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Statistical Analysis and Mathematical Modeling of a
Tracer Test on the Santa Clara River, Ventura

County, California

By Katherine Schipke Paybins, Tracy Nishikawa, John A. Izbicki, and Eric G. Reichard

ABSTRACT

To better understand flow processes, solute-
transport processes, and ground-water/surface-
water interactions on the Santa Clara River in Ven-
tura County, California, a 24-hour fluorescent-dye
tracer study was performed under steady-state
flow conditions on a 28-mile reach of the river.

The study reach includes perennial (upper-
most and lowermost) subreaches and ephemeral
subreaches of the lower Piru Creek and the middle
Santa Clara River. Dye was injected at a site on
Piru Creek, and fluorescence of river water was
measured continuously at four sites and intermit-
tently at two sites. Discharge measurements were
also made at the six sites. The time of travel of the
dye, peak dye concentration, and time-variance of
time-concentration curves were obtained at each
site. The long tails of the time-concentration
curves are indicative of sources/sinks within the
river, such as riffles and pools, or transient bank
storage. A statistical analysis of the data indicates
that, in general, the transport characteristics follow
Fickian theory.

These data and previously collected dis-
charge data were used to calibrate a one-
dimensional flow model (DAFL.OW) and a solute-
transport model (BLTM). DAFLOW solves a sim-
plified form of the diffusion-wave equation and
uses empirical relations between flow rate and
cross-sectional area, and flow rate and channel
width. BLTM uses the velocity data from
DAFLOW and solves the advection-dispersion
transport equation, including first-order decay.

The simulations of dye transport indicated
that (1) ground-water recharge explains the loss of
dye mass in the middle, ephemeral, subreaches,
and (2) ground-water recharge does not explain the
loss of dye mass in the uppermost and lowermost,
perennial, subreaches. This loss of mass was sim-
ulated using a linear decay term. The loss of mass
in the perennial subreaches may be caused by a
combination of photodecay or adsorption/desorp-
tion.

INTRODUCTION

Purpose and Scope

The U.S. Geological Survey (USGS), in
cooperation with the United Water Conservation
District (UWCD), completed a 24-hour tracer study on
the Santa Clara River in Ventura County, California,
October 25-26, 1994. The dye-tracer study was
designed to quantify recharge/discharge relations, to
obtain traveltime data, and to calibrate flow and solute-
transport models. Typically, dye-tracer studies have
been done on perennial streams in the Midwestern and
Eastern United States (for example, Nordin and Sabol,
1974), and the authors believe that this test is one of the
first to be performed on a stream with ephemeral
subreaches in the Western United States. This report
consists of a description of the method of the tracer test,
descriptive and statistical analyses of the data, and
modeling results using these data. The velocity and
concentration measurements were used to calibrate two
one-dimensional models: a flow model, DAFLOW, and
a solute-transport model, BLTM, (Jobson, 1989;
Jobson and Schoellhamer, 1993).

Introduction 1



The dye-tracer study was part of a larger USGS
study of surface-water/ground-water interactions in the
Santa Clara River Valley. The Santa Clara River is the
principal source of recharge to ground water in the
valley and in the Oxnard Plain. The UWCD operates
two major surface-water facilities in the Santa Clara
Valley: Santa Felicia Dam on Piru Creek is used for
storage in Lake Piru and release to the Santa Clara
River, and the Freeman Dam and Diversion at the lower
end of the Santa Clara Valley is used to divert water to
Oxnard Plain for ground-water recharge and direct
surface-water delivery.
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Description of Study Area

The lower Santa Clara River Valley is in the
Santa Clara—Calleguas Hydrologic Unit in Ventura
County, southern California (fig. 1). From the Los
Angeles County line to the Pacific Ocean, the river
flows through agricultural fields and small urban com-
munities in the valley. The study area consists of a 28-
mile reach of the Santa Clara River system, and
includes Piru Creek, downstream from Santa Felicia
Dam on Lake Piru, and the Santa Clara River from Piru
Creek downstream to Freeman Diversion (fig. 1). The
study reach includes perennial (uppermost and lower-
most) subreaches and ephemeral subreaches of the
lower Piru Creek and the middle Santa Clara River
(Reichard and others, USGS, written commun., 1997).
Perennial flow in the river is maintained by releases
from Santa Felicia Dam, by sewage effluent, and by
ground-water discharge. The river channel is sandy and
braided.

From Santa Felicia Dam, water is released to
Piru Creek, which is a tributary of the Santa Clara
River. Releases from the dam control the flow in the
Santa Clara River in nonstorm periods. Generally, the

dam is operated to collect water in Lake Piru in wet
months (primarily winter) and release water to Santa
Clara River in dry months. The controlled releases
typically range from 100 to 350 ft¥/s.

The ground-water system in the Santa Clara
River Valley consists of three ground-water subba-
sins—Piru, Fillmore, and Santa Paula—whose areas
are about 11, 30, and 20 mi2, respectively. The subba-
sins are composed of alluvium of Holocene age that
ranges in thickness from 150 to 400 ft and underlying
older marine and continental deposits that are as much
as 6,000 ft thick (Densmore and others, 1992). The
main source of recharge to the aquifers is infiltration of
streamflow from the Santa Clara River and its tributar-
ies. Total water use in the three subbasins is approxi-
mately 90,000 acre-ft/yr, most of which is ground
water.

