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ABSTRACT

Ephemeral streamflow infiltration through alluvial channels has been identified as an
important source of aquifer replenishment in arid and semi-arid environments. In this
dissertation, two field methods were developed for monitoring streamflow timing in
ephemeral stream channels. The first streamflow timing method exploits differences in
the advective and conductive thermal transport mechanisms during the presence and
absence of streamflow. The second method of streamflow timing utilized the relationship
between soil water content and electrical conductance. Electrical resistance sensors were
designed to detect saturated soil conditions and thus to infer streamflow timing during
periods of saturation. Both methods were field-tested in Rillito Creek, Tucson, Arizona.
The electrical resistance method proved more suitable than the temperature method
because it was not depth dependent and was able to more accurately infer streamflow

timing with less data post processing.

Transient and steady state infiltration fluxes were simulated in a coarse-grained alluvial
channel to determine the relative contribution the onset of streamflow provides to
potential recharge. Water content, temperature, and pore pressure measurements were
incorporated into a variably saturated heat and fluid transport model to simulate
infiltration. Infiltration fluxes at the onset of streamflow were about 2-3 orders of
magnitude higher than steady state fluxes and were inversely proportional to antecedent

water content. The time duration from the onset of streamflow to steady-state infiltration
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ranged from 1.8 to 20 hours. Two transient and steady state periods were observed
indicating a lower permeable layer at depth. During steady state periods, infiltration
fluxes averaged 0.33 meters per day and ranged from 0.14 to 0.45 meters per day. A
long-term decline was observed in all three events. Higher frequency diurnal and episodic
changes were prompted by fluctuations in atmospheric temperature and discharge. The
simulated steady state values were consistent with the effective vertical conductivity
values (0.22 meters per day) of an underlying less permeable layer. The average
contribution from the cumulative transient infiltration for the events was approximately
18 percent. Therefore, it is apparent that potential recharge calculations for alluvial
channels that do not consider infiltration during the onset transient period may

underestimate the true potential for recharge.
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1. INTRODUCTION

1.0 Research Motivation

Recharge to aquifers within alluvial basins of the Southwestern United States may
occur through infiltration of precipitation directly through the basin floor (Gee et
al., 1994), infiltration from irrigation and industrial returns, and seepage losses
through stream channels. In the semiarid regions of southern Arizona, diffuse
infiltration of precipitation through the basin floor is considered the smallest
component of total recharge owing to limited precipitation in comparison to
evapotranspiration (Scott et al., 2000). For instance, daily evaporation and
precipitation rates measured in the Tucson Basin, Arizona, from 1991-2002
indicate that on average the precipitation rate exceeded the evaporation rate 25
days per year. Additionally, depth to ground water in alluvial basins can be
hundreds of meters, which provides ample opportunity for storage of infiltrated
water. Because of these environmental conditions, concentrated infiltration
repeated over time within the same channel reaches or recharge basins is often
necessary for recharge to occur. For example, repeated incidental recharge
comprised of irrigation return flows from agriculture, golf courses, and green
belts, and industrial return flows, such as treated effluent, can represent a
significant source of basin recharge. Within the Tucson Basin, incidental recharge
accounts for about 15 to 30 percent of the total recharge (Hanson and Benedict,

Table 1, pages 8-9, 1994; Galyean, 1996).
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Channel recharge consists of localized infiltration of streamflow along perennial,
ephemeral, and intermittent streams. Where streams flow over areas with a high
water table, the stream and aquifer can be connected hydraulically and continually
exchange water. Perennial streams that are connected hydraulically to an
underlying unconfined aquifer can control the elevation of the water table in the
aquifer by acting as a drain when ground-water levels are high, and as a source
when ground-water levels are low. Ground-water withdrawals from alluvial
aquifers can increase the vertical hydraulic gradient below streams and increase
recharge from perennial streams (Theis, 1940). In the extreme case, ground-
water pumping will cause stream infiltration losses to equal discharge, and the
stream will become ephemeral. Historical demands for ground water and surface
water in populated basins within the Southwest, including the Tucson Basin, have
transformed many perennial reaches of streams into ephemeral reaches; thus, the
fraction of recharge attributed to ephemeral stream channels is increasing
(Anderson et al., 1992). As this recharge component increases in significance, an
improved understanding of the processes controlling recharge is needed for the

effective management of surface-water and ground-water resources.

Given the erratic and variable nature of ephemeral and intermittent streamflow in arid
and semiarid basins, quantifying streamflow timing, transmission losses, and recharge

rates are necessary for efficient water resource management and planning. A necessary
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first step is compilation of a long-term record of streamflow occurrences and timing in
channels and arroyos for incorporation into rainfall/runoff relationships, for describing
fluid transport through the unsaturated zone underlying ephemeral streams, and to
constrain channel recharge estimation, a primary component of aquifer replenishment.
Additionally, understanding streamflow timing is a necessary requirement for effective

design of storm-water and flood-control networks in flood-prone environments.

The abundance of ephemeral channels within many watersheds in the Southwest limits
the use of more conventional streamflow devices such as flow-rated stream gages.
Consequently, low cost alternatives are required to meet the demand for highly
distributed data collection. A recent investigation demonstrated the use of streambed
thermographs for monitoring streamflow timing and extent however, the method relies on
a set of qualitative criteria for selecting periods of streamflow limiting it to small scale
applications (Constantz et al., 2002). For large-scale applications a quantitative method
with a set of numerical criteria is required to detect streamflow in a time efficient and
repeatable manner. In addition, streambed thermographs are not suitable for all

ephemeral streams, thus a more robust method for streamflow timing is required.

Bed sediment thermographs have also been used repeatedly over the last decade to infer
streamflow losses and infiltration fluxes. Using variably-saturated heat and fluid
transport models it is possible to inversely solve for the fluid flux through the sediments

by matching observed streambed thermographs at multiple depths to those simulated by
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the model (Constantz, 1998; Ronan et al., 1998; Bailey, 2002). The application of these

models has focused almost exclusively on steady state fully saturated conditions without

considering the onset and cessation of streamflow. Consequently, there is a noticeable

absence of data and understanding about the onset and cessation of ephemeral streamflow

events.

1.1 Research Objectives

The objectives of this dissertation are organized according to the order of manuscripts

presented.

Develop a statistical method to infer the presence of streamflow in ephemeral
channels using streambed thermographs

Determine the optimal depth for temperature sensor placement to improve streamflow
detection and timing

Develop an alternative and more robust sensor for streamflow timing based on the
direct measure of soil water content

Develop a method for continuously monitoring in situ infiltration fluxes for the full
duration of ephemeral streamflow events

Estimate the variability of infiltration fluxes throughout the full cycle of an ephemeral
streamflow event

Estimate the contribution of inflow at the onset of ephemeral events compared to

steady state contributions
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1.2 Literature Review

Streamflow Timing

Current methods used to estimate streamflow timing include flow-rated stream gages,
velocity meters, soil water-content sensors, and temperature sensors (Latkovich and
Leavesly, 1993; Blasch et al., 2000; Constantz et al., 2001). These methods have met
with varying success depending upon channel morphology, bed sediment characteristics,
frequency and duration of streamflow, and other requirements (e.g., magnitude of

temperature signal).

Stream gages and velocity meters accurately determine streamflow timing, but generally
are not suitable for ephemeral channels that experience changes in channel morphology
(Tadayon et al., 2001). Stream gages and velocity meters installed at the bed sediment
surface can become buried or damaged by moving sediment or debris. Consequently,
streamflow timing sensors deployed within the vadose zone have been shown as

advantageous under these circumstances (Constantz et al., 2001).

Soil water-content methods within the near surface detect infiltration and percolation of
water through the sediments, which may be used to infer timing of streamflow (Blasch et
al., 2000). Placing sensors in the subsurface reduces the possibility that they will be
damaged or lost during flow. Logging instrumentation, however, must be placed on or

near the bank with cables extending to the buried sensors.
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Temperature methods enable inference of streamflow timing on the basis of the combined
transport of heat and fluid within the bed sediments (Stallman, 1963; Stallman, 1965,
Jaynes, 1990). When streamflow is absent from a channel, radiant heating of the surface
sediments is transported into the sediment profile primarily through conduction
(Wierenga et al., 1970). The diurnal temperature forcing is often represented as a
sinusoidal function propagates vertically through a homogenous sediment layer with a
decreasing amplitude and increasing time lag with depth (Jaynes, 1990). When
streamflow is present in the channel, the amplitude of the temperature wave at the
sediment surface is often reduced because a portion of the radiant energy contacting the
stream surface is absorbed as it passes through the water column. The presence of
streamflow can cause percolation of water through coarse-grained streambed sediments
increasing the amount of heat transported to deeper depths (Silliman et al., 1994). Asa
result, during periods of streamflow, heat is transported downward through the sediments
by a combination of conduction and advection. Stallman (1963, 1965) developed an
analytical solution for coupled heat and fluid flow assuming a constant vertical
percolation rate through a single saturated layer of homogeneous sediments and a

sinusoidal temperature variation at the surface.

