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Abstract

This thesis examines dilution gauging data from the San Pedro River east of

Sierra Vista., Arizona in an attempt to quantify temporal and spatial fluctuations in

groundwater baseflow to the stream. Dilution gauging measures volumetric discharge of

a hydraulic system by determining the degree of dilution of a tracer solution input to the

system. The basic equations of dilution gauging had to be modified to acknowledge

conditions of unsteady flow and unsteady tracer flux by adding consideration of

traveltime. The resulting hydrographs indicated that during wintertime conditions, the

stream did not derive a great deal of its flow from the groundwater system. As the

summer progressed and vegetative activity increased, the relative amount of discharge

originating from the subsurface increased and the stream became more responsive to

stresses from vegetative transipiration. This project was part of the Semi-Arid Surface-

Land-Atmosphere (SALSA) program, a multidisciplinary effort to better understand the

hydrology and ecology of semi-arid basins. This research was part of the 1997 SALSA

research focus on riparian systems.
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1. Introduction and Scope

This thesis examines dilution gauging data from the San Pedro River east of

Sierra Vista, Arizona in an attempt to quantify fluctuations in groundwater baseflow to

the stream. Dilution gauging measures volumetric discharge of a hydraulic system by

determining the degree of dilution of a tracer solution input to the system. In order to

describe groundwater baseflow, the basic equations of dilution gauging are modified to

acknowledge conditions of unsteady flow and unsteady tracer flux. The resulting

hydrographs show that during wintertime conditions, the stream did not derive a great

deal of its flow from the groundwater system. However, as the summer progressed and

vegetative activity increased, the relative amount of discharge originating from the

subsurface increased and the streamflow became more responsive to stresses from

vegetative transpiration. This project was part of the Semi-Arid Surface-Land-

Atmosphere (SALSA) program, a multidisciplinary effort to better understand the

hydrology and ecology of semi-arid river basins. This research was part of the 1997

SALSA research focus on riparian systems.

The body of this thesis is divided into four parts. The first section begins with a

definition of dilution gauging and its history, followed by a primer on the theoretical

basis of this streamflow measurement technique. The second section addresses the

question: How can dilution gauging be applied to quantify groundwater baseflow to a

stream? The third section covers the methodology applied to answer these questions in

the field, the laboratory, and data analysis. The fourth section discusses the results of the

data analysis, in the form of hydrographs for two 48-hour periods in April and June, and
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one 24-hour period in March. Conclusions and suggestions for further research bring the

thesis to an end.



12

2. Definition and Theoretical Basis
of Dilution Gauging

This section defines dilution gauging, gives a synopsis of its history and

catalogues its usefulness. The theoretical basis of dilution gauging follows, paying most

attention to constant-flux dilution, the technique employed in the current study. The

section concludes with a discussion of the errors and assumptions that affect the accuracy

of dilution gauging.

2.1 Definition and History

Dilution gauging measures volumetric discharge by determining the degree of

dilution of a tracer solution added to the stream or hydraulic system under study. Dilution

methods have been known since the middle of the nineteenth century (Spencer and

Tudhope, 1958). Their first comprehensive treatment in American scientific literature

dates from eighty years ago, when a civil engineer proposed "chemi-hydrometry" as a

means to test the performance of hydro-electric generators (Groat, 1916).

In its earliest incarnations, dilution gauging involved the addition of a brine

solution to the hydraulic system under study. The resulting salt concentration in the

system, measured directly by chemical titration or indirectly as a function of electrical

resistivity, was used to calculate the discharge rate (Barbagelata, 1928). Unfortunately,

the large amount of brine required for salt dilution methods made it impractical for all but

the smallest of streams. Variants using radioactive tracers have been under discussion

since the 1920s, but safety questions have limited their application. Dilution gauging
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languished in the shadow of other measurement techniques until the 1960s, when the

advent of stable fluorescent dyes and devices that could detect them in low

concentrations brought dilution methods into more common use.

Dilution gauging is used most often when other methods prove impractical. This

is because tracer dilution methods are generally more difficult to use and more expensive

than conventional current-meter methods (Barnes and Fitzpatrick, 1973), and under most

conditions their results are less reliable (Rantz et al., 1982). But tracer dilution has proved

particularly useful on alpine streams, where high stream velocities and turbulence make it

impossible to use a current meter. Tracers are also an obvious choice for situations where

the flow is inaccessible due to ice cover or debris, or in pipes and sewers. Dilution

gauging is also useful in cases where measurement by current-meter is difficult because

of rapid changes in the rate of flow, an ill-defined stream cross-sectional area, or an

uncertain stage-discharge relationship.

The two basic types of dilution gauging are finite-mass dilution (also known as

sudden injection or slug injection) and constant-flux dilution (also known as constant-rate

injection). The slug injection method involves the near-instantaneous input of a known

amount of tracer into the flow and the subsequent monitoring of the time-concentration

response curve downstream. Assuming adequate mixing of the tracer in the flow, the

discharge is found by

M
= —

A,	
(2.1)

where Q [L31T 1 ] is the volumetric rate of flow in the stream, M [M] is the mass of the

tracer injected, and Ac [MTL-3] is the area under the time-concentration response curve



Figure 2-1. Time-concentration response curve of finite-
mass dilution (slug-injection) method (after
Thomann and Mueller, 1987).

(Figure 2.1). Slug dye injection is sometimes referred to as the total recovery method

because the best results are obtained when all of the tracer mass is accounted for

downstream. To achieve such accuracy, the length of the study reach must be long

enough to adequately mix the dye across the cross-section but not so long as to permit

significant tracer losses as the dye cloud proceeds through the reach.

Constant-flux dilution gauging is the technique employed in the present study.

Constant-flux dilution gauging is generally more accurate and widely applicable than

finite-mass dilution (Johnstone, 1988). As its name implies, constant-flux dilution

involves injecting a tracer of known concentration into the stream at a constant rate.

Unlike the slug injection method, constant-flux dilution does not require the total

recovery of tracer mass to determine the flow rate. Instead, it requires only a

14



Plateau

eN,
X •< TV

\I \\( si \A
)\ iNtNr:	 ,\
1. 0..

V. \

Figure 2-2. Constant-flux dilution concentration response
profile as the superposition of multiple finite-
mass dilutions (from Fitzpatrick and Cobb,
1986).

measurement of the tracer concentration downstream after equilibrium has been

achieved. Its less-intensive sampling requirement is the major reason why constant-flux

dilution of dye tracers is the most popular method of tracer dilution discharge

measurement in the United States (Rantz et al., 1982).

2.2 Theoretical Basis

Constant-flux dilution can be visualized as a series of impulse injections, each

with a corresponding time-concentration response curve (Figure 2.2). Assuming

streamflow is steady and non-dispersive, and that the impulses are of equal magnitude

and occur at uniform time intervals (i.e. the injection rate is constant), these time-

response curves will be identical. They then can be superimposed upon one another to

15
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Figure 2-3. Control volume and fluxes for constant-flux
dilution gauging system.

build the characteristic time-concentration response profile of constant-flux dilution

gauging. This profile will have a plateau of constant concentration after the trailing edge

of the first impulse response curve passes the observation point.

The theoretical basis for constant-flux dilution stream gauging rests on the

principles of conservation of mass and flow continuity. Drawing the boundaries of the

system around a particular study reach (Figure 2.3), the mass rate of flow into the system

is given by

rho, = qs 0 	(2.2)

16
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where q [L3T-1 ] is the volumetric rate of dye injection into the stream and so [ML-3] is the

concentration of the injected tracer. Background tracer concentration is assumed to be

zero. The mass rate of flow out of the system is then

rhout = (Q q)sfinar	 (2.3)

where Q [L3T-1 ] is the volumetric discharge of the stream and sfinal [ML3] is the resulting

plateau of the in-stream concentration. Assuming that the injection rate q is much smaller

than the in-stream discharge (q<<Q), conservation of mass requires that qs0=Qsfinal and

in-stream flow is simply

S= 	
S final

Okunishi et al. (1992) include the effects of dispersion in their more rigorous

description of the mathematics of dilution gauging. They first express the conservation of

mass M [M] as the product of the discharge rate Q [L3T-1 ] and the integral of the time-

concentration profile [ML-3T]:

M = Q f s(t) — s b dt
0

where sb is the background tracer concentration in the stream. They then describe the

dilution of a conservative tracer as a second-order differential equation

as	 as n a 2 s
—=-v--F,
St	 a	 as 2 (2.6)

where v [LT-1 ] is the mean stream velocity and D [L21-1 ] is a dispersion coefficient. The

injection site is at x=0. Following the solution of Bear (1972), they impose boundary

conditions where for all times greater than zero, the longitudinal concentration profile is

(2.4)

(2.5)
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at a steady state (i.e. ds/dx = 0), the concentration behind the injection point (x=-09) is at

background concentration Sb, and the downstream equilibrium concentration (x=+00) is s.

The elemental solution is then

dM  { [ x — v(t 	}s(x,t;t') = 	 exp	 (2.7)
	1 /42cD(t —t')	 4D(t — t')

where dM is the rate of mass dilution over the time period df, dM=s0vdt. To obtain the

effect of continuous tracer input, this expression must be integrated with respect to time.