Regular measurements of discharge and water
quality have been made at 25 locations along the Santa
Clara River and its tributaries for the past several years
(Reichard and others, USGS, written commun., 1997).
Four of the sites are USGS long-term continuous-
record gaging stations. The other sites are
miscellaneous-measurement stations chosen specifi-
cally for this and a previous USGS study (Densmore
and others, 1992). Generally, these data indicate that
flow loss to ground-water recharge, diversions, and
evapotranspiration occurs throughout most of the Piru
Subbasin and the upstream part of the Fillmore Subba-
sin. Outflows from ground-water discharge occur at the
Piru Narrows between the Piru and Fillmore Subbasins
and at the Fillmore Narrows between the Fillmore and
Santa Paula Subbasins (fig. 1).

Previous Studies

Surface-water tracer tests traditionally have been
used to ascertain the flow characteristics (such as dis-
charge) or to calibrate models of streams and rivers (for
example, Ishii and Wilder, 1993; Kilpatrick and Cobb,
1985). Tracer tests also have been used to ascertain the
transport characteristics, such as traveltime, peak con-
centration, and longitudinal dispersion, and interaction
with the hyporheic zone of streams and rivers (Bros-
hears and others, 1993; Graf, 1995; Harvey and others,
1996; Jobson, 1987, 1996; Kilpatrick and Wilson,
1989; Turner, 1994). The hyporheic zone is the near-
surface zone where small-scale (centimeter to meter)
exchanges of water occur between the channel and the
subsurface.
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Kilpatrick and Wilson (1989) and Wilson and
others (1986) recommend the use of rhodamine WT as
the tracer and emphasize the need for careful design of
tracer studies. They describe the field methodology
required to use dye tracers to estimate the time of travel
of a stream. The resulting traveltime-distance curves
can be used to estimate the time required for a solute to
pass through the study reach.

Jobson (1987) developed and applied one-
dimensional flow and solute-transport models to four
rivers under different flow conditions to estimate the
longitudinal dispersion and first-order decay coeffi-
cients. He outlines a systematic parameter estimation
of procedure for the solute-transport models. His
model-derived estimates of the dispersion coefficient
are comparable to estimates made on the basis of ana-
lytic solutions but are generally less than values esti-
mated using the method of moments.

Nordin and Sabol (1974) statistically analyzed
data from 51 tracer experiments performed on rivers
primarily located in the Midwestern and Eastern
United States. Their goal was to ascertain if the
longitudinal dipersion processes in these rivers follow
one-dimensional, Fickian-type diffusion theory using
empirical relations. A river is Fickian if the transport
processes in the river follow the convection-dispersion
equation. They developed statistical relations between
traveltime, peak concentration, travel distance and
variance in time and distance of the dye plumes. These
equations are discussed more fully later in this report.

Harvey and others (1996) used subreach-scale
measurement of hydraulic heads and hydraulic conduc-
tivity to compute streambed fluxes (hydrometric
approach) in order to determine the reliability of the
stream tracer approach in characterizing hyporheic
exchange. They found that the stream tracer approach
was more reliable at characterizing subsurface
exchanges at lower baseflow and rapid exchange (that
is, time scale of hours) between the stream and its
gravel bed than was the subreach-scale measurement of
hydraulic heads and hydraulic conductivity to compute
streambed fluxes (the hydrometric approach).

Jobson (1996) used empirical relations to esti-
mate unit peak concentration, time of travel of peak
concentration, time of travel of the leading edge, and
time of passage. He applied these relations to data col-
lected from 60 rivers and found that unit peak concen-
tration was well correlated with traveltime of the peak
concentration. Traveltime of unit peak concentration
was calculated on the basis of the highest probable

velocity of the unit peak concentration, which in turn is
a function of drainage area, flow rate, and reach slope.
Jobson also found that traveltime of the leading edge
was about 89 percent of the traveltime of the unit peak
concentration.

Densmore and others (1992) studied the Santa
Clara River to determine the effects of three different
release rates of water from Lake Piru on water quality
and on ground-water recharge in the three subbasins.
The study was done during a drought period (1987-92)
when base flow in the river occurred solely in the reach
between the lower Fillmore Subbasin and the Freeman
Diversion (fig. 1). The results of that study showed that
at three different rates of release from the dam (100,
272,and 391 ft3/s), most of the recharge occurred in the
Piru and Fillmore Subbasins and water quality
degraded in the Santa Paula Subbasin because of the
discharge of high-sulfate ground water to the Santa
Clara River at the Fillmore Narrows. The 391-ft*/s
release was found to be the most efficient rate both to
recharge the ground-water subbasins and to deliver
water to the Freeman Diversion.

THETRACER TEST

Experimental Design

A fluorescent dye, rhodamine WT, was intro-
duced into Piru Creek at the Santa Felicia Dam, and
dye concentration was measured at six sites over a 28-
mile reach of Piru Creek and the Santa Clara River
from the Santa Felicia Dam on Lake Piru to Freeman
Diversion (fig. 1). Standard methods of estimation of
dye dosage, sampling, and laboratory analysis of dye
samples were used in this study (Kilpatrick and Wilson,
1989; Wilson and others, 1986). Continuous data were
collected using a flowthrough apparatus on a fluorom-
eter at four sites: Torrey Road (site 2), Chambersburg
Road (site 4), South Mountain Road (site 5), and Free-
man Diversion (site 6). Intermittent samples were col-
lected manually at three sites: Piru Creek (site 1),
Torrey Road (site 2), and Cavin Road (site 3). The six
sites were chosen on the basis of their location in rela-
tion to the ground-water subbasin narrows, accessibil-
ity, and (or) proximity to the initial dye-injection point
(fig. 1).

