)
Equation 3-2 is a first-order linear differential equation that has

the solution:

c T
€ ex _S%g_gdx eXp Jég_gdx "Q'E%Q T | ax
+ C exp <—Jé3—gd)>, (3-3)

and, since:

we have:

c = exp < —> exp(f >[5‘1%%+—:| dx + C exp <SS—Q>

(3-4)

71



dQ
Cb a Ax

| // %

- A

cQ - T Ax "\§J ~—{c+%§ﬂx)(Pt%%Ax)—%>
L <’

T 7 T S

-~ v
e
e ) -~
< Ax —>

Figure 3-1: Definitions of terms for derivation of downstream

dissolved-solids relations.
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Since:

d_Q.=
Q n Q ,

Equation 3-4 reduces further to:

c = exp (-4n Q) exp (4n Q) SE_§9_+ fé- dx + C A
p p de Q X exp(_nQ)
_1 ‘bdo, s c
C‘QJQ[Q xtq | oo
T
e 45, C
b~ Q Q . (3-5)

To evaluate C, note that c = R when x = 0, so that:

C = Qo (co - cb) (3-6)
and Equation A5 becomes:
c = o 4 rox +Q, (e - )
b Q ) (3-7)

where QO is the discharge at the upstream end of the reach.
Designating the concentration and discharge at the downstream end of

the reach by CD and QD, respectively, Equation 3-7 becomes:

X ¥ Q, (co - Cb)
QD . (3-8a)

This equation applies when QD 2 Qo.

When QD < Qo’ there is leakage from the stream, and the concentration

of the leaking water is e Thus for this case, Equation 3-8a becomes

chp T ¢, v Q . (3-8b)
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A final modification can be made to Equations 3-8a and 3-8b to
account for the fact that T, is likely to be expressed as a rate per
mile of stream channel, whereas if one computes Qd as a function of x,
it is hydrologically more meaningful to let x represent the down-valley
&istance. To account for this, the sinuosity, S, defined as the ratio
of channel distance to down valley distance, can be introduced into

the above equations as follows:

Sr x + Q_ (¢ - ¢)
_ S 0O "0 b .
Cp = ¢ ¥ QD s Q0 < QD ; (3-9a)
and:
e = ¢ + OTsX Q > Q ; (3-9b)
D 0 ? 0 D ’
QD
where QD can be expressed as a function of x, e.g.
Q, = Q + axb (3-10)
D o )

Appendix 2 of this report explores the appropriate values of the constants

a and b in Equation 3-10.
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