Setting t=t-f, the solution is

v 17 1 
exp

{—x2 y 2 t i ds(x,t) = s final V471,0 exp{
2D j AFE	 4DT 4D t

Okunishi et al. (1992) simplify the expression and combine it with the principle of flow

continuity to obtain

s(t).  s°,qv  f 1 xp (x vr)2 1dt
Q1.1 47rD 0 NIT 

e
L 	4DT

(2.9)

Strictly speaking, this equation requires an infinite time for the tracer

concentration to reach an equilibrium level downstream. But practically, the plateau must

be measured in a reasonable amount of time. How close to the plateau is close enough,

given that one does not know what the plateau might be? In other words, how does the

time of measurement affect the precision of the equilibrium concentration estimate? To

find out, Okunishi et al. (1992) suggest that downstream concentration be approximated

as

s(t) = S final	 exp{— t/T}
	

(2.10)

(2.8)
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where sfinai is the ideal plateau concentration, and s' and T are constants. Ideally, s(t) will

equal sfinai and the fmal term (se=s'exp(t/T)) will drop out. The error in missing the true

plateau concentration can be as much as se/2. There is also possible error in measuring

the background concentration Asb, dependent on field conditions. Cumulatively, missing

the true plateau and background concentration measurement error will affect the flow

measurement as

AQ (s e / 2+ Aso

S final

(2.11)

It is obvious that one can reduce the error in missing the true plateau by waiting a

longer time t for making a measurement, at least until increases in downstream

concentration s(t) become less than fluctuations in background concentration. Okunishi et

al. (1992) are the only ones to seriously consider the effects of dispersive flow in their

analysis of dilution gauging. This is perhaps because most others assume that considering

dispersion effects in dilution gauging is a circular argument, since dye studies are used to

estimate the dispersion coefficients in the first place.

As alluded to above, traditional dilution gauging makes several critical

assumptions about the system. First, the injection rate is assumed to be constant. Second,

the in-stream flow rate is assumed to be constant. Third, the dye is assumed to be

conservative within the study reach. Lastly, the system is assumed to be well-mixed and

generally characterized by non-dispersive flow.

Two important related assumptions inherent in dilution gauging are complete

mixing and advective (non-dispersive) flow. In a non-dispersive medium, each element



H

B2
Lm =1.3v (2.13)
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of flow moves downstream in a unique and discrete fashion, without any mixing due to

diffusion or dispersion (Thomann, 1972). Non-dispersive flow is known colloquially as

"plug flow." But in real-life situations, vertical and lateral velocity gradients inevitably

cause a spreading of the plug flow profile. In the context of constant-flux dilution

gauging, this means that plateaus will develop earlier in the main flow channel than near

the stream banks (Kilpatrick and Cobb, 1986). While dispersive mixing is detrimental to

plug flow assumptions, the complete absence of mixing is even more undesirable. This is

because dilution gauging hinges on the assumption of a completely mixed cross-section.

In other words, complete mixing is the assumption that the river is homogenous with

respect to concentration both laterally (across the river) and vertically (with depth). The

extent of mixing determines the accuracy of dilution gauging measurements. Barnes and

Kilpatrick (1973) estimated that mixing on the order of 95% will ensure that dilution

gauging flow estimates will be within 1.0-1.5% of current-meter measurements. To

ensure complete mixing, several authors suggest placing the tracer injection site upstream

a distance greater than or equal to the optimal mixing length of the stream, Lm [ft]:

B2
Lm = 2.6v —

H

for side bank discharge and

(2.12)

for midstream discharge, where v [ft/s] is stream velocity, B [ft] is stream width, and

H [ft] is stream depth.
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Dilution gauging assumes that the tracer is a conservative substance, but there are

several possible routes for tracer loss in natural aquatic systems that might thwart this

assumption. Biodegradation will likely cause significant tracer losses in systems with

large populations of microorganisms. This process can be a major problem in wastewater

treatment systems, but is negligible in most natural surface waters. Tracers might also

sorb onto sediment surfaces, though this varies greatly according to what type of tracer is

used and what type of sediments are present in the system. Barnes and Kilpatrick (1973)

reported making successful measurements with as much as 1000 ppm suspended

sediment with Rhodamine-WT dye. Some losses may also occur due to plant uptake. In

addition, many fluorescent dye compounds are susceptible to photodegradation by

sunlight. Vigorous agitation of some dye solutions may also cause a reduction in their

fluorescence. High levels of chlorine or oxygen in the water can degrade fluorescent

tracers as well, due to a phenomenon called chemical quenching. If these or other factors

reduce dye concentration, dilution gauging will overestimate the amount of in-stream

flow.

Constant-flux dilution gauging presupposes that the tracer injection rate and in-

stream flow rate remain constant throughout the gauging period. Nevertheless, some

degree of unsteady flow can be tolerated. Assuming a constant tracer injection rate and

adequate mixing, any sample taken downstream after adequate time has passed will be

representative of the discharge at that instant. But there are practical limits to the degree

of unsteadiness that can be measured. A precise theoretical analysis of a continuous

constant-rate tracer injection has not yet been accomplished (Kilpatrick and Cobb, 1986),
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but certain characteristics of such an application can be ascertained by looking at the

constant-flux dilution response profile as the superposition of multiple sudden-injection

response curves. The more elongated the characteristic slug-response curves become due

to dispersive longitudinal mixing, the greater the probable error in the dilution gauging

measurement. Such dispersive longitudinal mixing is more pronounced lower discharge

rates. As a result, the greatest errors are apt to occur on the rapidly changing rising limb

of the discharge hydrograph and the most accurate results will be on the recession part of

the hydrograph. Constant-rate dye-dilution measurement tests have been successful in the

field on unsteady flow with changes discharge as high as 15.58 cms/hr (550 cfs/hr) on a

receding hydrograph (Duerk, 1983).

The assumption of constant tracer flux is rarely brought up in the literature.

Discussion in Goodell and Steppuhn (1973) noted the strong influence of temperature on

the dye injection rate and the effects of rapid changes in stream discharge, but the effect

of unsteady tracer flux was not addressed. Examining the basic equations involved, it

seems that the same caveats described for unsteady flow would apply to unsteady tracer

injection rates. If the rate of change in tracer flux is relatively slow, unsteady tracer

injection can be tolerated and accounted for.

In summary, dilution gauging measures volumetric discharge by determining the

degree of dilution of a tracer solution, often a fluorescent dye, added to the stream or

hydraulic system under study. The two basic types of dilution gauging are finite-mass

dilution and constant-flux dilution, which is used in this study. Constant-flux dilution is

theoretically based on the principles of conservation of mass and flow continuity, and
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makes many assumptions concerning the conservancy of the tracer, non-dispersive flow,

complete mixing and constancy of tracer injection and in-stream flow. With this

background in hand, we can now discuss how dilution gauging might be applied to the

quantification of groundwater baseflow to rivers like the San Pedro in southern Arizona.
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3. Application of Dilution Gauging to
Baseflow Measurement

This section describes how dilution gauging can be adapted to monitor temporal

changes in the groundwater baseflow to a stream. In using dilution gauging to determine

diurnal fluctuation in groundwater baseflow, dilution gauging methodology must be

extended to allow for temporal changes in streamflow and baseflow conditions. The

problem is complicated when the tracer injection rate is not constant, but if changes are

slow in relation to the time of travel between two subsequent cross sections, the equations

developed should still hold.

This work is an attempt to use dilution gauging data to determine diurnal

fluctuations in groundwater baseflow to a stream. There is an important yet often poorly-

understood linkage between surface water and groundwater systems in the water cycle. In

its most basic expression, this interaction is described as whether the surface water is a

gaining stream or a losing stream (Figure 3.1). A gaining stream intercepts the underlying

water table and derives a portion, if not all, of its flow from subsurface waters. The water

derived from the groundwater system is referred to as baseflow. Losing streams occur

when the water table is low. In this case, the stream contributes to the groundwater

system, effecting negative baseflow or seepage. The relationship is seldom simple,

however. Geologic conditions can cause a particular stream to gain water on one reach,

but lose it to the groundwater system further downstream. Vegetative transpiration is

known to have a significant impact on quantity of baseflow to a river. A single

cottonwood tree can transpire up to 600 L (21.2 ft3) of water per day (Schaeffer et al.,
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(a)
	

(b)

Figure 3-1. Schematic of (a) losing stream and
(b) gaining stream (from Todd, 1980).

1997). Thus, the baseflow characteristics of a stream can change seasonally or even

diurnally as vegetative transpiration waxes and wanes.

Quantifying groundwater baseflow to a stream using tracers is a fairly natural

extension of dilution gauging. Mac Nish (1977) demonstrated the principle by using salt

dilution to characterize groundwater baseflow and seepage on No-Name Creek on the

Colville Indian Reservation in Washington state. He was able to quantify gains and losses

by measuring the tracer concentration at several successive pairs of cross-sections,

supplemented by independent discharge estimates measured by a flume and pygmy

meter. First, he defined the flow between two measurement points using the principle of

continuity
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=Q, +Q,„ (3.1)

where Qi [L3T-i ] is discharge at the downstream site, Qi [L3T-1] is the upstream discharge

rate, Qin [L3T-1] is the volumetric rate of inflow to the stream and Qoin [L3T-1 ] is the

volumetric outflow from the stream. Conservation of mass of the tracer was expressed as

Qs j = Qi8 i Qout S out ± Qin S in (3.2)

where s [ML-3] represents the tracer concentration for each corresponding subscript.