Recent development of small (<10 cm?), inexpensive, waterproof temperature sensors
with integrated data storage enable measurement and storage of temperature values
without the need for external connecting wires. This advantage enables in-situ

temperature monitoring in ephemeral channels with unstable beds over large areas with
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high spatial resolution. Currently, the most reliable method for interpretation of the
temperature data is a visual method, which is both subjective and inefficient for large

data sets.

Appendix A presents a statistical method for identifying periods of streamflow using
streambed thermographs. The method is objective, repeatable and is an improvement in
efficiency for analyzing large datasets. The method uses a moving standard deviation to
discern periods of conductive heat transport associated with the absence of streamflow

and advective heat transport associated with the presence of streamflow.

During this investigation it became apparent that the use of temperature for streamflow
timing is a convenient tool if it is available, but may not be the most appropriate
methodology for all conditions. Specifically, certain conditions are required for
streamflow to produce a readily identifiable thermal signal. For example, water with the
same temperature as the channel will not produce an identifiable signal. In ephemeral
stream channels subject to repeated scour and deposition, changes in sediment surface
elevation complicate the interpretation of the temperature data. Additional disadvantages
to using temperature in a stream channel include extremely small gradients at depth,
multiple sources of heat in a complex watershed, heterogeneous thermal and hydraulic

properties, and multiple methods of heat transport.
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Appendix B focuses on the development of electrical resistance sensors (ER sensors) to
monitor water content to infer streamflow timing. The advantages of the electrical
resistance approach include: functionality above or below the channel surface,
functionality in all streamflow temperatures, lack of connecting wires, and minimal
interpretation of data. These same attributes necessary for streamflow timing are also
advantageous for monitoring sediment saturation in other similar vadose zone

applications such as irrigated fields, fluctuating water tables, and post-burn environments.

Coupled Heat and Fluid Flow

While the relationship between coupled heat and fluid flow can be used to resolve
streamflow timing records, it can also serve to estimate infiltration fluxes through the bed
sediments. The energy transport equation for a unit volume of sediments represents the
changes in energy stored within the porous media balanced by inflow and outflow
through conduction, advection, dispersion, and sources within the matrix. The following

equation represents the contributions from these sources in homogeneous and isotropic

sediments.
oT *
[OCW +(1- ¢)CS]_87 =V. (K'TVT) +V- (HCWDHVT) - V@CWVT + qCWT (D
where,
t time t
0 volumetric moisture content 3L

Cy heat capacity (density x specific heat) of water Mt* L T
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(0} porosity | O

Cs heat capacity of the dry solid Mt2L! T
T temperature T

Kr thermal conductivity of water and solids (tensor) ML 27!
Dy hydrodynamic dispersion (tensor) L2t

\Y water velocity Lt

q rate of internal fluid source Lt

T* temperature of fluid source T

The first term on the left is the change in energy stored over time. The storage of energy
is balanced by the terms on the right beginning with the energy transported by thermal
conduction followed by the energy transported due to thermo-mechanical dispersion. The
remaining two terms represent the advection of thermal energy and the sources or sinks

of heat added to or removed from the domain.

Stallman (1960) developed a general differential equation to describe nonsteady heat and
fluid flow through a fully saturated, isotropic, homogeneous medium assuming no fluid

or thermal sources within the medium.

2 2 2 a T
PT FT OT_cp| d0T) 0T) AT cup, 3T o
ox* dy° oz K ox dy oz K ot

where,
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Pw is the density of the fluid, ¢, is the specific heat of the fluid, p,, is the density of the

combined solid-fluid media, c,, is the specific heat of the combined solid-fluid media.

This simplification does not consider hydrodynamic dispersion. This is reasonable if the
depth of observation is small. In addition, temperature variations from biological and
chemical activity are considered negligible. Finally, the thermal and hydraulic properties

of the sediments and fluid are assumed constant over space and time.

Several methods have been developed to solve the coupled heat and water transport

equations for the case of one-dimensional steady vertical flow in saturated sediments.

2
9T _cupul: (T, 3)
oz Kk \oz

The methods include a type-curve method (Bredehoft and Papadopulos, 1965) and the

heat balance method (Wierenga et al., 1970).

The type-curve method has been used (Cartwright, 1970; Sakura, 1978; Cartwright,
1979) for determining groundwater velocities as it requires minimal data collection and is
easy to calculate using the solution and type curve provided by Bredehoft and
Papadopulos (1965). The authors predict that they could measure groundwater Darcian

fluxes as low as 1 x 10" cm/s.



26

The heat balance method presented by Wierenga et al. (1970) was developed to simulate
change in irrigated soil temperatures. During periods of active infiltration and
immediately afterwards the authors use an arithmetic method to balance the heat advected
into each of layers by adjusting the volume of water entering the profile. Following
active infiltration the authors modeled heat flow using an explicit finite difference form
of the one-dimensional heat equation. This method considers heat transport exclusively
through conduction. However, the authors did not present guidance on when to transition
from the heat balance method to the solution to the heat flow equation. Taniguchi and
Sharma (1993) evaluated the heat balance method. They found it advantageous because
of its ease of calculation; however its application was limited to the near surface (<2 m)
because changes in temperature below this depth could not be resolved sufficiently for
use in the method. Boyle and Saleem (1979) compared the heat balance method to the

type-curve methods during their subsurface water investigation.

Suzuki (1960) proposed the use of temperature as an indirect measure of infiltration rates
beneath flooded rice fields assuming saturated, one-dimensional, steady state flow into a

homogeneous isotropic, porous medium with a sinusoidal surface temperature variation.

A e W 4
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Suzuki introduced an algebraic solution to the one-dimensional flow equation. Stallman
(1965) developed an exact solution for these conditions assuming a harmonically varying
temperature forcing at the stream channel surface and a subsurface groundwater
temperature that is equal to the mean amplitude of the upper boundary condition. The
boundary conditions are suitable for diurnal and seasonally varying temperatures
conditions assuming vertical flow and fully saturated conditions. Stallman estimated that
the method could detect percolation rates of 0.1 cm/day using annual temperature
fluctuations and 2 cm/day for diurnal temperature fluctuations. Taniguchi and Sharma
(1993) employed Stallman’s (1965) one-dimensional solution to determine recharge
beneath two forest sites near Perth, Australia. Their investigation demonstrated that the
method was successful for the case when recharge rates are low and sensor depths are

shallow.

Wankiewicz (1984) studied thermal profiles beneath streams in the Northwest Territories
and determined thermal transport beneath one stream was almost exclusively from
conduction and the other through advection. Lapham (1987) was one of the first to
describe coupled fluid and heat flow below a stream channel using an explicit finite
difference approximation. This approximation has the flexibility of being able to use a
nonsinusoidal temperature forcing and a ground-water temperature that is not equal to the
mean forcing value. Lapham monitored temperature profiles beneath streams in order to

determine the magnitude and direction of percolating waters between streams and their
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underlying aquifers. He estimated hydraulic conductivities of the sediments using annual

temperature profiles with depths down to 10 m.

Jaynes (1990) incorporated the temperature dependence of the hydraulic conductivity into
the one-dimensional heat transfer equation to account for observed diurnal fluctuations in
infiltration. Simulating changes in the hydraulic conductivity of surface layers was able
to produce infiltration estimates similar to those observed. Constantz et al. (1994)
measured variations in stream channel infiltration for two streams in New Mexico and
compared those to estimated fluctuations in seepage losses based on the temperature
relationship with hydraulic conductivity. The authors concluded that fluctuations in

streambed temperature could account for almost all the variation in seepage losses.

