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ABSTRACT

Heat as a tracer was used to estimate one-dimensional vertical infiltration at three

study sites in Rillito Creek in Tucson, Arizona, by inversely determining the vertical

saturated hydraulic conductivity profiles beneath the streambed. The study sites are

referred to as Craycroft Road, Dodge Boulevard, and First Avenue, and are located in

Rillito Creek 19.46, 15.63, and 10.27 kilometers, respectively, upstream from the

confluence of Rillito Creek and the Santa Cruz River.

Results from the uppermost site indicated that a significant physical change had

occurred at the streambed between the first and second model periods that lowered the

hydraulic conductivity and the infiltration rate by up to four orders of magnitude. A

similar change in conductivity is suggested by the simulation results from the two lower

sites; however, these results indicated that changes in hydraulic conductivity and the

infiltration rates occurred during a single flow event.
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1.0 INTRODUCTION

In the American Southwest ground water is a major source, and in many cases the

only source, of water for municipal, industrial, and agricultural needs. Population growth

and increased industrial requirements have contributed to the increased use and

unsustainable withdrawal of this natural resource. Economic consequences in the form of

land subsidence and increased pumping costs, in addition to an uncertain long-term

supply, have resulted from ground-water exploitation. Greater scientific understanding of

the hydrologic cycle and its individual components is needed to help resource managers

and public officials guide ground-water users toward a more sustainable future.

One component of the hydrologic cycle that deserves greater attention is ground-

water recharge. A thorough comprehension of ground-water recharge is crucial for

sustainable resource management strategies and the overall understanding of aquifer

systems. In the Southwest, a large fraction of total recharge begins as infiltration from

ephemeral streamflow, referred to here as streambed infiltration. Quantifying streambed

infiltration presents an ongoing challenge in efforts to quantify recharge. Currently,

infiltration can be estimated by applying various measurement techniques and methods.

Single and double ring infiltrometers, for example, can be used to characterize streambed

properties and to assess the upper bounds of infiltration rates at a location when no

streamflow is present (Bouwer, 1986). Measurements of streambed properties at the near

surface at a given time, however, may not be sufficient to fully describe infiltration due to

the spatial and temporal variability of streambed properties. Other methods, such as

seepage loss measurements, can be used to approximate infiltration over a given reach of
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streambed during flow (Wilberg and others, 2002). Most conventional methods for

quantifying infiltration (e.g., seepage loss measurements) have a high degree of

uncertainty during periods of rapidly varying flow rates that are typical of ephemeral

streamflow. For practical reasons, including safety concerns, it is difficult if not

impossible to make most standard hydrologic measurements in-situ and over appropriate

depths during natural flow events.

An alternative to the standard methods relies on measurements of temperature

variations at and beneath the streambed surface. Unlike the standard methods,

temperature monitoring can be conducted during flow events using inexpensive, easily

installed, automated equipment. Recent studies have shown that temperature methods

can be used to quantify infiltration fluxes (Constantz and Thomas, 1996, Ronan et al.,

1998, and Bartolino and Niswonger, 1999). This investigation presents an application of

temperature monitoring in an ephemeral channel to estimate one-dimensional vertical

infiltration beneath Rillito Creek in Tucson, Arizona. Numerical models of coupled

water flow and energy transport were calibrated to determine hydrologically relevant

properties (e.g. saturated hydraulic conductivity) from temperature measurements and

supporting hydraulic parameter estimates for three sites along Rillito Creek.

1.1 Purpose and Scope

This investigation analyzes vertical saturated hydraulic conductivity profiles to

estimate infiltration rates during naturally occurring streamflow events in Rillito Creek.

The infiltration estimates were made for three sites in Rillito Creek by numerically

simulating one-dimensional saturated hydraulic conductivity profiles using streamflow
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and streambed temperature measurements, streamflow data, ground-water data, and core

data from boreholes that were drilled inside the creek channel.

1.2	 Description of the Study Area

The study area is located in the channel of the Rillito Creek in northern Tucson,

Arizona (Figure 1.1). Rillito Creek is an ephemeral stream that drains a total area of

2,378 square kilometers from the north, east, and south of the Tucson Basin. The creek

originates at the confluence of Pantano Wash and Tanque Verde Wash in the east and

flows northwest to the confluence with the Santa Cruz River. The study area includes

three instrumented sites. These three sites are adjacent to Craycroft Road, Dodge

Boulevard, and First Avenue, and are 19.46, 15.63, and 10.27 kilometers (km) upstream

from the confluence of Rillito Creek and the Santa Cruz River, respectively.

The climate of the study area is semiarid and has an average annual rainfall of

about 30 centimeters. Forty percent of this precipitation occurs in the months of July and

August (Rillito Creek Hydrologic Research Committee, 1959). Streamflow within the

creek occurs in response to precipitation from convective thunderstorms and tropical

disturbances during the summer, precipitation from frontal storms and subtropical lows

throughout the cooler months of the year, and snowmelt originating in the Santa Catalina

Mountains north of the study area, and the Rincon Mountains east of the study area.

Streamflow can persist for a few hours to a few days, with longer flows tending to occur

in the upstream portion of the creek (Tadayon et al., 2000). The altitude of Rillito Creek

ranges from 762 meters (m) above sea level at the confluence of Pantano Wash and
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Tanque Verde Wash to 657 m in the west at the confluence with the Santa Cruz River.

Depth to ground water in the study area during this investigation was about two meters at

the Craycroft Road site, about 40 m at the Dodge Boulevard site, about 30 m at the First

Avenue site, and about 43 m at the confluence with the Santa Cruz River. Two alluvial-

sediment groups characterize the shallow deposits beneath Rillito Creek: the stream-

channel and the basin-fill deposits. The stream-channel deposits, or recent alluvium,

range in thickness from about four to 12 m, and generally are sandy gravels or gravelly

sands (Hoffinann et al., 2002). The underlying basin-fill deposits also are sandy gravels

or gravelly sands but have, on average, a larger component of silt and clay than the

stream-channel deposits (Hoffrnann et al., 2002).

32°20'

32°15'
Base from U.S. Geological Survey
digital data, 1100,000, 1982
Universal Transverse Mercator
projection, Zone 12

01	 2 MILES1

1	 I	
1

0 	1	 2 KILOMETERS

Figure 1.1 Map of the study area showing the three instrumented sites at Craycroft Road,
Dodge Boulevard, and First Avenue, located 19.46, 15.63, and 10.27 km,
respectively, from the confluence of Rillito Creek and the Santa Cruz River.
An additional U.S. Geological Survey streamflow-gaging station used in this
study is located 3.84 kilometers upstream from Craycroft Road in Tanque
Verde Wash
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1.3 Theory

Suzuki (1960), Stallman (1963 and 1965), and Bredehoeft and Papadopoulos

(1965) outlined the theoretical background for using coupled fluid flow and energy

transport models, or heat as a tracer, to estimate the rate of water flow in a porous

medium. These authors used analytical solutions for the general differential equation for

non-steady, anisothermal flow of water through isotropic, homogeneous, fully saturated

porous media to estimate the liquid water flux, q, in meters per second (mis). Their

solution is of the form:

aT _KT a 2T qC  aT
at c, az 2 	cs az (1)

where T is temperature in degrees Centigrade (°C); t is time in seconds (s); KT is the

thermal conductivity of the fluid and medium in combination in Watts per meter degree

Centigrade (W/m°C); Cs is the heat capacity of the fluid and medium in combination in

Joules per cubic meter per degree Centigrade (J/m 3 °C); z is distance in the direction of

flow in m; and G, is the heat capacity of water in Joules per cubic meter per degree

Centigrade (J/m3°C).

Suzuki (1960) used equation 1 to derive an algebraic equation to estimate the

infiltration rate of water from flooded rice fields by relating subsurface measurements of

temperature changes to ground-water flux. Suzuki presented the solution by combining a

constant velocity water flux across the land surface with a sinusoidal surface temperature

boundary condition. The flux term was simplified by linking the thermal conductivity of

the fluid and medium to the temperature and the phase difference of the temperature
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wave at two depths. Stallman (1963) derived a hydraulic head dependent form of

equation 1 and used it to demonstrate that if the distribution of head and temperature are

known, finite-difference approximations can be used to calculate the permeability of an

aquifer. Stallman (1965) later improved upon Suzuki 's (1960) algebraic equation by

presenting an exact solution to the flow problem. Stallman concluded that percolation

rates on the order of 2 cm/day or greater can be estimated by analyzing diurnal-

temperature fluctuations in typical natural settings. Stallman went further to conclude

that percolation rates on the order of 0.1 cm/day can be estimated by analyzing

subsurface temperature profiles resulting from annual temperature fluctuations at the land

surface. Concurrently, Bredehoeft and Papadopoulos (1965) presented an analytical

solution to Stallman's (1963) equation and applied it to show how temperature profiles

could be used to determine vertical flux and hydraulic conductivity in a semi-confining

layer. Bredehoeft's and Papadopoulos's application of equation 1 determined vertical

ground-water fluxes from a graphical type-curve procedure.

The analytical approaches of Suzuki, Stallman, and Bredehoeft and Papadopoulos

bridged heat transfer through saturated porous media with a simplified liquid water flux.

They represented specific discharge, or flux (q), as the product of the hydraulic

conductivity in meters per second (mis), and the hydraulic gradient in meters per meter

(m/m):

q=—K • VH (2)

Equation 2 is adequate for describing steady-state flow. However, it is not

appropriate for describing the highly transient process of infiltration into an unsaturated
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medium. To account for non-steady, variably-saturated flow in a porous medium,

Richards (1931) presented the following simplified equation:

y.k(v)V1-11=C(iii)-
at

where 1p is pressure head in m, K(p ) is the hydraulic conductivity as a function of

pressure head in mis, and C(v ) is the specific moisture capacity as a function of pressure

head in m-I . The specific moisture capacity relates the change in liquid saturation of a

given medium to the change in pressure potential, which is equivalent to the slope of the

moisture characteristic curve:

a6 
c ( g) =

av
(4)

For a variably saturated medium, liquid saturation decreases as pressure potential

becomes increasingly negative below the air-entry pressure of the medium (Lappala et

al., 1987). The moisture characteristic curve, or water retention curve, defines the

relationship between pressure head and the dimensionless volumetric water content (6) .

Richards' equation describes transient flow in a variably saturated porous medium

with the assumption that water is the only liquid phase present, and that the air is

incompressible and infinitely mobile. The hydraulic conductivity in Richards' equation

can be expressed as a function of temperature and pressure head:

K(T,t1/ )=
t kpg

,u(T)
k r (lv) (5)

(3)

where k is the intrinsic permeability of the medium in m2, p is the liquid density in

kilograms per cubic meter (kg/m3), g is the gravitational acceleration constant in m/s2,
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,u(T) is the dynamic viscosity of the liquid as a function of temperature in Newton

seconds per meter squared (Ns/m2), and k,. (p) is the relative permeability as a function of

the pressure head (dimensionless and ranges from 0 to 1, where a value of 1 represents

fully saturated conditions). The liquid density is also a function of temperature; however,

over the range of normal field temperatures this dependence has negligible effects on

hydraulic conductivity.

The relative hydraulic conductivity describes the dependence of the hydraulic

conductivity on pressure head or water content (Stephens, 1996). Several methods have

evolved that attempt to define the hydraulic conductivity by quantifying the relationship

between conductivity and pressure head or water content (e.g., Brooks and Corey, 1964,

Mualem, 1976, and van Genuchten, 1980). In particular, van Genuchten developed a

closed-form analytical solution for calculating hydraulic conductivity from water

retention data that is based on the dimensionless effective saturation, Se :

S = 
 6 —6

r
e es—Or

(6)

where 6,. is the dimensionless residual volumetric water content and 6, is the

dimensionless saturated volumetric water content. Effective saturation is related to the

pressure head of the water phase as (van Genuchten, 1980):

Se =(.+Iotter	 (7)

where a is inversely related to the air-entry tension and has units of nil , n is related to

the pore size distribution and is unitless, and m is an exponent equal to 1-1/n (Mualem,

1976). The relative hydraulic conductivity is expressed as:



Kr(v)—
i—(avf)n-1[1+ (cog) itml 

Several numerical models are available that describe the coupled processes of

fluid flow and energy transport in a variably saturated porous medium (e.g., Voss, 1984,

Jaynes, 1990; Healy and Ronan, 1996; and Simunek et al., 1999). Jaynes constructed a

numerical model based on the one-dimensional heat transfer equation from Bredehoeft

and Papadopulos (1965) and a one-dimensional, temperature and head dependent form of

Richards' equation from Hopmans and Dane (1985). He used this model to explain

diurnal variations of infiltration due to temperature variations observed during a ponded

infiltration experiment in Arizona. Healy and Ronan (1996) developed a stand alone

numerical model, VS2DH, that accounts for energy transport with an alternative solution

to equation 1 that was presented by Voss (1984). Voss' expression is a variant of the

advection-dispersion equation and solves for the time rate of change of the energy stored

in the solid matrix and fluid:

a[6c,,„ +a-ocs V = V -(KT (0)VT +V • (0Cw DH VT)—V OC,,,vT + qC,,,T*at (6)

where 0 is the dimensionless porosity, pH is the hydrodynamic dispersion tensor in m2/s,

y is the water velocity in mis, and T* is the temperature of fluid source in °C. Similar to

Suzuki, Stallman, and Bredehoeft and Papadopulos, Healy and Ronan couple fluid flow

with energy transport through a liquid water flux term. Transient water flux in the

numerical model is defined based on a form of equation 3:

18

(8)
b,+(avyr/2

caw v • 09K (T ,v)V H)= 0	 (10)at
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where S is the dimensionless liquid saturation. In addition, the temperature dependence

of the saturated hydraulic conductivity is represented through the temperature-dependant

dynamic viscosity:

K s(T)=
 p(20° C)

 Ks (20°C)
,u(T)

where dynamic viscosity is calculated with the empirical formula from Kipp (1987):

14 (1)= 0. 00002414 x 10[247.8/(T+133.16)] 	 (12)

Ronan et al. (1998) used Healy's and Ronan's numerical model to simulate the

diurnal temperature effects on infiltration beneath an ephemeral stream in Nevada. They

showed that over the range of temperatures and flows monitored, diurnal stream

temperature changes could be used to estimate streambed infiltration rates. Bartolino and

Niswonger (1999) used the model to evaluate the interaction of ground water and surface

water beneath the Rio Grande in New Mexico. Bartolino and Niswonger estimated

ground-water flux using one dimensional subsurface-temperature profiles to inversely

determine the vertical hydraulic conductivity distribution. This methodology is based on

the assumption of vertical fluid flow through the stream-channel sediments, where the

depositional layering is typically parallel to the streambed. VS2DH was used in similar

fashion in the present study to numerically-estimate one-dimensional vertical infiltration

from Rillito Creek in Tucson, Arizona, by inversely determining the vertical saturated

hydraulic conductivity profiles in the streambed. For some analyses the layered

streambed was simplified to an equivalent homogeneous medium with an equivalent

vertical hydraulic conductivity. This is strictly appropriate only during steady-state
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vertical flow through such a setting of horizontal sediment layers when the system can be

represented as a single homogeneous unit with an equivalent vertical hydraulic

conductivity (Kg ):

K =
z 	a.

i =1

where d is the depth across the ith sediment layer, which has a vertical hydraulic

d
(13)

conductivity K i .
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2.0 CONCEPTUAL MODEL

2.1 Coupled Water Flow and Energy Transport

In arid environments many channels carry only occasional flow after precipitation

events. These channels are described as ephemeral (Summeifield, 1991). Throughout the

year, an ephemeral stream channel is underlain by unsaturated sediments resulting in

hydraulic disconnection between the streambed and the aquifer. As a result, there is no

baseflow associated with ephemeral streams.

Ephemeral streamflow, when present, is flashy in nature with the onset of flow

tending to progress as a front, rapidly advancing down the channel. Once the front

passes, ephemeral streamflow typically assumes a normal hydrograph pattern

characterized by a rapidly rising limb, a short-lived peak, and a slowly declining falling

limb that reaches zero discharge at late times (Summerfield, 1991 — Figure 2.1). This

entire process may last from a few hours to a few days depending on the intensity,

duration and areal extent of precipitation, and on the hydrologic properties of the

drainage basin and ephemeral streambed.
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Figure 2.1 Schematic diagram of an ephemeral streamflow hydrograph characterized by a
rapidly rising limb, a short-lived peak, and a slowly declining falling limb that
reaches zero discharge at late times.

Infiltration in an ephemeral streambed is controlled by rapid changes in hydraulic

and physical properties. Depending on the frequency of streamflow, ephemeral

streambeds may be dry prior to the onset of streamflow with antecedent water contents

near the land surface approaching 6r• As the front of water moves along the streambed,

infiltration occurs at a rate much higher than the saturated hydraulic conductivity of the

streambed sediments, owing to the strong downward capillary gradients. As the sediment

pores fill with water, the depth to the wetting front increases and the influence of the

capillary forces on infiltration diminishes (Stephens, 1996). Consequently, if the
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streambed sediment properties remain constant over this period, the infiltration rate will

decrease over time until it approaches the saturated vertical hydraulic conductivity of the

streambed sediments (Figure 2.2A). However, if the physical properties of the streambed

sediments are changing over this period due to erosion or aggradation, the infiltration rate

may not follow a smooth transition to the saturated hydraulic conductivity of the

sediments in the channel from before the onset of flow. The infiltration rate may

approach the initial saturated hydraulic conductivity value. However, if the reworked

sediments have a different saturated hydraulic conductivity, the final infiltration rate will

not equal the initial hydraulic conductivity. For example, Figure 2.2B shows the

infiltration rate associated with the deposition of less permeable sediments at late time

during stream flow.
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A	 B

Time

Figure 2.2 Infiltration rate for: (A) constant saturated hydraulic conductivity and, (B)
transient saturated hydraulic conductivity that initially approaches the saturated
hydraulic conductivity of the sediments present before flow, K51 and then
approaches Ks2, the saturated hydraulic conductivity of the reworked
sediments.

Water movement through a porous medium is inherently coupled with energy

transport. As water infiltrates into the subsurface, energy (heat) is being transferred

simultaneously by advection and conduction. Advective-energy transport occurs when

heat is transferred by migrating water. Conductive-energy transport is the transfer of heat

through molecular diffusion. Although both advective and conductive transport are

present during infiltration, advective-energy transport is dominant in high fluid-flux

settings, while conductive-energy transport is most significant in static or very low

fluid-flux regimes.
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The coupled processes of fluid flow and advective-energy transport during

infiltration are shown schematically in Figure 2.3. Figure 2.3A displays the volumetric

water content profile after water has been infiltrating for time, t, under conditions that

lead to saturated conditions at the land surface. The antecedent volumetric water content

is Oa and the saturated volumetric water content is O. The antecedent water has a

temperature, Ta and the infiltrating water has a temperature, T. As water infiltrates, it

displaces the preexisting water ahead of the infiltrated water. Therefore, the depth to the

wetting front, Fw, is greater than the depth of the infiltrated water, Fi (Stephens, 1996).