Assuming that sont can be approximated as the average of the upstream and downstream

concentrations, the equation becomes

Q.1 8 j = Qi8 Qout
s i + si

2 +Qinsin (3.3)

Only one independent measurement of the upstream flow Qi is required for the

subsequent of several downstream cross sections if the entire reach is gaining. If both

gains and losses occur on the reach, upstream and downstream flowrates must be

measured. In practice, independent measurements of the streamflow may not be

necessary at all. It may be possible to assume away baseflow contributions between the

injection site and first measurement cross-section (Q=0), use the traditional equation

(Equation 2.4) to determine flow at the first cross-section, and proceed downstream. Even

without independent measurements of volumetric discharge, the relative baseflow

contribution can be estimated as a function of s i/si .

Monitoring temporal fluctuations in groundwater baseflow requires recognition of

how the element of time and non-steady state conditions affect the dilution gauging

system. Beyond the obvious physical fact that that tracer injection must take place over a



Figure 3-2. Control volume and fluxes for dilution
gauging system, modified to acknowledge
groundwater baseflow.

longer period, there must be a more complex mathematical description of the dilution

gauging system. The element that must be added is the time of travel between the

measurement points. Examining the control volume in Figure 3.2, the flow continuity can

be expressed as

Qi (t)+ Qin (t +-c /2)+ Q0,„(t -FT / 2)=Qi (t -FT)	 (3.4)

where is the traveltime between sections.

The mass balance of the system, assuming that the groundwater baseflow contains

no tracer (i.e. s1n=0) is expressed as

Q. (t)s i (t) Q0 (t + / 2)s out (t +-c 12) = Qj (t + )s (t +t) 	(3.7)
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Like Mac Nish (1977), the seepage concentration can be assumed to be the average of the

concentrations measured at each end of the reach

+T /2) = 
s(t)+s(t +t)

2 (3.8)

In theory, the tracer concentration at the downstream cross section will always be less

than or equal to the tracer concentration at the upstream cross-section.

This representation of the system requires independent (non-dilution method)

measurements of flow at each end of the cross-section to be solvable. If such

measurements are not available, the stream reach could be assumed to be always gaining

or always losing. This may be a reasonable assumption in many cases. Changes in

baseflow conditions are calcuable if the rate of change in baseflow conditions is slow

relative to the time of travel between measurement points.

This initial system representation of the dilution gauging system was rejected

because it was too sophisticated for the data available and the physical reality of the

dilution gauging system set up at the San Pedro study site. Specifically, there was not

adequate independent measurement of volumetric discharge on the upstream and

downstream ends of the reach. Therefore, a more simplistic model harking back to the

traditional mathematical representation of dilution gauging was developed for the

analysis of the data gathered on the San Pedro River. Flow continuity was defined simply

Qi (t -1---c)=Qi(t)±AQu(t,t)	 (3.7)



si(t)+ s i (t +t)
Qi (Os (t) =	 (t + )3. (t + t) +	 (t +T / 2)

2
(3.11)
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where LIQu(t,c), the groundwater baseflow to the stream, is a function of both time and

the traveltime between measurement cross-sections. For want of detail as to the exact

distribution of baseflow or seepage in the system, it is assumed that AQii(t,T)=

AQii(t+T/2). The mass balance of the system is then

Q (Os (t) = Q (t + )s (t +t ) 	(3.9)

Substituting in the expression for Qi(t+r) [L3T-1 ] from the previous equation, the system

is solved for AQii(t+T/2) [L3T-1 ]

AQu (t + T / 2) = Qi (t)[ '51W 	 1
s i (t +-c) 

(3.10)

This partial representation of the system ignores the fact that there is mass flux

out of the system when the stream is losing flow to the groundwater system. If the stream

is a losing one, the mass balance is re-written as

This equation assumes that the seepage water tracer concentration is the average

of the concentration over the reach. Moreover, this average can be approximated by

averaging the concentration at each end of the reach. This assumption is only reasonable

if changes in the tracer injection rate are slow in comparison to the traveltime. If so, the

expression for seepage loss AQii is then

2Qi (Ok i (t) — s  (t + )]
AQii (t -FT / 2) = 	 (3.12)s i (t) + 3si (t + T

Again, downstream concentrations must be less than or equal to upstream concentrations.
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For the initial cross section, the concentration of the tracer so [ML -3] is assumed to

be constant, and the flow downstream is

Qi (t -FT /2) = q(t ±T /2) + AQ01 (t -FT /2) = q(t +-c /2) + 	s
o

q(t)	 (3.13)
s t (t+-c)

If changes in the tracer injection rate are slow in comparison to the traveltime, apparent

changes in baseflow conditions will not be an artifact of the varying tracer injection rate.

Finally, this model assumes that there is no re-introduction of the tracer into the stream

when a gaining period follows a losing period.

Quantifying groundwater baseflow is a fairly natural extension of dilution

gauging theory. Monitoring temporal fluctuations in groundwater baseflow requires

recognition of how the element of time and non-steady state conditions affect the dilution

gauging system. Because the type of data available in the current study, a simplified

representation of the dilution gauging system was adopted. Although simplified, it still

accounts for unsteady in-stream flow and unsteady tracer flux using a traveltime estimate.

Once the equations are set up, calculating the stream hydrograph becomes a nugatory

task.
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4. Methodology

This section describes the methodology used to apply dilution gauging to the

quantification of diurnal fluctuations in groundwater baseflow on the San Pedro River in

southeastern Arizona. There are three subsections. The first gives an account of how the

data was gathered in the field, including a description of the site and experimental setup.

The second portion describes the basics of fluorometry and its laboratory methodology.

The last section explains the methodology employed in analyzing the data from the field

and laboratory to obtain streamflow estimates.

4.1 Field Methodology

This section describes the field methodology employed at the Lewis Springs study

site. Once the study site is characterized, the experimental setup and equipment are

explained. An account of the water tracer sampling procedure concludes the section.

The study reach under consideration here is on the San Pedro River east of Sierra

Vista, Arizona. The San Pedro River basin straddles the border between the United States

and Mexico, encompassing roughly 12,000 km2 (4633 mi2) (Figure 4.1). The headwaters

are located near the town of Cananea in Sonora, Mexico and the stream drains into the

Gila River near Winkelman, Arizona. Elevation ranges from roughly 900 m (2950 ft)

near Winkelman to 2900 m (9515 ft) above mean sea level in the upper basin. The upper

part of the basin is a biologically and climatically diverse area. In fact, the Nature

Conservancy has declared the San Pedro riparian corridor one of its "8 Last Great Places"
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of the world in terms of ecological diversity and importance (World Rivers Review,

1997). Rainfall patterns and high potential evapotranspiration in this semi-arid region

demand that the sensitive riparian habitat of the San Pedro be sustained by the regional

groundwater aquifer during many times of the year. But the natural water balance of the

area is being increasingly impacted by a growing human population and its activities. It is

particularly important to quantify the surface-groundwater interaction of the system in

order to provide guidance to those responsible for the management of limited water and

wildlife resources.

The Lewis Springs study reach is located on the San Pedro River approximately

13 km (8 mi) east of the city of Sierra Vista in Cochise County, Arizona. The site is just

downstream of the Arizona State Highway 90 bridge on the northward-flowing river

(Figure 4.2). Here the San Pedro River is a small, mildly meandering stream

characterized by steep channel banks cut from alluvial material. While there is no

permanent gauging system installed on the study reach, there is a gauge approximately

8.4 km (5.2 mi) downstream at Charleston, Arizona (Smith et al., 1994). This gauge

reports mean daily flows of 702 L/s, 379 L/s and 348 L/s (24.8 cfs, 13.4 cfs and 12.3 cfs)

for March, April and June, respectively (Figure 4.3). Minimum mean daily flows for

March, April and June are 229 L/s, 86 L/s and 34 L/s (8.10 cfs, 3.03 cfs and 1.19 cfs),

respectively. Flow is flashy, with large flood events during the late summer "monsoon."

Discharge on the Lewis Springs reach of the San Pedro River has similar characteristics,

though flows are likely lower in magnitude than those reported at Charleston. The

riparian vegetation near the stream consists primarily of cottonwoods, willows and
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Figure 4-4. Mean and minimum monthly flow rates on
San Pedro River at Charleston, Arizona.

understory species. The underlying geology consists of a floodplain aquifer, deposited by

the San Pedro River, embedded in a larger regional aquifer system (ADWR, 1991)

(Figure 4.4). Water moves laterally toward the stream from the mountains bordering the

regional aquifer, then upward into the floodplain aquifer. It then feeds into the San Pedro

River as it moves down the valley (Mac Nish et al., 1997).

Hydrologic fluxes on the study reach were examined during several forty-eight-

hour intensive measurement periods (synoptic runs). The synoptic runs, starting and

ending at two o'clock in the afternoon, reflect different degrees of evapotranspirative

stress (Table 4.1). This study examines data from synoptic runs in April and June, plus a

24-hour run in March. Data were also collected in August, but are not included in this

36



Table 4-1. Synoptic periods of study at Lewis Springs.