The slug-injection method was used to introduce
the dye into the flow (Kilpatrick and Cobb, 1985;
Kilpatrick and Wilson, 1989; Wilson and others, 1986).
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This method is relatively simple, and it allows for the
tracking of a singular cloud of dye as it moves
downstream. The dye in the slug-injection method is
added to the flow at one time only. The peak dye
concentration, using the slug-injection method, is
additive; therefore, a single response curve can be
obtained at each site as the dye moves downstream.

It is USGS policy to keep peak dye concentration
below 10 ppb at any water-withdrawal points. There are
no water-withdrawal points for direct human consump-
tion between the input site on Piru Creek and Freeman
Diversion (site 6). The flow diversion for ground-water
recharge in the Piru subbasin was shut off during the
test. Because the Freeman Diversion to ground-water
recharge was in operation during the test, however,
concentrations were planned to be at or below the stan-
dard by the time the dye reached the diversion.

The mass of dye to be injected into the flow was
calculated on the basis of pre-set sampling thresholds
of the fluorometers. In order to stay within the linear
range of the fluorometer, the maximum allowable value
at the first automated sampling point (site 2) was 100
pg/L (100 ppb). The dye mass for injection was calcu-
lated using the formula of Kilpatrick and Wilson
(1989):

V, = 34x107x 9L/v)** x C, 0

where
V, is the volume of 20-percent stock solution
rhodamine WT dye, in liters,
Q is the stream discharge, in cubic feet per
second,
L is the length of the measurement subreach
in miles,
v is the mean stream velocity, in feet per
second, and
C, is the peak concentration at the sampling
site, in micrograms per liter.
For this equation, v was estimated to be 3.0 ft/s;
0 was estimated to be 225 ft 3/s; L, between sites 1 and
2 was 6.3 mi; and C,, was estimated to be 100 pug/L.
Thus, the quantity of dye necessary for this test (V)
was calculated to be 11.1 liters, or 2.26 kg of dye. The
expected values of C,, at the downstream sites were:
Chambersburg Road (site 4), 47.52 pg/L; South Moun-
tain Road (site 5), 30.38 pg/L; and Freeman Diversion,
(site 6) 24.75 pg/L. The sites used in the calculation of
the expected peak concentration (Cp) are the following

distances downstream from the Santa Felicia Dam on
Lake Piru: Torrey Rd. (site 2) 6.34 mi; Chambersburg
Rd. (site 4) 13.90 mi; South Mountain Rd. (site 5)
22.37 mi; and Freeman Diversion (site 6) 27.79 mi.

The outflow from Santa Felicia Dam is located at
the base of the dam, where the water is turbulent and
the channel is lined with many large boulders. Down-
stream from the dam, Piru Creek is narrow and deep.
The combination of these factors ensured good lateral
mixing of the dye, a critical element in the sampling
design. At the Piru and the Torrey Road sites (sites 1
and 2), depth-integrated, equal-width increment sam-
ples were collected to verify that the dye was com-
pletely mixed in the flow.

The release rate from the dam was held constant
at about 170 ft¥/s for a few days prior to and during the
dye study. Note that this flow rate is less than that (225
ft°/s) assumed above. The implication of this difference
is discussed below. Independent flow measurements
were made at each sampling site on the day before and
the day of the dye release. There were no measurable
inflows from any of the tributaries to the Santa Clara
River, and only one diversion was known to be in oper-
ation: the Golf Course diversion of about 8 ft>/s located
just upstream from South Mountain Road (site 5). The
flow rate of the diversion was not measured directly,
but it was estimated on the basis of independent flow
measurements above and below the diversion.

Tracer Sampling and Analysis

At the Piru site (site 1), depth-integrated samples
were collected using the equal-discharge-increment
methodology; at Torrey Road and Cavin Road (sites 2
and 3), depth-integrated samples were collected using
the equal-width-increment methodology (Guy and
Norman, 1970; Edwards and Glysson, 1988). The Piru
site (site 1) is approximately 600 ft downstream from
the dye-injection point. Samples at this site were col-
lected every 2 to 5 minutes, the sampling rate decreas-
ing as the dye cloud passed (fig. 2). At this site, it was
expected that the total dye mass would be measured,
establishing the baseline for the downstream sampling.
The Torrey Road and the Cavin Road sites (2 and 3)
were sampled at 1-meter intervals across the river every
5 minutes. Manual samples collected at Torrey Road
(site 2), simultaneously with automatic sampling, indi-
cated consistency between the two methods. All man-
ual samples were stored in amber glass bottles, and dye
concentration was analyzed in the lab.
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Figure 4. Relation between dye concentration and time at the five sampling sites on the Santa Clara River, Ventura County,

California.

The peak concentration of dye traveled at an
average velocity of 2.29 ft/s. The measured flow veloc-
ities ranged from 1.84 ft/s at the Freeman Diversion
(site 6) to 3.31 ft/s at Cavin Rd. (site 3). The traveltime
of the peak concentration from Santa Felicia Dam to
Freeman Diversion (site 6) was about 18 hours (table
1). Traveltime of the leading edge is approximately 84
percent of the traveltime of the peak concentration; this
ratio is in agreement with the average ratio of 89 per-
cent reported by Jobson (1996).

The total dye mass decreased continuously from
the Piru site to Freeman Diversion (site 1 to site 6),
while dye-cloud duration at a site increased, as indi-
cated by increasing time variance (table 1). Time vari-
ance in dye-cloud duration is the mathematical
expression of the increasing duration of dye-cloud pas-
sage.