The volume of displaced water, VI, is equal to the volume of antecedent water displaced

by the infiltration, V2. The temperature profile after time, t, is displayed in Figure 2.3B.

Assuming piston flow and no dispersion of the temperature front, the depth of the

infiltrated water, Fi, is equal to the depth of the temperature front, F. The hydraulic

conductivity across the profile is also changing with the advance of infiltrating water

(Figure 2.3C). Below the wetting front, the hydraulic conductivity is equal to the

antecedent unsaturated hydraulic conductivity, K.  At the leading edge of the wetting

front, the hydraulic conductivity increases due to the increasing volumetric water content.

At the ground surface at time, t, the hydraulic conductivity is equal to the saturated

hydraulic conductivity, Ks , at the temperature of the infiltrating water.
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Figure 2.3 Volumetric water content, temperature, and hydraulic conductivity profiles
after relatively cold water has infiltrated for time, t, into a homogeneous and
isotropic medium under advective-energy transport conditions.

2.2	 Numerical Representation of Coupled Water Flow and Energy Transport

The coupled processes of fluid flow and energy transport can be simulated within

a numerical framework by properly representing and accounting for the fluid flow and

energy-transport properties associated with infiltrating water (e.g., Jaynes, 1990 and

Ronan et al., 1998). The signature of energy transport, or heat transfer, is temperature,

and it has been demonstrated that under advective-energy transport conditions, the depth

of the infiltrating water is equal to the depth of the temperature front (Figure 2.3B). In

this investigation, a numerical representation of coupled water flow and energy transport

is used to infer vertical water flux using heat as a tracer.

The numerical model VS2DH (Healy and Ronan, 1996) was used to analyze

vertical hydraulic conductivity profiles from temperature observations. The model
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simulates fluid flow and energy transport in variably saturated porous medium for a

single, constant-density liquid. Variably saturated flow is simulated numerically across

either a one- or two-dimensional domain with distributed hydraulic and energy-transport

properties. Up to ten textural layers may be used within a simulation domain. Each layer

in the domain is described by six hydraulic-property values and four energy-transport

values. These input values are necessary in the model for the energy-transport and fluid

flow equations, equations 9 and 10, respectively. Spatial extents of the simulation

domain must be defined, including the upper and lower bounds of textural layers.

Finally, hydraulic and temperature initial and boundary conditions must be defined

throughout the domain.

The six hydraulic properties required in the model are: saturated-hydraulic

conductivity; specific storage; porosity; two van Genuchten water-retention fitting

parameters; and residual water content. The saturated hydraulic conductivity (Ks) is a

measure of the sediment's ability to conduct water. The units are meters per second

(mis). Specific storage (Ss) is the change in volume of water in storage, per unit volume

of saturated medium, per unit change in pressure head. The units are inverse meters

-(m 1 ). The specific storage term is incorporated in VS2DH for transient saturated flow.

Porosity (0) is a measure of the volume of void space per unit volume of sediment and it

is unitless. The van Genuchten fitting parameters, a' and n, are used to describe the

water-retention characteristics of sediment. Healy and Ronan define a'as the negative of

the reciprocal of a (as defined in van Genuchten, 1980). The a'parameter has units of

meters. The n parameter is unitless. Residual water content (Or) is defined as the
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volumetric water content where the hydraulic conductivity approaches zero. This is a

unitless property. Although the only functional relationship for variably saturated

hydraulic properties considered in this study was that of van Genuchten, three additional

functional relationships are available for use with the numerical model: Brooks and

Corey (1964); Haverkamp and others (1977); and tabular data.

The four energy-transport properties in the model are: heat capacity of dry solids;

heat capacity of water; and thermal conductivity of water-sediment at residual water

content and at full saturation. Heat capacity (Cr) is the quantity of heat required to raise a

unit volume of material one degree Centigrade. The heat capacity of dry solids (CDs) is

the product of the specific heat capacity per unit mass of material and the particle density.

Heat capacity of water (Cw) is the product of the specific heat of water and the density of

water. The units of heat capacity are Joules per cubic meter per degree Centigrade (J/m 3

°C). Thermal conductivity (KT) is the quantity of heat transmitted per unit time through a

unit cross-sectional area under a unit temperature gradient. The units are Watts per meter

per degree Centigrade (W/m°C). The model assumes that thermal conductivity varies

linearly with volumetric water content between residual volumetric water content (Or) and

full saturation (0). While any consistent units can be used for the model parameters, the

units expressed in this discussion are those that were incorporated in the simulations

presented below.

Simulation domains can be represented spatially in one or two dimensions. The

physical process of infiltration along Rillito Creek was simplified so that the streambed

system was represented numerically in one dimension, oriented vertically (Figure 2.4).
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Figure 2.4 Conceptual model of one-dimensional simulation domain used for numerica
analysis of infiltration.

The upper boundary of the simulation domains was the streambed. The lower

boundary was located at or near the depth of the deepest measurements of temperature, or

pressure, or both. Within the domain, field-measured lithologic layers are represented as

textural layers described by common hydraulic and thermal properties. The initial

hydraulic conditions must be defined in terms of pressure head or volumetric water

content for the entire simulation domain. In addition, initial temperatures must be
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expressed across the entire simulation domain. For our simulations, time-varying

hydraulic and temperature potentials were defined at the upper and lower domain

boundaries.
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3.0 GENERAL METHODS

3.1 Sensitivity Analysis

A sensitivity analysis was conducted using the numerical model VS2DH to

explore the relative contributions of the hydraulic and energy-transport properties to

variably-saturated flow and heat transfer. As exhibited by equations 9 and 10, there are

numerous energy transport and fluid flow parameters that are inherent to the numerical

model. To improve the uniqueness of calibration, a sensitivity analysis was conducted to

identify the key parameters necessary for simulating streambed infiltration. Results of

analyses for the saturated hydraulic conductivity, heat capacity of dry solids, thermal

conductivity at residual water content, and thermal conductivity at full saturation are

presented. Also presented is the relative influence of changes in the specified pressure

head at the upper boundary on water movement and energy transport.

The one-dimensional simulation domain for the sensitivity analysis was

represented as a homogeneous medium extending to a water table located 49.6 m below

land surface. An initial specified pressure head of 0.04 m was applied at the upper

boundary and a specified pressure head of zero was applied at the lower boundary. The

simulation domain, initial and boundary conditions including hydraulic head and

temperature, and base-case hydraulic and energy-transport parameters (Table 3.1) were

adapted from the third test problem in Healy and Ronan (1996). These reported

conditions were used because they closely approximate measured conditions along Rillito

Creek.
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Table 3.1 Base-case hydraulic and energy-transport property values used in the sensitivity
analysis of the numerical model VS2DH.

Parameter Value Used in Model

Saturated hydraulic conductivity, K s 4.00 x 10-6 m/s

Specific storage, Ss 0.00 m -1

Porosity, 0 0.496

a' (van Genuchten fitting parameter) -1.18 m

n (van Genuchten fitting parameter) 4.8

Residual volumetric water content, 0,, 0.15

Heat capacity of dry solids, CDS 2.18 x 106 J/m3 °C

Heat capacity of water, Cw 4.18 x 106 J/m3 °C

Thermal conductivity at residual water content, KT (O r ) 1.5 W/m °C

Thermal conductivity at full saturation, K T (0) 1.8 W/m °C

Initial hydraulic conditions for the simulation domain were assigned as a static

equilibrium profile with a minimum pressure head of —0.7497 m. The initial temperature

was 21.30°C for the entire domain. The temperature of the introduced water at the upper

boundary was 17.48°C. Thus, relatively cooler water was being introduced into a

relatively warmer domain. It was assumed that advective-energy transport would

dominate over conductive-energy transport for the model conditions. Therefore, the

depth to which the relatively cooler introduced water propagates can be used to identify

the depth of advancement for the introduced water.

The values of all parameters used in the sensitivity analysis were varied over a

range that is representative of streambed sediments and conditions in Rillito Creek. The

analysis that follows compares the depth of temperature propagation over the specified

range of parameter values by quantifying the depth for a simulated temperature of

19.39°C. This temperature represents the depth to the temperature front, Ft, defined as
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the midpoint between the background temperature (21.30°C) and the temperature of the

introduced water (17.48°C).

For the base-case defined domain, the simulated depth of temperature propagation

was found to be most sensitive to saturated hydraulic conductivity (Table 3.2). Depths of

propagation of the 19.39°C isotherm ranged from 9.4 m with a hydraulic conductivity

value of 4 x 10 -4 mis to never reaching that temperature with a hydraulic conductivity less

than or equal to 4 x le m/s. In contrast, changes in the heat capacity resulted in

propagation depths ranging from 0.16 m for the lowest value used to 0.12 m for the

highest parameter value. Both thermal conductivity analyses resulted in no quantifiable

difference among the simulated depths of temperature propagation. Finally, the specified

head analysis resulted in propagation depths ranging from 0.15 m for stage of 0.04 m to

0.17 m for stage of 0.45 m.

The results of these sensitivity analyses show that fluid flow and advective-energy

transport were overwhelmingly controlled by the saturated hydraulic conductivity.

Assuming the model domain is representative of conditions beneath Rillito Creek, this

supports the use of a calibration approach that optimizes only the value of saturated

hydraulic conductivity to simulate infiltration.
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Table 3.2 VS2DH sensitivity analysis parameter values and simulated depths of
temperature propagation for water-sediment temperature equal to 19.30°C, or the
midpoint between the background temperature, 21.30°C, and the temperature of the
introduced water, 17.48°C. Under advective-energy transport conditions this
temperature is equal to the infiltration depth of the introduced water.

Parameter Value Used in Model
Simulated Depth of Ft,

19.30 °C (m)

Saturated hydraulic conductivity, Ks 4.00 x le nils 9.4

4.00 x 10 -5 m/s 1.0

4.00 x 10-6 m/s 0.15

4.00 x le m/s Never reached 19.30 °C

4.00 x 10-8 m/s Never reached 19.30 °C

Heat capacity of dry solids, CDS 2.00 x 106 J/m3 °C 0.16

2.18 x 106 J/m3 °C 0.15

2.58x 106 J/m3 °C 0.14

2.98 x 106 J/m3 °C 0.13

3.38x 106 J/m3 °C 0.12

Thermal conductivity at residual volumetric
water content, KT(8 r )

1.3 W/m °C 0.15

1.5 W/m °C 0.15

1.7 W/m °C 0.15

1.8 W/m °C 0.15

Thermal conductivity at full saturation, KT (ø) 1.6 W/m °C 0.15

1.8 W/m °C 0.15

2.0 W/m °C 0.15

2.3 W/m °C 0.15

Specified pressure head, 11) 0.04 m 0.15

0.05m 0.15

010m 0.15

025m 0.16

045m 0.17
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3.2 Calibration

One-dimensional vertical-infiltration models were calibrated by adjusting the

saturated hydraulic conductivity within the model domain until a least-squares

optimization resulted between predicted and observed temperature time series at a

calibration depth. All other hydraulic and energy-transport properties, and all hydrologic

and temperature boundary conditions were constrained.

A hierarchical simulation approach was implemented to define the simplest

representation of hydraulic conductivity that would lead to good agreement between

observed and modeled temperature results while retaining the most measured data

(Figure 3.1). This numerical approach was conducted with the use of parameter-

estimation software, PEST (Parameter ESTimation version 3.7, Watermark Computing,

Brisbane, Australia) that was interfaced with VS2DH. PEST is a model-independent

computer program that uses the Gauss-Marquardt-Levenberg nonlinear-parameter

estimation technique (Watermark Computing, 1998). This method generates an objective

function for adjusting model parameters (saturated hydraulic conductivity in this study)

to minimize the weighted sum of squared differences between model output temperatures

and field-measured temperatures from the calibration depth. To compare model output

temperatures with field-measured temperatures in PEST, a calibration temperature time

series is defined as simulation input. The calibration temperature time series is defined to

reflect the integrity of the observed temperature time series, with respect to magnitude

and timing. Once defined, the calibration temperature time series should generate a

continuous plot that is equivalent to the observed temperature time series. PEST allows
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for the user to place greater emphasis on individual or multiple points in the numerical

algorithm through differential weighting. All points were weighted equally in this study.

This calibration approach used in this study is founded on the assumption that the

numerical mass-balance solution will fully account for fluid flow and energy transport

throughout the one-dimensional domain. That is, if the boundary conditions and the

simulation domains are well defined and the predicted and measured temperatures match

at a calibration depth, then the resulting hydraulic conductivity profile is sufficiently

calibrated and can be used to calculate infiltration rates. However, every VS2DH/PEST

simulation will produce a numerical result from a minimized weighted sum of squared

differences between model output temperatures and field-measured temperatures. Due to

the models inability to recognize if the numerical result is a reasonable representation of

the observed temperature time series, one last check was used to verify the simulation

results. After the predicted temperatures were generated, a graph of predicted and

measured temperature time-series from the calibration depth were plotted. A final visual

inspection was made based on the author's subjective characterization of the goodness of

fit between model output temperatures and field-measured temperatures to determine

whether to accept or reject the optimization results. If the simulated temperature results

did not resemble the observed temperature results at the calibration depth, with respect to

magnitude and timing, then the simulation results were deemed "poor", and the

simulation moved to the next optimization approach. However, if the simulated

temperature results did resemble the observed temperature results, then the simulation
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results were deemed "good", and the calibration was accepted and the simulation was

complete.

Figure 3.1 Hierarchical approach used to define the saturated hydraulic conductivity
based on numerical simulations of infiltration along Rillito Creek.

The hierarchical process began with forward modeling using the saturated

hydraulic conductivity measured on core samples collected at each of the three study sites

(Hoffmann et al., 2002). If these simulations did not result in a satisfactory match

between predicted and measured streambed temperatures, then the model was optimized

according to the hierarchical approach by varying the saturated hydraulic conductivity.

The first optimization approach allowed the hydraulic conductivity of a thin surface layer

(less than or equal to 0.05 m) atop the simulation domain to vary. This layer represents a
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streambed layer that can be reworked during streamflow leading to changes in its

saturated hydraulic conductivity. The hydraulic conductivity below the surface layer was

held constant at the core-defined value. If the surface layer optimization approach was

incapable of producing an acceptable match between predicted and measured streambed

temperatures, then a second optimization approach was used wherein the saturated

hydraulic conductivity of the entire upper streambed layer (less than or equal to 8.55 m)

was varied. In effect, this approach ignores the core-measured hydraulic conductivity

values and represents the greatest freedom allowed in the optimization. If the streambed

layer optimization approach was incapable of producing an acceptable match between

predicted and measured streambed temperatures, then a third and final optimization

approach was used. This approach separated the simulation into two periods. The first

part of the simulation ended just after the onset of streamflow, while the second part

represented the conditions of continuous streamflow. These two time segments were

optimized independently, and each time segment was optimized twice: first following the

surface layer optimization; and second, following the streambed layer optimization

approach. This approach attempts to simulate streambed conditions that change over the

course of ephemeral streamflow. Inability to fit the observed temperatures with the

measured temperatures following this hierarchical approach suggests that the underlying

conceptual model does not represent all of the significant processes occurring during

infiltration.
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3.3	 Site Specific Hydraulic and Thermal Properties

One-dimensional vertical simulation domains were generated to represent the

subsurface layering and physical properties of the Craycroft Road, Dodge Boulevard, and

First Avenue sites. Spatial extents of lithologic layering and all core-derived hydraulic

and energy-transport properties are based on Lappala et al. (1987) and Hoffinann et al.

(2002). The following sections describe the methods used to define the hydraulic and

thermal properties for simulation and calibration.

3.3.1 Surface Hydrologic Conditions

For slow, laminar streamflow, the hydraulic head at the streambed is equivalent to

the stream stage. U. S. Geological Survey (USGS) streamflow-gaging stations located

near the study sites provided measurements of the stream stage after correction for the

datum elevation.

3.3.2 Subsurface Hydrologic Conditions

The numerical model also requires definition of either the flux or the hydraulic

head at the lower boundary of the simulation domain. Pressure head measurements from

piezometers were used to define heads at the lower boundaries of the three study sites.

3.3.3 Temperature

Accurate temperature measurements are needed at the upper and lower boundaries

and at a calibration depth between these boundaries. All temperature measurements in
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this study were made with Stowaway® TidbiTs® from the Onset Computer Corporation

(Onset Computer Corporation, Bourne, Massachusetts). The TidbiT has a thermistor

temperature sensor and an internal datalogger. An individual Tidbit has dimensions of

three centimeters by four centimeters by one centimeter. Removal of the TidbiT from the

environment is necessary in order to recover the logged data. Temperature data are

manually downloaded from the TidbiT by interfacing it with an Optical Base StationTM

that can be connected to a laptop computer. TidbiTs are accurate to within ±0.44° C at an

ambient temperature of 21.1° C and have a temperature resolution of about 0.3° C (Onset

Computer Corporation, n.d.). The TidbiTs used in this study had a measurement range

of —28° C to 50° C.

3.3.3.1 Streambed Temperature

Streambed temperature measurements from the Craycroft Road, Dodge

Boulevard, and First Avenue sites served as the upper boundary temperatures for

simulations at those locations. The streambed temperature measurements were made

with TidbiTs that were buried about 0.2 m below land surface in the most active portion

of the channel. The TidbiTs were secured in a protective housing and anchored to

existing bridge piers that are adjacent to the three sites. All streambed TidbiTs sampled

temperature every 15 minutes.
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3.3.3.2 Subsurface Temperature

Subsurface temperature measurements from the Craycroft Road, Dodge

Boulevard, and First Avenue sites were used to define the lower boundary temperature

and the temperature at the calibration depth for the simulation domains.

The subsurface TidbiTs at the three sites were anchored to the land surface by

means of a 0.32-centimeter diameter steel cable attached to the eyelet of a sensor. The

subsurface TidbiTs were installed in a five-centimeter diameter hole that was drilled to

the desired depth using direct-push technology (Geoprobe, Salina, Kansas). The TidbiT

was lowered down the hole with the steel cable, and the hole was backfilled with native

material. Recovery of the subsurface sensors was difficult and required the use of a

backhoe to excavate the sediment around the sensors. All subsurface TidbiTs had a

sample frequency of 30 minutes.

Temperature measurements were not made at the water table for the Dodge

Boulevard and First Avenue sites. Rather, ground-water temperatures were measured at

these sites from depths within five m of the water table. It was assumed that ground-

water temperatures within five m of the water table closely approximated temperatures at

the water table.

3.4 Craycroft Road Site

3.4.1 Physical and Hydrologic Conditions

The simulation domain for the Craycroft Road site was simplified into a single

unit, recent alluvium (RA), extending from the land surface to 3.3 m below land surface.
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The lower boundary is two tenths of a meter deeper than the deepest subsurface

temperature sensor at this site. Core analysis of hydraulic properties from this site was

incomplete prior to model development; therefore previously reported sediment

descriptions were used to estimate the hydraulic properties of the RA. Two hydraulic

property descriptions were chosen, Fine Sand and Sand (from Lappala et al., 1987, p.