Synoptic Period
	

Date
Pre Green-up
Post Green-up
Summer (Pre-Monsoon)
Summer (Monsoon)

Mardi 19-20, 1997
April 19-21, 1997
June 7-9, 1997
August 14-15, 1997

analysis. During each synoptic run, measurements of water levels in both the stream and

underlying aquifers were taken every hour, along with measurements of tree sap-flow,

soil moisture and other measurements. While this thesis is limited to the analysis of the

dilution gauging data, its results will be combined with the other data to obtain a

comprehensive picture of the hydrologic fluxes of the riparian system.

Several methods were used to monitor streamflow in the San Pedro River during

each synoptic study: direct stage measurements, tracer dilution samples, and bubble-

gauge readings were taken at five cross-sections along the study reach (Figure 4.2).

Direct stage measurements were made from staff gauges or stilling pipes. Bubble gauge

sensors were installed at most cross-sections. However, direct stage and bubble-gauge

stage readings are difficult to translate into absolute or relative volumetric discharge for

want of reliable stage-discharge rating curves of adequate resolution for the study reach.

Additionally, an H-type flume was installed upstream of the first cross-section during the

June synoptic period, and current-meter measurements were taken periodically during

each synoptic period. Detailed discussion of these and other measurement techniques can

be found in Rantz et al. (1982).
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The dye injection system was installed several hundred meters upstream from the

first cross-section, south of the Arizona State Highway 90 bridge, in order to ensure

adequate mixing length. The injection apparatus was constructed of simple and

inexpensive materials, most of which were purchased at local hardware stores

(Figure 4.5). The dye reservoir was a 2 1/2-gallon plastic gasoline can, with its outlet sealed

and outfitted with a brass shut-off valve. A length of 1/4"-diameter polyethylene tubing led

from the reservoir to a regulator valve designed to administer intravenous fluids. This

regulator valve was used to select a dye injection rate appropriate for the streamflow

conditions. The injection apparatus was placed either mid-stream, hanging from a tripod

of steel fence-posts, or placed near the stream bank, hanging from a tree branch.

The dye used in this study was Rhodamine-WT, a fluorescent xanthene dye with a

color and consistency reminiscent of oxygen-starved blood. The concentration of

rhodamine dye in a water sample is measured using a fluorometer, a device which excites

the electrons of the dye molecules using ultraviolet light and measures the resulting

fluorescence. The level of fluorescence is proportional to the amount of dye present in the

water. Fluorometers like the Turner Designs Model 10 (used in this work) can measure

concentrations of less than 1 ptg/L (1 ppb). Despite its high detectability, the fluorometric

signature of Rhodamine-WT is unique, so that interference from natural background

fluorescence is not a significant problem. Rhodamine-WT also has the advantages of

being water soluble, inexpensive, and non-toxic in low concentrations (Kratzer and

Bragtan, 1997). It is a very conservative tracer, degraded very little by sunlight (Smart

and Laidlaw, 1977) and only slightly sorbed on channel beds and suspended sediment



Figure 4-5. Dye injection apparatus (photo courtesy
Bruce Goff).
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(Goodell and Steppuhn, 1973). Turner et al. (1991) reported that the loss of Rhodamine-

WT through submersed plant and algal uptake in the field should be insignificant over

relatively short periods. In addition to measuring discharge, Rhodamine-WT and similar

dye tracers are useful in traveltime, dispersion and flow pattern studies.

Volunteer technicians collected water samples at each cross section every hour

during each synoptic run. (Additional samples were collected hourly a few meters

downstream of the flume during the June synoptic run.) Samples were collected using

numbered 8-dram (29.6 mL) glass vials clamped to the end of a metal grab-pole, so as to

collect the sample from the main of the channel flow. The time and location of each

sample was noted on a data sheet. Additionally, the cross-sections were examined more

intensively by wading in the stream and collecting several water samples across the

section, with the purpose of checking the assumption that complete mixing had occurred

across the section. Samples also were taken above the injection site so as to check for

possible background fluorescence. Finally, samples of the dye itself were set aside for

laboratory analysis. All samples were stored in a light-proof cooler both in the field and

in transit to the laboratory.

The dye injection rate was monitored every hour, using a stopwatch to measure

the time it took for ten drops of dye to enter the chamber of the intravenous regulator

device. Because the drip rate in the chamber was virtually impossible to monitor at night,

the dye rate was also measured by timing the drops as they entered the stream. This way,

the nighttime "river" drip measurements could be correlated to the "chamber" drip

measurements.
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4.2 Laboratory Methodology

This section describes the laboratory analysis of the water samples after they were

brought in from the field, starting with a short primer on fluorometry. The specifications

of the fluorometer used in the current analysis follow. Finally, there is a explanation of

the laboratory procedure and quality control measures.

Fluorometry, known more formally as fluorometric analysis, employs the physical

phenomenon of fluorescence. Fluorescent substances emit light energy immediately upon

irradiation from an external source. When the light source is removed, the fluorescence

ceases. When a fluorescent substance absorbs light, its electrons become excited and

jump to a higher energy state. Light is emitted when the electrons settle back to their

ground state. The instrument used to measure the fluorescence of a substance is called a

fluorometer. A fluorometer gives a relative measure of the intensity of light emitted by

the fluorescent substance. The intensity of the fluorescence is directly proportional to the

amount of fluorescent substance present.

A Turner Designs Model 10 filter fluorometer (Turner Designs, 1974) was used

for this work. The fluorometer was outfitted with a 10-046 clear quartz lamp ultraviolet

light source, a primary filter combination of two Corning 1-60 filters and one Wratten 61

filter, and a secondary filter combination of a Corning 4-97 and a Corning 3-66 filter. The

primary filter combination narrows the spectrum of light from the lamp falling on the

sample, which is inserted into a cuvette holder with a light-proof cap on the front of the

machine. The secondary filters clarify the resulting fluorescence from the sample. The

Turner fluorometer has four scales (0-3.16 .tg/L, 0-10 .tg/L, 0-31.6 gg/L, and
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O-100 nip based on roots of ten. Once the fluorometer has been calibrated using a

blank sample and several known standard solutions, the resulting dye concentration

measurement is displayed on a needle scale.

Each water sample was measured for its fluorescence in the laboratory. First, a

small amount of the sample was used to rinse out the cuvette that fit the fluorometer

apparatus. The cuvette was then filled with sample water and a reading was taken. The

first aliquot was then dumped out, and the cuvette was refilled for a second measurement.

If the two measurements were not reasonably close to one another (within half the unit of

precision of the fluorometer scale), a third aliquot was draughted for measurement. This

procedure was repeated for each sample. Once the procedure was initiated, it took about

one hour to analyze thirty samples.

The concentration of the injected dye so was also measured using the fluorometer.

Unfortunately, extremely high concentrations like that of the injected dye would likely

overload the circuitry of the Turner Model 10 fluorometer. Therefore, the dye had to be

thinned by a series of three 1:100 parts by volume dilutions to be within a range

measurable by the Turner Model 10. The resulting concentration measurement s o, was

then multiplied by a factor derived from the equation

S o = Sm

( 1
(4.1)

\ SG DT

T	 V
DT = 	

dye

n=1 Vdye + VH20

(4.2)

where SG is the specific gravity of the dye, assumed to be 1.19 for Rhodamine-WT, and

DT is the total dilution, a product of the ratio Vaye parts dye to (Vdye+VH2o) parts solution
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for each dilution step. For this dilution series, the measured concentration was multiplied

by a factor of 1.226x10 6 . Because the opportunity for error was so high, each sample of

injection dye was tested numerous times to ensure that the result had a fair degree of

precision (variance over mean was less than 1%).

Several steps were taken to ensure quality control of the fluorometric analysis.

Standards of known concentration were tested frequently throughout the laboratory

analysis. It was found that the fluorometer calibration would drift during long periods of

operation. Therefore, the time of each standard and sample analysis was noted so as to be

able to correct the readings during later data analysis. The fluorometer was re-calibrated

if drift became unacceptably high. All readings were taken quickly, within several

seconds of inserting the water sample vial. A prompt reading prevents the fluorometer

light source from warming the sample and helps to eliminate errors due to temperature.

Many authors (including Lee, 1995) suggest using the most sensitive scale applicable to

the fluorescence of the sample. However, it was discovered that measurements taken

from different scales were difficult to reconcile, and switching from scale to scale

exacerbated drift from calibration. Therefore, the range selection was held constant for all

samples whenever possible.

4.3 Data Analysis Methodology

This section describes translation of the raw fluorometer readings from the

laboratory into volumetric discharge rates. This analysis began with an adjustment for

fluorometer error and drift. Data were then sorted according to time and sampling

location, and a curve fit to each time-concentration profile. Time of travel between each
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Figure 4-6. Schematic of fluorometer correction factor.

cross section had to be estimated before fmally calculating volumetric discharge rates for

the study reach. Additionally, there was a check of the assumption of complete mixing

and work with the dye injection rate.