From the Piru site to Torrey Road (site 1 to site
2), the decrease in dye mass was 33 percent, and flow
loss was 7 percent (table 1). The mass loss is in excess
of what can be explained by percolation to ground

water. The upper subreach is perennial owing to
releases from Santa Felicia Dam; the channel is rela-
tively narrow, and the streambed is composed of fine to
coarse materials. The loss of mass may have been
caused by photodecay and (or) adsorption/desorption
(Harvey Jobson, USGS, written commun., 1997).

From Torrey Road to Cavin Road (site 2 to site
3), the dye mass decreased by 12 percent, roughly in
proportion to the loss of flow between these sites (that
is, percolation of flow to ground water) (table 1). The
manual samples at Cavin Road (site 3) did not fully
capture the dye cloud, as shown by the truncated curve
in figure 4. The small apparent dye-mass increase
between Cavin Road and Chambersburg Road (sites 3
and 4) is not significant insofar as the estimated mass
collected at Cavin road (site 3) is assumed to be inac-
curate owing to the incomplete data collection at that
site.

From Chambersburg Road to South Mountain
Road (site 4 to site 5), net streamflow increased. On the
basis of previous flow measurements, this increase can

8 Statistical Analysis and Mathematical Modeling of a Tracer Test on the Santa Clara River, Ventura County, Callfornia




Table 1. Statistics from the time-concentration curves, Santa Clara River, October 1994
[mi, mile; ft%/s, cubic foot per second; ft/s, foot per second; ft, foot; pg/L, microgram per liter; kg, kilogram; hr, hour; hr?, hour squared;—, no data]

. Dye Time .
Site name Distance Dis- Average Channel Net flow Peak Dye Conser mass after Time Coeffi
Site . from velocity change concen- vative . cient
N (abbrevia- . charge . idth change injection- varlance
0. tion) injection (#t3/s) in reach e in reach tration (kg) peak inreach peak (hr?) of
(mi) (ft's) (percent) (ug/L) #9Y) (ercent)  (hr) skew
1 Piru 010 167 289 495 0 3810 1226 38100 10 005 @—  @_
2 Torrey Road 6.55 155 226 60.0 -7 141 1.67 1914 -33 425 23 80.3
3 CavinRoad 1011 142 331 515 -8 135 3147 2070  -12 583 @  @_
4 Cham. Br. 14.10 158 3.08 339 11 89 1.51 123.7 3 772 6 101.8
5 S.MtBr. 22.62 163 2.03 64.0 13 25 1.35 20 -11 13.68 3.14 37.6
6 Freeman 28.04 152 1.84 — -7 10 .64 342 -47 17.99 3.74 12.8
Diversion

"Mass injected into Piru Creek.

ime variance and the coefficient of skew cannot be calculated for these sites because of the lack of a complete collection of dye passing these sites.
3Approximate total from manual sampling; does not include the tail of the dye plume.

be attributed to the combined effects of recharge in the
upper part of the Fillmore Subbasin and ground-water
discharge at the Fillmore Narrows just upstream from
South Mountain Road (site 5) (table 1). Flow measure-
ments made 1 month earlier indicated a 7.5 percent
flow loss (equivalent to 12 ft/s during the dye test) in
the upper part of the Fillmore Subbasin. Approximately
8 ft/s of flow was diverted just upstream from South
Mountain Road (site 5) during the test. Estimated flow
loss in this subreach is therefore 13 percent [(12 /s
+ 8 ft3/s)/ 158 ft3/s). Dye mass decreased 11 percent,
roughly in proportion to the magnitude of estimated
flow loss.

From South Mountain Road to Freeman Diver-
sion (site 5 to site 6), streamflow decreased slightly (7
percent), but dye mass decreased dramatically (47 per-
cent) (table 1). At Freeman Diversion (site 6), sampling
stopped before concentrations reached pre-test levels.
Freeman Diversion creates a ponding effect, and there
is much vegetation and algae in and around this sub-
reach of the channel. Adsorption of dye onto organic
material or fine sediment may account for the mass
losses in excess of percolation to ground water. The
excess loss cannot be explained by photodecay of the
dye because no similar losses occurred during the peak
sunlight hours [for example, from Torrey Road (site 2)
to Chambersburg Road (site 4)]. Additionally, the dye
passed between South Mountain Road and Freeman
Diversion (sites 5 and 6) during hours of darkness.

Statistical Analysis of Tracer-Test Results

Nordin and Sabol (1974) developed statistical
tests to determine if a river follows Fick’s Law of
diffusion, which states that for a Fickian river, the mass
flux per unit area per unit time is proportional to the
concentration gradient. The convection-dispersion
equation (Nordin and Sabol, 1974) is:

~ =D —-U= )

where

C isthe cross-sectional average concentration,

U is the mean velocity, and

Dy is a constant longitudinal-dispersion

coefficient.
Equation 2 assumes that dispersion is linearly related to
the gradient of concentration, and does not address the
loss of mass owing to first-order decay or other
processes.
The effects of dye loss from the plume are first

accounted for using the unit peak concentration (C,),
which is calculated (Jobson, 1996) with the equation:

<

6
C, = 1x10"x 2

xQ, ©))

r

where
C is the tracer concentration,
M, is the mass of tracer to pass a cross
section, and
Q is the stream discharge.

Tracer-Test Resuits 9
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Figure 5. Relation of unit-peak dye concentration (C) to
peak traveltime (tp). Line and equation were computed by
linear regression on log-transformed variables, transformed
by taking the base -10 logarithm.