20), on the basis of observed sediment textures from the RA material. Subsequent to

completion of the Craycroft Road simulations, the core analysis of hydraulic properties

from this site was concluded. The arithmetic mean of the core-derived hydraulic

conductivity values was 1.50x10-5 m/s (John Hoffmann, personal communication 2002)

and is within an order of magnitude of the hydraulic conductivity values used for Fine

Sand and Sand. Analyses of the energy-transport properties were complete for this site

prior to model development, and were used to define those properties for the Craycroft

Road model domains. The hydraulic and energy-transport property estimates used for the

Craycroft Road simulations are shown on Table 3.3.
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Table 3.3 Hydraulic and energy-transport property values used for the Craycroft Road
simulations

Parameter Fine Sand Sand

Saturated hydraulic conductivity, Ks 2.43 x 10 -5 m/s 9.49 x 10 -5 mis

Specific storage, Ss 0.05 rri l 0.05 m -I

Porosity, 0 .377 •435

a' ( van Genuchten fitting parameter) -0.960 m -0.323 m

n (van Genuchten fitting parameter) 6.9 3.9

Residual volumetric water content, o r 0.072 0.069

Heat capacity of dry solids, CDS 1.58 x 106 J/m3 °C 1.58 x 106 J/m3 °C

Heat capacity of water, Cw 4.18 x 106 J/m3 °C 4.18 x 106 J/m3 °C

Thermal conductivity at residual water content, KT (6? r ) 0.43 W/m °C 0.43 W/m °C

Thermal conductivity at full saturation, KT (ø) 1.86 W/m °C 1.86 W/m °C

3.4.2 Model Domain, Initial Conditions, and Boundary Conditions

Two periods of sustained streamflow were modeled for the Craycroft Road site.

The first model period, TP1c, extends from 0:00 7/20/99 to 0:00 7/27/99. The total

duration of TPlc is 7.0 days (604800 seconds). Flow was continuous throughout TP1c,

but discharge changed daily in response to precipitation across the upper watershed. The

second model period, TP2c, extends from 0:00 7/29/99 to 23:30 8/2/99 (430200 seconds).

TP2c represents the receding limb of a relatively large flow event that began late on

7/27/99, and decayed continuously over the model period.

The Tanque Verde Wash gage at Tucson, AZ is the nearest USGS streamflow-

gaging station to the Craycroft Road site. This gage is about 3.84 km upstream from the

Craycroft Road site on Tanque Verde Wash. On the basis of discharge data and field

observations it was determined that streamflow in Rillito Creek during the two model
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periods originated in the Tanque Verde Wash watershed; there was little or no

contribution from Pantano Wash. Owing to the distance between the Tanque Verde

Wash gage and the Craycroft Road site, a correlation was needed to translate the

continuous stage-discharge record from the gage into a continuous stage record at the

site. To accomplish this, a staff plate was mounted at the Craycroft Road site and stage

measurements were taken periodically during streamflow. The stage-discharge record for

the gage was compared with the stage measured from the staff plate at the Craycroft

Road site. The gage and staff plate measurements exhibited a strong, positive correlation

over the model periods; therefore, the continuous stage record from the Tanque Verde

Wash gage was used to define the hydraulic head upper boundary for the Craycroft Road

site. A further assumption was made that the streambed elevations at the Tanque Verde

Wash gage and at the Craycroft site did not change significantly for the model periods.

Figure 3.2 displays the measured discharge and the stage from the Tanque Verde

Wash gage (Tadayon et al., 2000) that was used at the Craycroft Road site for the period

of 7/1/99 to 8/6/99. TP1 c and TP2c are bracketed in the figure. The discharge during

TPlc fluctuated between 2.23 and 0.33 cubic meters per second (cms). The stage

fluctuated between 0.26 and 0.11 m over this period. During TP2c discharged decreased

from 1.11 to 0.05 cms and stage decreased from 0.20 to 0.03 m.
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Figure 3.2 Discharge and Stage measured at the Tanque Verde Wash gage.

The subsurface pressure head was measured manually in a vertical nest of three

piezometers at the Craycroft Road site. The three piezometers are labeled Shallow,

Middle, and Deep; corresponding to their relative completion depths below the land

surface. The Shallow piezometer is completed to a depth of 2.0 m below land surface, the

Middle piezometer is completed to a depth of 9.9 m below land surface, and the Deep

piezometer is completed to a depth of 17.4 m below land surface. The Shallow

piezometer has a 0.6 m screened interval while the Middle and Deep piezometers have

1.5 m screened intervals. The depth to water at this site is generally less than two meters

and the water table can rise to the land surface during extended periods of streamflow.
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Hydraulic heads determined from the nested piezometer measurements exhibited unit-

gradient conditions for all measurement times (Figure 3.3).

DEEP (17.4 m) —0—MIDDLE (9.9 m) A SHALLOW (2.0 m)

Figure 3.3 Measured Pressure Head from the Craycroft Road site.

The lower boundary for the Craycroft Road simulations was placed at 3.3 m

below land surface. Based on the unit-gradient conditions, a time-varying pressure head

lower boundary condition was determined by linear interpolation between the pressure

heads measured in the Shallow and Middle piezometers on July 28, 1999. Pressure head

was then converted to total head relative to a datum located at the land surface. The stage

and the calculated head value were used to define the hydraulic head at the lower

boundary. Figure 3.4 displays the inferred hydraulic head upper and lower boundaries

for TPlc and TP2c. The Craycroft Road simulations began at full saturation. The initial
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temperature profile was assigned a constant value of 24.34°C over the entire domain for

the first model period. A temperature profile was constructed by linear interpolation and

extrapolation of near surface temperature measurements taken at 1.2, 2.1, and 3.1 m

below land surface for the second model period.

UPPER TP1 -UPPER TP2 -- LOWER TP1	 LOWER TP2

Figure 3.4 Hydraulic Head Upper and Lower Boundaries for the Craycroft Road
simulations.

The TidbiT used to define the streambed temperatures at the Craycroft Road site

was anchored to a bridge pier in the Tanque Verde Wash above the confluence with the

Pantano Wash. The anchor location is about two hundred meters upstream from the

Craycroft Road site. The assumption that flow at the Craycroft Road site had no

contribution from Pantano Wash during the two model periods was used to justify the use
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of temperature measurements from this location to define the upper temperature

boundary.

Figure 3.5 displays the surface and subsurface temperature measured at the

Craycroft Road site from 7/1/99 to 8/6/99. TPlc and TP2c are bracketed in the figure.

The surface temperatures during TPlc fluctuated diurnally with a maximum temperature

of 33.7 °C on 7/22/99 and 7/25/99, and a minimum temperature of 20.7 °C on 7/20/99.

The average temperature difference between daily maximum and minimum temperatures

for TP lc is 9.8 °C. The surface temperature during TP2c also fluctuated diurnally with a

maximum temperature of 32.6 °C and a minimum temperature of 21.6 °C, both on 8/2/99.

The average temperature difference between daily maximum and minimum temperatures

for TP2c is 8.1 °C.

The subsurface temperature was measured 1.2, 2.1, 3.1, and 4.2 m below land

surface at the Craycroft Road site. Due to the relatively shallow water table at this site,

TidbiTs were also strung inside the nested piezometers to measure the ground-water

temperature at 2.1, 3.1, 4.1, 5.5, and 7.6 m below land surface. The piezometer TidbiTs

were all strung along fishing line that was anchored to caps atop the piezometers in the

vertical nest. All piezometer TidbiTs sampled temperature every 15 minutes.

The Craycroft Road subsurface TidbiTs were installed May 13 and May 14, 1999.

Retrieval of the subsurface sensors occurred on December 3, 1999 and December 6,

1999. The two sensors located 3.1 and 4.2 m below land surface at this site were lost

during recovery. Easy access to the piezometer TidbiTs allowed for frequent retrieval of

temperature data. The measured temperature response from the subsurface TidbiT at 2.1
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m and the piezometer TidbiT at 2.1 m were very similar in the timing of temperature

change and magnitude, despite the fact that the in-hole TidbiTs were not in direct contact

with the medium. On the basis of this correlation, the 3.1-m piezometer TidbiT was used

to define temperatures at the lower boundary for the Craycroft Road site. None of the

other piezometer Tidbit data were used in this investigation.

The temperature measured at the 3.1-m piezometer TidbiT at this site fluctuated

between 24.4 °C and 23.7 °C and averaged 24.1 °C. The calibration depth at this site is

1.2 m below land surface. Unlike the temperature measured at the lower boundary depth,

the temperature at the calibration depth behaved differently between the first and second

model periods. During the first model period the temperature at the calibration depth

remained constant at 24.3 °C until 12:00 on July 21, 1999, after which the temperature

generally increased but followed a cyclical pattern with intermediate highs and lows. The

temperature at the calibration depth steadily decreased during the second model period

between 25.6 °C and 25.3 °C.
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Figure 3.5 Measured Temperature from the Craycroft Road site.

3.4.3 Simulation Results

The Craycroft data were analyzed separately for the two time periods TPlc and

TP2c, using three simulation groups that are based on hydraulic conductivity definitions.

The first simulation group at this site, labeled CORE, was a single-layer model that used

the previously reported hydraulic conductivity values for Fine Sand and Sand (Lappala et

al., 1987, p. 20). The second simulation group, labeled SFC, was a two-layer model that

had an additional layer (surface layer) introduced in the upper 0.04 m of the model

domain. This surface layer shared the same physical and energy-transport properties as

the lower layer except for the saturated hydraulic conductivity, which was optimized

while maintaining the Fine Sand or Sand hydraulic conductivity in the lower layer. The
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third simulation group, labeled RA for recent alluvium, reverted to a single-layer domain

and optimized the hydraulic conductivity of the entire domain as a single unit. These

simulation groups were modeled using both the Fine Sand and Sand descriptions.

3.4.3.1 TPlc Models

The saturated hydraulic conductivity used for the CORE-Fine Sand model is 2.43

x 10 -5 mis, while the CORE-Sand model is 9.49 x 10 -5 mis. The measured and simulated

temperature results from the calibration depth for the TPlc CORE models are shown on

Figure 3.6. The stair step pattern exhibited by the observed temperature results reflects

the precision of the temperature sensor (0.3° C). For all figures in this study presenting

simulated temperature results, the time series is given in seconds and the scale is either

86,400 s (1 day) or 43,200 s (12 hours).

The Fine Sand temperature results generally under-predict the observed

temperature oscillations. However, the predicted trend is in good agreement with the

measured trend in that the average temperature is increasing over the model period. The

under-prediction of the observed temperature oscillations is likely due to an

underestimation of the true saturated hydraulic conductivity. Under the assumed

advective-transport conditions the temperature change is controlled by the saturated

hydraulic conductivity and a higher conductivity would expectedly produce a higher

amplitude change. An overestimation of the saturated hydraulic conductivity is displayed

by the Sand temperature results, which exhibit an over-prediction in amplitude and

increased timing of the observed temperature oscillations throughout the model period.
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The agreement between the Fine Sand and Sand temperature results and the observed

temperatures is poor. Given the poor temperature results corresponding to the under

(Fine Sand) and overestimated (Sand) saturated hydraulic conductivity, the true saturated

hydraulic conductivity should fall between the two CORE values (2.43 x 10 -5 mis and

9.49 x 10 -5 mis).

32   
7

30

co
7
0__ILu
O 28
w
til
ti.i
cc
0
w
o 26
z

ui
cc
m
I-

Œ 24
1.Li
o.
2
Lk,
I-

22

20          
0
	

86400	 172800	 259200	 345600
	

432000
	

518400	 604800

TIME, SECONDS

—Observed	 Fine Sand CORETP1 —Sand CORETP1

Figure 3.6 Measured and simulated temperature results from the calibration depth for the
Craycroft Road TP1 CORE models.

The calibrated saturated hydraulic conductivities of the surface layer of the SFC-

Fine Sand and SFC-Sand models were 9.70 x 10 -5 mis and 1.03 x 10 -6 mis, respectively.

The measured and simulated temperature results from the calibration depth for the TPlc

SFC models are shown on Figure 3.7.
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Figure 3.7 Measured and simulated temperature results from the calibration depth for the
Craycroft Road TP1 SFC models.

The SFC-Fine Sand temperature results are unchanged from the CORE-Fine Sand

model results. These results demonstrate that even with an increase in the saturated

hydraulic conductivity of the surface layer, fluid flow and energy transport across the

domain are governed by the equivalent vertical hydraulic conductivity, which is

dominated here by the low conductivity of the underlying medium.

The Sand temperature results are in good agreement in amplitude and timing with

the measured temperature oscillations until about t = 370,000. After this time, the timing

of the predicted temperature change occurs before the measured temperature change and

the observed oscillations are longer in duration than 86400 s (24 hours). This change

suggests that energy transport was affected by something other than the diurnal heating

and cooling at the streambed, such as a change in the streambed permeability. These
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model results are relatively good. However, the next step in the hierarchical approach

was also simulated to test for a closer fit between predicted and observed temperatures.

The calibrated saturated hydraulic conductivity of the RA-Fine Sand is 4.51 x 10 -5

mis; the calibrated RA-Sand saturated hydraulic conductivity is 4.81 x 10 -5 m/s. The

measured and simulated temperature results from the calibration depth for the TPlc RA

models are shown on Figure 3.8.

Figure 3.8 Measured and simulated temperature results from the calibration depth for the
Craycroft Road TP1 RA models.

The Fine Sand and Sand model results are identical to each other and to the

SFC-Sand results. Additionally, the SFC-Sand and both RA model results each have

very similar equivalent vertical hydraulic conductivities (Table 3.4). This fit was

considered good, so no additional simulations were performed.
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3.4.3.2	 TP2c Models

The measured and simulated temperature results from the calibration depth for the

TP2c CORE models are shown on Figure 3.9.

0
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I —Observed -- Fine Sand CORETP2 —Sand CORETP2

Figure 3.9 Measured and simulated temperature results from the calibration depth for the
Craycroft Road TP2 CORE models.

The Fine Sand temperature results are under-estimated for the first 153,000 s and

then overestimated for the remainder of the model period. In contrast, the Sand

temperature results demonstrate an over-estimation of temperature change throughout the

entire model period. The agreement between the Fine Sand and Sand temperature results

and the observed temperatures is poor. The Sand model results are indicative of high

infiltration rates where advective-energy transport has translated the streambed

temperatures to the calibration depth. The over-prediction of the observed temperature

oscillations is due to an overestimation of the true saturated hydraulic conductivity.
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The calibrated saturated hydraulic conductivity for the SFC-Fine Sand model is

2.59 x 10 -1 0 m/s for the surface layer and the calibrated saturated hydraulic conductivity

of the surface layer for the SFC-Sand model is 5.58 x 10-1° m/s. The measured and

simulated temperature results from the calibration depth for the TP2c SFC models are

shown on Figure 3.10.
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Figure 3.10 Measured and simulated temperature results from the calibration depth for
the Craycroft Road TP2 SFC models.

The SFC-Fine Sand temperature results are indistinguishable from the SFC-Sand

model results, and exhibit good agreement with the observed temperatures throughout the

entire model period. Under the SFC model assumption, these results suggest that a less-

permeable streambed layer has been deposited since the end of the first model period,

TP1c. The results were satisfactory to preclude additional simulations. However, an
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additional model was simulated with the RA description to analyze for hydraulic

conductivity differences between the first and second model periods.

The calibrated saturated hydraulic conductivity for the RA-Fine Sand is 3.94 x

10 -9 m/s, and the calibrated saturated hydraulic conductivity for the RA-Sand is 1.52 x

10 -8 mis. The measured and simulated temperature results from the calibration depth for

the TP2c RA models are shown on Figure 3.11.
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Figure 3.11 Measured and simulated temperature results from the calibration depth for
the Craycroft Road TP2 RA models.

The RA-Fine Sand and RA-Sand temperature results are nearly identical, and

exhibit good agreement with the observed temperatures throughout the entire model

period, prompting no further simulations. The RA-model results also are very similar to

the temperature results from the SFC models, and the TP2c-SFC and TP2c-RA models

have similar equivalent vertical hydraulic conductivities (Table 3.4). The decrease in
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hydraulic conductivity of up to four orders of magnitude between the TP1c-RA and

TP2c-RA models likely demonstrates that a physical change has occurred in the system

that significantly lowered the streambed permeability since the end of the first model

period. Given the similar flow magnitudes between the first and second model periods,

and with an observation depth extending to 3.3 m below land surface, it is unlikely that

an erosional or aggradational change has occurred throughout the entire model domain.

Rather, it is most probable that a change has occurred only at the streambed surface.

Table 3.4 Calibrated and equivalent vertical saturated hydraulic conductivities for the
Craycroft Road models. Model results are listed as Poor or Good, based on the
visually determined goodness of fit.

TPlc - all values are in meters per second

Model Fine Sand KEQV Results Sand KEQV Results

CORE 2.43x10-5 2.43x10-5 Poor 9.49x10-5 9.49x1015 Poor

SFC Layer 1 9.70x1015
2.45x10 -5 Poor

1.03x10-6
4.51x10-5 Good

SFC Layer 2 2.43x1 1115 9.49x10-5

RA 4.51x1015 4.51x10-5 Good 4.81x1015 4.81x10-5 Good

TP2c - all values are in meters per second

Model Fine Sand KEQV Results Sand KEQV Results

CORE 2.43x10-5 2.43x1 15 Poor 9.49x10-5 9.49x10-5 Poor

SFC Layer 1 2.59x10-I°

2.13x10-8 Good

5.58x10-1°

4.60x10-8 GoodSFC Layer 2 2.43x10-5 9.49x10-5

RA 3.94x10-9 3.94x10-9 Good 1.52x10-8 1.52x10-8 Good

Figure 3.12 shows representative saturated hydraulic conductivity values for

various sediment types. Using the sediment type convention from Figure 3.12, the

"Good" model results for TPlc are within the Sand to Fine Sand range, while the "Good"

model results for TP2c are within the Structured Clay range.
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Figure 3.12 Saturated hydraulic conductivity for various sediment types. (Adapted from
Stephens, 1996)

Given the unit-gradient conditions observed at this site, the estimated equivalent

vertical hydraulic conductivity values for TPlc and TP2c that were judged to be "Good"

represent the range of infiltration rates across the domain for the two model periods. A

hypothetical example also is given for the two model periods to compare the cumulative

infiltration over a 24-hour period based on the range of estimated infiltration rates (Table

3.5). The range of cumulative infiltration was calculated by multiplying the range of

infiltration rates in Table 3.5 by the hypothetical area (a stream reach with a width of one

m and a length of one km) and by the hypothetical time period (24 hours).

Cumulative Infiltration = Estimated Infiltration Rate x Area x Time Period (14)

The cumulative infiltration values for the hypothetical example are listed in conventional

units of acre-feet.

Table 3.5 Estimated infiltration rates for TPlc and TP2c and cumulative infiltration for a
hypothetical example.