Data analysis began by adjusting the raw fluorometer readings for fluorometer

error and drift. First, the raw fluorometer measurements for each sample were averaged

together. Next, a table of correction factors was developed for each known standard

solution. For each sample, a customized correction factor was developed with a

weighting scheme dependent on the raw measurement's distance from known standard

solution concentrations and the time the measurement was taken (Figure 4.6):
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(4.3)

k=lo,hi	 (4.4)

k=lo,hi	 (4.5)

Where (ms)t is the correction factor for a particular sample, sio and shi are the standard

concentrations bracketing the measured concentration s, and to and t1 are the standard

measurement times bracketing the time of fluorometer measurement t. While not a

perfect scheme, this "standardization" tightened the raw fluorometer numbers and lent

more confidence to the final results.

The adjusted concentration data points were then correlated to the time and

location of their sampling. Visual inspection of the time-concentration profiles

(chemographs) revealed that the response profile of each subsequent downstream profile

is shifted downward and to the right, consistent with the expectation that the study reach

is gaining discharge from groundwater baseflow. There were also samples used to check

the assumption of complete mixing across a cross section. These were checked for their

mean and standard deviation statistics.

A curve was fit to each time-concentration profile using a Fourier series model.

Fourier series are named for the French engineer Jean Baptiste Joseph de Fourier (1768-

1830), who first proposed that any arbitrary function defined on a finite interval could be

represented by a trigonometric series of sine and cosine functions (Lasser, 1996):



ka
f (t) =—+-9 + Ea, cos(mot)+ b n sin(mot)

A fifth-order (k=5) Fourier series approximation was used to fit the data in this

analysis. The reasons for selecting a Fourier series model in the present case were

several-fold. First, the general shape of the response profiles is sinusoidal in appearance.

And because a Fourier series consists of sines and cosines, it is a trivial matter to fmd its

derivative (the rate of change in concentration). This would be important later in

estimating the traveltime between sections. The number of parameters needed to obtain

an adequate fit to the data points is relatively small, and the parameters may have

significance beyond simply the curve fit. Finally, in comparison to linear interpolation

techniques, these parameters are relatively easy to use in the context of a spreadsheet.

The main disadvantage in using a Fourier series curve fit is related to its periodic

nature and a phenomenon known as aliasing. In signal processing, aliasing refers to the

spurious translation of power spectral density outside the critical frequency range into

that range (Press et al., 1988). Practically speaking for this work, this means that the

Fourier series model will tend to err at the beginning and end of a time period, especially

if the data points on either end of a time period have differing magnitudes. For the sake of

consistency and intuition, the period of all the curve fits was set at T=1 day (co-21T day -1 ).

To minimize the influence of end effects, the 48-hour sampling periods were broken into

three 24-hr long overlapping data sets (0-24 Hours; 12-36 Hours; and 24-48 Hours), each

with their own curve fit.

46
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In addition to the concentration data points, the tracer flux data also had to be

analyzed. Because the drip rate in the chamber was virtually impossible to monitor under

the cover of darkness, the dye flux was also measured by timing the rate of drops as they

entered the stream. These "river drops" were correlated to "chamber drops" using a

simple proportional relationship. The correlation coefficients for the March and June

synoptic periods were r2=0.8850 and r2=0.7343, respectively. (No correlation was

necessary for April because there was sufficient light for continuous measurement of

drops in the chamber.) Once consistent drip units were obtained, they were translated into

volumetric discharge rates. Laboratory analysis revealed that each drop of dye into the

intravenous apparatus chamber was equivalent to 0.077 mL Finally, just as with the

concentration data, a Fourier model curve was fit to the volumetric dye flux.

With the concentration profiles and Fourier series approximation in hand, it was

finally time to estimate to estimate streamflow through the reach. First, the basic

amplitude of the Fourier series model was used to approximate the overall gain in

baseflow through the reach. Additionally, 3-hour and 5-hour moving average of tracer

concentrations were used to estimate the diurnal fluctuation in the groundwater baseflow.

For a more detailed analysis of the data, it was necessary to estimate the time of travel

between sections. The time of travel could be estimated graphically by comparing similar

points on each concentration profile, but the low resolution of the data points and

relatively short traveltimes made a more rigorous method desirable. Therefore, similar

points were compared by using the first derivative of the Fourier series curve fit. First,

the derivative of each curve fit equation was plotted in order to visually estimate the
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zeroes of the function. Using this visual estimation as a starting point, the spreadsheet

solver was able to find the zero point of each corresponding chemograph extrema

mathematically. The concept of comparing similar points was carried even further by

finding the time of travel that minimized the sum of least squares difference between the

derivative of one response profile and others downstream:

min Eif , (0— f ' (t — )}2
	

(4.7)
1=0

5

f ' (t) = Ebn nw cos(no)t) — anco sin(nt)
	

(4.8)
n=1

This was an attempt to refine the time of travel estimate and ensure that it was

representative of the entire response profile and not a quirk of a particular curve fit. But

the complexity of the whole-profile time of travel estimate had quirks of its own.

Therefore, all time of travel estimates were checked for reasonableness. Negative

traveltime estimates were eliminated, as were any estimates that translated into extreme

flow velocities. In some cases, the unreasonable traveltime estimate was reverted to the

original zero-of-the-function estimate. In other cases, a number consistent with estimates

from the other periods of the same month was assumed, keeping similar traveltime

estimates within approximately ten minutes (0.01 day) of one another. The time of travel

between sections three and four during the June synoptic period was rounded down a few

minutes to two hours to facilitate flow calculations.

In its relative simplicity, the flowrate calculation seems an anti-climatic finale to

the data analysis. Like all the data analysis in this work, flowrate calculation was

accomplished using a commercially available spreadsheet program. A schematic diagram
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Figure 4-7. Schematic of flowrate calculation worksheet.

of the basic flowrate calculation spreadsheet is shown in Figure 4.7. There is a similar

algorithmic layout for each subsequent pair of cross-sections, so that the process is

iterated five times. (During the June analysis, a sixth iteration was added to account for

the flume.) The time step t is set to one hour, or two hours if the traveltime between cross

sections is longer than one hour. During the first iteration, Q(t)=q(t) is calculated from its

Fourier series model, while the dye concentration is held constant at so . Subsequently,

si(t) and si(t+T) are calculated from their Fourier model equations and WO is interpolated

linearly from the results of the previous iteration. The value of AQii(t+T/2) can calculated

from either Equation 3.10 or Equation 3.12, depending on whether the reach appears to
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be gaining or losing baseflow. If the downstream concentration measurement si(t+t) is

greater than the upstream measurement si(t), no calculation can be made. Because the

Q 1(t) term is linearly interpolated from previous iterations after the initial iteration,

calculations of flowrate at downstream cross-sections sometimes cannot begin until four

or five hours into the synoptic period.

As explained above, each 48-hour synoptic period was divided into three

overlapping 24-hciur data sets for curve-fitting. Each of these data sets (Hours 0-24,

Hours 12-36, and Hours 24-48) was used to estimate flow rate. Since the estimates did

not vary too greatly, the overlapping flow values were simply averaged together to

provide a continuous estimate of streamflow throughout the 48-hour time period.

A quick comparison of the dilution gauging results to independent measurements

of volumetric discharge using a current-meter (April) and flume (June) revealed that there

was very little agreement between the discharge estimates. While on the same order of

magnitude, the shape of the hydrographs conflicted greatly. As a result, it was decided to

disregard the tracer flux data and "peg" or combine the dilution gauging data to the

independent measurements. In essence, this provided a surrogate tracer flux rate to

replace the tracer flux at the injection site. For the April data, a stage-discharge rating

curve was developed and used to estimate a hydrograph from staff gauge readings at

section three. For the June data, the dilution gauging data were pegged to discharge

measurements at the flume, which were fitted with three overlapping Fourier model curve

fits just like the concentration profiles and flux measurements. These results will be

discussed along with the rest the in the following section.



51

5. Results and Discussion

This section contains the discussion of results. It is organized around the initial

chemographs developed from the fluorometer analysis. The general shape of the

chemographs is determined by the changes in the tracer flux into the stream. Each

successive chemograph is shifted downward and to the right, consistent with the

assumption of a stream gaining groundwater baseflow. The downward trend is likely the

result of increases in volumetric discharge due to baseflow. The rightward shift

demonstrates the time of travel it takes for the dye to reach each cross section. By

combining an analysis of both these trends, a stream hydrograph can be developed.

The general shape of each chemograph is determined by changes in dye mass flux

into the stream. The magnitude of each chemograph (Figure 5.1, Figure 5.2, and

Figure 5.3) is a function of the injection dye concentration, its flux into the stream, and

the stream discharge. To obtain the latter, the two former must be determined. The

injection dye concentrations for each synoptic run are listed in Table 5.1. Injection dye

concentration was assumed to remain constant throughout each synoptic period. But the

injection rate was found to be highly variable, with up to a 50% reduction in flux during

colder nighttime hours (Figure 5.4). The dye flux was closely correlated to temperature

(r2=0.9471 March, r2=0.8582 April, and r2=0.7621 June). This correlation may be due to

several things, the most likely being that lower temperatures decrease the viscosity of the

dye, causing a slower drip rate through the injection apparatus. Lower dye viscosity may

also increase the surface tension of the fluid and in turn enlarge the size of the drops.