Silliman (1995) expands upon earlier heat and fluid transport investigations to estimate
stream flow loss to the bed sediments under fully saturated conditions using thermal
measurements at the base of the water column and at 25 cm depth in the sediments.
Silliman (1995) incorporates a series of solutions to the linear differential equation in
order to provide the flexibility of using a measured surface temperature. For fully
saturated steady state one-dimensional flow at velocities sufficient to neglect conduction,
Taniguchi and Sharma (1990) evaluated a purely advective solution that produced
comparable flux estimates to a method using bromide tracers in a laboratory experiment.

They calculated the Darcy flux from temperature peaks throughout the profile
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where Vris the vertical velocity of the temperature peaks. Constantz and Thomas (1996)
utilized this relation in highly permeable sediments beneath an ephemeral arroyo. They
compared infiltration rates using purely advective heat transport with infiltration rates
from seepage measurements of streamflow loss. Estimates using temperature peaks were

within a factor of 2 of streamflow loss estimates.

Recent development of digital computers has advanced the use of numerical models for
solving coupled heat and mass transport equations in variably saturated media. Examples
of software for these purposes include VS2DH (Healy & Ronan, 1996), SUTRA (Voss,
1984), and HYDRUS (Simunek et al., 1998). Generally, these models solve coupled
relationships between Richards’ equations and a form of the advection-diffusion equation

using either finite difference or finite element methods in an iterative fashion.

Constantz et al. (1997), Constantz et al. (1998), Ronan et al. (1998), Bartolino and
Niswonger (1999), Constantz et al. (2001), and Constantz et al. (2003) used coupled fluid
and heat transport models for various purposes including estimating seepage losses
beneath alluvial stream channels, identifying the occurrence and duration of ephemeral
flow events and estimating the hydraulic parameters of the soil sediments beneath stream
channels. With the exception of Ronan et al. (1998) the investigations have concentrated

on fully saturated streamflow during steady state periods of streamflow. Ronan et al.
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(1998) modeled the onset of an ephemeral streamflow event however they were not able
to verify the results. Appendix C describes the use a variably saturated heat and fluid

model along with water content and pore pressure measurements to simulate streamflow
infiltration. The variabilities in streamflow infiltration during the event are analyzed and

use of steady state infiltration factors are evaluated.

Recharge within Rillito Creek

Rillito Creek was selected as the experimental field site for the investigations described
in this dissertation. A brief description of Rillito Creek and the field site follows along

with a description of previous recharge studies.

Rillito Description

Rillito Creek is an ephemeral stream channel at the north end of an intermontane trough
referred to as the Tucson Basin. The Rillito Creek watershed has a drainage area of
2,256 square kilometers (km?) with two major tributaries, Tanque Verde Wash and
Pantano Wash. Tanque Verde Wash drains 702 km? from the Santa Catalina and Rincon
Mountains; Pantano Wash drains 1,554 km? between the Rincon, Santa Rita, and
Whetstone Mountains. Precipitation runoff and snowmelt from the Santa Catalina,
Wheststone, and Rincon Mountains as well as urban runoff from the northeastern suburbs
of Tucson contribute most of the flow to Rillito Creek. Surface flow and subflow of

Rillito Creek empty into the Santa Cruz River at the northerly end of the basin.
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Significant changes have occurred to Rillito Creek since the population of the Rillito
Creek watershed. Anecdotal accounts of Rillito creek in the 19" century describe
perennial flow near the reaches of the new Ft. Lowell (circa 1873). The new Fort Lowell
obtained water directly from the creek for livestock and irrigation of the Fort’s fields.
Water from Rillito creek was not used for drinking, but was instead obtained from wells
that were approximately 25 to 35 feet in depth. During this period, the creek meandered
unrestricted through mesquite bosques, and groves of cottonwood, ash, walnut and
willow trees. The Creek did not have a definite path until about the mid 1870’s to
1890’s. After this time the Rillito Creek became entrenched in a fifteen-foot deep
channel similar to the path it takes today. The earliest documented evidence of this

channel cutting is August 5, 1890, (Rillito Creek Hydrologic Research Committee, 1959).

The second series of changes to Rillito Creek occurred in response to the El Nino
flooding of 1983. During this period of time Rillito Creek experienced the largest flows
in recorded history accompanied by significant damage to instream bridges and roadways
as well as damage to nearby businesses and residences. In response to the damage Pima
County flood control deepened the channel and lined the north and south banks with soil

cement to improve bank stabilization and prevent undercutting and erosion.

The study site at Dodge Boulevard is underlain by recent stream-channel deposits and

basin-fill deposits that are Pleistocene in age or older (Davidson, 1973). The recent
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stream-channel deposits, consisting of fine- to coarse-grained alluvium, are about 10 m
thick and derived from the surrounding mountain ranges. The alluvium predominantly
consists of sand and gravel and contains less than 10 percent clay and silt. The
underlying basin-fill deposits comprise the Fort Lowell Formation and extend to depths
of several hundreds of meters (Davidson, 1973). The weakly consolidated to
unconsolidated sediments are finer-grained than the stream-channel deposits.
Groundwater levels fluctuate within the basin-fill deposits. Underlying the basin fill
deposits are the Tinaja beds and Pantano formation of Tertiary age. The upper part of the
Tinaja beds together with the basin fill deposits comprise the primary aquifer underlying

the Tucson Basin.

Hoffman et al. (2002) measured the vertical hydraulic conductivity from cores excavated
every 0.3m from the stream channel surface to a depth of approximately 42 m. The
vertical hydraulic conductivity of the stream-channel deposits range from 0.3 to 2.5 m/d,
whereas the basin-fill deposits tend to have a hydraulic conductivity less than about 0.61
m/d and in places as low as 0.012 m/d. For heterogeneous media such as the deposits
beneath Rillito Creek, the equivalent vertical hydraulic conductivity is calculated as the
harmonic mean of the K, for each layer within the deposits and is always less than the
arithmetic mean. The equivalent hydraulic conductivity of the stream-channel deposits is
2.2 m/d; the equivalent hydraulic conductivity of the basin-fill deposits is 0.22 m/d; and
the equivalent hydraulic conductivity of the combined sediments (stream-channel and

basin-fill deposits) is 0.23 m/d. Assuming a unit gradient, these equivalent vertical



33

hydraulic conductivity values provide an estimate of potential recharge rates under
saturated conditions. Saturated conditions will exist only after sustained periods of
streamflow infiltration at a rate that enables water to fully saturate the underlying
sediments. Once saturated hydraulic connection is achieved between the stream and
water table, the system behaves as though the stream were perennial. Prior to full
saturation, unsaturated hydraulic conductivity values need to be considered when
estimating potential recharge rates. Unsaturated hydraulic conductivity of the deposits
beneath Rillito Creek varies by several orders of magnitude as a function of water
content. For moisture conditions at the time of core collection, the unsaturated hydraulic
conductivity was generally at least two orders of magnitude less than the saturated

hydraulic conductivity (Hoffmann et al., 2002).

The study site was selected on the basis of its proximity to supporting field
instrumentation, its lack of vegetation, and its position about 200 m downstream and 100
m upstream from curvatures in the creek channel. A piezometer nest equipped with a
pressure transducer to monitor depth to water is about 25 m upstream from the
instrumented site. Depth to the regional water table is about 42 m at the site. Cores
collected during the drilling of the piezometer-nest borehole were analyzed for physical,
hydraulic, and thermal properties (Hoffmann et al., 2002). A U. S. Geological Survey
(USGS) streamflow-gaging station, 09485700 (Tadayon et al, 2000), is 45 m downstream

from the site. An Arizona Meteorological Network weather station that measures air
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temperature and precipitation is 2 km downstream from the instrumented site at the

University of Arizona Campus Agricultural Center.

Rillito Creek is an ephemeral stream with three active seasons, summer North American
Monsoon (July- September), fall (October — November), and winter (December-March).
Characteristic summer flows result from localized, short-duration convective storms,
whereas longer-duration frontal storms and snowmelt produce winter flows. Fall storms
and resulting flows are caused by either tropical storms or changes in weather patterns
caused by periodic climate fluctuations. Typical flows measured at the Dodge Boulevard
study site are less than 28 cubic meters per second (m*/s); a maximum discharge of about
680 m>/s occurred during the 1993 El Nifio season (Tadayon et al., 2000). The average
annual flow is about 33,300,000 cubic meters (m?). From 1990-2000 the average number
of annual streamflow events was 14, and the typical duration of the events was less than a

week.