Model Period Range of Estimated Infiltration Rates
(m/s)

Range of Cumulative Infiltration
(acre-feet)

TP1 c 4.51x10-5-- 4.81x10 -5 3.16-- 3.36

TP2c 3.94x10-9-- 4.60x10 -8 2.80x104 -- 3.20x10-3
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The cumulative infiltration calculated over both model periods reflects the change

in permeability that occurred between TPlc and TP2c, and demonstrates how a change in

permeability might affect cumulative infiltration at this site. On the basis of the

hypothetical example, for a 24-hour period with TPlc infiltration rates, over three acre-

feet of cumulative infiltration would occur. Alternatively, for the same 24-hour period

with TP2c infiltration rates, as little as three ten-thousandths of an acre-foot of

cumulative infiltration would occur.

3.5	 Dodge Boulevard Site

3.5.1 Physical and Hydrologic Conditions

The simulation domain for the Dodge Boulevard site initially extended to the

water table depth of 39.8 m below land surface. This simulation domain included two

layers: recent alluvium (RA), ranging from the land surface to 7.95 m below land surface;

and basin fill (BF), ranging from 7.95 m to 39.8 m below land surface. This domain is

labeled "39.8". Two additional domains were generated that encompassed only the

recent alluvium, with a depth of investigation extending to the lithologic contact at 7.95

m below land surface. These two domains are labeled "7.95 (1)" and "7.95 (2)", and

differ in their lower hydraulic boundary conditions. The "7.95 (1)" and "7.95 (2)"

domain variations were generated because of concern as to whether one-dimensional

flow could be assumed over the entire unsaturated zone at this site. It was thought that a

relatively shallow depth of investigation would be better represented as one-dimensional.

Analyses of the hydraulic and energy-transport properties for cores collected at

this site were complete prior to model development. Individual core estimates for
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porosity and residual water content varied greatly over the depth of the recent alluvium.

Measured values of saturated hydraulic conductivity, a' and n were consistent at all

depths. The average values for all hydraulic properties from the core analyses were very

similar to the values reported for Fine Sand (Lappala et al., 1987). For simplicity, the

recent alluvium hydraulic properties, except saturated hydraulic conductivity, were

defined using the properties of Fine Sand. The recent alluvium saturated hydraulic

conductivity, the basin fill hydraulic property estimates, and the energy-transport

properties for both the recent alluvium and the basin fill were all defined by the

arithmetic mean from the depth-dependent core samples (Hoffinann et al., 2002) and are

listed in Table 3.6.

Table 3.6 Hydraulic and energy-transport property values used for the Dodge Boulevard
simulations.

Parameter Recent Alluvium Basin Fill

Saturated hydraulic conductivity, Ks 2.50 x 10 -5 m/s 3.90 x 10 -6 Mis

Specific storage, Ss 0.05 m-1 0.05 m-1

Porosity, 0 .377 .323

a' ( van Genuchten fitting parameter) -0.960 m -0.212 m

n (van Genuchten fitting parameter) 6.9 1.3

Residual volumetric water content, O r 0.072 0.0175

Heat capacity of dry solids, CDS 1.27 x 106 J/m3 °C 1.4 x 106 J/m3 °C

Heat capacity of water, Cw 4.18 x 106 J/m3 °C 4.18 x 106 J/m3 °C

Thermal conductivity at residual water content, KT (O r ) 0.25 W/m °C 0.38 W/m °C

Thermal conductivity at full saturation, KT (0) 1.76 W/m °C 2.72 W/m °C
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3.5.2 Model Domain and Boundary Conditions

Infiltration was modeled for two different time periods at the Dodge Boulevard

site. The first model period, TP1d, extends from 19:00 7/14/99 to 0:00 7/17/99 (190800

seconds). The second model period, TP2d, extends from 19:00 7/25/99 to 12:00 7/29/99

(320400 seconds). The Rillito Creek at Dodge Boulevard gage is located one hundred

meters downstream from the Dodge Boulevard site. The close proximity of the gage to

the site permits direct use of the gage measurements to define the hydraulic head at the

upper boundary.

Figure 3.13 displays the measured discharge and stage from the Dodge Boulevard

gage for the period of 7/1/99 to 7/31/99 (Tadayon et al., 2000). These two model periods

represent the longest continuous occurrence of streamflow at this site during the field

investigation. Both model periods begin with no streamflow. Streamflow initiates 1800

seconds and 166500 seconds into TPld and TP2d, respectively.
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Discharge and stage are
truncated at 50 cubic meters per
second and 2 meters,
respectively A maximum
discharge of 254 cubic meters
per second and a maximum
stage of 2 7 meters were both
measured on 7/15/99
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Figure 3.13 Measured discharge and stage from the Dodge Boulevard site.

Initial hydraulic conditions for the Dodge Boulevard simulations were assigned as

a static equilibrium profile with a minimum pressure head of —3.0 m. Based on the

water-retention parameters and the porosity, this minimum pressure head is associated

with a volumetric water content of 0.072 for the recent alluvium and 0.161 for the basin

fill. The initial temperature profiles for the Dodge Boulevard simulations were

interpolated from near-surface temperature measurements taken at 0.8, 1.8, 2.8, 4.6, and

5.7 m below land surface and a representative temperature from below the water table.

The pressure head was measured manually in a vertical nest of three piezometers at the

Dodge Boulevard site. The Shallow piezometer is completed to a depth of 10.5 m below

land surface. The Middle piezometer is completed to a depth of 41.0 m below land
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surface, and the Deep piezometer is completed to a depth of 48.1 m below land surface.

All three piezometers have screened intervals of 1.5 m. A 40-m thick (on average)

unsaturated zone is present at this site. The Shallow piezometer is completed in the

unsaturated zone. The Middle and Deep piezometers were originally completed in the

saturated zone.

The three simulation domains for the Dodge Boulevard site were represented with

three different hydraulic lower boundary conditions. The lower hydraulic boundary

condition for the 39.8 m domain was assigned as zero pressure head for both model

periods, corresponding to the regional water table. The lower hydraulic boundary

condition for the 7.95 (1) domain was assigned as zero flux, in response to the low

hydraulic conductivity of the sediments below 7.95 m in contrast to the hydraulic

conductivity of the sediments above 7.95 m (the core-measured hydraulic conductivity

values below 7.95 m at this site were all less than 9.0 x 10 -6 m/s while those above 7.95 m

were all greater than 2.0 x 10-5 mis). A time-varying lower hydraulic boundary condition

was assigned to the 7.95 (2) domain, which was determined by temporal interpolation of

pressure head measurements in the Shallow piezometer.

Figure 3.14 displays the pressure heads measured above the completion depths in

the Shallow, Middle, and Deep piezometers for the period of 7/1/99 to 7/31/99. Pressure

head in the Middle and Deep piezometers declined continuously over this period at an

average rate of —0.023 mid. The pressure heads measured in these two piezometers

represent conditions in the regional aquifer. The pressure head measured in the Shallow

piezometer varied from having no water present at the beginning of this study period,
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indicating unsaturated conditions, to 4.4 m of water measured on July 7, 1999. This head

fluctuation exhibits the transient nature of percolating water through the near-surface

sediments in response to infiltration during streamflow events in Rillito Creek.

DATE

—4)-- DEEP (48.1 m) —0—MIDDLE (41.0 m) A SHALLOW (10.5 m)

Figure 3.14 Measured Pressure Head from the Dodge Boulevard site.

The hydraulic head used for the 7.95 (2) lower boundary was interpolated and

then converted from water level measurements taken from the Shallow piezometer on

July 13 and 16, 1999 (Figure 3.15). The conversion was made referenced to an elevation

datum at the streambed.
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Figure 3.15 Hydraulic head lower boundary conditions used for Dodge Boulevard 7.95(2)
simulations.

The streambed TidbiT at Dodge Boulevard was anchored to the same bridge pier

to which the streamflow gage is attached. Figure 3.16 displays the surface and

subsurface temperature measured at the Dodge site from 7/1/99 to 7/31/99. The

streambed temperature measured during TPld was generally controlled by the presence

of streamflow. The streambed temperature fluctuated diurnally until the onset of

streamflow, as indicated during TPld by the rapid decrease in temperature late on

7/14/99, as a result of the onset of streamflow. The temperature decrease from 30.4 oc to

26.0 °C suggests that the stream water had a lower temperature relative to the initially dry

streambed. On 7/15/99, when the streamflow increased to a maximum discharge of 254
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cubic meters per second, the temperature dropped to a minimum of 20.3 °C. Over the

next ten hours the streambed temperature increased to about 23.0 °C. At the end of the

first model period, the temperature fluctuated in a diurnal pattern similar to that observed

before the onset of streamflow.

The streambed temperature measured during TP2d was similar to the temperature

measured during TPld and was generally controlled by the presence of streamflow. The

streambed temperature fluctuated diurnally for the first half of TP2d until the onset of

streamflow late on 7/27/99. On 7/27/99 the temperature sharply dropped and continued

to drop from 33.6 °C until it reached 25.0 °C on 7/28/99. Then, the streambed

temperature returned to a diurnal pattern that continued through the remainder of the

observation period. The maximum temperature measured during TP2d was 33.6 °C from

7/27/99, and the minimum temperature was 23.7 °C from 7/29/99.

The Dodge Boulevard site had TidbiTs buried 0.8, 1.8, 2.8, 4.6, and 5.7 m below

land surface. The Dodge Boulevard subsurface TidbiTs were installed on May 12, 1999.

Retrieval of the subsurface sensors at Dodge was completed on December 3, 1999. All

five sensors from the Dodge Boulevard site were recovered successfully. Since no direct

subsurface temperature measurements were made at the lower boundary depths, the

measured groundwater temperature of 18.11 °C was used to approximate the lower

boundary temperature for the 39.8 m domain. A constant lower boundary temperature of

20.43 °C was interpolated from the measured subsurface and the groundwater

temperatures for the 7.95 (1) and (2) domain simulations.
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The calibration depth at this site is 0.8 m below land surface. The temperature at

the calibration depth for the first model period was very similar in magnitude and timing

to the streambed temperature measured over the same period. However, the temperature

at the calibration depth steadily increased from a measured low of 22.2 °C to 26.0 'V by

the end of TP1d, rather than transitioning into a diurnal pattern. Temperature at the

calibration depth during TP2d fluctuated in a subdued diurnal pattern until the onset of

streamtlow on 7/27/99. In response to the onset of streamflow, temperature at the

calibration depth increased sharply from 28.6 oc to 32.1 °C. Then, the temperature

decreased almost as quickly as it had increased. The temperature continued to decrease

through the end of TP2d, reaching 27.0 °C at the end of the second model period.

I

TP1d TP2d

I
V\ N\i‘,—1	 I f\	 ___,___,_.._.., _

. i	 i4
--.

7/1/99	 7/4/99	 7/7/99	 7/10/99	 7/13/99	 7/16/99	 7/19/99	 7/22/99	 7/25/99	 7/28/99	7/31 /99
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Figure 3.16 Measured temperature from the Dodge Boulevard site.
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3.5.3 Simulation Results

Four simulation groups were modeled for the Dodge Boulevard site. The first

simulation group, labeled CORE, used the previously reported hydraulic conductivity

values for Fine Sand (Lappala et al., 1987, p. 20) for the recent alluvium and core-

estimated conductivity values for the basin fill. The 39.8-CORE model was simulated

with two layers corresponding to the recent alluvium and the basin fill. The 7.95 (1)- and

7.95 (2)-CORE models were simulated with one layer corresponding to the recent

alluvium. The second simulation group, labeled SFC, applied an additional layer in the

upper 0.05 m of the three domains (This SFC layer was 0.05 m as opposed to the 0.04 m

SFC layer used for the Craycroft Road models. The difference is due to a change in grid

spacing between the separate models, which was necessary to match up the calibration

depth from the field and in the model). This surface layer assumed the same physical and

energy-transport properties as the recent alluvium except for saturated hydraulic

conductivity. The 39.8-SFC model was simulated with three layers corresponding to the

surface layer, the recent alluvium, and the basin fill. The 7.95 (1)- and 7.95 (2)-SFC

models were simulated with two layers corresponding to the surface layer and the recent

alluvium. The third simulation group, labeled RA, reverted to the original domain, (two

layers for the 39.8 and one layer for the 7.95 (1) and 7.95 (2)), and varied the

conductivity of the recent alluvium as a single unit. The basin fill conductivity was held

constant at the core-estimated value in the 39.8-RA model. The fourth simulation group,

labeled SUB, subdivided TP2d (only) into two simulation periods. The two simulation

periods correspond to: 1) the onset of flow (SUBI) from 19:00 7/25/99 to 19:00 7/27/99;
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and 2) the remainder of the flow period (SUB2) from 19:00 7/27/99 to 12:00 7/29/99.

The fourth simulation group was applied only to TP2d because the streamflow event and

the corresponding temperature response were easily identifiable and relatively short

lived. This scenario follows the pattern shown in Figure 2.1, and may signify a contrast

in streamflow infiltration that is dominated initially by unsaturated hydraulic gradients to

later times when infiltration is dominated by the hydraulic conductivity of the altered

streambed sediments (Figure 2.2b). In contrast, streamflow during TPld occurred over

most of the period and no distinct changes were observed that warranted a break in the

simulation period. The SUB models were simulated using only the 39.8 domain with two

suites of simulations: first using the SFC approach; and second using the RA approach.

The 39.8, 7.95 (1), and 7.95 (2) domains were considered for each simulation

group during TP1d. However, TP2d was simplified to include only the 39.8 and 7.95 (1)

domains (except the SUB models which used only the 39.8 domain). This simplification

was adopted because the results from the 7.95 (2) simulations in TPld were nearly

identical to the 7.95 (1) results.

3.5.3.1 TPld Models

The saturated hydraulic conductivity used in the CORE models for the recent

alluvium is 2.50 x 10 -5 mis, and that of the basin fill is 3.90 x 10 -6 m/s. The measured and

simulated temperature results from the calibration depth for the TPld CORE models are

shown on Figure 3.17.
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Figure 3.17 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP1 CORE models.

The temperature results are practically identical among the 39.8, 7.95 (1), and

7.95 (2) models. The agreement between the predicted temperature results and the

observed temperatures is poor. Following the observed temperatures at the calibration

depth, there was no prediction of initial temperature spike (t < 5,000 s), and there was a

delay of about 5,200 s in predicting the subsequent temperature decrease. There was a

similar delay in the predicted timing of the abrupt temperature decrease that begins at

about t = 50,000 s. The minimum observed temperature at t = 55,000 s was

underestimated and so, too, was the observed increase in temperature from about t =

60,000 to 172,800 s. From t = 172,800 s through the remainder of the simulation period,

the predicted results overestimated the observed temperatures.
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The calibrated saturated hydraulic conductivities of the surface layer are 6.07 x

10 -5 m/s for the 39.8 model, 3.51 x 10 - m/s for the 7.95 (1) model, and 2.00 x 10 -5 m/s

for the 7.95 (2) model. The saturated hydraulic conductivity over the remaining 7.90 m of

recent alluvium and all of the basin fill was held at the CORE-defined values of 2.50 x

10 -5 mis and 3.90 x 10 -6 m/s, respectively. The measured and simulated temperature

results from the calibration depth for the TPld SFC models are shown on Figure 3.18.

Figure 3.18 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP1 SFC models.

The predicted results for the SFC model were very similar among the 39.8, 7.95

(1), and 7.95 (2) models, and nearly identical with the results from the CORE models.

The largest difference between the SFC model and the CORE model results is that the

7.95 (2) model exhibited a longer delay in the predicted timing of the temperature

decrease observed to begin at about t = 50,000 s. The similar temperature results among
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the CORE and SFC models, and the near-identical equivalent vertical hydraulic

conductivities between the two models demonstrate that, for this particular domain and

conditions, the equivalent vertical hydraulic conductivity is dominated by the lower

hydraulic conductivity of the lower layers and the introduction of a thin surface layer has

little influence on the predicted temperature results. This suggests that the SFC model

does not adequately describe the natural conditions present during this model period.

The calibrated saturated hydraulic conductivities of the RA layer are 5.57 x 10 -5

m/s for the RA-39.8 model, 5.53 x 10 -5 mis for the RA-7.95 (1) model, and 6.48 x 10 -5

mis for the RA-7.95 (2) model. The BF was held at 3.90 x 10 -6 mis for the 39.8 model.

The measured and simulated temperature results from the calibration depth for the TPld

RA models are shown on Figure 3.19.
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Figure 3.19 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP1 RA models.

The predicted results are similar among the 39.8, 7.95 (1), and 7.95 (2) models.

The RA model results exhibit only slightly better agreement than the CORE- and SFC-

models. Unlike the CORE- and SFC-models, all three RA-models predict an early

temperature spike that is similar in magnitude and duration to the observed temperature

spike; the 39.8 model was most similar in form to the observed temperatures. However,

the timing of the predicted spikes are still delayed by about 5,000 s. From about t =

26,000 to 50,000 s, all three models under predicted the observed temperature by about

one degree C. The timing of the large temperature decrease at t = 50,000 s was well

represented by all three RA-models; however, the predicted minimum temperature at t =

55,000 s was generally about one degree C lower than the observed temperature. The

predicted temperature results for the remainder of the model period were underestimated,
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although the trend was generally well represented. The primary exception is the 7.95 (2)

model, which, after about t = 172,800 s, began to oscillate and then increase steadily,

eventually surpassing the observed temperature. The 39.8 model also increased above

the observed temperature after t = 183,000 s. The RA-model temperature results show

the closest agreement with the observed temperatures for this model period. Since no

further calibration steps could be justified for this period, no additional simulations were

conducted.

All three simulation groups generally reproduced the trend of the observed

temperatures during this model period; however, the magnitude and timing of

temperature change was usually inaccurate. The consistent delay in predicting the early

temperature spike and the underestimation of temperatures from t = 26,000 to 50,000 s

indicates that the numerical model is not correctly representing the natural system for this

model period; possibly due to poor estimation of the initial model conditions or

parameters. The more accurate prediction with the RA model of the timing of the large

temperature decrease at t = 50,000 s suggests that the equivalent hydraulic conductivity

of this model is more representative of the true hydraulic conductivity. Additionally, the

hydraulic conditions across the domain may have adjusted during the initial 50,000 s to

more accurately represent the natural system. For these reasons, all three RA-models

were judged to be good.

3.5.3.2 TP2d Models

The measured and simulated temperature results from the calibration depth for the

TP2d CORE models are shown on Figure 3.20.
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Figure 3.20 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP2 CORE models.

The 39.8- and 7.95 (1)-CORE temperature results are nearly identical to each

other, and the agreement between the predicted temperature results and the observed

temperatures is poor. There is an overestimation of the observed temperature during the

period of no flow from the beginning of the model period to about t = 165,000 s. After

this time, a temperature spike is predicted from t = 190,000 to 200,500 s that is in good

agreement in magnitude and duration, however, it is delayed by about 25,000 s compared

with the observed temperature spike that occurs from t = 165,000 to 182,000 s. After the

temperature spike, the predicted temperature did not represent the trend of the observed

temperature, and was generally underestimated for the remainder of the model period.