Larger drop sizes would in turn mitigate the effect of a slower drip rate.
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2.0

Normalized Temperature

—	 Normalized Flux

,	 ,-2.0

3/19/97 3/19/97 3/19197 3/19/97 3/20/97 3120/97 3/20/97 3/20/97
10:00 14:00 18:00 22:00 2:00 6:00 10:00 14:00

Figure 5-4a. Correlation of dye flux and temperature,
March 19-20, 1997 (r2=0.9471).

4/19/97 4/19/97 4/20/97 4/20/97 4/20/97 4/20/97 4/21/97 4/21/97 4/21/97

14:00 20:00 2:00 8:00 14:00 20:00 2:00 8:00 14:00

Figure 5-4b. Correlation of dye flux and temperature,
April 19-21, 1997 (r2=0.8582).
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Figure 5-4c. Correlation of dye flux and temperature,
June 7-9, 1997 (r2=0.7621).

The chemograph at each successive downstream cross-section has a lower

amplitude than its predecessor. Neglecting dispersion and other possible routes of dye

losses, this decrease in amplitude must be due to increases in stream discharge. One of

the advantages of using a Fourier series model for curve fitting is that the first term of the

trigonometric series, 40/2, represents the basic amplitude of the signal. By using the basic

amplitude as a surrogate for the average concentration over time, we can obtain a rough

sketch of the behavior of the system. March stream discharge was approximately 205 L/s

(7.2 cfs), and only gained about 8 L/s (0.28 cfs), or 4.3% more flow through the study

reach (Figure 5.5). Baseflow was negligible between the first two cross-sections. April

stream discharge was on the order of 115 L/s (4 cfs), with small but consistent gains in



57

Table 5-1. Tracer dye concentration.

Synoptic Period Dye Concentration (g/L)
March 19-20, 1997 36.8
April 19-21, 1997 52.0
June 7-9, 1997 50.6
August 11-13, 1997 n/a

flow proceeding downstream (Figure 5.6). The total gain through the study reach was

1.9 L/s (0.07 cfs), only 1.6% of the total stream discharge. June stream discharge was

only on the order of 25 L/s (0.9 cfs). The stream appears to gain approximately 11 L/s

(0.39 cfs) of flow — a 45% increase over the discharge rate at the first cross section —

mostly downstream of cross-section three (Figure 5.7).

This is the most appropriate point in the discussion to talk about the assumptions

of complete mixing, the absence of natural fluorescence in the stream, and the general

quality of the data collected on the San Pedro. Additional samples were collected at

several sections during each synoptic run in order to test the assumption that complete

mixing had occurred both vertically and laterally. Fluorometric analysis of these samples

revealed some deviation in concentration across each cross section (Table 5.2).

Measurements closer to the streambank differed from those taken mid-stream, consistent

with the expectation that velocity gradients would foil ideal non-dispersive flow.

Alternatively, these concentration variations could be a result of inflow from the stream

banks. While the variation in tracer concentration across the cross-section is not enough
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Figure 5-5. Volumetric discharge gains and/or losses
using basic amplitude estimate,
March 19-20, 1997.

Figure 5-6. Volumetric discharge gains and/or losses
using basic amplitude estimate,
April 19-21, 1997.
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Figure 5-7. Volumetric discharge gains and/or losses
using basic amplitude estimate,
June 7-9, 1997.

to dismiss the assumption that complete mixing had occurred, it may cause trouble in

situations where there is relatively little tracer dilution. Fortunately, the situation on the

San Pedro was not complicated by the presence of background fluorescence. Water

samples taken upstream from the injection site elicited no response from the fluorometer,

indicating that there was negligible natural background fluorescence in the stream.

In addition to concentration variations across the cross-section, there are other

sources of error which may affect the quality of the data. First, the sampling frequency

may have been inadequate to describe the peaks and troughs of the complicated

chemographs resulting from rapidly changing dye flux. Second, precision of the

concentration measurements is only 1% of the fluorometer range. Combined error is



Table 5-2. Statistics for intensive sampling of cross-
sections, June 7-9, 1997.

Cross-Section Mean Conc. (ug/L) Std. Dey. (ug/L)
1 49.15 1.80
2 44.96 2.57
3 40.17 1.96
4 34.78 3.18
5 32.17 2.11

therefore possibly 2% when comparing two concentration measurements. These errors,

along with concentration gradients through the cross-section, will affect the results by

different degrees. In traditional constant-flux dilution, when stream discharge is

calculated at only one cross-section, small variations in measured downstream

concentration make little difference when the total dilution is on the order of 10,000%.

Therefore, the magnitude of the calculated streamflow at the first cross-section is not

greatly affected by errors in measurement of the downstream concentration. But in

comparing two successive cross-sections, where dilution due to baseflow gains may be

very small, the same variation in concentration measurement can make a large difference.

For instance, in the March and April data, a 2% variation in concentration across the

stream will greatly affect baseflow estimates since the apparent gain on the reach is only

on the order of 5-10%. In fact, many downstream tracer samples had a higher

concentration than their upstream counterparts, a physically impossible event if the same

parcel of streamflow was sampled. While in June, when baseflow caused greater dilution

(20%, maybe even 50%) of the tracer as it proceeded downstream, the same 2% had

much less significance to the results.
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Table 5-3. Traveltime estimates.

March Traveltime Estimates (min)
Site	 Injection	 XS 1	 XS 2	 XS 3	 XS 4	 XS 5

Injection
	

35
	

45
	

52
	

69
	

99
XS 1
	

10
	

17
	

34
	

64
XS 2
	

7
	

24
	

54
XS 3
	

17
	

47
XS 4
	

30
XS 5 •

April Traveltime Estimates (min)
Site	 Injection	 XS 1	 XS 2	 XS 3	 XS 4	 XS 5

Injection
	

89
	

97
	

109
	

120
	

137
XS 1
	

8
	

20
	

31
	

48
XS 2
	

12
	

23
	

40
XS 3
	

11
	

28
XS 4
	

17
XS 5

June Traveltime Estimates (min)
Site	 Injection Flume	 XS 1	 XS 2	 XS 3	 XS 4	 XS 5

Injection
	

88
	

96
	

136
	

170
	

288
	

383
Flume
	

8
	

48
	

82
	

200
	

295
XS 1
	

40
	

74
	

192
	

287
XS 2
	

34
	

152
	

247
XS 3
	

118
	

213
XS 4
	

95
XS 5

The rightward shift of each chemo graph is a function of the time necessary for the

dye to proceed from one cross section to the next. Traveltimes were assumed constant

throughout each 24-hour data analysis period. Table 5.3 lists the approximate traveltime

between each cross section. The magnitude of the traveltimes is consistent with the shifts
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visible on the chemographs. Many of the March and April traveltimes are small enough

to be rendered practically instantaneous on the hourly time scale of the flowrate

calculation algorithm. Nevertheless, even small traveltimes may become important when

the rate of change in dye flux is high. On the other hand, many of the June traveltimes are

excessively long, to the point where dye injection rate changes and potential dye loss

might be a problem.

Developing a complete stream hydrograph requires accounting for both time shift

and magnitude changes in the chemographs. Hydrographs for April and June were

developed following the solution methodology presented in the previous section. The

March hydrograph was calculated using only one 24-hr (13:00 - 13:00) curve-fitting

period. The general trends found in the basic amplitude rough sketch hold true for the

April hydrograph (Figure 5.8, Figure 5.9). Flow varies between 95 L/s and 130 L/s

(3.35 cfs and 4.60 cfs). The highest flows occur in the mid-afternoon then steadily

decrease until dawn of the next morning. Interestingly, this mimics the pattern of changes

in the dye injection rate over time. What could not be seen in the rough sketch is the

distribution of gains and losses over time. The stream is a predominantly gaining reach.

The gains are consistent and unremarkable, proceeding downstream with a total gain over

the reach varying between 0 — 6 L/s (0 - 0.21 cfs). One notable feature of the April

hydrograph is a sharp drop in the baseflow starting about 8:00 a.m. and continuing until

about 2:00 p.m. in the afternoon.
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The June hydrograph exhibits behavior similar to its April counterpart

(Figure 5.10, Figure 5.11). The stream is again a predominantly gaining reach in June. As

expected from the basic-amplitude sketch, flow through the first part of the reach varies

between 23 Lis and 40 Lis (0.81 cfs and 1.41 cfs). There is a sharp increase in flow

between sections three and four, where 2-6 Lis (0.07-0.21 cfs) of discharge is added.

While these gains are approximately the same magnitude as in April, they constitute a

relatively higher proportion of the total flow in the stream. On top of this, another 1-2 Lis

(0.04-0.07 cfs) is added between the final two cross-sections. Like the April hydrograph,

there is noticeable decrease in groundwater baseflow in the morning, but baseflow

increases by the beginning of the afternoon.

The March hydrograph is much shorter and consequently holds less information

than the April and June curves (Figure 5.12, Figure 5.13). March flow hovers around

205 Lis (7.2 cfs) throughout the day. The most interesting and inexplicable feature of the

March hydrograph is the sharp increase in baseflow at the end of the reach after midnight,

which falls off just as rapidly when the sun comes up. Because of the timing of the data

collection, it is difficult to tell if the decrease in baseflow continues through the morning

as it did during the April and June synoptic periods.