Previous Infiltration Studies on Rillito Creek

Since the middle of the 19" century Rillito Creek has been a source of water for the
residents of the Tucson basin. The first stream gage was installed in 1908 by the
Agricultural Engineering Department, University of Arizona. Operation of the gage was
transferred to the U.S. Geological Survey in January of 1926. Smith (1910) was probably
tﬂe first investigator to examine recharge along Rillito Creek. He concluded there was a

difference in infiltration rates between the flashy, silt-laden summer flows, and the
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steady, long duration flows of the winter snowmelt runoff. This conclusion was based

partly on seasonal well hydrographs and ground-water temperature data.

Others to follow, measured stream channel infiltration employing a variety of methods
including stream gaging, flumes, water balances, and infiltrometer method (Turner, 1943;
Matlock, 1965; Burkham, 1970; Katz, 1987; Pool, In Review; Hoffman, In Review).
Streamflow infiltration values from these studies range from about 0.3 to 3.35 m/d. Using
seepage runs, Turner (1943) measured infiltration rates in for a snowmelt event. He
estimated infiltration rates ranging from 0.34 to 1.13 m/d. The lower rate coincided with
a shallow water table and likely surface/ground water connection that impeded

infiltration.

Matlock (1965) presents infiltration estimates using a variety of methods. Using seepage
runs for an almost completely continuous four month long snowmelt event in the Spring
of 1962 he estimated the éverage infiltration rate of 1.1 m/d. He surmised that the low
flow and reduced sediment loading from monsoon flows was responsible for the higher
numbers. Using infiltrometer experiments in the streamflow he concluded that a silt layer
ranging from 0.16 to 0.32 cm was sufficient to reduce infiltration and a layer 7-11 cm
thick all but stopped infiltration. Based on a water budget conducted by Schwalen in
1960 and 1962 (reported by Matlock, 1965) estimated cold season infiltration as 0.85

m/day and predicted higher rates for summer events.
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Burkham (1970) developed a nonlinear regression equation relating streamflow loss to
discharge for Rillito Creek, Arizona. However, comparison of streamflow losses
between two stream gages over a 60-year period indicate that Burkham’s relation
underestimates measured streamflow losses (Pool, In review). This increase emphasizes
that stream channel infiltration within dynamic systems cannot be considered stationary,
whether the increase in recharge is due to changes in basin runoff characteristics or

changes in stream channel infiltration efficiency.

Katz (1987) investigated steady state recharge values within Rillito Creek by measuring
streamflow and wetted perimeter during a 119-day event from December 1984 through
April 1985. Katz used stream gages to estimate streamflow loss and video footage to

ascertain wetted perimeter. Katz estimated streamflow loss values of 0.5 m/d.

In lieu of directly measuring recharge rates other investigators have focused on
subsurface flow. Schwalen et al. (1960) used water level measurements from March 10,
1959, through March 20, 1960 to estimate annual recharge. The authors estimated
approximately 23,700 acre-feet of recharge, which was 4450 acre-feet less than recharge
predicted using streamflow loss methods. This could be attributed to higher infiltration

rates not accounted for by steady-state values.

Bailey (2002) was the first to use temperature monitoring and inverse simulation of heat

and water transport through stream sediments to estimate infiltration rates during
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streamflow at three locations along Rillito Creek. Through a numerical sensitivity
analysis, he showed that vertical heat transport during stream flow is more sensitive to
the hydraulic conductivity of the streambed than to stage. Using a hierarchical simulation
approach, he first examined the use of the hydraulic conductivity measured in cores to
predict infiltration rates during streamflow. Numerical models using the core-measured
hydraulic conductivity were not able to reproduce the observed temperature time series at
depth. Improved agreement with the observed temperature signal generally required a
reduction of the subsurface hydraulic conductivity from the core values (Hoffmann et al,
2002) and often required the addition of a thin surface layer (< 5 cm) having a variable
hydraulic conductivity to represent sediments that may have been redistributed during

flow.

Modeling performed by Bailey (2002) showed that, for two sequential flow events, the
hydraulic conductivity of this surface layer changed by four orders of magnitude.
Another simulation by Bailey (2002) required a change in the hydraulic conductivity of
the surface layer during the flow event to reproduce the observed subsurface temperature
series. Equivalent saturated hydraulic conductivity values for the stream channel

sediments ranged from 0.316 m/d to 4.78 m/d.

Hoffmann et al. (in review) conducted a series of seepage runs during an event in
October, 2000. Results for seepage measurements averaged 0.9 m/d. Additionally, the

authors analyzed chemical tracers from cores underlying Rillito Creek at Dodge
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Boulevard. In situ percolation rates were estimated as 0.049 m/d using 580 and 8D and
0.055 m/d for chloride. The percolation rates estimated using chemical tracers represent
the combined saturated and unsaturated transport through the vadose zone and
consequently are significantly lower than infiltration rates measured at the streambed

surface.

1.3 Explanation of Dissertation Format

The organization of this dissertation highlights six manuscripts presented as appendices.
The introductory chapter presents a brief description of the research topic and a review of
the supporting literature. The second chapter summarizes the important findings of this
doctoral investigation and the contributions of each of the manuscripts. The first
manuscript was accepted for publication in the Vadose Zone Journal December 2003.
The second manuscript was published in Vadose Zone Journal, Vol. 1, pages 289-299,
November 2002. The third manuscript was submitted to the U.S. Geological Society
(USGS) for review in November 2003. The fourth and fifth manuscripts were accepted
for publication in a USGS Circular in September 2003. The final manuscript was

accepted for publication in an American Geophysical Union Manuscript in June 2003.
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2. PRESENT STUDY

2.0 Statement of Candidate’s Contribution to Papers

The first three research manuscripts described in Appendices A-C and sections 2.1-2.3
are almost exclusively the work of the candidate. The candidate was primarily
responsible for project design, construction of laboratory and field monitoring systems,
collection of measurement data, mathematical and statistical analysis of data,
implementation of numerical models and drafting of text and figures for the manuscripts.
The coauthors are recognized for their field labor, scientific guidance, and editorial
review. Overall the candidate contributed 95% to the manuscripts described in
Appendices A-C. The author contributed about 50% of the content to Appendices D and
E (sections 2.4 - 2.5) but only contributed about 25% to the construction of the
manuscripts and graphics. The final research manuscript presented in Appendix F
(section 2.6) was a review of recent recharge investigations within Southern Arizona. A
majority (90%) of design and drafting of the manuscript was once again contributed by
the candidate but only a small component of the investigations described are those of the
candidate. The coauthors contributed editorial review and a portion of Rillito Creek

recharge data presented in the investigation.
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2.1 Summary of Paper #1 A statistical technique for interpreting streamflow timing
using streambed sediment thermographs

Accepted by Vadose Zone Journal, 2003

The objective of this paper was to improve upon the use of streambed thermographs for
streamflow timing. This was accomplished through 1) providing a detailed process for
selection of optimal temperature monitoring depth and 2) developing a statistical method
capable of inferring streamflow timing from a streambed thermograph. Optimal
measurement depths for inferring streamflow were defined as depths where streamflow
induced percolation causes the greatest measurable changes in diurnal temperature wave

amplitudes compared to no flow conditions.

The primary conclusions of this study follow:

e The successful execution of streamflow timing using streambed thermographs is
primarily dependent on the correct selection of temperature monitoring depth. Thermal
and hydraulic parameters of the soil can be used to estimate the correct depths.

e The standard deviation method provides an improvement over visual identification
methods primarily because the statistical method is objective, reproducible, and efficient
for large data sets.

¢ The standard deviation window length and threshold are the most sensitive
parameters in the model for identifying streamflow timing. Standard deviation window

lengths from 1 hour to 6 hours were more accurate than longer windows. The magnitude
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of the threshold parameter was approximately equal to the 1.5 times the mean of the
moving standard deviation.

e Errors for Rillito Creek at a depth of 1.0m ranged from 77 minutes at the onset of
flow and 257 minutes at the cessation of streamflow.

e The standard deviation method is more accurate when calibrated using an alternative
flow device however, it is still appropriate if the parameters are optimized using
streamflow and climate data. Inspection of multiple standard deviation plots using a
range of standard deviation window lengths is a necessary step in identifying streamflow

events.