The calibrated saturated hydraulic conductivity for the surface layer is 2.57 x 10 -5

m/s for the SFC-39.8 model and 2.56 x 10 -5 m/s for the SFC-7.95 (1) model. The
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measured and simulated temperature results from the calibration depth for the TP2d SFC

models are shown on Figure 3.21.
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Figure 3.21 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP2 SFC models.

The SFC-39.8 temperature results are very similar with the SFC-7.95 (1) results,

and the agreement between the predicted and observed temperatures is poor. The

temperature results from the SFC models are similar to the predicted temperatures from

the CORE models; however, the predicted temperature spikes around t = 165,000 s from

the SFC models were smaller in magnitude than the observed temperature spike.

The calibrated saturated hydraulic conductivity for the RA-39.8 model is 5.03 x

10 -5 mis and 4.99 x 10 -5 mis for the RA-7.95 (1) model. The measured and simulated

temperature results from the calibration depth for the TP2d RA models are shown on

Figure 3.22.
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Figure 3.22 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP2 RA models.

The RA-39.8 temperature results are very similar with the RA-7.95 (1) model

results, for the initial 259,200 s. The predicted response from the beginning of the model

period to the beginning of predicted temperature spike is exactly the same as the

predicted response in the TP2d CORE and SFC models. The beginning of a predicted

temperature spike in this model differs from the CORE and SFC models, however,

because the predicted temperature spike is delayed only by about 9,000 s behind the

observed temperature spike. The predicted temperature spike is in poor agreement with

the observed temperature spike in both magnitude and duration, in that it is much smaller

and shorter lived. After the temperature spike, the predicted temperature was non-steady

and generally underestimated the observed temperature for the remainder of the model

period. The agreement between the predicted and observed temperatures is poor, and due
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to the transient nature of the streamflow and the resulting temperature response, the next

hierarchical simulation was necessary.

The calibrated saturated hydraulic conductivity for the surface layer was 4.93 x

10 -5 mis for the SUBISFC-model and 4.92 x 10 -6 MiS for the SUB2SFC-model. The

measured and simulated temperature results from the calibration depth for the TP2d

SUBSFC models are shown on Figure 3.23.
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Figure 3.23 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP2 SUBSFC models.

The simulated temperatures across SUBI are exactly the same as the initial

predicted temperatures from all CORE, SFC, and RA models, and there is no prediction

of the observed temperature spike at t = 165,000 s. The predicted temperatures across

SUB2 also are in poor agreement with the magnitude and timing of the observed

temperatures throughout the remainder of the model period. The predicted temperatures

I
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from the SUBSFC model are generally similar in form to the predicted temperatures from

the RA models.

The calibrated saturated hydraulic conductivity for the SUBIRA-model is 7.71 x

10 -4 m/s and 2.94 x 10 -6 m/s for the SUB2RA-model. The measured and simulated

temperature results from the calibration depth for the TP2d SUBRA models are shown on

Figure 3.24.
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Figure 3.24 Measured and simulated temperature results from the calibration depth for
the Dodge Boulevard TP2 SUBRA models.

Like the SUB1SFC model, the simulated temperatures across this SUBI model

are exactly the same as the initial predicted temperatures from all CORE, SFC, and RA

models until about t = 165,000 s. At t = 165,000 s, there is a very good prediction of the

timing of the observed temperature spike, but the magnitude is overestimated by about

1.5 degrees C. In addition, the duration is underestimated by about 9,600 s. The
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simulated temperatures across SUB2 were in good agreement with the observed

temperatures over the entire period.

The SUBRA model was the only model that accurately predicted the observed

temperatures during TP2d. The resulting difference in equivalent vertical hydraulic

conductivity between the SUB1RA and SUB2RA models is negligible when considered

over the entire domain (Table 3.7). However, when considering only the optimized upper

layer (< 7.95 m), there is a two-order of magnitude difference between the SUB1RA and

SUB2RA models. The change in conductivity in conjunction with the goodness of fit

between the predicted and observed temperatures suggests that a change had occurred in

the permeability of the streambed over this model period. This is in agreement with the

results from the Craycroft Road simulations that suggest a physical change had occurred

between the two model periods that altered the near surface streambed hydraulic

conductivity. This is plausible during the TP2d model period because the model period

encompassed the entire duration of an ephemeral flow event including the onset of flow,

which tends to have higher infiltration rates due to relatively higher hydraulic gradients,

and the gradual decrease in flow at later times, which tends to be calmer and can cause

aggradation by settling out the fine-grained sediments from the water to the streambed.
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Table 3.7 Calibrated and equivalent vertical saturated hydraulic conductivities for the
Dodge Boulevard models. Model results are listed as Poor or Good, on the basis of
the visually determined goodness of fit.

TPld - all values are in meters per second

Model 39.8 KEQv Results 7.95(1) KEQv Results 7.95(2) KEQv Results

CORE Layer
1 2.50x10-5

4.69x10-6 Poor
2.50x10-5 2.50x10 -5 Poor 2.50x10-5 2.50x10 -5 Poor

CORE Layer
2 NA NA

SFC Layer 1 607x1 05

4.69x10 -6 Poor

3.51x10-5
2.51x10 -5 Poor

2.00x10-5
2.50x10-5 Poor

SFC Layer 2 2.50x10-5 2.50x10-5 2.50x10-5

SFC Layer 3 3.90x10-6 NA NA

RA Layer 1 5.57x10-5
4.79x10-6 Good

5.53x 11e 5.53x10 -5 Good 6.48x1 115 6 48x1 115 Good

RA Layer 2 3.90x10-6 NA NA

TP2d - all values are in meters per second

Model 39.8 KEQ V Results 7.95(1) KEQv Results

CORE Layer
I 2.50x1 115

4,69x10-6 Poor
2.50x1 115 2.50x1 115 Poor

CORE Layer
2 3.90x10-6 NA

SFC Layer 1 2.57x1 0'5

4.69x1 116 Poor

2.56x1 115
2.50x1 0 5 Poor

SFC Layer 2 2.50x1 115 2.50x1 115

SFC Layer 3 3.90x10'6 NA

RA Layer 1 5.03x1 115
4.78x10 -6 Poor

4.99x1 115 4.99x1 115 Poor

RA Layer 2 3.90x10-6 NA

SUB1SFC KEQv Results SUB2SFC KEQV Results

SFC Layer 1 4.93x104

4.69x10-6 Poor

4.92x10-6

4.69x1 0 6 PoorSFC Layer 2 2.50x1 115 2.50x10-5

SFC Layer 3 3.90x10-6 3.90x10-6

SUB1RA KEQv Results SUB2RA KEQV Results

RA Layer 1 7.71x104
4.87x10 -6 Good

2.94x10-6
3.66x10-6 Good

RA Layer 2 3.90x10-6 3.90x10'6

Based on Figure 3.12, the "Good" model results for TPld are within the Sand to

Fine Sand range (for the uppermost layer from the 39.8 model and the entire domains for
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the 7.95 (1) and 7.95 (2) models). The "Good" model results for TP2d are within the

Sand range for SUBIRA and within the Sandy Clay range for SUB2RA.

The lack of near-surface pressure measurements at the Dodge Boulevard site

precluded constraint of the lower hydraulic boundary condition at a depth shallower than

7.95 m. Coincidentally, varying the hydraulic conductivity of the upper 7.95 m,

according to the RA approach, produced the only acceptable results from the Dodge

Boulevard simulations. Following these hydraulic conductivity designations and drawing

from the pressure observations at the Craycroft Road site, it is reasonable to assume unit-

gradient conditions also are present at this site, at least in the near-surface sediments.

Therefore, estimates of the infiltration rates can be made from the equivalent vertical

hydraulic conductivity of the recent alluvium layer from acceptable simulations (Table

3.8). The same hypothetical example that was presented for the Craycroft Road site also

is given for the two Dodge Boulevard model periods to compare the cumulative

infiltration based on the range of estimated infiltration rates. The largest range of

cumulative infiltration occurred during the second model period. This is due to the range

of estimated infiltration rates resulting form the SUBRA models that were used to

calculate the cumulative infiltration.

Table 3.8 Estimated infiltration rates for TPld and TP2d and cumulative infiltration for a
hypothetical example.

Model Period Range of Estimated Infiltration Rates
(m/s)

Range of Cumulative Infiltration
(acre-feet)

TPld 5.53x1 115-- 6.48x1 115 3.88 --4.54

TP2d 2.94x104 -- 7.71x1 114 0.20-- 54.00
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3.6	 First Avenue Site

3.6.1 Physical and Hydrologic Conditions

The simulation domain for the First Avenue site initially extended to an

approximate water table depth of 30.6 m below land surface. The simulation domain was

separated into two units: recent alluvium (RA), ranging from the land surface to 8.55 m

below land surface; and basin fill (BF), ranging from 8.55 m to 30.6 m below land

surface. This domain is labeled "30.6". Similar to the Dodge Boulevard site, the First

Avenue site also was represented with an additional domain that had only a single unit

(RA) and a depth of investigation extending to the lithologie contact at 8.55 m below land

surface. This domain is labeled "8.55".

Analyses of the hydraulic and energy-transport properties for cores collected at

this site were complete prior to model development. The RA and BF hydraulic and

energy-transport properties were defined from the core analyses and are listed in Table

3.9.
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Table 3.9 Hydraulic and energy-transport property estimates used for the First Avenue
simulations.

Parameter Recent Alluvium Basin Fill

Saturated hydraulic conductivity, Ks 2.50 x 10 -5 m/s 4.60 x 10-6 m/s

Specific storage, Ss 0.05 rri 1 0.05 m -1

Porosity, 0 .244 .339

a' ( van Genuchten fitting parameter) -0.0024 m -0.0034 m

n (van Genuchten fitting parameter) 1.28 1.34

Residual volumetric water content, 8,. 0.011 0.024

Heat capacity of dry solids, CDS 1.03 x 106 J/m3 °C 1.18 x 106 J/m3 °C

Heat capacity of water, Cw 4.18 x 106 J/m3 °C 4.18 x 106 J/m3 °C

Thermal conductivity at residual water content, KT (8r) 0.21 W/m °C 0.25 W/m °C

Thermal conductivity at full saturation, KT (ø) 1.48 W/m °C 2.44 W/m °C

3.6.2 Model Domain and Boundary Conditions

Infiltration at the First Avenue site was modeled for the same time periods as

were modeled at the Dodge Boulevard site. The first model period, TP1f, extends from

19:00 7/14/99 to 0:00 7/17/99 (190800 seconds). The second model period, TP2f,

extends from 19:00 7/25/99 to 12:00 7/29/99 (320400 seconds). No streamflow or stage

measurements were made at the First Avenue site. Therefore, streamflow measurements

from the Rillito Creek at Dodge Boulevard gage were used to define the hydraulic head at

the upper boundary for the First Avenue site.

Figure 3.25 displays the measured discharge and stage from the Dodge Boulevard

gage for the period of 7/1/99 to 7/31/99 that was used to define the hydraulic head at the

upper boundary for both the Dodge Boulevard and First Avenue sites.
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Figure 3.25 Measured discharge and stage from the Dodge Boulevard site that was used
for both Dodge Boulevard and First Avenue simulations.

Initial hydraulic conditions for the First Avenue simulations were assigned a static

equilibrium profile with a minimum pressure head of —0.15 m. Based on the water-

retention parameters and the porosity, this minimum pressure is equivalent to a water

content of 0.088 for the recent alluvium and 0.116 for the basin fill. The initial

temperature profiles for the First Avenue simulations were interpolated from near-surface

temperature measurements taken at 1.05, 2.5, and 3.3 m below land surface and from a

measurement that was taken from a sensor in ground water below the water table. The

pressure head for the First Avenue site was measured manually in a vertical nest of two

piezometers located about one hundred meters north of the site. The Shallow piezometer

is completed to a depth of 34.4 m below land surface and the Deep piezometer is
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completed to a depth of 47.2 m below land surface. Both piezometers have a 1.5 m

screened interval. A vertical nest of three piezometers was originally located at the First

Avenue site; however, heavy streamflow on July 14 and 15, 1999 loosened the streambed

sediments, damaging all three piezometers and the protective vault located at the

streambed surface. The damage resulted in kinks and partial breaks of all three

piezometers at about one and a half meters below land surface. An attempt was made on

July 23, 1999, to resurrect the vault and repair the damaged piezometers by splicing new

segments of piezometer pipe below the break points. Subsequent to the repairs, it was

determined that two of the three piezometers were terminally bridged by sediments below

the splice depth and were no longer of use. Only a single piezometer at a completion

depth of 9.9 m below land surface remained operable. The regional water table is about

30 m below land surface at this site. Prior to being destroyed, pressure head data from

the vertical nest at the First Avenue site was in general agreement with pressure head data

from the vertical nest one hundred meters to the north. This continuity permitted the use

of pressure head data from the piezometer nest north of the site to represent the pressure

head conditions for the site.

Figure 3.26 displays the pressure head measured above the completion depth from

the Shallow and Deep piezometers from the First Avenue site for the period of 7/1/99 to

7/31/99. An increase in pressure head of less than 0.2 m was measured in the

piezometers between the two model periods. Like the Dodge Boulevard site, the First

Avenue site was represented with multiple numerical model domains. The lower

hydraulic boundary for the 30.6 m domain was assigned as zero pressure head for both



16

88

model periods to correspond with the regional water table. The lower hydraulic boundary

for the 8.55 m domain was assigned as zero flux to represent the low hydraulic

conductivity of the sediments below 8.55 m.
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Figure 3.26 Measured Pressure Head from the First Avenue Site.

The streambed TidbiT at First Avenue was anchored to a bridge pier about one

hundred meters downstream of the site. Figure 3.27 displays the surface and subsurface

temperature measured at the First site from 7/1/99 to 7/31/99. The pattern of strearnbed

temperature measured at this site was very similar to that measured at the Dodge

Boulevard site. Like the Dodge Boulevard site, temperature during TPlf was generally

controlled by the presence of streamflow. The streambed temperature fluctuated

diurnally until the onset of streamflow. The streambed temperature quickly dropped
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from 32.0 °C to below 25.0 °C as a result of the onset of streamflow. Then on 7/15/99 the

temperature dropped to a minimum of 20.0 °C. At the end of the model period the

streambed temperature reestablished a diurnal pattern.

The streambed temperature measured during TP2f was similar to the temperature

measured during TPld and was generally controlled by the presence of streamflow. The

streambed temperature fluctuated diurnally for the first half of TP2d until the onset of

streamflow late on 7/27/99. On 7/27/99 the temperature sharply dropped and continued

to drop from 32.4 °C until it reached 21.8 °C on 7/28/99. Then, the streambed

temperature returned to a diurnal pattern that continued through the remainder of the

observation period. The maximum temperature measured during TP2f was 32.4 °C from

7/27/99, and the minimum temperature was 21.8 °C from 7/28/99.

The First Avenue site had TidbiTs buried 1.05, 2.5, 3.3, and 5.2 m below land

surface. The First Avenue subsurface TidbiTs were installed on May 12, 1999. Retrieval

of the subsurface sensors at First Avenue was completed on December 6, 1999. The

sensor located 5.2 m below land surface was lost during the recovery process. Similar to

the Dodge Boulevard simulations, a measured groundwater temperature of 17.15 °C was

used to approximate the lower boundary temperature for the 30.6 domain. A lower

boundary temperature of 24.49 °C was set for the 8.55 domain simulations. Again,

similar to the Dodge Boulevard simulations, this temperature was extrapolated from the

measured subsurface and the groundwater temperatures and was held constant for all 8.55

domain simulations.
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The calibration depth at this site is 1.05 m below land surface. The temperature at

the calibration depth for the first model period was very similar in magnitude and timing

to the streambed temperature measured over the same period. However, the temperature

at the calibration depth fluctuated around 23.0 °C by the end of TP1f, rather than

transitioning into a diurnal pattern. Temperature at the calibration depth during TP2f

increased linearly from 26.8 °C at the beginning of the model period to 27.4 °C at the

onset of flow. Immediately after the onset flow, the temperature climbed to 28.4 °C, then

decreased almost as quickly as it had increased. The temperature began to oscillate by

the end of TP2f.
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Figure 3.27 Measured Temperature from the First Avenue site.
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3.6.3 Simulation Results

Four simulation groups, essentially the same as those from the Dodge Boulevard

site, were modeled for the First Avenue site. The first simulation group, labeled CORE,

used core-estimated conductivity values. The 30.6-CORE model was simulated with two

layers corresponding to the recent alluvium and the basin fill. The 8.55 model was

simulated with one layer corresponding to the recent alluvium. The second simulation

group, labeled SFC, applied an additional layer in the upper 0.05 m of the two domains.

Like the Dodge Boulevard-SFC models, this surface layer assumed the same physical and

energy-transport properties as the recent alluvium except for saturated hydraulic

conductivity. The 30.6-SFC model was simulated with three layers corresponding to the

surface layer, the recent alluvium, and the basin fill. The 8.55-SFC model was simulated

with two layers corresponding to the surface layer and the recent alluvium. The third

simulation group, labeled RA, reverted to the original domain, (two layers for the 30.6

and one layer for the 8.55), and varied the conductivity of the recent alluvium as a single

unit. The basin fill conductivity was held constant at the core-estimated value in the

30.6-RA model. The fourth simulation group, labeled SUB, subdivided TP2d (only) into

two simulation periods. The two simulation periods correspond to: 1) the onset of flow

(SUB1) from 19:00 7/25/99 to 19:00 7/27/99; and 2) the remainder of the flow period

(SUB2) from 19:00 7/27/99 to 12:00 7/29/99. As with the Dodge Boulevard simulations,

the fourth simulation group here was applied only to TP2f because the streamflow event

and the corresponding temperature response were easily identifiable and relatively short
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lived. The SUB models were simulated using only the 30.6 domain with two suites of

simulations: first using the SFC approach; and second using the RA approach.

3.6.3.1	 TPlf Model Results

The saturated hydraulic conductivity used in the CORE models for the recent

alluvium is 2.50 x 10 -5 m/s, and 4.60 x 10 -6 m/s for the basin fill. The measured and

simulated temperature results from the calibration depth for the TPlf CORE models are

shown on Figure 3.28.
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Figure 3.28 Measured and simulated temperature results from the calibration depth for
the First Avenue TP1 CORE models.

The temperature results are practically identical among the 30.6 and 8.55 models.

The agreement between the predicted temperature results and the observed temperatures

is poor. There was no prediction of the observed temperature spike over the initial
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10,000 s of the model period. Instead, a constant temperature of 27 degree C was

predicted until about t = 37,800 s. This temperature response suggests that the infiltrating

water did not reach the calibration depth until that time. After about t = 50,000 s, the

predicted temperatures decrease steadily until about t = 86,400 s, then the temperatures

oscillate with varying magnitudes for the remainder of the model period.