The hydrographs derived from dilution gauging data were compared to the

independently measured discharge estimates. The April dilution-gauging hydrograph was

compared to current-meter measurements taken at cross-section three during the same

time period. While the measurements are on the same order of magnitude, there is very

little correlation between the two discharge estimates (Figure 5.14). The June dilution-
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gauging hydrograph tracks extremely well with the flume estimates for the first part of

the synoptic period, but its correlation is sporadic at best after the first twenty-four hours

(Figure 5.15). In order to gain a better understanding of the system, it was decided to

avoid errors associated with monitoring the varying injection rate and "peg" the June

results to the independent flow measurements by the flume. In essence, dye flux was

replaced by the combination of the volumetric discharge and tracer concentration

measured at the flume. A similar approach was used to analyze the April data, using a

stage-discharge relationship developed from current-meter measurements at cross-section

three.

The April hydrograph based on stage-discharge relationship was significantly

different than the dilution gauging hydrograph. There were a total of nineteen current-

meter measurements taken during the April synoptic period at cross-section three. The

resulting data had a large degree of scatter, and several of the outlying measurements had

to be thrown out before obtaining a reasonable (r2=0.7561) fit (Figure 5.16). A simple

linear regression model was used (rather than the power-fit usually used for stage-

discharge rating curves) because of the extremely small variations in stage and

volumetric discharge involved. Flows on the stage-discharge hydrograph were much less

variable than the dilution gauging estimates (Figure 5.17), only varying between 115 L/s

(4.1 cfs) and 130 L/s (4.6 cfs). The discharge estimates were higher, but the relative gains

and losses at downstream cross-sections were on the same order of magnitude

(Figure 5.18, Figure 5.19). It is more difficult to see the morning downturn in baseflow to

the stream. The revised June hydrograph did not change significantly from the original
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estimate of the dilution-gauging hydrograph (Figure 5.20, Figure 5.21). The magnitude of

flow is virtually unchanged, except for a reduction in the discharge rate at section four.

The majority of baseflow gains still occur on the downstream part of the reach. The

morning-time decrease in baseflow is still very noticeable.

Additional analysis of the diurnal fluctuation in groundwater baseflow was

performed using 3-hour and 5-hour moving average of the in-stream concentration

measurements. The moving-average estimates were pegged to both dye flux and

independent measurements of streamflow, like the traveltime estimates. This analysis is

useful in determining if elements of the traveltime method, such as the traveltimes

themselves and the periodicity of the Fourier series model, unduly affected the resulting

streamflow estimates.

During the April synoptic run, the moving average estimates pegged to dye flux

measurements follow the trends of the traveltime-derived hydrograph (Figure5.22). The

moving-average hydrograph has exaggerated peaks and troughs, including a sharp spike

of around 160 L/s (5.65 cfs) near the end of the first day of the synoptic run. The moving

average estimate, when pegged to the stage-discharge curve, follows the traveltime-stage

hydrograph very closely until the end of the first day, when the moving-average estimate

continues to hover around 130 L/s (4.60 cfs), while the traveltime-stage hydrograph dips

below 120 L/s (4.24 cfs). For the June synoptic run, the moving-average hydrograph is

indistinguishable from the traveltime estimates when pegged to flume discharge

(Figure 5.23). As with the April dye flux pegs, the traveltime method softened the

extremes of the hydrographs developed from moving-average method.
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Table 5-4. Baseflow averaged over distance.

Baseflow Averaged Over Distance (L/s/m)
Reach March April June

XS 1 - 2 0.001 0.032
XS 2 - 3 0.129 0.011 0.009
XS 3 -4 0.008 0.008 0.041
XS 4 - 5 0.015 0.003 0.020

Because the moving-average hydrographs matched well with their traveltime

method for their respective "peg" (dye flux and independent streamflow measurement), it

is reasonable to say that the traveltime method did not impose any periodicity on the

results. Rather, the unsteady dye flux had an inordinate effect on the resulting

hydrographs, since hydrographs derived from dye flux measurements fluctuate wildly no

matter if a traveltime or moving-average method was used. Even using a five-hour

moving average, some downstream concentrations were greater than their upstream

counterparts. This indicates that changes in the dye flux rate were too drastic, or perhaps

that the amount of dilution between cross-sections too small to be discerned given the

precision of the measurement methods.

There may be several explanations for the sharp increases in flow on the

downstream end of the study reach during the June synoptic period, and why such an

extreme gain does not appear on the April hydrograph. First, the downstream reaches are

substantially further apart than the first three cross-sections. This means that groundwater

baseflow occurs over a longer distance. Comparing the rates as a function of distance,
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baseflow gains are more consistent throughout the reach (Table 5.4). The reason the

substantial increases in June are not present in the April hydrograph likely has to do with

the drastic difference in traveltimes during the different synoptic runs (see Table 5.3).

Simply put, there is more water input to the stream because there is more time to put it

there. But longer traveltimes open the possibility that the apparent flow increases are not

a function of groundwater baseflow at all, but are the results of other processes like dye

loss due to photodegradation and sorption. Longer traveltimes may allow for more

photodegradation by the sun. Smith and Laidlaw (1977) estimate the exponential decay

constant of Rhodamine-WT to be 1.5x10 -3 day -1 in bright sunlight, which means that

photodegradation perhaps causes a 0.0125% drop in tracer concentration and an

overestimate of discharge during the two hours it takes for the tracer to meander between

sections three and four. The small magnitude of the photodegradation makes it an

unlikely cause of error, especially considering that most of the stream was shaded by a

thick canopy of trees during the June synoptic run. While the time rate of sorption onto

clays in the streambed is less easy to predict, sorption losses might be an issue.

The apparent drastic increase in baseflow to the stream downstream cross sections

during June could also be due to dispersive effects. The more elongated the component

slug-response curves of the concentration profile become due to longitudinal dispersive

mixing, the greater the probable error in the dilution gauging measurement. Flow

conditions on the lower end of the study reach during the June synoptic were virtually

stagnant in places. Low flow velocity not only increases traveltime, but increases the

effects of dispersion. This increased dispersion may have "smudged" the chemograph



84

enough to cause an overestimate of discharge. Longer traveltimes may also caused the

solution algorithm to miss changes in tracer flux, even though they were relatively slow.

The results of the dilution gauging study correspond with the results of some of

the other research at the Lewis Springs study site. For instance, the predominantly

gaining stream matches the trends found in the piezometric surfaces of the groundwater

system in the area. Also, the decrease in baseflow in the morning is an interesting

phenomenon most likely caused by the effect of vegetative transpiration. The pattern of

baseflow changes matches the decrease and sudden shut-off of sap-flow found by other

researchers at the Lewis Springs study site. The larger drop in downstream cross-sections

may be a reflection of the greater density and proximity to the stream of the trees in those

locations.

In summary, dilution gauging reveals that the San Pedro River at Lewis springs is

a predominantly gaining stream. The gains in flow are similar in magnitude for both

April and June, but the June baseflow constitutes a greater proportion of the total stream

discharge. Both hydrographs exhibit a decrease in baseflow in the morning hours, which

corresponds to variations in the respiration of stream-side phreatophytes like cottonwood

trees. The dilution gauging estimates do not match very well with independent

measurements of volumetric discharge. But the April current-meter measurements were

plagued with a high degree of scatter, and pegging the June dilution gauging data to

flume measurements did not alter the results significantly. There is a strong possibility

that dispersion might have caused an overestimation of discharge at the downstream

cross-sections, especially during the low-velocity conditions of the June synoptic run.
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6. Conclusions

There are two major conclusions that can be drawn from this thesis. The first is on

the conceptual level, and the second is a result of its application to the data at hand:

• It is possible to quantify temporal changes in groundwater baseflow using dilution

gauging, even when the tracer flux is unsteady, once the equations are modified

slightly to acknowledge unsteady conditions by including an expression of traveltime.

• The results of this analysis indicate that the San Pedro River at Lewis Springs Study

reach derives less than 5% of its total flow from the groundwater system during the

winter months and spring-green up. But when the vegetation is in full bloom during

the summer months, it appears to depend very heavily on groundwater baseflow to

supply its water.

While the results of this study are generally reliable in trends and magnitude, there are a

several things that would increase accuracy in future studies. First, it would be better to

eliminate uncertainties about dye flux. One should ensure that the dye flux is indeed

constant, or at least keep the rate of change in the flux to a minimum and monitor it more

precisely during the study period. When traveltimes are lengthy (as in the June synoptic

run), either the sampling rate should be increased, the study reaches shortened, or both.

Ideally, tracer concentrations would be continuously monitored by a field fluorometer.