If a river is Fickian, the unit peak concentration
(Cu) should attenuate with the square root of time (eq.
4), variance of the distributions should increase linearly
with time (eq. 5), and the distance the centroid has
moved downstream should increase linearly with time
(eq. 6) (Jobson, 1996; Nordin and Sabol, 1974).

-B
C,=dt,” , “4)
0,2 =, 5)

x = at’, (6)

where

C, is unit peak concentration (|J.L'3),
1, istime to peak concentration (t),
o/ is time variance of concentration

distribution (tz),

t is time to centroid (t),

x is distance to centroid (1), and

a, b, ¢, d, H, B are regression coefficients, and

b=1.0,H=0.5,and B=0.5.

In addition, the concentration distribution of a
conservative tracer, at an instant in time, should be

Figure 6. Relation of dye-cloud variance (0}2 ) to time to the
centroid (t.). Line and equation were computed by linear
regression on log-transformed vanables, transformed by
taking the base -10 logarithm.

symmetric (Nordin and Sabol, 1974). Of the 51 rivers
they studied, Nordin and Sabol (1974) found that only
6 rivers were Fickian.

Linear regression was used to analyze the rela-
tion of unit peak concentration, C,,, and peak travel-
time, #,,, after the data were log-transformed (eq. 4; fig.
5). The Santa Clara River differs from the streams stud-
ied by Nordin and Sabol (1974) in that its perennial
flow is maintained by releases from Santa Felicia Dam,
yet the estimated regression coefficient B, 0.77 indi-
cates a rate of decrease in unit peak concentration over
time that is very nearly Fickian, as predicted by theory
(Jobson, 1996; Nordin and Sabol, 1974).

Linear regression was used to analyze the rela-
tion between variance and traveltime of the centroid
after the data were log-transformed (eq. S; fig. 6). The
estimated slope (the exponent 2H in eq. 5), 2.31, is
higher than Fickian theory predicts, and it is among the
highest exponents given by Nordin and Sabol (1974) in
the summary of dispersion data.

Linear regression was used to analyze the rela-
tion between the distance the centroid has moved
downstream and time to the centroid after the data were
log-transformed (eq. 6; fig. 7). As the log of time to the
centroid increased, the log distance to the centroid
increased; the slope is close to one (fig. 7), as is
observed in the ideal Fickian process of longitudinal
dispersion (Nordin and Sabol, 1974).

The Santa Clara River tracer data show the river
to be nearly Fickian. The rate of C, decreased with
increasing time (eq. 4), and the distance that the cen-

10 Statistical Analysis and Mathematical Modeling of a Tracer Test on the Santa Clara River, Ventura County, California
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Figure 7. Relation of distance to centroid (x) to time to
centroid (t;). Line and equation were computed by linear
regression on log-transformed variables, transformed by
taking the base -10 logarithm.

troid moved downstream increased linearly with time
(eq. 6); these results are consistent with Fickian theory.
Time variance was higher than the theory predicts (eq.
5), and the asymmetry of the time-concentration
curves, as shown by the long tails and skewness (table
1), is not predicted by the theory (Nordin and Sabol,
1974). Long tails and skewness are characteristic of
natural streams.

NUMERICAL MODELS USED TO
EVALUATE THE TRACER-TEST RESULTS

To better understand the dye transport in the
tracer test, two one-dimensional numerical models
were applied to data from this study: a flow model,
DAFLOW (Jobson, 1989), and a solute-transport
model, BLTM (Jobson and Schoellhamer, 1993).
DAFLOW solves the continuity and diffusion-wave
equations using a diffusion analogy. BLTM uses the
flow information provided by DAFLOW and solves the
advection-dispersion equation, including first-order
decay, in a Lagrangian coordinate system. These sim-
plified one-dimensional surface-water flow and solute-
transport models were used because the insufficiency
of hydraulic data (for example, detailed channel geom-
etry and bed slope) precluded the application of sophis-
ticated streamflow and transport models.

Flow Model (DAFLOW)

Specifically, DAFLOW considers the one-
dimensional continuity equation:

dQ  dA _
a—x+E =0, (7)

and the diffusion wave equation:

Y _
§;+Sf—so'0’ (8)

where Q is volumetric flow rate,

A is area of flow,

x is longitudinal distance along the channel,

t istime,

Y is depth of flow,

S; is friction slope, and

S, is bed slope (Jobson, 1989).
The diffusion-wave equation is solved using the
diffusion analogy method and additional simplifying
assumptions.

Jobson (1989) assumes that cross-sectional area

can be related to the flow rate by:

A = A108** + A0, ©)

where A1 and A2 are hydraulic geometry coefficient
and hydraulic geometry exponents, respectively, for
area,
0S is discharge normal to the cross-sectional
area, and
AQ is average cross-sectional area at zero flow.
AO0 accounts for water stored in the pools of
a river reach that would not completely
drain if flow were stopped (Jobson, 1989).
Similarly, the width, W, is assumed to have
the following relation with flow rate:

W = W1QSW2, (10)

Numerical Models Used to Evaluate the Tracer-Test Results 1



where W1 and W2 are hydraulic geometry coefficient
and exponent, respectively, for width. Jobson (1989)
gives a table of reported hydraulic geometry exponents.
Leopold and Maddock (1953) stated that A2 should be
less than or equal to 1.0.

Applying the hydraulic relations to the diffusion-
wave equation yields:

) ) o
a_t(QS)J'CEc(QS)’DFa_xZ(QS): 0, (11)

where C is constant wave speed, and DF is the wave-
dispersion coefficient. In this form, the mass of water
per unit length of stream channel obeys the one-
dimensional, advection-dispersion equation, which is
relatively easy to solve using a three-step finite-
difference approach.