The calibrated saturated hydraulic conductivities of the surface layer are 7.85 x

l 0 5 m/s for the SFC-30.6 model and 5.79 x 10 -5 mis for the SFC-8.55 model. The

saturated hydraulic conductivity over the remaining 8.50 m of recent alluvium and all of

the basin fill was held at the CORE-defined values of 2.50 x 10 -5 mis and 4.60 x 10-6 m/s,

respectively. The measured and simulated temperature results from the calibration depth

for the TPlf -SFC models are shown on Figure 3.29.
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Figure 3.29 Measured and simulated temperature results from the calibration depth for
the First Avenue TP1 SFC models.

The predicted results for the SFC model were very similar among the 30.6 and

8.55 models, and nearly identical with the results from the CORE models. The only

difference between the SFC model and the CORE model results is the separation of the

30.6 and 8.55 predicted results from about t = 50,000 to 73,000 s. The 30.6 predicted

results during this separation period are slightly less (<0.5 degree C) than the 8.55 results.

The calibrated saturated hydraulic conductivities of the RA layer are 7.49 x 104

m/s for the RA-30.6 model and 7.29 x 10 -4 mis for the RA-8.55 model. The measured

and simulated temperature results from the calibration depth for the TP1f-RA models are

shown on Figure 3.30.
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Figure 3.30 Measured and simulated temperature results from the calibration depth for
the First Avenue TP1 RA models.

The predicted results for the RA model are similar among the 30.6 and 8.55

models; however, they are very different from the predicted results of the CORE and SFC

models. Both the 30.6 and 8.55 models predict a temperature change beginning at about t

= 2,200 s that is in agreement with the timing of the observed temperature spike. The

predicted temperature change, however, decreases in temperature where the observed

spike immediately increases in temperature. This paradoxical temperature response at the

beginning of the RATP I models likely indicates a misrepresentation of initial hydraulic

conditions and temperatures in the domain profile. Figure 2.3A demonstrates that

antecedent water is displaced ahead of infiltrating water, and based on the initial

predicted temperature response, little or no antecedent water was displaced because of the

low initial water content (0.072 for the recent alluvium); only infiltrating water was
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moved through the domain producing the immediate decrease in temperature at the

calibration depth. This is evidenced by the quick drop in streambed temperature from 32

degrees C to less than 25 degrees C with the onset of flow, whose timing and magnitude

coincides with the predicted temperature response at the calibration depth. Judging from

the observed temperature response over this model period, the antecedent water above the

calibration depth was initially warmer than the antecedent water at the calibration depth

and of enough volume to move ahead of the infiltration front to produce the observed

temperature spike.

After the initial temperature change, both models stabilize at about 24 degrees C

until t = 49,000 s when they both quickly drop in temperature over the next 5,000 s.

After t = 54,000 s the 30.6 model generally stabilizes at about 22.5 degrees C for the

remainder of the model period. The 8.55 model, however, transitions up to 24 degrees C

over the next 13,000 s where it then remains constant for the remainder of the model

period. The constant predicted temperature beginning at t = 67,000 s is due to the

cessation of infiltration at the calibration depth. The cessation of infiltration had

established throughout the domain because of ponding conditions resulting from the

initially high infiltration rate and the zero flux assigned at the lower hydraulic boundary.

Since no further calibration steps can be justified for this period, no additional

simulations were conducted.

All three simulation groups failed to reproduce the trend and magnitude of the

observed temperatures during this model period. The lack of a predicted temperature

spike over the initial 10,000 s with the CORE and SFC models indicates that these
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simulations, at least over this initial period, underestimated the hydraulic conductivity of

the near surface sediments. The more accurate prediction with the RA model of the

timing of the temperature change over the initial 10,000 s suggests that this simulation is

more representative of the natural system. However, the inaccurate prediction of the

direction of temperature change over this period indicates that the initial hydraulic

conditions assigned for this model were poorly represented. Additionally, the

combination of high infiltration rates and a zero-flux lower hydraulic boundary with the

RA-8.55 model was shown to cause ponding and cease infiltration. For these reasons, all

of the TPlf models were judged to be poor.

3.6.3.2	 TP2f Model Results

The measured and simulated temperature results from the calibration depth for the

TP2f-CORE models are shown on Figure 3.31.
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Figure 3.31 Measured and simulated temperature results from the calibration depth for
the First Avenue TP2 CORE models.

The 30.6- and 8.55-CORE temperature results are nearly identical to each other,

and the agreement between the predicted temperature results and the observed

temperatures is poor. There is a slight overestimation of predicted temperatures prior to

the onset of flow through the initial 165,600 s. There is no prediction of the observed

temperature spike from t = 165,600 to 181,800 s, and no predicted temperature response

to the infiltrating water until t = 216,000 s. After t = 216,000 s, the predicted temperature

oscillates for the remainder of model period. The predicted oscillation is similar in form

to the observed temperature response over the same period, but the predicted magnitudes

are from one to two degrees greater at any given time.

The calibrated saturated hydraulic conductivity for the surface layer are 8.37 x

10 -5 m/s for the SFC-30.6 model and 4.22 x 10 -5 m/s for the SFC-8.55 model. The



99

measured and simulated temperature results from the calibration depth for the TP2f-SFC

models are shown on Figure 3.32.
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Figure 3.32 Measured and simulated temperature results from the calibration depth for
the First Avenue TP2 SFC models.

The SFC-30.6 temperature results are identical with the SFC-8.55 results, and the

agreement between the predicted and observed temperatures is poor. The initial

predicted temperatures of the SFC models are generally the same as the CORE model

results. However, the initial temperature response to infiltrating water in the SFC models

begins 17,000 s earlier than in the CORE models, beginning at t = 199,000 s. The initial

temperature response to infiltrating water is a rounded increase that is slightly smaller in

magnitude than the observed spike. After the initial temperature response, the predicted

temperature oscillates for the remainder of model period. The oscillation is greatly
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overestimated in magnitude and the timing is compressed when compared to the observed

temperature response.

The calibrated saturated hydraulic conductivity for the RA-30.6 model is 3.68 x

104 mis and 2.31 x 10-4 m/s for the RA-8.55 model. The measured and simulated

temperature results from the calibration depth for the TP2f-RA models are shown on

Figure 3.33.                                                                        
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Figure 3.33 Measured and simulated temperature results from the calibration depth for
the First Avenue TP2 RA models.

The RA-30.6 and -8.55 models predicted temperature results are the same as those

predicted by the CORE and SFC models to t = 168,000 s. At this time, the timing and

duration of the rapid temperature spike predicted by the RA models agrees well with the

observed temperature record. The magnitudes of the predicted temperature spikes,

however, are overestimated by 4 degrees C. After the temperature spike, the RA-30.6
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model predicts the trend of the observed temperatures over the remainder of the model

period, with exception that the magnitude is underestimated from about t = 175,600 to

269,000 s sand overestimated for the remainder of the model period. From t = 195,000 s

through the remainder of the model period, the predicted temperatures from the RA-8.55

model drop to 25.1 degrees C. This predicted response is similar to the temperature

results from the TPlf RA-8.55 model where the combination of high infiltration rates and

a zero-flux lower hydraulic boundary caused ponding and ceased infiltration. These

similar model results demonstrate that such a domain definition for this model period

inaccurately represents the natural system. The RA-30.6 model results, however, are in

relative agreement with the observed temperatures and are judged to be good. Despite

this positive model result, the next hierarchical step is simulated, due to the nature of the

streamflow and the temperature response, to test for better agreement between predicted

and observed temperatures.

The calibrated saturated hydraulic conductivity for the surface layer is 2.46 x 10 -5

mis for the SUB1SFC-model and 4.47 x 10 -5 m/s for the SUB2SFC-model. The

measured and simulated temperature results from the calibration depth for the TP2f-

SUBSFC models are shown on Figure 3.34.
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Figure 3.34 Measured and simulated temperature results from the calibration depth for
the First Avenue TP2 SUBSFC models.

The simulated temperatures across SUB1 are exactly the same as the initial

predicted temperatures from all CORE, SFC, and RA models, and there is no prediction

of the observed temperature spike at t = 165,600 s. The predicted temperatures across

SUB2 also are in poor agreement with the magnitude and timing of the observed

temperatures throughout the remainder of the model period. The predicted temperatures

from the SUBSFC model generally are similar in form to the predicted temperatures from

the CORE and SFC models.

The calibrated saturated hydraulic conductivity for the SUB1RA model is 4.56 x

10 -4 mis and 6.50 x 10 -6 mis for the SUB2RA model. The measured and simulated

temperature results from the calibration depth for the TP2f-SUBRA models are shown on

Figure 3.35.
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Figure 3.35 Measured and simulated temperature results from the calibration depth for
the First Avenue TP2 SUBRA models.

Like the SUB ISFC model, the simulated temperatures across this SUBI model

are exactly the same as the initial predicted temperatures from all CORE, SFC, and RA

models until about t = 165,600 s. Then like the RA models, at t = 168,000 s, there is a

very good prediction of the timing and duration of the observed temperature spike, but

the magnitude is overestimated by 4 degrees C. The simulated temperatures across SUB2

also were in good agreement with the observed temperatures. These model results were

judged to be good. The RA and SUBRA models were the only models that were

relatively accurate in predicting the observed temperatures during TP2f. As a whole,

though, the SUBRA model results more accurately predicted the observed temperatures

over the entire model period.
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The resulting difference in equivalent vertical hydraulic conductivity between the

SUB1RA and SUB2RA models is negligible when considered over the entire domain

(Table 3.10). However, when considering only the optimized upper layer 7.95 m),

there are two-orders of magnitude difference between the SUB1RA and SUB2RA

hydraulic conductivities. The change in conductivity in conjunction with the goodness of

fit between the predicted and observed temperatures suggests that a change had occurred

in the permeability of the streambed over this model period. This is in agreement with

the results from the Craycroft Road and Dodge Boulevard simulations that suggest a

physical change had occurred between the two model periods and altered the

permeability. This is plausible during the TP2f model period because of the decreasing

flow velocities that occurred during that time. The model period encompassed the entire

duration of an ephemeral flow event including the onset of flow, which tends to have

higher infiltration rates due to relatively higher hydraulic gradients, and the gradual

decrease in flow at later times, which tends to be calmer and can cause aggradation by

settling out the fine-grained sediments from the water to the streambed.



105

Table 3.10 Calibrated and equivalent vertical saturated hydraulic conductivities for the
First Avenue models. Model results are listed as Poor or Good, on the basis of the
visually determined goodness of fit.

TPlf - all values are in meters per second

Model 30.6 KEQV Results 8.55 KEQV Results

CORE Layer
1 2.50x10-5

596x104 Poor

2.50x10"5 2.50x10-5 Poor

CORE Layer
2 4.60x104 NA

SFC layer 1 7.85x1OE5

5.96x10"6 Poor

5.79x10-5
2.51x10-5 Poor

SFC Layer 2 460x104 2.50x10-5

SFC Layer 3 390x104 NA

RA Layer 1 7.49x104
6.37x104 Poor

7.29x104 7.29x104 Poor

RA Layer 2 4.60x104 NA

TP2f - all values are in meters per second

Model 30.6 KEQV Results 8.55 KEQV Results

CORE Layer
1

2.50x10-5

5.96x104 Poor

2.50x10"5 2.50x10-5 Poor

CORE Layer
2

4.60x104 NA

SFC Layer 1 8.37x10"5

5.96x104 Poor

4,22x10-5
2.51x10"5 Poor

SFC Layer 2 2.50x1e 2.50x10"5-

SFC Layer 3 4.60x10-6 NA

RA Layer 1 3.68x104
6.35x104 Good

2.31x104 2.31x104 Good

RA Layer 2 4.60x104 NA

SUB1SFC KE V Results SUB2SFC KEQV Results

SFC layer 1 2.46x10'5

5.96x10-6 Poor

4.47x10-5

5.96x10-6 PoorSFC Layer 2 2.50x10-5 2.50x10'5

SFC Layer 3 4.60x104 4.60x104

SUB1RA KEQv Results SUB2RA KEQV Results

RA Layer! 4.56x104
6.36x10 -6 Good

6.50x104
5.01x10-6 Good

RA Layer 2 4.60x104 4.60x10-6

Based on Figure 3.12, the "Good" model results for TP2f are within the Sand to

the Sandy Clay range (for the uppermost layer from the 30.6 models and the entire

domain for the 8.55 model).
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The physical setting of the First Avenue site is very similar to that of the Dodge

Boulevard site; therefore, the lack of near-surface pressure measurements at the First

Avenue site precluded constraint of the lower hydraulic boundary condition at a depth

shallower than 8.55 m. Also like the Dodge Boulevard simulations, varying the hydraulic

conductivity of the upper 8.55 m, according to the RA and SUBRA approaches, produced

the only acceptable results from the First Avenue simulations (and only in TP2f).

Estimates of the infiltration rates were made from the equivalent vertical hydraulic

conductivity of the recent alluvium layer from acceptable simulations assuming unit-

gradient conditions (Table 3.11). The same hypothetical example that was presented for

the Craycroft Road and Dodge Boulevard sites also is given for the two First Avenue

model periods to compare the cumulative infiltration based on the range of estimated

infiltration rates. Similar to the Dodge Boulevard results, the relatively large range of

cumulative infiltration that occurred during the second model period is due to the range

of estimated infiltration rates resulting form the SUBRA models that were used to

calculate the cumulative infiltration.

Table 3.11 Estimated infiltration rates for TPlf and TP2f and cumulative infiltration for a
hypothetical example.

Model Period
Range of Estimated Infiltration Rates

(mis)
Range of Cumulative Infiltration

(acre-feet)

TPlf No acceptable results --

TP2f 6.50x10-6 -- 4.56x10 -4 0.45 --31.91
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4.0 DISCUSSION AND CONCLUSIONS

Heat as a tracer was used to estimate one-dimensional vertical infiltration at three

study sites in Rillito Creek in Tucson, Arizona, by inversely determining the vertical

saturated hydraulic conductivity profiles beneath the streambed. Unit-gradient conditions

were assumed for all three study sites based on pressure head measurements from the

uppermost site, which allowed for estimation of infiltration rates from the equivalent

vertical saturated hydraulic conductivity. The inverse simulations were made with a

numerical coupled water flow and heat transport model that was linked with parameter

estimation software. A hierarchical simulation approach was implemented to define the

simplest and most accurate representation of the hydraulic conductivity. This approach

met with mixed success in this investigation.

The hierarchical process began by using referenced hydraulic conductivity values

for the Craycroft Road site and the recent alluvium layer for the Dodge Boulevard site

and field measured hydraulic conductivity values for the basin fill layer for the Dodge

Boulevard site and the recent alluvium and basin fill layers for the First Avenue site. The

initial simulations using either the referenced or field measured hydraulic conductivity

values were both defined, for consistency, as CORE. This approach proved to be

insufficient in describing the natural system for all three study sites. The second step in

the hierarchical approach applied a thin surface layer (SFC) to the top of the simulation

domains to represent reworked streambed sediments. This method was successful only at

the Craycroft Road site, when the surface layer hydraulic conductivity optimized to less

than the underlying sediments, and thus, placed a limiting constraint on the equivalent
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vertical hydraulic conductivity of the sediment profile. The Dodge Boulevard and First

Avenue SFC-model results were nearly identical when compared to their CORE-model

results, suggesting that the core-derived hydraulic conductivity values were already lower

than the true hydraulic conductivity of the sediment profile. Consequently, any

optimized SFC value, no matter how high, would not affect the equivalent vertical

hydraulic conductivity enough, as determined by equation 13, to result in a good fit

between observed and simulated temperatures.

The next step in the hierarchical approach varied the saturated hydraulic

conductivity of the entire upper streambed layer (RA). This method was successful for

both model periods at the Craycroft Road site, the first model period at the Dodge

Boulevard site, and the second model period at the First Avenue site. The optimized

hydraulic conductivity for the first model period at the Craycroft Road site resulted in a

value that was higher than the Fine Sand and lower than the Sand hydraulic conductivity.

This suggests that during this model period the true equivalent hydraulic conductivity of

the domain profile was bracketed by the original Fine Sand and Sand hydraulic

conductivity descriptions. The optimized hydraulic conductivities for the second model

period at this site was significantly lower for both RA hydraulic conductivity

descriptions, when compared to the optimized results from the first model period. These

optimized results also were lower than the expected hydraulic conductivity of the native

sediments. The RA model results for Craycroft Road, however, are in agreement with

the results from the SFC models that suggested a significant physical change had

occurred at the streambed between the first and second model periods. The successful
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optimizations for the Dodge Boulevard and First Avenue sites occurred when the RA

hydraulic conductivities resulted in a value higher than the core-derived hydraulic

conductivities. These results suggest that the core-derived hydraulic conductivities were

too low to represent the natural system.

The final hierarchical approach, which was simulated for only the Dodge

Boulevard and First Avenue sites, subdivided (SUB) the second model periods into two

parts, simulating with the SFC and RA approaches. The SUBSFC approach results were

poor for both sites. The SUBRA approach, however, was successful at predicting the

timing of temperature change and the general trend for both sites, but the magnitude of

the temperature change was often poorly represented.

Results from the Craycroft Road site indicated that a significant physical change

had occurred at the streambed between the first and second model periods, which

significantly lowered the permeability by up to four orders of magnitude. Ronan et al.

(1998) reported about a thirty percent change in infiltration rates over a twenty-four hour

period due to viscosity effects on hydraulic conductivity from increased stream

temperatures; the four orders of magnitude change resulting from the Craycroft Road

simulations is too large to result solely from changes in viscosity or in the thickness of

streambed sediments. Given the flow conditions, it is most probable that the change

occurred only at the streambed surface, supporting the conceptual model underlying the

SFC-model approach. A similar change in conductivity is suggested by the Dodge

Boulevard and First Avenue simulation results. However, unlike the results from the

Craycroft Road simulations that indicated a change in permeability between the two
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model periods, the SUBRA models for the Dodge Boulevard and First Avenue

simulations indicated that changes in permeability occurred during a single flow event.

The successful results from only the Dodge Boulevard and First Avenue SUBRA models,

and not from the SUBSFC models, supports the assertion that the core-derived hydraulic

conductivity of the underlying sediments misrepresented the true hydraulic conductivity.

Altering the entire streambed unit with the RA approach corrected for this

misrepresentation.

Although the literature- and core-derived hydraulic conductivity values proved to

be insufficient in describing the natural system for all three study sites, the magnitude of

the equivalent vertical hydraulic conductivities calculated from the "Good" model results

were generally similar to the equivalent vertical hydraulic conductivities calculated from

the literature- and core-derived hydraulic conductivity (Figure 4.1). The equivalent

vertical hydraulic conductivities for the literature-, core-derived, and "Good" model

results were calculated according to equation 13 where each sediment layer was

described by its depth and hydraulic conductivity. For example, the Dodge Boulevard

39.8 CORE TP1 model was described by two layers: the first with a hydraulic

conductivity of 2.50x10 -5 m/s and a depth of 7.95 m, the second with a hydraulic

conductivity of 3.90x10 -6 m/s and a depth of 31.85 m.
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Figure 4.1 Comparison of CORE equivalent vertical hydraulic conductivity values and
simulated equivalent vertical hydraulic conductivity values.