When the level of dilution between cross-sections is very low (as in the March and April
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synoptic runs), it may wise to devise an alternative method to constant-flux dilution so

that smaller relative gains in baseflow can be detected. One possibility would be a series

of finite-mass-dilutions spaced according to the traveltime through the reach. Lastly, it is

an excellent idea to have ample independent measurements of volumetric discharge, both

upstream and downstream of the study reach, to assuage uncertainty about dilution

gauging measurements.
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Concentration (ug/L)
Date-Time XS 1 XS 2 XS 3 XS 4 XS 5
3/19/97 13:30 12.47 12.28 12.19 11.68 11.60
3/19/97 14:30 12.28 12.14 11.99 11.58 11.30
3/19/97 15:30 12.23 12.10 11.99 11.92 11.67
3/19/97 16:30 12.01 11.77 11.71 11.84 11.68
3/19/97 17:30 11.40 11.41 11.52 11.24 11.36
3/19/97 18:30 10.45 10.55 10.18 10.17 10.82
3/19/97 19:30 9.27 9.09 9.01 9.53 9.94
3/19/97 20:30 8.65 8.81 8.70 8.18 8.85
3/19/97 21:30 7.77 8.10 7.51 8.09 8.25
3/19/97 22:30 7.41 7.26 7.16 7.54 7.51
3/19/97 23:30 6.92 6.87 6.90 6.82 6.95
3/20/97 0:30 6.49 6.52 6.42 6.47 6.68
3/20/97 1:30 6.38 6.32 6.02 6.67 6.23
3/20/97 2:30 6.05 6.33 6.07 6.24 5.89
3/20/97 3:30 5.93 6.22 5.92 5.93 5.55
3/20/97 4:30 5.85 5.92 5.59 5.89 5.13
3/20/97 5:30 5.53 5.46 5.38 5.47 5.29
3/20/97 6:30 5.31 5.16 5.35 5.08 5.21
3/20/97 7:30 5.82 5.71 5.62 5.17 5.13
3/20/97 8:30 6.88 6.91 6.59 5.92 5.54
3/20/97 9:30 8.60 8.38 8.11 7.50 7.08

3/20/97 10:30 10.56 10.27 9.87 9.19 8.54
3/20/97 11:30 11.74 11.96 11.47 11.02 10.35
3/20/97 12:30 11.59 11.72 11.16 11.22 10.99
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Concentration (ug/L)
Date-Time XS 1 XS 2 XS 3 XS 4 XS 5
4/19/97 14:30 9.53
4/19/97 15:30 10.05 10.08 10.05 9.80 9.58
4/19/97 16:30 10.22 10.43 10.27 9.97 9.88
4/19/97 17:30 9.82 9.68 9.70 9.61 9.55
4/19/97 18:30 9.73 9.61 10.23 10.21 10.15
4/19/97 19:30 10.09 10.13 9.77 9.96 10.00
4/19/97 20:30 9.91 9.89 9.77 9.80 9.73
4/19/97 21:30 9.84 9.78 9.73 9.68 9.65
4/19/97 22:30 9.59 9.56 9.50 9.44 9.49
4/19/97 23:30 9.37 9.32 9.26 9.25 9.33
4/20/97 0:30 9.35 9.20 9.14 9.11 9.10
4/20/97 1:30 9.24 9.22 9.14 9.04 8.98
4/20/97 2:30 8.92 8.98 8.98 9.06 9.07
4/20/97 3:30 8.88 8.91 8.84 8.86 8.90
4/20/97 4:30 8.63 8.76 8.86 8.69 8.71
4/20/97 5:30 7.37 7.37 7.37 7.46 7.63
4/20/97 6:30 7.32 7.27 7.28 7.24 7.21
4/20/97 7:30 7.44 7.38 7.32 7.26 7.20
4/20/97 8:30 7.50 7.48 7.42 7.45 7.33
4/20/97 9:30 7.76 7.67 7.64 7.52 7.38

4/20/97 10:30 7.69 7.59 7.56 7.56 7.52
4/20/97 11:30 8.49 8.47 8.34 7.87 7.65
4/20/97 12:30 9.51 10.04 10.16 9.80 9.49
4/20/97 13:30 10.14 10.19 10.35 10.26 10.20
4/20/97 14:30 10.07 10.10 10.10 10.05 10.08
4/20/97 15:30 10.17 10.17 10.10 10.04 9.90
4/20/97 16:30 10.31 10.26 10.19 10.06 10.02
4/20/97 17:30 10.26 10.25 10.29 10.22 10.19
4/20/97 18:30 10.15 10.20 10.18 10.14 10.05
4/20/97 19:30 10.02 10.07 9.97 9.98 9.91
4/20/97 20:30 9.73 9.64 9.60 9.70 9.73
4/20/97 21:30 9.58 9.29 9.17 9.16 9.23
4/20/97 22:30 9.27 9.18 9.10 8.97 9.07
4/20/97 23:30 9.21 9.20 9.11 8.96 8.93
4/21/97 0:30 8.94 8.97 8.91 8.89 8.83
4/21/97 1:30 8.78 8.79 8.73 8.75 8.71
4/21/97 2:30 8.73 8.68 8.65 8.65 8.73
4/21/97 3:30 8.62 8.59 8.58 8.56 8.80
4/21/97 4:30 8.47 8.56 8.56 8.52 8.57
4/21/97 5:30 8.43 8.48 8.48 8.42 8.41
4/21/97 6:30 8.06 8.20 8.30 8.12 8.13
4/21/97 7:30 8.05 8.17 8.10 7.96 7.90
4/21/97 8:30 8.55 8.33 8.32 8.09 7.96
4/21/97 9:30 8.83 8.70 8.57 8.39 8.22

4/21/97 10:30 9.51 9.41 8.91 8.73 8.51
4/21/97 11:30 10.31 10.44 10.21 9.90 9.57
4/21/97 12:30 10.29 10.19 9.99 9.99 10.03
4/21/97 13:30 9.93
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Concentration (ug/L)
Date-Time Flume XS 1 XS 2 XS 3 XS 4 XS 5

6/7/97 14:30 47.11 45.83 41.72 37.94 22.68 7.17
6/7/97 15:30 46.27 45.78 41.84 39.45 27.02 14.40
6/7/97 16:30 46.56 46.13 42.39 40.96 29.91 21.12
6/7/97 17:30 47.93 47.32 43.07 41.30 31.76 25.34
6/7/97 18:30 48.39 47.85 44.44 42.78 31.82 25.37
6/7/97 19:30 46.92 46.44 44.17 42.73 30.11 28.52
6/7/97 20:30 44.42 44.23 42.45 42.10 32.37 28.11
6/7/97 21:30 42.22 42.08 40.93 40.86 35.54 27.68
6/7/97 22:30 40.19 39.44 38.47 38.33 36.00 31.15
6/7/97 23:30 38.13 37.17 36.34 34.91 33.82 32.26

6/8/97 0:30 36.95 36.18 34.98 31.26 30.30 30.81
6/8/97 1:30 35.62 35.49 33.99 33.24 29.96 30.65
6/8/97 2:30 34.05 33.70 33.15 32.27 28.77 29.31
6/8/97 3:30 32.66 32.03 31.64 30.84 26.97 27.56
6/8/97 4:30 31.15 30.30 30.01 29.52 27.82 27.03
6/8/97 5:30 29.50 28.54 28.37 28.27 26.34 26.35
6/8/97 6:30 27.54 26.89 26.63 26.74 24.53 24.98
6/8/97 7:30 27.70 27.20 25.84 25.33 23.47 23.78
6/8/97 8:30 30.69 29.30 26.87 25.39 21.35 22.71
6/8/97 9:30 32.63 31.95 27.89 25.91 20.29 20.78

6/8/97 10:30 36.11 34.63 30.56 27.96 20.12 20.27
6/8/97 11:30 38.45 36.90 33.31 30.74 20.88 20.12
6/8/97 12:30 41.00 39.88 35.88 33.43 23.13 20.91
6/8/97 13:30 44.61 43.10 38.65 36.07 27.65 23.02
6/8/97 14:30 47.71 46.66 42.41 40.14 31.39 25.78
6/8/97 15:30 49.27 48.60 43.77 41.15 32.81 28.07
6/8/97 16:30 51.00 50.70 45.98 43.20 34.69 29.16
6/8/97 17:30 51.35 50.47 47.42 44.96 35.28 30.29
6/8/97 18:30 52.15 50.70 47.32 44.63 36.53 31.85
6/8/97 19:30 50.87 50.35 48.75 46.01 35.89 33.93
6/8/97 20:30 48.37 47.95 50.79 46.93 38.64 35.67
6/8/97 21:30 46.50 46.03 46.32 45.76 39.91 36.28
6/8/97 22:30 42.75 42.54 42.76 41.96 38.51 35.81
6/8/97 23:30 40.63 39.61 39.17 38.95 38.12 36.29
6/9/97 0:30 39.14 38.33 38.92 37.34 37.47 36.05
6/9/97 1:30 37.74 37.98 36.95 38.46 36.12 35.00
6/9/97 2:30 33.95 33.91 32.91 32.09 31.59 31.38
6/9/97 3:30 33.64 33.23 31.91 31.77 30.08 30.00
6/9/97 4:30 32.66 32.25 31.69 31.56 31.36 30.12
6/9/97 5:30 31.67 31.64 31.02 31.22 29.16 28.89
6/9/97 6:30 31.03 30.98 30.39 29.66 28.77 27.82

6/9/97 7:30 31.54 30.80 29.53 28.52 27.24 26.79

6/9/97 8:30 32.71 32.10 30.34 29.37 25.34 24.99
6/9/97 9:30 36.22 35.21 31.50 28.89 24.47 22.81

6/9/97 10:30 39.12 39.20 33.62 30.87 25.12 21.48
6/9/97 11:30 41.70 42.01 37.61 33.46 22.06 21.21
6/9/97 12:30 46.09 46.08 41.92 35.67 27.35 23.13
6/9/97 13:30
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