Additional information regarding DAFLOW is
given by Jobson (1989).

Solute-Transport Model (BLTM)

BLTM solves the one-dimensional solute-
transport equation with first-order decay in a
Lagrangian reference frame. The governing equation
is:

oc 0 (Dac (12)

5—;—3—5 é—z) = s—-k(c-cg),

where { is the Lagrangian distance coordinate given
by:

C=x—x0—J:udt , (13)

o

and where ¢ = time,
x is distance along river,
x, is initial location of the Lagrangian
fluid parcel,
u is (x/t,)
¢ is concentration of solute,
D is dispersion coefficient, s is source term,
k 1is first-order decay coefficient, and

cg is concentration of solute at which decay or
desorption is zero.

The governing equation is solved using an explicit
finite-difference approximation. The flow information
is supplied to BLTM by DAFLOW. Note that BLTM
addresses dispersion using a dimensionless dispersion
factor (Dy) where:

D, = D/’ -dr). (14)

Additional information regarding BLTM is
given by Jobson and Schoellhamer (1993).

MODEL APPLICATION TO TRACER-TEST
RESULTS

Model Design

The basic model design is the same for
DAFLOW and BLTM (see Jobson, 1989; and Jobson
and Schollhamer, 1993). A schematic of the models is
shown in figure 8. The Santa Clara River system is
divided into three branches; a branch is defined as a
one-dimensional river segment. Branch 1 represents
the Santa Clara River from the Los Angeles-Ventura
County line to the intersection with Piru Creek, Branch
2 represents Piru Creek from Santa Felicia Dam to the
Santa Clara River, and Branch 3 represents the Santa
Clara River from Piru Creek downstream to the
Freeman Diversion (fig. 8). Each branch starts and ends
in a junction; there are four junctions in this model.
Each branch also contains grid points where the
hydraulic geometry parameters, tributaries (inflow and
outflow), solute source and sink data are specified;
transport parameters also are specified. Note that
DAFLOW does not allow for tributary flow at the
junctions. There must be a grid point at each end of a
branch and each branch can contain additional grid
points. The grid points do not have to be evenly spaced
nor is there a restriction on the distance between grid
points. Branch 1 contains two grid points, branch 2
contains three grid points, and branch 3 contains nine
grid points. In general, the grid points correspond to
locations where flow and geometry data are available.
The distances between grid points are given in figure 8.

12 Statistical Analysls and Mathematical Modeling of a Tracer Test on the Santa Clara Rlver, Ventura County, California
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Figure 8. Division of the study area into branches and grid points for application of the flow and solute-transport modeis,
Ventura County, California.
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Table 2. Flow rates and tributary flow rates used in DAFLOW

[Branch 2, grid 3, and branch 3, grid 8, are added for modeling purposes in order to represent gains and losses near model junctions and do not have observed
flow rates. Flow rates at branch 2, grid 2, and branch 3, grids 5 and 6, are estimates based on measurements made in September 1994. Flow rates at all other
sites were measured during the dye test. Tributary flow rate: Actual tributary inflows were zero; the values shown for tributary flow rate actually are estimates

of losses to (-) and gains from (+) the subsurface}

Branch 2 Branch 3
Grid 1 . Grid 2 Grid3 Grid 4 Grid7 Grid 9
ste1) M2 (gheo)  (site3) (sheq) OMdS  Grid6 .5 GrdB (o)
Observed 167 159 155 142 146 158 163 152 152
flow rate
@)
Tributary ~ Boundary -4 -12 -13 12 12 -8 -11 0
flow rate condition
({ss)
DAFLOW Model Parameter Starting Estimates for DAFLOW and

As stated earlier, tributary information is
specified at the grid points, and hydraulic geometry
coefficients apply to subreaches. Subreach 1, for
example, extends from grid 1 to grid 2. The flow
parameters are discussed in detail in the next section.
Recall that steady flow within the study subreaches was
attained through controlled releases of water from
Santa Felicia Dam. The tributary inflows and outflows
are those flow rates needed to match the steady-state
flow rates observed at the grid points. In this model, the
tributaries are used to represent ground-water recharge
and discharge; the actual tributary flows were
approximately zero, with the exception of an 8-ft3/s
diversion upstream from South Mountain Road (site 5).
The steady-state flow rates and related tributary flows
are given in table 2.

BLTM Model

As stated earlier, the solute source and sink data
are specified at the grid points, and transport
parameters are specified for each subreach. Note that
the simulated concentration at a given node is affected
by the upstream decay coefficients. The transport
parameters are discussed in detail in the next section.
The input of dye was modeled as a time-varying input
taking place over 30 minutes (from 6 minutes after the
start of the experiment to 36 minutes after) at branch 2,
grid point 1, on the basis of data collected at site 1, just
downstream from the Santa Felicia Dam. No other
sources or sinks were specified although solute mass
may leave the river systems at grid points with outflow
tributaries (that is, ground-water recharge or
diversions).