The diagonal line across Figure 4.1 represents the one-to-one relationship

between the CORE equivalent vertical hydraulic conductivity values and the equivalent

vertical hydraulic conductivity values for the simulations judged to be "Good". The most

similar one-to-one relationships resulted from the Dodge Boulevard and First Avenue

simulations that encompassed their full domains of 39.8 m and 30.6 m, respectively. The

equivalent vertical hydraulic conductivities for these simulations were on the order of

10 -6 mis, which is equivalent to the hydraulic conductivity of the basin fill layer at both

sites. However, the recent alluvium layer hydraulic conductivity for all of these

simulations, except for both SUB2RA simulations, were on the order of 10 -5 and 10-4 mis,
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which is equivalent to the hydraulic conductivity of the "Good" models at both sites and

whose domains only encompassed the recent alluvium layer (7.95 and 8.55 for the Dodge

Boulevard and First Avenue sites, respectively). This disparity is due to the limiting

effects that the hydraulic conductivity and total depth of the basin fill sediments have on

the equivalent vertical hydraulic conductivity, relative to the recent alluvium sediments,

for the 39.8 and 30.6 models. This indicates that streambed infiltration is more a function

of the hydraulic conductivity of the near-surface recent alluvium sediments rather than

the entire recent alluvium/basin fill domain, at least until the infiltrating column of water

comes into hydraulic communication with the basin fill sediments.

The largest deviation from the one-to-one relationship in Figure 4.1 are those

results from the second model period at Craycroft Road where the hydraulic conductivity

decreased by up to four-orders of magnitude relative to the first model period.

The results of this investigation indicate that the streambed hydraulic conductivity

can place a limiting constraint on infiltration and that hydraulic conductivity can vary

significantly between and during flow events. Erosion and deposition associated with

low frequency, high intensity ephemeral streamflow can result in large variations in the

hydraulic conductivity of the streambed surface due to an accumulation or removal of

fines. This variability impacts the cumulative infiltration occurring on a yearly basis,

which could vary greatly as a function of the amount of annual streamflow and as a

function of the nature of the streamflow and the accumulation or removal of fine-grained

sediments. Additionally, these results suggest that simulation of streambed infiltration

should allow for temporal variation of the streambed hydraulic conductivity or simulate
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with short model time periods to account for rapid changes in the streambed hydraulic

conductivity. The inability of the inverse approach to accurately simulate the magnitude

and change in temperature may be due to a physical process that is not represented by the

numerical model, such as multidimensional flow beneath the streambed, misrepresenting

the sediment parameters, or to a lack of constraining pressure-head measurements across

the model domain.

In conclusion, the heat tracer method proved to be very promising and it was

shown that this method can be used to estimate vertical saturated hydraulic conductivity

profiles beneath ephemeral streams and gain a better understanding of the hydrologic

cycle, but further work is needed to fully account for highly dynamic ephemeral stream

conditions and the simplifications brought on by one-dimensional numerical modeling.
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5.0 APPENDIX A

Introduction
This Appendix outlines the input-file development for a modified version of the

U.S. Geological Survey's computer code VS2DH, linked with parameter-estimation
software (PEST) that was used in this study to estimate one-dimensional vertical
infiltration by inversely determining saturated hydraulic conductivity profiles beneath
Rillito Creek. The version of VS2DH used in this study was developed by Rich
Niswonger of the U.S. Geological Survey, and differs from the original VS2DH model by
allowing for use of time-variable boundary conditions during a single recharge period. A
disadvantage to using VS2DH for problems involving infiltration is that boundary
conditions are typically changing on very short time scales relative to the overall
simulation period due to changes in the head gradient and hydraulic conductivity near the
land surface. Therefore, VS2DH requires numerous recharge periods to adequately
describe infiltration. The modified form of VS2DH that was used in this study allows for
time-variable boundary conditions during a single-recharge period, thus greatly
simplifying model input.

VS2DH Input Files
The VS2DH input files include a command file, a model input file, the upper-

boundary files for temperature and hydraulic head, and the lower-boundary files for
temperature and hydraulic head (Table A.1).

Table A.1 VS2DH Model Input Files

Input File 1 2 3 4 5 6

Input File
Description

Command
file

Model input
file

Upper-
boundary

temperature
file

Upper-
boundary
head file

Lower-
boundary

temperature
file

Lower-
boundary
head file

File Name vs2dh.fil vs2dh.dat shallow.f20 rivstage.f22 deep.f21 deepstge.123

Command File
The command file directs the input and output files for the model and only

contains those necessary filenames. The only input file named in the command file is the
model input file (vs2dh.dat). This file can be constructed in a text editor and must be
saved with a .fil extension.

Model Input File
The model input file designates the units, the model domain, the desired output

files, the physical property estimates, and the boundary condition designations. The units
defined in this file (i.e. meters for length) define the units for all subsequent input files.
This file can be constructed with a text editor and must be saved with a .dat extension.
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Upper-Boundary Temperature File
This input file is a modification to VS2DH. The upper-boundary temperature file

contains the time series of temperature at the upper boundary. This file begins with the
number of entries in the file (must be less than or equal to 500) then follows with time, in
the same units as designated in the model input file (beginning at 0), and a corresponding
record of temperature. This file can be constructed with a text editor and must be saved
as shallowf20.

Upper-Boundary Head File
This input file is a modification to VS2DH. The upper-boundary head file

contains the time series of total hydraulic head at the upper boundary. This file begins
with the number of entries in the file (must be less than or equal to 500) then follows with
time (beginning at 0) and a corresponding record of hydraulic head. This file can be
constructed with a text editor and must be saved as rivstagef22.

Lower-Boundary Temperature File
This input file is a modification to VS2DH. The lower-boundary temperature file

contains the time series of temperature at the lower boundary. This file begins with the
number of entries in the file (must be less than or equal to 500) then follows with time
(beginning at 0) and a corresponding record of temperature. This file can be constructed
with a text editor and must be saved as deepf 21.

Lower-Boundary Head File
This input file is a modification to VS2DH. The lower-boundary head file

contains the time series of total hydraulic head at the lower boundary. This file begins
with the number of entries in the file (must be less than or equal to 500) then follows with
corresponding time (beginning at 0) and a corresponding record of hydraulic head. This
file can be constructed with a text editor and must be saved as deepstge.f23.

**Note** One method used to create the upper- and lower-boundary files, is to
first develop the input files in Microsoft Excel as "space delimited" and save them with
the .prn extension. Then open the files in a text editor and save them with the correct
extension.

PEST Input Files
To calibrate VS2DH for this study, PEST was linked to the flow model. PEST

uses the Gauss-Marquardt-Levenberg nonlinear-parameter estimation technique to adjust
model parameters until a weighted least squares fit between model outputs and
observations is optimized (Watermark Computing, 1998). The PEST input files include a
template file, an instruction file, and an input-control file (Table A.2).
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Table A.2 PEST Model Input Files

Input File 1 2 3
Input File Description Template file Instruction file Input-control file

File Name template.tpl instruct.ins control.pst

Template File
The template file is identical to the VS2DH input file except that the value(s) for

the parameter(s) that are to be optimized (saturated hydraulic conductivity in this study)
are replaced by a sequence of characters, instead of the actual parameter values. When
linking PEST to VS2DH to optimize saturated hydraulic conductivity, only one template
file is needed corresponding to the VS2DH input file. This file can be constructed in a
text editor and should be saved with a .tpl extension for convenience.

Instruction File
The instruction file contains the directions that PEST must follow for reducing the

discrepancy between model output and measured values. For every model-output file
containing the necessary simulation results (temperature in this study) a corresponding
instruction file must be provided containing the directions that PEST must follow to read
that file. When linking PEST to VS2DH to optimize saturated hydraulic conductivity,
only one instruction file is needed relating to the output file, out.f14. VS2DH creates the
out.f14 file automatically. The out.f14 file lists the temperature at the calibration depth at
the times specified in line A-14 of the VS2DH input file. The instruction file must be
configured to read the out.f14 file. The instruction file can be constructed in a text editor
and should be saved with a . ins extension for convenience.

**Note** Recall that the calibration depth is the depth at which temperature is
measured in the environment and is used for parameter optimization in PEST. The
calibration depth is designated in VS2DH's Fortran code. This depth value must be
changed in the Fortran code every time a new calibration depth is used or if the vertical
cell-size discretization is changed. To designate the calibration depth in VS2DH, go to
line 2386 in the Fortran code, which states: {if (j.eq.NODE#) then}. Node# is the node,
in the vertical direction, from the VS2DH model domain that corresponds to the
calibration depth. Insert the numeric value of the node that best approximates the
calibration depth. The accuracy of the calibration-node designation will be dependant
upon the vertical-cell discretization of the model domain. The model must then be
recompiled before new simulations can be made with the updated version of VS2DH.

Control File
The control file brings the template and instruction file information together to

direct the parameter optimization process. The control file has eight sections: control
data; parameter groups; parameter data; observation groups; observation data; model
command line; model input/output; and prior information. This file can be constructed in
a text editor and must be saved with a .pst extension.
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Example Input Files
A verification problem is given for the first model period, Craycroft Road SFC-

Fine Sand model (TPIc SFC-Fine Sand). The simulation used meters for units of length,
seconds for units of time, and joules for units of heat. The domain was simulated in one
dimension using 3 columns and 25 rows. The total domain depth was 3.3 m. The
simulation domain was initially saturated with a domain temperature of 24.34 °C. The
total simulation time was 604,800 s, consisting of one recharge period. The time step
started at 360 s and was allowed to increase to 800 s. The discretization was centered in
space and in time. A summary of the textural properties is shown below:

Saturated Hydraulic Conductivity for the surface layer = 9.70x le mis (This is the value
reported as a first guess. This parameter is optimized in PEST to calibrate the flow
model to the observed temperatures at the calibration depth);
Saturated Hydraulic Conductivity for the underlying sediments = 2.43x10 -5 mis;
Specific Storage = 0.05;
Porosity = 0.377;
a' (van Genuchten fitting parameter) = -0.960
Residual Volumetric Water Content = 0.072;
n (van Genuchten fitting parameter) = 6.9
Heat Capacity of Dry Solids = 1.58x106 J/m3 °C;
Thermal Conductivity of water-sediment at residual water content = 0.43 W/m °C;
Thermal Conductivity of water-sediment at full saturation = 1.86 W/m °C; and
Heat Capacity of Water = 4.18 x 106 J/m3 °C.



VS2DH MODEL INPUT FILES
Command File — vs2dh.fil

vs2dh3.dat
out.f8
out.f9
out.f11
out.f14

(Do Not Show in Command File)
Model Input File
Output File
Output File
Output File
Output File
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Model Input File — vs2dh.dat
Craycroft VS2DH3 TP1 SFC-Fine Sand
604800. 0. 0.	 A2--TMAX,STIM,ANG
M SEC J
	

A3--ZUNIT,TUNIT,CUNX
3 25
	

A4--NXR,NLY
1 2400
	

A5--NRECH,NUMT
F T T
	

A6--RAD,ITSTOP,TRANS
T T F
	

A6A—CIS,CIT,SORP
TFTTF
	

A7--F1 1P,F7P,F8P,F9P,F6P
TfTtt
	

A8--THPT,SPNT,PNT1I',HPNT,VPNT
11.0 	A9—IFAC,FACX
0 1.0
	

Al 1—IFAC,FACZ
0.001 0.070 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149
0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149
14
	

A13-NPLT
117000
129600
144000
158400
176400
208800
221400
253800
275400
307800
315000
336600
363600
408600
3 A15-NOBS
22
10 2
23 2
1
	

A17--NMB9



3
1.e-7 .90 0.00 1.
2 199
F
266
1
1. 9.700E-5 0.05
0.01 0.01 1.58e6
2
1. 2.43E-5 0.05.
0.01 0.01 1.58e6
1
13 21
1 3 25 2
11.
5 '(3(F8.4))'

A18--MB9
0e-10 1.0e-7 B1--EPS,HMAX,WUS,EPS1,EPS3

B3--MINIT,ITMAX
B4--PHRD
B5--NTEX,NPROP,NPROP1
B6--ITEX

.377 -.960 0.072 6.9

.43 1.86 4.18e+6

377 -.960 0.072 6.9
.43 1.86 4.18e+6

B8--1ROW
B10--IL,IRJBT,JRD
B10--IL,IRJBT,JRD
B11--IREAD,FACTOR

119

0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377

FF B14-BCIT,ETSIM
11.0 B24
5 '(3(F8.3))' B25



24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34

604800. 360.	 C1--TPER,DELT
1.2 800. 180. 0.5	 C2--TMLT,DLTMX,DLTMIN,TRED
10. 0.01	 C3--DSMAX,STERR
0.0	 C4--POND
F	 C5--PRNT
F F F	 C6--BCIT,ETSEM,SEEP
0	 C10--IBC
2 2 1 0.68 1 24.80 1 0 	 C11--JJ,NN,NTX,PFDUM,NTC,CF
23 2 1 3.29 1 24.04 2 0	 C11--JJ,NN,NTX,PFDUM,NTC,CF
-999999/	 C13
-999999/	 C13
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Upper-Boundary Temperature File - shallow.f20
337

0 22.26
1800 22.26
3600 21.94
5400 21.63
7200 21.63
9000 21.32

10800 21.32
12600 21.02
14400 21.02
16200 20.71
18000 20.71
19800 20.71
21600 20.71
23400 21.32
25200 21.63
27000 21.63
28800 21.63
30600 21.94
32400 21.94
34200 22.26
36000 22.57
37800 22.89
39600 23.20
41400 27.41
43200 29.44
45000 31.19
46800 31.55
48600 31.55
50400 31.91
52200 31.91
54000 29.79
55800 30.49
57600 28.08
59400 27.41
61200 26.42
63000 25.12
64800 24.80
66600 24.16
68400 23.84
70200 23.52
72000 22.89
73800 22.57
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75600 22.57
77400 22.26
79200 22.26
81000 22.26
82800 22.26
84600 22.26
86400 21.94
88200 21.94
90000 21.63
91800 21.63
93600 21.63
95400 22.57
97200 23.20
99000 23.52

100800 23.52
102600 23.52
104400 23.20
106200 23.20
108000 22.89
109800 23.20
111600 23.52
113400 23.52
115200 24.16
117000 24.48
118800 24.16
120600 23.84
122400 23.84
124200 23.84
126000 24.16
127800 27.74
129600 31.19
131400 30.14
133200 27.74
135000 28.08
136800 27.74
138600 31.55
140400 32.27
142200 30.49
144000 28.76
145800 28.76
147600 29.44
149400 29.10
151200 27.74
153000 26.42
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154800 25.77
156600 25.12
158400 24.80
160200 24.16
162000 23.84
163800 23.20
165600 22.57
167400 23.52
169200 23.84
171000 23.84
172800 23.52
174600 23.52
176400 23.52
178200 23.52
180000 23.52
181800 23.52
183600 23.52
185400 23.52
187200 23.52
189000 23.52
190800 23.20
192600 23.20
194400 23.20
196200 23.52
198000 23.84
199800 24.16
201600 24.80
203400 25.12
205200 25.77
207000 26.10
208800 26.10
210600 27.08
212400 28.08
214200 28.42
216000 30.14
217800 29.44
219600 30.84
221400 30.14
223200 31.55
225000 32.63
226800 33.73
228600 29.10
230400 26.10
232200 26.10
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234000 27.08
235800 25.77
237600 25.12
239400 24.80
241200 24.48
243000 24.16
244800 23.84
246600 23.52
248400 23.20
250200 22.89
252000 22.57
253800 22.57
255600 22.89
257400 22.57
259200 24.16
261000 24.16
262800 24.16
264600 24.16
266400 23.84
268200 23.84
270000 23.84
271800 23.52
273600 23.52
275400 23.52
277200 23.52
279000 23.52
280800 23.52
282600 23.84
284400 23.84
286200 24.16
288000 24.48
289800 24.80
291600 25.12
293400 25.77
295200 26.10
297000 26.76
298800 27.08
300600 27.74
302400 28.42
304200 28.76
306000 31.55
307800 31.55
309600 30.84
311400 30.49
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313200 32.27
315000 33.36
316800 30.14
318600 26.10
320400 25.44
322200 24.48
324000 24.16
325800 24.16
327600 23.84
329400 23.84
331200 23.52
333000 23.52
334800 23.20
336600 23.20
338400 23.20
340200 22.89
342000 22.89
343800 23.52
345600 24.48
347400 24.48
349200 24.48
351000 24.16
352800 24.16
354600 23.84
356400 23.84
358200 23.84
360000 23.84
361800 23.84
363600 23.52
365400 23.52
367200 23.52
369000 23.84
370800 24.16
372600 24.80
374400 25.77
376200 26.10
378000 27.08
379800 28.08
381600 29.10
383400 29.44
385200 29.79
387000 30.14
388800 30.49
390600 30.84
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392400 30.84
394200 30.14
396000 30.84
397800 30.49
399600 28.76
401400 27.08
403200 25.77
405000 24.80
406800 25.44
408600 25.44
410400 25.12
412200 25.12
414000 25.12
415800 24.80
417600 24.48
419400 24.16
421200 23.84
423000 23.84
424800 23.52
426600 23.52
428400 23.20
430200 24.80
432000 24.80
433800 24.80
435600 24.48
437400 24.48
439200 24.16
441000 24.16
442800 23.84
444600 23.84
446400 23.52
448200 23.52
450000 23.20
451800 23.20
453600 23.20
455400 23.52
457200 23.84
459000 24.48
460800 25.44
462600 26.10
464400 27.41
466200 28.42
468000 29.44
469800 30.49
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471600 31.19
473400 31.91
475200 32.99
477000 32.99
478800 32.63
480600 33.73
482400 33.73
484200 33.73
486000 33.36
487800 31.91
489600 31.19
491400 30.49
493200 30.14
495000 29.44
496800 28.42
498600 27.74
500400 27.08
502200 26.76
504000 26.76
505800 26.42
507600 26.42
509400 26.10
511200 25.77
513000 25.44
514800 25.44
516600 25.12
518400 25.12
520200 25.12
522000 24.80
523800 24.80
525600 24.80
527400 24.48
529200 24.48
531000 24.16
532800 24.16
534600 24.16
536400 23.84
538200 23.84
540000 23.84
541800 23.84
543600 24.16
545400 24.16
547200 24.48
549000 24.80
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550800 24.80
552600 24.80
554400 24.80
556200 25.12
558000 25.44
559800 28.08
561600 29.10
563400 29.44
565200 29.79
567000 29.10
568800 27.74
570600 25.77
572400 24.80
574200 24.16
576000 24.48
577800 24.16
579600 24.16
581400 23.84
583200 24.16
585000 23.84
586800 23.84
588600 23.52
590400 23.20
592200 23.20
594000 22.89
595800 22.89
597600 23.20
599400 23.20
601200 23.20
603000 23.20
604800 22.89
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Upper-Boundary Head File — rivstage.f22
337