2.2 Summary of Paper #2 A new field method to determine streamflow timing using

electrical resistance sensors

Published in Vadose Zone Journal, 1: 289-299 (2002)

For this investigation, we converted commercially available temperature sensors into
electrical resistance sensors (ER sensors) to monitor water content and tested their utility
for streamflow detection. More specifically, electrical resistance sensors were
constructed to act as a switch recording zero values during the absence of streamflow and

nonzero values during the presence of streamflow.
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The primary conclusions of this study follow:

e Electronic resistance sensors are more accurate than temperature methods for stream
flow timing and are comparable in accuracy to soil water content (time domain
reflectometry) and stream gaging methods.

o FElectronic resistance sensors functioned both at the streambed surface and in the
subsurface. The sensors are depth independent providing a distinct advantage over
temperature methods.

e Electronic resistance sensors required less data analysis than thermal methods to infer
streamflow timing. The advantage is pronounced for short duration events.

e Use of electronic resistance sensors required less knowledge of the streambed thermal
and hydrologic properties than temperature methods.

e The electronic resistance sensors can be used as a surrogate to monitor soil water
content. Saturation and dewatering of fine-grained streambed sediments was observed
repeatedly in the stream channel providing both a record of streamflow timing and

evidence of changing streambed hydrologic characteristics.

2.3 Summary of Paper #3 Transient and steady state infiltration fluxes during
ephemeral streamflow

Submitted to the U.S. Geological Society, 2003
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The objectives of this investigation were to improve our understanding of the transient
and steady state recharge contributions during streamflow and to develop a field method
to measure the transient and steady state infiltration fluxes throughout the duration of an

ephemeral streamflow event.

The primary conclusions of this study follow:

e Infiltration rates at the onset of the events were on average about 2-3 orders of
magnitude larger than steady state infiltration rates. Transient periods were 3 to 20 hours
in duration.

e Use of steady state infiltration rates to estimate total infiltration underestimated
simulated values by nearly 18% indicating the need to consider transient infiltration for
large coarse-grained stream channels in aquifer recharge investigations.

o A two-layer system can produce multiple steady state infiltration hydrographs
depending on the antecedent moisture content, depth of the overlying layer, and duration
of the event.

¢ Simulated steady state infiltration fluxes varied throughout the event by a factor of
2.5.

e The average simulated steady state value was approximately equal to the effective
vertical hydraulic conductivity of cores sampled from the less permeable underlying

sediment layer.
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e A one-dimensional linear solution for infiltration into a single layer of homogeneous
sediments provided a limited description of the simulated infiltration rates and was most

accurate at predicting transient recharge rates at high antecedent water contents.

2.4 Summary of Paper #4 Combined use of heat and soil-water content to determine
stream/ground-water exchanges, Rillito Creek, Tucson, Arizona

Published by the U.S. Geological Survey as a Circular Chapter

The City of Tucson and surrounding area receives virtually all of its municipal,
agricultural, and industrial water from ground water that is pumped from thick alluvial
basins. Ground water in these aquifers is recharged mostly by water that percolates
through ephemeral stream-channel deposits (Davidson, 1973; Matlock and Davis, 1972;
Hanson and Benedict, 1994). An increase in ground-water use to support a growing
population has resulted in water-level declines of more than 60 meters in the past 50
years. To help mitigate water-level declines, an in-stream recharge facility has been
proposed for Rillito Creek, an ephemeral stream on the north side of Tucson. This
chapter describes one component of an investigation designed to improve the

understanding the infiltration processes beneath Rillito Creek.



45

The primary conclusions of this study follow:

e Water content measurements and temperature measurements can be used to evaluate
the potential suitability of in-stream recharge facilities and to provide guidance on siting
such facilities.

e Flow was primarily one-dimensional at the near surface after the sediments were
saturated.

e One-dimensional analyses of temperature measurements collected during a
streamflow period in April 2001 show that infiltration rates through the Rillito Creek
stream deposits were sustained at approximately 0.37 meters per day.

e During events there was a general decline in infiltration rate over time during a

streamflow event.

2.5 Summary of Paper #5 Determining temperature and thermal properties for
heat-based studies of surface-water ground-water interactions

Published by the U.S. Geological Survey as a Circular Chapter

Advances in electronics leading to improved sensor technologies, large-scale circuit
integration, and attendant miniaturization have created new opportunities to use heat as a
tracer of subsurface flow. Because nature provides abundant thermal signals at the land
surface, heat is particularly useful in studying stream-groundwater interactions. This
appendix describes methods for obtaining the thermal data needed in heat-based

investigations of shallow subsurface flow.
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The primary conclusions of this study follow:

¢ Temperature sensors need to be located within the thermally active zone for studies of
surface water-ground water exchanges.

e A variety of existing and emerging instrumentation technologies are available for
monitoring surface-water and ground-water temperatures and for determining thermal

parameters of sediments.

2.6 Summary of Paper #6 Processes controlling recharge beneath ephemeral
streams in southern Arizona
Accepted for publication by the American Geophysical Union Monograph Series

Recharge and Vadose-Zone Processes: Alluvial Basins of the Southwestern United

States

The objective of the final paper was to review recent recharge investigations focused on
large ephemeral channels in Southern Arizona. The paper briefly discusses the combined
hydrological, geophysical, and isotopic methods used to monitor the transport of water
within ephemeral streams and through their underlying sediments. Previous studies were
reviewed to assess processes controlling infiltration into the near sediments,
redistribution through the unsaturated zone, and finally recharge to the underlying
aquifer. The review ends with a summary of investigations focused on temporal

influences on stream channel recharge.
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The primary conclusions of this study follow:
o Investigations have demonstrated the utility of new monitoring techniques, such
as the use of temperature, and stable isotopes to monitor temporally induced variations in

recharge rates and to explore the pathways of infiltrating water.

o Transformation of the near surface bed sediments through deposition and scour,
microbial flora growth, and colloidal swelling will cause fluctuations in the surface
permeability and recharge rates.

o Seasonal fluctuations in channel losses indicated that annual recharge rates and
empirical equations based on uniform coefficients may not be suitable for computing
long-term recharge.

o Representative recharge values for ephemeral channels will require collection and
analysis of long-term hydrologic data because of periodic climate oscillations with
decadal or longer frequencies

. Future deliberations on recharge will be most effective when each aspect of the
process is considered from infiltration at the channel surface through percolation across

the water table.

2.7 Summary of the Dissertation

Ephemeral streamflow infiltration through alluvial channels has been identified as an

important source of aquifer replenishment in arid and semi-arid environments (Anderson
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etal., 1992). The use of steady state infiltration factors for basin wide estimates of
channel infiltration necessitates low cost streamflow timing techniques suitable for
installation in various channel settings. In this dissertation, two field methods were
developed for monitoring streamflow timing in ephemeral stream channels. The first
streamflow timing method exploits differences in the advective and conductive thermal
transport mechanisms during the presence and absence of streamflow. When streamflow
is present, heat is transported through the sediments primarily through advection. In the
absence of streamflow conduction is dominant. A statistical method was developed to
analyze bed sediment thermographs to identify the different thermal transport
mechanisms and thus to infer streamflow timing. The technique requires the definition of
five analysis parameters. The accuracy of streamflow identification is most sensitive to
the standard deviation window length and a threshold parameter. Once the analysis
parameters are established, either through calibration with independent flow timing
measurements or through supporting climate information, identification of the presence
or absence of flow is repeatable, objective, and easily automated to process large data
sets. Furthermore, the thermal method and analysis technique allows for the use of
deeper temperature measurements, which may be advantageous under some field

conditions that prohibit near surface thermal monitoring.

The second method of streamflow timing utilized the relationship between soil water
content and electrical resistance. Electrical resistance sensors were designed to detect

saturated soil conditions and thus to infer streamflow timing during periods of saturation.
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Temperature sensors and electrical resistance sensors were field-tested in Rillito Creek,
Tucson, Arizona. Estimates of streamflow timing were more accurate when made using
the electrical resistance sensors than the temperature sensors and were comparable in
accuracy to stream-gage and soil water-content methods. Advantages of electrical
resistance sensors include depth independence and reduced analysis requirements. The
low cost, ease of implementation, and absence of datalogger connecting wires from the
sensor to the stream bank provide a distinct advantage over conventional streamflow

timing methods.

Infiltration fluxes were measured throughout the duration of three ephemeral streamflow
events to evaluate the use of steady state infiltration rates for estimating cumulative
infiltration for a large alluvial stream. Temperature and water content measurements were
used to calculate infiltration fluxes for streamflow events in a large stream channel with a
higher conductivity alluvial layer overlying a lower conductivity alluvial material. The
steady-state infiltration rate was related to the effective hydraulic conductivity of the
lower alluvial material. Average infiltration rates at the onset of the events were 2-3
orders of magnitude larger than steady state infiltration rates. Transient periods were 1.8
to 20 hours in duration, in inverse proportion to the antecedent moisture content. Use of
steady state infiltration rates to estimate total infiltration underestimated cumulative
infiltration by 18%, demonstrating the need to consider transient infiltration to improve

streambed infiltration estimates for aquifer recharge investigations.