BLTM

A total of seven parameters must be estimated
for use in DAFLOW and BLTM [five flow parameters
(A0,A1,A2, W1, and W2) for DAFLOW (see eqs. 9-10)
and two transport parameters (k and D) for BLTM (see
eqs. 12-14)]. The initial values of the flow parameters
were estimated using the streamflow data collected
during 1993-95 by the USGS on Piru Creek and the
Santa Clara River (Reichard and others, USGS, written
commun., 1997). These data included flow rate, cross-
sectional area, and width. There are four subreaches in
the models: Piru Creek in the Piru Subbasin and the
Santa Clara River in the Piru, Fillmore, and Santa Paula
Subbasins (see fig. 1). Linear regression analyses were
performed to estimate the flow parameters for each
subreach; the equations had the following form:

InA

InA1+ A2 1nQ, (15)

and

InW

InW1+W2.InQ. (16)

Note that these equations are log transformations of
equations 9 and 10, with A0 assumed to equal zero in
equation 15. The results for the linear regression on the
data for the six sites in this study are shown in figures
9-12, and the initial parameters computed from these
regressions are given in table 3. The coefficients are
based on point values, and the true values should be
based on a spatial average of A and W. That is, within a
subreach, A equals the volume of water divided by the

14 Statistical Analysis and Mathematical Modeling of a Tracer Test on the Santa Clara River, Ventura County, Californla
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Figure 9. Relation of drainage area to discharge (A), and
relation of stream width to discharge (B ) for Piru Creek,
Ventura County, California. Lines were computed by linear
regression on natural logarithims of the values.

Figure 10. Relation of drainage area to discharge (A), and
relation of stream width to discharge (B) for Piru Subbasin,
Ventura County, California. Lines were computed by linear
regression on natural logarithims of the values.

Table 3. Initial hydraulic geometry parameters for the flow model (DAFLOW)
[Values were determined by linear regression using data from all discharge measurements in each reach. A0 was initially assumed to be zero]

Branch Subbasin A2 w1 w2
2 (Piru Creek) Piru 2474 0.652 5.048 0.439
3 (Santa Clara River) Piru 5.512 449 10.697 331
Fillmore 2212 657 4716 525
Santa Paula 1.298 811 5.191 547

length of the subreach, and W equals the surface area of
water divided by the length of the subreach.The flow-
parameter estimates are greater than those reported in
the literature (see Jobson, 1989; Leopold and
Maddock, 1953).

The flow-parameter estimates were refined and
the transport parameters were estimated using a
modified form of the parameter-estimation method
outlined by Jobson (1987). First, the modeled time to
arrival for the peak concentration was matched to the
observed data by manipulating the cross-sectional area
coefficients, including A0. The mean error between the
simulated and observed data was forced to be as close

to zero as possible by varying the decay coefficient, k.
The root-mean-squared error was then minimized by
varying the dispersion factor, Dy This was performed
on a trial and error basis, in an iterative process, one
subreach at a time. The final parameter estimates are
given in table 4, and the resulting model simulations
are shown in figure 13. It should be noted that the
underlying goal during the parameter-estimation
process was to best match the peak-concentration
values as opposed to attempting to best match the total
mass; the implications of this approach are discussed
below.

Model Application to Tracer-Test Results 15
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Figure 11. Relation of drainage area to discharge (A),
and relation of stream width to discharge (B) for Fillmore
Subbasin, Ventura County, California. Lines were
computed by linear regression on natural logarithims of

the values.

Figure 12. Relation of drainage area to discharge (A), and
relation of stream width to discharge (B) for Santa Paula
Subbasin, Ventura County, California. Lines were computed
by linear regression on natural logarithims of the values.

Table 4. Final parameter estimates for DAFLOW and BLTM, Ventura County, California

[£:3/s, cubic foot per second; —, no data]

Branch 2 Branch 3
Piru Creek Piru Subbasin Filimore Subbasin Santa Pauia Subbasin
Sub- Sub- Sub- Sub- Sub-
Parameter reach 1 res;;:'z resatcl::. 4 reach2 reach3  reach4 resal::: 5 resal:::- g 'each? r;‘;:'a
(site 1) (site 2) (site 3) (site 4) (site 5)

A0 35 2.5 35 0.0 0.0 0.0 30 0.0 0.0 18.0
Al 2.475 2.475 1.015 770 1.200 1.130 1.130 1.130 1.000 1.100
A2 652 652 .820 .820 725 .802 885 .885 .850 940
w1 5.048 5.048 5.863 5.863 5.863 4.658 4,658 4.658 2.069 2.069
w2 439 439 449 449 449 548 548 548 687 687
k (per day) 130 .140 15 01 .05 .00 .00 .01 .16 .16
Df(l) 3 3 3 1 1 3.0 3.0 3.0 35 3.5
1D (#3}s) — — — 30.5 423 2,603 — — 2,481 2,204

IWhere

2
D -_ D f U - dt
X
u = ;—
p
dt = 120s.
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Figure 13. Measured and model-simulated dye concentration at sites 2-6 on the Santa Clara River during the 24-hour test,

Ventura County, California.

MODEL RESULTS

The final measured values and model-simulated
test results for the Torrey Road (site 2), Cavin Road
(site 3), Chambersburg Road (site 4), South Mountain
Road (site 5), and Freeman Diversion (site 6) sites are
presented in figure 13. In addition, the simulated and
measured mass, time to peak, and peak-concentration
data given are in table 5.

The relatively large first-order decay coefficient
(k) values (about 0.14/day) computed for the reach
from the insertion point below Piru Creek (site 1) to
Torrey Road (site 2) reflects the loss of solute mass
between the two sites (table 5). The loss of mass not
explained by flow loss may be caused by photodecay or
adsorption/desorption. The decay coefficient is a
lumped parameter and the effects of these processes
cannot be separated. The dispersion factor (Dy) and
dipersion coefficient (D) are very small (table 4), as
indicated by the sharp shape of the measured and
simulated breakthrough curve (fig.13). This was also
the only reach besides the pool upstream from the
Freeman Diversion (site 6) for which the coefficient AO
is greater than zero (table 4). The parameter AQ is

increased during model calibration to slow the
computed concentration peak; the increase is meant to
account for temporary storage of dye in zones of low
velocity, or slow mixing with the main mass of the flow
(dead zones).