0 0
1800 0
3600 0
5400 0
7200 0
9000 0

10800 0
12600 0
14400 0
16200 0
18000 0
19800 0
21600 0
23400 0
25200 0
27000 0
28800 0
30600 0
32400 0
34200 0
36000 0
37800 0
39600 0
41400 0
43200 0
45000 0
46800 0
48600 0
50400 0
52200 0
54000 0
55800 0
57600 0
59400 0
61200 0
63000 0
64800 0
66600 0
68400 0
70200 0
72000 0
73800 0
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75600 0
77400 0
79200 0
81000 0
82800 0
84600 0
86400 0
88200 0
90000 0
91800 0
93600 0
95400 0
97200 0
99000 0

100800 0
102600 0
104400 0
106200 0
108000 0
109800 0
111600 0
113400 0
115200 0
117000 0
118800 0
120600 0
122400 0
124200 0
126000 0
127800 0
129600 0
131400 0
133200 0
135000 0
136800 0
138600 0
140400 0
142200 0
144000 0
145800 0
147600 0
149400 0
151200 0
153000 0
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154800 0
156600 0
158400 0
160200 0
162000 0
163800 0
165600 0
167400 0
169200 0
171000 0
172800 0
174600 0
176400 0
178200 0
180000 0
181800 0
183600 0
185400 0
187200 0
189000 0
190800 0
192600 0
194400 0
196200 0
198000 0
199800 0
201600 0
203400 0
205200 0
207000 0
208800 0
210600 0
212400 0
214200 0
216000 0
217800 0
219600 0
221400 0
223200 0
225000 0
226800 0
228600 0
230400 0
232200 0
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234000 0
235800 0
237600 0
239400 0
241200 0
243000 0
244800 0
246600 0
248400 0
250200 0
252000 0
253800 0
255600 0
257400 0
259200 0
261000 0
262800 0
264600 0
266400 0
268200 0
270000 0
271800 0
273600 0
275400 0
277200 0
279000 0
280800 0
282600 0
284400 0
286200 0
288000 0
289800 0
291600 0
293400 0
295200 0
297000 0
298800 0
300600 0
302400 0
304200 0
306000 0
307800 0
309600 0
311400 0
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313200 0
315000 0
316800 0
318600 0
320400 0
322200 0
324000 0
325800 0
327600 0
329400 0
331200 0
333000 0
334800 0
336600 0
338400 0
340200 0
342000 0
343800 0
345600 0
347400 0
349200 0
351000 0
352800 0
354600 0
356400 0
358200 0
360000 0
361800 0
363600 0
365400 0
367200 0
369000 0
370800 0
372600 0
374400 0
376200 0
378000 0
379800 0
381600 0
383400 0
385200 0
387000 0
388800 0
390600 0
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392400 0
394200 0
396000 0
397800 0
399600 0
401400 0
403200 0
405000 0
406800 0
408600 0
410400 0
412200 0
414000 0
415800 0
417600 0
419400 0
421200 0
423000 0
424800 0
426600 0
428400 0
430200 0
432000 0
433800 0
435600 0
437400 0
439200 0
441000 0
442800 0
444600 0
446400 0
448200 0
450000 0
451800 0
453600 0
455400 0
457200 0
459000 0
460800 0
462600 0
464400 0
466200 0
468000 0
469800 0
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471600 0
473400 0
475200 0
477000 0
478800 0
480600 0
482400 0
484200 0
486000 0
487800 0
489600 0
491400 0
493200 0
495000 0
496800 0
498600 0
500400 0
502200 0
504000 0
505800 0
507600 0
509400 0
511200 0
513000 0
514800 0
516600 0
518400 0
520200 0
522000 0
523800 0
525600 0
527400 0
529200 0
531000 0
532800 0
534600 0
536400 0
538200 0
540000 0
541800 0
543600 0
545400 0
547200 0
549000 0
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550800 0
552600 0
554400 0
556200 0
558000 0
559800 0
561600 0
563400 0
565200 0
567000 0
568800 0
570600 0
572400 0
574200 0
576000 0
577800 0
579600 0
581400 0
583200 0
585000 0
586800 0
588600 0
590400 0
592200 0
594000 0
595800 0
597600 0
599400 0
601200 0
603000 0
604800 0
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Lower-Boundary Temperature File - deep.f21
337

0 24.37
1800 24.37
3600 24.37
5400 24.37
7200 24.37
9000 24.37

10800 24.37
12600 24.37
14400 24.37
16200 24.37
18000 24.37
19800 24.37
21600 24.37
23400 24.04
25200 24.37
27000 24.04
28800 24.04
30600 24.04
32400 24.04
34200 24.04
36000 24.04
37800 24.04
39600 24.04
41400 24.04
43200 24.04
45000 24.04
46800 24.04
48600 24.04
50400 24.04
52200 24.04
54000 24.04
55800 24.04
57600 24.04
59400 24.04
61200 24.04
63000 24.04
64800 24.04
66600 24.04
68400 24.04
70200 24.04
72000 24.04
73800 24.04
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75600 24.04
77400 24.04
79200 24.04
81000 24.04
82800 24.04
84600 24.04
86400 24.04
88200 24.04
90000 24.04
91800 24.04
93600 24.04
95400 24.04
97200 24.04
99000 24.04

100800 24.04
102600 24.04
104400 24.04
106200 24.04
108000 24.04
109800 24.04
111600 24.04
113400 24.04
115200 24.04
117000 24.04
118800 24.04
120600 24.04
122400 24.04
124200 24.04
126000 24.04
127800 24.04
129600 24.04
131400 24.04
133200 24.04
135000 24.04
136800 24.04
138600 24.04
140400 24.04
142200 24.04
144000 24.04
145800 24.04
147600 24.04
149400 24.04
151200 24.04
153000 24.04
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154800 24.04
156600 24.04
158400 24.04
160200 24.04
162000 24.04
163800 24.04
165600 24.04
167400 24.04
169200 24.04
171000 24.04
172800 24.04
174600 24.04
176400 24.04
178200 24.04
180000 24.04
181800 24.04
183600 24.04
185400 24.04
187200 24.04
189000 24.04
190800 24.04
192600 24.04
194400 24.04
196200 24.04
198000 24.04
199800 24.04
201600 24.04
203400 24.04
205200 24.04
207000 24.04
208800 24.04
210600 24.04
212400 24.04
214200 24.04
216000 24.04
217800 24.04
219600 24.04
221400 24.04
223200 24.04
225000 24.04
226800 24.04
228600 24.04
230400 24.04
232200 24.04
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234000 24.04
235800 24.04
237600 24.04
239400 24.04
241200 24.04
243000 24.04
244800 24.04
246600 24.04
248400 24.04
250200 24.04
252000 24.04
253800 24.04
255600 24.04
257400 24.04
259200 24.04
261000 24.04
262800 24.04
264600 24.04
266400 24.04
268200 24.04
270000 24.04
271800 24.04
273600 24.04
275400 24.04
277200 24.04
279000 24.04
280800 24.04
282600 24.04
284400 24.04
286200 24.04
288000 24.04
289800 24.04
291600 24.04
293400 24.04
295200 24.04
297000 24.04
298800 24.04
300600 24.04
302400 24.04
304200 24.04
306000 24.04
307800 24.04
309600 24.04
311400 24.04
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313200 24.04
315000 24.04
316800 24.04
318600 24.04
320400 24.04
322200 24.04
324000 24.04
325800 24.04
327600 24.04
329400 24.04
331200 24.04
333000 24.04
334800 24.04
336600 24.04
338400 24.04
340200 24.04
342000 24.04
343800 24.04
345600 24.04
347400 24.04
349200 24.04
351000 24.04
352800 24.04
354600 24.04
356400 24.04
358200 24.04
360000 24.04
361800 24.04
363600 24.04
365400 24.04
367200 24.04
369000 24.04
370800 24.04
372600 24.04
374400 24.04
376200 24.04
378000 24.04
379800 24.04
381600 24.04
383400 24.04
385200 24.04
387000 24.04
388800 24.04
390600 24.04
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392400 24.04
394200 24.04
396000 24.04
397800 24.04
399600 24.04
401400 24.04
403200 24.04
405000 24.04
406800 24.04
408600 24.04
410400 24.04
412200 24.04
414000 24.04
415800 24.04
417600 24.04
419400 24.04
421200 24.04
423000 24.04
424800 24.04
426600 24.04
428400 24.04
430200 24.04
432000 24.04
433800 24.04
435600 24.04
437400 24.04
439200 24.04
441000 24.04
442800 24.04
444600 24.04
446400 24.04
448200 24.04
450000 24.04
451800 24.04
453600 24.04
455400 24.04
457200 24.04
459000 24.04
460800 24.04
462600 24.04
464400 24.04
466200 23.73
468000 24.04
469800 23.73
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471600 23.73
473400 23.73
475200 23.73
477000 23.73
478800 23.73
480600 23.73
482400 23.73
484200 23.73
486000 23.73
487800 23.73
489600 23.73
491400 23.73
493200 23.73
495000 23.73
496800 23.73
498600 23.73
500400 23.73
502200 23.73
504000 23.73
505800 23.73
507600 23.73
509400 23.73
511200 23.73
513000 23.73
514800 23.73
516600 23.73
518400 23.73
520200 23.73
522000 23.73
523800 23.73
525600 23.73
527400 23.73
529200 23.73
531000 23.73
532800 23.73
534600 23.73
536400 23.73
538200 23.73
540000 23.73
541800 23.73
543600 23.73
545400 23.73
547200 23.73
549000 23.73
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550800 23.73
552600 23.73
554400 23.73
556200 23.73
558000 23.73
559800 23.73
561600 23.73
563400 23.73
565200 23.73
567000 23.73
568800 23.73
570600 23.73
572400 23.73
574200 23.73
576000 23.73
577800 23.73
579600 23.73
581400 23.73
583200 23.73
585000 23.73
586800 23.73
588600 23.73
590400 23.73
592200 23.73
594000 23.73
595800 23.73
597600 23.73
599400 23.73
601200 23.73
603000 23.73
604800 23.73
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Lower-Boundary Head File — deepstge.f23
337

0 0
1800 0
3600 0
5400 0
7200 0
9000 0

10800 0
12600 0
14400 0
16200 0
18000 0
19800 0
21600 0
23400 0
25200 0
27000 0
28800 0
30600 0
32400 0
34200 0
36000 0
37800 0
39600 0
41400 0
43200 0
45000 0
46800 0
48600 0
50400 0
52200 0
54000 0
55800 0
57600 0
59400 0
61200 0
63000 0
64800 0
66600 0
68400 0
70200 0
72000 0
73800 0
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75600 0
77400 0
79200 0
81000 0
82800 0
84600 0
86400 0
88200 0
90000 0
91800 0
93600 0
95400 0
97200 0
99000 0

100800 0
102600 0
104400 0
106200 0
108000 0
109800 0
111600 0
113400 0
115200 0
117000 0
118800 0
120600 0
122400 0
124200 0
126000 0
127800 0
129600 0
131400 0
133200 0
135000 0
136800 0
138600 0
140400 0
142200 0
144000 0
145800 0
147600 0
149400 0
151200 0
153000 0
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154800 0
156600 0
158400 0
160200 0
162000 0
163800 0
165600 0
167400 0
169200 0
171000 0
172800 0
174600 0
176400 0
178200 0
180000 0
181800 0
183600 0
185400 0
187200 0
189000 0
190800 0
192600 0
194400 0
196200 0
198000 0
199800 0
201600 0
203400 0
205200 0
207000 0
208800 0
210600 0
212400 0
214200 0
216000 0
217800 0
219600 0
221400 0
223200 0
225000 0
226800 0
228600 0
230400 0
232200 0
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234000 0
235800 0
237600 0
239400 0
241200 0
243000 0
244800 0
246600 0
248400 0
250200 0
252000 0
253800 0
255600 0
257400 0
259200 0
261000 0
262800 0
264600 0
266400 0
268200 0
270000 0
271800 0
273600 0
275400 0
277200 0
279000 0
280800 0
282600 0
284400 0
286200 0
288000 0
289800 0
291600 0
293400 0
295200 0
297000 0
298800 0
300600 0
302400 0
304200 0
306000 0
307800 0
309600 0
311400 0
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313200 0
315000 0
316800 0
318600 0
320400 0
322200 0
324000 0
325800 0
327600 0
329400 0
331200 0
333000 0
334800 0
336600 0
338400 0
340200 0
342000 0
343800 0
345600 0
347400 0
349200 0
351000 0
352800 0
354600 0
356400 0
358200 0
360000 0
361800 0
363600 0
365400 0
367200 0
369000 0
370800 0
372600 0
374400 0
376200 0
378000 0
379800 0
381600 0
383400 0
385200 0
387000 0
388800 0
390600 0
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392400 0
394200 0
396000 0
397800 0
399600 0
401400 0
403200 0
405000 0
406800 0
408600 0
410400 0
412200 0
414000 0
415800 0
417600 0
419400 0
421200 0
423000 0
424800 0
426600 0
428400 0
430200 0
432000 0
433800 0
435600 0
437400 0
439200 0
441000 0
442800 0
444600 0
446400 0
448200 0
450000 0
451800 0
453600 0
455400 0
457200 0
459000 0
460800 0
462600 0
464400 0
466200 0
468000 0
469800 0
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471600 0
473400 0
475200 0
477000 0
478800 0
480600 0
482400 0
484200 0
486000 0
487800 0
489600 0
491400 0
493200 0
495000 0
496800 0
498600 0
500400 0
502200 0
504000 0
505800 0
507600 0
509400 0
511200 0
513000 0
514800 0
516600 0
518400 0
520200 0
522000 0
523800 0
525600 0
527400 0
529200 0
531000 0
532800 0
534600 0
536400 0
538200 0
540000 0
541800 0
543600 0
545400 0
547200 0
549000 0
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550800 0
552600 0
554400 0
556200 0
558000 0
559800 0
561600 0
563400 0
565200 0
567000 0
568800 0
570600 0
572400 0
574200 0
576000 0
577800 0
579600 0
581400 0
583200 0
585000 0
586800 0
588600 0
590400 0
592200 0
594000 0
595800 0
597600 0
599400 0
601200 0
603000 0
604800 0
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PEST MODEL INPUT FILES
Template File - template.tpl
ptf #
Craycroft VS2DH3 TP1 SFC-Fine Sand
604800. 0. 0.	 A2--TMAX,STEM,ANG
M SEC J	 A3--ZUNIT,TUNIT,CUNX

325 	A4--NXR,NLY
1 2400	 A5--NRECH,NUMT
F T T	 A6--RAD,ITSTOP,TRANS
T T F	 A6A--CIS,CIT,SORP
TFTTF	 A7--F1 1P,F7P,F8P,F9P,F6P
TfTtt	 A8--THPT,SPNT,PN11T,HPNT,VPNT
11.0 	A9--IFAC,FACX
0 1.0	 A 11-1FAC,FACZ
0.001 0.070 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149
0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149 0.149
14	 A13-NPLT

117000
129600
144000
158400
176400
208800
221400
253800
275400
307800
315000
336600
363600
408600
3 A15-NOBS
22
10 2
23 2
1	 A17--NMB9
3	 A18--MB9
1.e-7 .90 0.00 1.0e-10 1.0e-7 B1--EPS,HMAX,WUS,EPS1,EPS3
2 199	 B3--MINIT,ITMAX
F	 B4--PHRD
266 	B5--NTEX,NPROP,NPROP1
1	 B6--ITEX
1. #conl #0.05 .377 -.960 0.072 6.9
0.01 0.01 1.58e6 .43 1.86 4.18e+6



2
1. 2.43E-5 0.05 .377 -.960 0.072 6.9
0.01 0.01 1.58e6
1
1 3 2 1
1 3 25 2
11.
5 '(3(F8.4))'

.43 1.86 4.18e+6
B8--IROW
B10--IL,IRJBT,JRD
B10--IL,IRJBT,JRD
B11--IREAD,FACTOR

0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377
0.377 0.377 0.377

F F B14-BCIT,ETSIM
11.0 B24
5 '(3(F8.3))' B25

24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
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24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34
24.34 24.34 24.34

604800. 360.	 C1--TPER,DELT
1.2 800. 180. 0.5	 C2--TMLT,DLTMX,DLTMlN,TRED
10. 0.01	 C3--DSMAX,STERR
0.0	 C4--POND
F	 C5--PRNT
F F F	 C6--BCIT,ETSIM,SEEP
0	C10--IBC
2 2 1 0.68 1 24.80 1 0	 C11--JJ,NN,NTX,PFDUM,NTC,CF
23 2 1 3.29 1 24.04 2 0	 C11--JJ,NN,NTX,PFDUM,NTC,CF
-999999/	 C13
-999999/	 C13
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Instruction
pif @
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@T1ME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w
@TIME =
@depth=
11 !dum! w

File — instruct.ins

.117000E+06 SEC@
1.187500000000000@

!bsl!
.129600E+06 SEC@
1.187500000000000@

!bs2!
.144000E+06 SEC@
1.187500000000000@

!bs3!
.158400E+06 SEC@
1.187500000000000@

!bs4!
.176400E+06 SEC@
1.187500000000000@

!bs5!
.208800E+06 SEC@
1.187500000000000@

!bs6!
.221400E+06 SEC@
1.187500000000000@

!bs7!
.253778E+06 SEC@
1.187500000000000@

!bs8!
.275378E+06 SEC@
1.187500000000000@

!bs9!
.307800E+06 SEC@
1.187500000000000@

!bs10!
.315000E+06 SEC@
1.187500000000000@

!bs11!
.336647E+06 SEC@
1.187500000000000@

!bs12!
.363600E+06 SEC@
1.187500000000000@

!bs13!
.408600E+06 SEC@
1.187500000000000@

!bs14!
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Control File — cntrl.pst
pcf
* control data
norestart
114 1 0 1
11 single point
2.0 2.0 0.3 .01 7
5.0 5.0 .001
0.1
20 .01 3 3 .01 2
111
* group definitions and derivative data
con relative le-2 .00 switch 1.5 parabolic
* parameter data
conl log factor 5.0e-5 le-9 le-2 con 1.0 0.0
* observation groups
group_l
* observation data
bsl	 24.34	 1 group_l
bs2	 24.66	 1 group_l
bs3	 24.66	 1 group_l
bs4	 24.34	 1 group_l
bs5	 24.34	 1 group_l
bs6	 25.63	 1 group_l
bs7	 25.63	 1 group_l
bs8	 24.66	 1 group_l
bs9	 24.66	 1 group_l
bs10	 25.95	 1 group_l
bsll	 25.95	 1 group_l
bs12	 25.30	 1 group_l
bs13	 25.30	 1 group_ 1
bs14	 26.28	 1 group_l
* model command line
vs2dhhh
* model input/output
vs2dh3.tpl vs2dh3.dat
instrct3.ins out.f14
* prior information
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