50

As indicated by these studies, an increasing variety of techniques are becoming available
for measuring temperature, infiltration fluxes, and soil saturation in field settings. As
sensors and data-acquisition systems continue to develop, instrumentation costs should
continue to decrease and the number and quality of measurement options improves.
Thermal and water content techniques are providing increasingly useful information
about surface water-ground water interactions enabling hydrologists to improve

measurement of infiltration in ephemeral stream channels.
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Abstract

A moving standard deviation technique was developed to infer the onset and cessation of
ephemeral streamflow using temperature data from the upper 2.25 meters of streambed
sediments. During periods of streamflow, heat loss to the water column and shifting of
the predominant thermal-transport mechanism within the sediments from conduction to
advection produced changes in the amplitude of the vertically propagating diurnal
temperature waves. Analytical expressions describing propagation of conductive and
advective diurnal temperature waves through streambed sediments were presented for
identifying depths with the largest changes in the diurnal temperature wave amplitude
between periods of flow and no flow. A moving standard deviation statistical technique
was developed to identify the thermal amplitude changes from bed sediment
thermographs and to infer streamflow timing. The accuracy of the moving standard
deviation technique was quantified by calibrating the statistical method using streamflow
measurements made with alternative flow detection devices. Accuracy of the technique

was most sensitive to the standard deviation window length and the threshold parameter
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separating periods of conductive and advective thermal transport. An alternative
calibration procedure was developed that does not require alternative flow detection
devices. The average error for streamflow timing was approximately 400 minutes for
each event. The results show that temperature sensors may be deployed at a range of
sediment depths depending on streamflow stage and soil thermal and hydraulic properties
and that an automated statistical procedure can provide an objective and repeatable means

to quantify streamflow timing.

1. Introduction

Recording the continual presence and absence of streamflow within ephemeral channels
in large semi-arid and arid basins for use in water balance and hydrologic models requires
an inexpensive and reliable method for broad distribution. The difficulties of monitoring
streamflow timing and extent within ephemeral channels using traditional stream gaging
techniques arise because of the flashy nature of streamflow events and shifting elevations
of the channel surface (Contantz and Thomas, 1997; Blasch, 2003). Consequently,
measurement of streamflow presence using subsurface methods has been proposed
(Constantz and Thomas, 1997). Because streambed temperature measurements are
inexpensive and easy to obtain relative to other subsurface measurements, streambed
thermographs have been introduced as a means to infer streamflow timing and extent in

ephemeral streams (Constantz et al., 2001).
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Constantz et al. (2001) placed thermal sensors at shallow depths (15 cm) to identify
reductions in thermal amplitudes caused by absorption of radiant energy in the water
column (Figure 1). They visually identified changes in streambed temperature wave
amplitudes to determine the start and end of streamflow events. Although this visual
inspection technique has been successfully demonstrated in ephemeral streamflow
settings for multiple day events, the technique is both subjective and time consuming
when analyzing large data sets. The technique can also be ineffective for identifying
stream flow events that are less than 24 hours in duration, which is typical of ephemeral
streams in southern Arizona, for example. Finally, this method of analysis requires
relatively shallow measurement depths to take advantage of reductions in the diurnal
temperature wave amplitude that occur as heat is lost to the standing water above the
sediments. Such shallow installed instruments are especially susceptible to removal by

scour of the channel sediments.

The first objective of this investigation was to present a description of thermal transport
that considers the effects of both conductive and advective temperature transport. This
description will expand the relevance of this method to a greater number of ephemeral
streams by allowing for monitoring of temperature at deeper depths where shallow
temperature measurements are impractical, such as reaches that experience significant
scour (Constantz et al., 2003). The second objective was to introduce an automated
technique for identifying the onset and cessation of ephemeral streamflow based on a

statistical analysis of streambed thermographs.
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Figure 1. Thermal responses from within a streambed divided into the case when
streamflow is absent (primarily conductive heat transport through the sediments) and the
case when streamflow is present (primarily advective heat transport through the
sediments). Note the reduction in the thermal amplitude at the streambed surface caused
by heat loss to the overlying water column and corresponding increase in thermal
amplitude at depth caused by percolating water.

The following section presents two analytical expressions describing conductive and
advective thermal transport as well as the hydrological conditions necessary to use bed
sediment thermographs for streamflow timing. The discussion continues by introducing
the moving standard deviation technique for analyzing bed sediment thermographs.
Finally, bed sediment thermographs collected from an array of temperature sensors

within an ephemeral stream are used to evaluate the utility of the moving standard

deviation technique.

2. Optimal depth selection for placement of temperature sensors

When streamflow is absent from a channel, radiant heating of the surface sediments is
transported into the sediment profile primarily through conduction (Figure 1). The
diurnal temperature, often represented as a sinusoidal function, propagates through the

sediments with a decreasing amplitude and increasing time lag with depth (Van Wijk and
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De Vries, 1963). The magnitude of the one-dimensional diurnal temperature wave as a
function of depth for a homogenous single layer is described by (Van Wijk and De Vries,
1963):

v4

_ D
Tcond (2) = Toe ’ (1)

Teona is the amplitude of the sediment temperature variation (°C) at depth z (cm) below
the land surface, T, is the amplitude of the diurnal temperature wave (°C) at the sediment
surface, and D is the damping depth (cm) of the diurnal temperature waves represented

as,

Pa. 0.5
’ :f—s] | (2)

where, O is the thermal diffusivity (cm2 s'l) and P is the period (s) of temperature
oscillation at the sediment surface. At a depth D the relative temperature amplitude of the
wave declines to ¢ (0.37) and at a depth Dxt the wave is 180° out of phase with the wave

at the surface. Typical damping depth values for sandy soils are about 15 cm and for clay

soils are about 12 cm (Van Wijk and De Vries, 1963).

The presence of streamflow within a channel can cause infiltration and percolation of
water through streambed sediments, increasing the amount of heat transported to deeper
depths through a combination of advection and conduction. As a result, thermographs at
deeper depths will show an increase in the diurnal temperature amplitude (Figure 1).

Stallman (1963, 1965) developed an analytical solution to the one-dimensional coupled
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heat and water transport equations assuming one-dimensional steady vertical flow in a
single saturated layer and a sinusoidal temperature variation at the surface. The diurnal
temperature wave amplitude for the combined advection and conduction equation using

the Stallman solution is:
T4(2)=Te %, 3)
where T,y is the amplitude of the sediment temperature variation (°C) at depth z (m)

below the land surface, 7, is the amplitude of the temperature wave (°C) at the sediment

surface, and a (m) is a coefficient based on the fluid flow and thermal properties of the

sediment
LASEIR VNS
a=[K*+—)2+—]> -V, 4
[( 2 ) > ] 4)
with
Tcp
K =—, 5
s (5)
and
V=w0p0 . (6)
2K

The variable c is the specific heat of the fluid and sediment in combination (cal g'1 och,
p is the density of the fluid and sediment in combination (g m>), Kis the thermal
conductivity of the fluid and sediment in combination (cal s* m™ °C™), v is the fluid flux
(m s™), ¢, is the specific heat of the fluid (cal g °C™"), and p, is the density of the fluid (g
m>). Ifvis zero then equation 3 reduces to the conduction equation, but as v increases

the transport of heat due to advection increases. The predominant heat transport



67

mechanism within the sediments will depend upon the infiltration rate, thermal
parameters, and of course the depth of interest. For simplicity we will refer to the
transport of heat during the presence of streamflow as advection even though conduction

also contributes to the transport of heat.

Comparison of shallow and deeper thermographs with and without the presence of
streamflow (Figure 1) show two clear characteristics. First, as shown by Constantz et al
(2001), during streamflow there is a reduction in the conductive heat transport due to the
loss of radiant heat to the water column. Second, due to increased advective transport,
the temperature amplitudes at deeper depths are higher during periods of streamflow than

during the absence of streamflow.