The k value used between Torrey Road (site 2)
and Chambersburg Road (site 4) (about 0.03/day) is
much smaller than the values upstream from Torrey
Road (site 2) (table 4), indicating that little dye loss is
simulated by first-order decay in the subreach between
Torrey Road and Chambersburg Road (sites 2 and 4)
(table 5). A similar pattern occurred between Torrey
Road and Cavin Road (site 3, grid 3) (table 5). The loss
of mass (0.15 kg and 0.20 kg [simulated and measured,
respectively] or about 10%) at Torrey Road can be
explained by the loss of streamflow to ground-water
recharge (modeled as a tributary outflow). The Dyand
D values at site 4 are much larger than values at the
upstream sites (figure 13 and table 4), as indicated by
the greater spread of the breakthrough curve at site 4 in
comparison with the upstream sites.

The k value (about 0.0/day) indicates that no loss
of mass is simulated for first-order decay between
Chambersburg Road (site 4) and South Mountain Road

Model Application to Tracer-Test Results 17




Table 5. Measured and model-simulated mass, time-to-peak, and peak-concentration values for sites 2-6 on the Santa Clara

River
[kg, kilogram; hr, hour; pg/L, microgram per liter]

Grid 2 Grid 3 Grid 4 Grid 7 Grid 9
. . (Chambersburg Road, (South Mountain Road, (Freeman Diversion,
(Torrey Road, site 2) (Cavin Road, site 3) site 4) site 5) site 6)
Simulated Measured Simulated Measured Simulated Measured Simulated Measured Simulated Measured
Mass (kg) 1.54 1.67 1.39 1.47 1.51 1.20 1.35 0.57 0.64
Time to peak 4.26 425 5.86 5.83 7172 13.65 13.69 17.95 17.99
(hr)
Peak concen- 141.90 141.46 134.50 135.00 88.98 88.67 25.08 24.84 9.73 9.67
tration
(ug/L)

(site 5). The measured and simulated loss of mass
between Chambersburg Road and South Mountain
Road (sites 4 and 5) can be explained by the loss of
streamflow to ground-water recharge in the upper part
of this subreach, and by the diversion just upstream
from South Mountain Road (site 5). In this case, the Dy
value is relatively large (table 4), as indicated by the
greater spread of the breakthrough curve. Note that the
fit of the leading edge could be improved by decreasing
Df, but this would increase the root-mean-squared
error.

The k value (about 0.16/day) for Freeman
Diversion (site 6) is approximately equal to that
computed for the reach upstream from Torrey Road
(site 2). Freeman Diversion causes a ponding of water,
thereby reducing the velocity of the flow. This lake-like
effect, coupled with any organic material in this area,
could cause a loss of mass through adsorption, and this
requires a large k value. The breakthrough curve is
dispersed, yielding a large Df value. Again, an
improved fit of the leading edge could be made by
decreasing the Df value, thereby resulting in an
increased root-mean-squared error.

CONCLUSIONS

A 24-hour dye-tracer test was completed on a 28-
mile reach of the Santa Clara River to better understand
flow and transport processes and ground-water/
surface-water interactions. The Santa Clara River is
unique among those studied in most dye tests in that the
flow is not naturally perennial in most subreaches.

Traveltime and flow velocities, peak
concentration, and longitudinal dispersion data were
obtained using the tracer method. The data indicate that

the uppermost and lowermost subreaches lost more dye
mass than can be explained by infiltration to the river

bed. These losses may be caused by a combination of
photodecay and (or) adsorption/desorption.

The exponent obtained from the nonlinear
regression of peak concentration and traveltime is the
same as that expected in a natural stream, and is similar
to results obtained in previous dye studies. These data
indicate that flow in the Santa Clara River fits Fickian
theory.

The streamflow tracer study was successfully
modeled using a combination of simple, one-
dimensional flow (DAFLOW) and solute-transport
(BLTM) models. The values of hydraulic parameter
geometry determined by model calibration are larger
than those reported in the literature; however, a river of
this type was not addressed in the literature. The
nonzero AQ value used in the uppermost and lowermost
subreaches was required to reduce the simulated
velocities for an improved match between the
measured and simulated time to peak concentration,
indicating that these subreaches have pools that are not
completely drained when flow is stopped.

The tails of the observed breakthrough curves
are not successfully simulated. The poor fit of the tails
may be caused by transient storage in pools or bank
storage; these are transport phenomena that BLTM
cannot address.

Large values of the linear decay coefficient (k)
are required in the uppermost and lowermost
subreaches of the model to simulate for the loss of
solute mass in these reaches. These k values cannot
account for any losses resulting from effects such as
photodecay or adsorption/desorption. The greatest loss
of mass takes place in the uppermost subreach between
Santa Felicia Dam and Torrey Road. The BLTM model
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could not simulate this loss using only first-order
decay, and this difference between the measured and
simulated masses was carried on downstream to the
Freeman Diversion.

In this study, the models predicted correctly the
time to peak concentration, but underpredicted the total
mass. Nonetheless, the combination of DAFLOW and
BLTM can be used to predict the transport of a
conservative pollutant, and can aid in management
decisions that relate to other water-quality and recharge
issues in the Santa Clara River.
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