Constantz et al (2001) monitored temperature at the near surface (15 cm) to successtully
infer the presence of streamflow. The method was appropriate for the streams the authors
studied because two critical conditions for the success of this method were achieved.
First, the diurnal temperature amplitude at the surface was sufficiently large so that minor
temperature fluctuations such as those caused by clouds did not obscure the diurnal
signal. Second, during the presence of streamflow the overlying water column produced a
measurable reduction of the amplitude of the diurnal temperature wave at the streambed
surface compared to the magnitude of the diurnal temperature wave at the streambed
surface during the absence of streamflow (Figure 1). If, however, either of these

conditions had not been satisfied then changes in the near surface diurnal temperature
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wave amplitude during streamflow would have been insufficient to infer the presence of

streamflow.

Other circumstances noted by Constantz et al. (2001) that can preclude the use of
streambed temperature for monitoring streamflow include precipitation, sudden changes
in air temperature, and scour. Precipitation and sudden changes in air temperature
associated with weather fronts can cause fluctuations in the sediment temperatures
similar to those caused by the presence of streamflow. In general, precipitation induced
fluid fluxes and abrupt air temperature changes do not penetrate as deeply below the
sediment surface as streamflow events and will have a greater influence on sensors near

the surface. For these circumstances thermographs at deeper depths can be more suitable.

As an example of conductive (no flow) and advective (flow) thermal transport, hydraulic
and thermal parameters for coarse-grained sediments typically found in ephemeral
streambeds were incorporated into equations 1-6. The conductive and advective diurnal
temperature waves were plotted as a function of depth for three different streamflow
cases (Figure 2). The no dampening case assumes there is no heat loss to the overhead
water column and the 50% reduction case assumes the radiant thermal amplitude is
reduced by 50% as it travels through the water column. The fluid flux was reduced for
the third case to demonstrate the dependence of the advective thermal amplitude on this
variable. Comparison of the conductive (no flow) and advective (flow present) diurnal

temperature waves as a function of depth shows that near the surface the conductive
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thermal amplitude is larger than the advective thermal amplitude because heat is lost to
the overhead water column during streamflow (Figure 2). 1t is also apparent that
percolating water transports more heat to deeper depths compared to conduction alone
during the absence of streamflow. Consequently, an important prerequisite for using
thermographs at deeper depths to infer streamflow is that the hydrologic flux is
sufficiently large to cause measurable changes in the amplitude of the diurnal temperature

wave during the presence of streamflow compared to the absence of streamflow.

The conductive diurnal temperature wave amplitude at each depth was subtracted from
the advective diurnal temperature wave amplitude to quantify the difference in thermal
transport as a function of depth (Figure 2). If there is no heat loss to the water column,
then at the surface (0.0 m) the difference in conductive and advective amplitudes is zero.
However, at depth there is still a difference in amplitude. Greater losses of heat to the
water column result in larger amplitude differences at the surface but only a slight
reduction in the amplitude reductions at depth. Thus temperature monitoring at depth
may be more dependable and informative than the near surface for inferring flow in

stream channels experiencing a range of stages.
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Figure 2. (A) Advective and conductive diurnal temperature wave amplitudes as a
function of depth propagating through coarse-grained stream channel sediments. The
radiant thermal amplitude at the surface is 1°C. The solid black line describes conductive
thermal transport during no flow conditions. The no dampening case considers zero loss
of heat to the water column during the presence of streamflow. The 50% dampening case
considers 50% loss of heat energy to the water column during the presence of
streamflow. The 50% dampening / 50% fluid flux reduction considers a 50% loss of heat
to the water column and a reduction in the fluid flux from the previous two cases by 50%.
(B) Difference between the advective and conductive diurnal temperature wave
amplitudes as a function of depth. Intersections between the solid diurnal temperature
wave amplitude segments and the dashed transition line represent depths corresponding
to equivalent advective and diurnal temperature wave amplitudes during flow and no
flow conditions respectively.
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Optimal measurement depths for inferring streamflow can be defined as depths where
streamflow induced infiltration causes the greatest measurable changes in diurnal
temperature wave amplitudes compared to no flow conditions. Equations 1-6 can be used
with knowledge of the sediment profile and streamflow stage to estimate the optimal
depths. The least optimal depths are those where the thermal amplitude does not change
due to the presence of streamflow. One depth that is not suitable is called the transition
depth, z;, where the conduction and advection diurnal temperature wave amplitudes are
equivalent during the presence and absence of streamflow. The transition depth also
represents the point where the magnitude of the diurnal temperature wave amplitude
during the presence of streamflow becomes larger than the diurnal temperature wave
during the absence of streamflow. The transition depth is represented in Figure 2 for the
three different streamflow cases. The transition depth for each case is located where the
lines representing the difference in thermal transport intersect the vertical dashed line.
For the no dampening case the combination of advection and conduction will transport
more heat throughout the entire profile so the transition depth does not occur. As
dampening increases the transition depth increases. For the 50% dampening case the
transition depth occurs at approximately 0.11 m and for the 50% dampening and fluid
flux reduction case the transition depth is approximately 0.17 m. Thus the transition
depth is also dependent on the magnitude of the infiltration flux. Additionally, depths
closer to the surface are less suitable if they are not below the zone of scour or are
influenced by temperature fluctuations induced by precipitation and weather fronts as

discussed earlier.
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3. Standard deviation technique for detecting periods of streamflow

Analysis of a streambed thermograph to infer streamflow timing is based on
identification of the aforementioned temporal changes in the streambed thermograph
(Figure 1). As an example, two thermographs measured in a coarse-grained alluvial
stream at depths above and below the transition depth are presented in Figure 3. When
streamflow is present (indicated by the gray areas) as indicated by a stream gage the
diurnal temperature wave amplitudes in the thermograph above the transition depth
decline whereas the opposite is true of the thermograph below the transition depth.
Streamflow timing can be inferred from the thermographs by identifying these changes in
thermal amplitude either above or below the transition depth. This analysis can be
conducted visually (Constantz et al., 2001), or using statistical tools (Stewart and
Constantz, 1999; Stewart, 2003). Moving window averaging is a standard data
smoothing technique. We apply a similar approach wherein the standard deviation of
temperatures is determined within a defined time window (Figure 4). For each window

of time, T, the number of measurements, n, is determined by the temperature sampling

interval, i,
T
n=-. (7
i
The moving standard deviation, s, can be expressed as
1 n+i-1 _
s(t) = n———lgt(x,-—x(t))z , fort=1,..,T ®)

where,
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n4t-1
;(t)ﬁ Y, fort=1,.,T )

i=t
is the moving average and T is the total number of measurements. The analysis window
is advanced in time, yielding a moving window of standard deviation over the entire
thermograph. Identification of streamflow is then based on measurable differences in the
moving standard deviation during flow and no flow periods. The advantage of using the
moving standard deviation is that variations in the thermal record caused by streamflow
infiltration are magnified in the standard deviation plots, increasing the ability to discern
event timing. Additionally, the moving standard deviation removes longer time-scale

fluctuations in the thermograph, which can obscure short-term variations.
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Figure 3. Thermograph for (A) a depth above the transition depth and (B) a depth below
the transition depth. The gray areas denote observed periods of streamflow.
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Figure 4. Six-hour moving standard deviation window for temperature data measured
below the transition depth. The gray areas denote observed periods of streamflow.

Five parameters are required to design the moving standard deviation filter: the standard
deviation window length, the reference time within the window, the flow / no flow
threshold, and two flow duration parameters. The window length, 7, is the time interval
over which the standard deviation is calculated. The reference time can be centered on
the current time step, t, so that the interval spans either from (z- 0.57) to (¢ + 0.57), set to
the beginning of the window so that the window spans from (t) to (t + 7), or alternatively
is set to the end of the window so that the window spans from (t - T) to (t). The threshold
parameter (sy,), measured in °C, is interpreted as the magnitude of the standard deviation
(i.e., temperature variability in the thermograph) separating advection-dominated from

conduction-dominated thermal conditions. Periods of streamflow will appear either
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above or below the threshold standard deviation depending on the location of the
monitoring depth relative to the transition depth.

streamflowabsent s(t) <s,,
streamflow present s(t) > s,

} Jorz >z,
(10)

{streamﬂowabsent s(t) > s,

streamflow present s(t) < s,

} forz<z,

The duration parameters, measured in minutes, are used as filters to remove false
interruptions in the prevailing flow conditions. A minimum flow duration parameter,
tmin, 15 defined as the shortest duration of a streamflow event likely to occur at a given
location. This filter removes false positive streamflow identifications due to rapid air
temperature changes that are associated with fluctuating weather conditions. These
atmospheric events mimic the onset of streamflow, but are typically of shorter duration
than streamflow events. Secondly, a minimum interflow duration parameter, tiy, 1S
defined as the shortest interval likely to separate two consecutive streamflow events.
This parameter is used to eliminate false negative flow identifications during streamflow.
For example, during streamflow events surface heating may be reduced due to the
presence of clouds, resulting in smaller diurnal temperature wave amplitudes at the
streambed surface. For thermal monitoring below the transition depth this drop in diurnal
heating can cause the standard deviation to drop below the threshold for short periods of

time even though water is still percolating through the sediments.
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4. Field Methods

A field experiment was designed to determine the suitability of equations 1-6 for
selection of optimal measurement depths and to determine the accuracy of the moving
standard deviation technique. The study site (within Rillito Creek in Southern Arizona)
is located 40 m upstream of the U.S. Geological Survey streamflow-gaging station
09485700 and experiences approximately 15 ephemeral streamflow events each year
(Figure 5). The channel reach is approximately 60 m wide and the elevation of the
stream channel over the cross section varies by less than 0.8 m. The study site is
underlain by recent stream-channel deposits, which are underlain by basin-fill deposits.
The recent deposits, consisting of over 90% fine- to coarse-grained alluvium, are about
10 m thick. The underlying basin-fill deposits generally are finer grained and extend to
depths of several hundreds of meters. Depth from the channel surface to the water table is

about 40 meters.

Rillito Creek is an ephemeral stream with three active seasons, summer North American
Monsoon (July- September), fall (October — November) and winter (December-March).
Characteristic summer flows result from localized, short-duration convective storms,
whereas longer-duration frontal storms and snowmelt produce winter flows. Flow events
during all three seasons generally range in duration from several hours to less than 15

days at the study site.
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A vertical array of thermocouple sensors was buried beneath the lowest part of the
channel cross-section. A 2.5-m deep profile was excavated and seven thermocouple
temperature sensors were inserted into the side of the profile at depths of approximately
0.50, 0.75, 1.0, 1.25, 1.50, 2.0, and 2.5 m below the stream channel surface. A thermistor
was placed at a depth of 0.15 m below the surface. The sediments were then returned to
the profile. A second thermistor was placed on the south bank to record air temperature.
All installed temperature sensors were programmed to measure temperature every 5
seconds and to record a time-averaged temperature at 5-minute intervals with a precision

of 0.1 °C.

After each streamflow event the channel cross section was surveyed to record the level of
deposition and scour. Immediately after installation, a series of flow events scoured
approximately 0.25 m of sediment from the site. During the succeeding 24 events
sediment scour and deposition varied by less than 0.10 m and on average did not change.

These 24 events were selected for analysis.
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Time domain reflectometry (TDR) probes were installed adjacent to each thermocouple
to provide independent measurements of the onset and cessation of streamflow. The TDR
probes measured and recorded volumetric water content at 2-minute intervals with a
precision of approximately 0.03 cm’ cm”. A Campbell Scientific (Logan, UT) TDR100
time domain reflectometer was used in conjunction with a Campbell Scientific CR10X
datalogger to transmit, receive, and convert waveforms into water content. TDR probes
were comprised of two stainless steel prongs 0.20 m in length, spaced 0.03 m apart.

Probes were constructed and calibrated in-house.

The onset and duration of stream flow was identified by elevated volumetric water
contents above 0.3 m>/m>. At the onset of streamflow this TDR-based measurement will
lag behind the onset of flow at the surface, because of the time required for water to
infiltrate to the instrument depth, however it represents the closest measurement of onset
and cessation times because the TDR and temperature probes are collocated.
Furthermore, saturation of the sediment profile, measured using TDR, was achieved in
less than 10 minutes at the onset of the streamflow events as determined by the stream
gage. Similarly the cessation of streamflow inferred by the water content sensors lags

behind the cessation at the surface.

Measurements were collected over a 365-day record (September 16, 2000 — September
15, 2001), which included 24 streamflow events. Thermographs for the entire

measurement period are shown in Figure 6 with streamflow events denoted by the shaded
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areas. The ranges of diurnal temperature amplitudes measured at a depth of 0.25 m were,
on average, 14.4 °C in the winter and 16.2 °C in the summer. The variability in
streamflow duration ranged from a few hours to several days, which was considered ideal
for evaluation of the moving standard deviation technique. In addition to the variability
in event duration, the interflow period between events was also highly variable. The
interflow period range from approximately 6 hours to 64 days. The onset of streamflow
for five streamflow events occurred less than 16 hours from the cessation of the previous

event.

Thermographs for depths of 0.15m and 1.0m exhibit thermal amplitude responses for
temperature sensors above and below the transition depth, respectively (Figure 6). When
streamflow is present, the thermal amplitude at a depth of 0.15m is reduced while the
thermal amplitude at a depth of 1.0m increases. The shaded areas denote periods of

streamflow as determined by the water content sensors.
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Figure 6. Thermograph from September 16 through December 15, 2000, for (A) a depth
of 0.15 meters and (B) a depth of 1.0 meters. The gray areas denote observed periods of
streamflow.

5. Results

Initially, the sensitivity of streamflow timing accuracy to each of the five analysis
parameters was examined using a continuous record of thermal measurements collected
in Rillito Creek in Tucson, AZ, from September 16, 2000 - September 15, 2001. The
record was divided into approximately 105,000 five-minute intervals and each interval
was identified as either a no-flow or flow period using the water content measurements to

identify the presence of streamflow. A sequential parameter sensitivity analysis was

performed using a range of likely parameter values.

The standard deviation window length and the threshold were the most sensitive of the
five parameters (Figure 7). In general, shorter standard deviation windows are influenced

by atmospheric temperature shifts, resulting in more frequent false identifications of
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streamflow. Longer windows reduce the number of false identifications of streamflow
periods, but underestimated the duration of streamflow. The standard deviation window
length was optimal at 1 hour using 5-minute data (n = 12) and from 1 to 6 hours for 15-,
30-, and 60-minute data (n = 4,2,1 respectively). The threshold parameter is most
sensitive at values below the mean moving standard deviation value and is comparatively
insensitive between 1.25 and 1.75 times the mean moving standard deviation value for

standard deviation window lengths from 1 hour to 12 hours.

Location of the reference time within the standard deviation window is more important
for the longer standard deviation window lengths. Otherwise, the error associated with
this technique is relatively insensitive to the reference time location within the window.

Centered locations produced the lowest timing error overall.

Selection of the minimum flow duration parameter is dependent on the influence of
atmospheric temperature fluctuations. False indications of flow periods due to
atmospheric temperature variations were more prevalent for temperature sensors near the
surface. The lengths of false events caused by weather changes are usually less than 4
hours and this is exhibited in the sensitivity analysis with an increase in error for event
durations less than about 240 minutes (Figure 7). However, the timing error increased
when the minimum duration of a flow event exceeded 240 minutes. It is important to
note that the minimum flow duration parameter differentiates between short duration

flow events and abrupt atmospheric temperature shifts. The parameter will be less
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important for streams that experience longer duration events than those recorded at Rillito

Creek.
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Figure 3-7. A sensitivity analysis for the moving standard deviation technique
considering: (A) the moving standard deviation window length, (B) the threshold
multiplier times the mean standard deviation, (C) the minimum flow duration parameter
and, (D) the minimum interflow duration parameter. Timing error is presented as the
percentage of time over a year the method incorrectly infers the presence or absence of
streamflow. Generally this error occurs at the onset and cessation of flow by either
overestimating or underestimating the period of streamflow.

The minimum interflow duration parameter is a balance between the length of flow
interruptions caused by reduced surface heating and the separation of consecutive

streamflow events (Figure 7). Five streamflow events in Rillito Creek were separated by

less than 16 hours. Optimized values for the flow duration parameter ranged from 6 to 12
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hours. Once again this parameter is not as important for streams experiencing fewer,

longer duration events than Rillito Creek.

Following the sensitivity analysis, the standard deviation model was calibrated for each
depth using the TDR data over a 76-day record (September 16, 2000 — December 135,
2000), which included eight events. The optimal parameters were evaluated over a
succeeding 250-day record (January 1, 2001 — September 15, 2001), which included 16
events. The optimization was conducted by holding four of the parameters constant
while a single parameter was varied. The parameter value producing the least error in
streamflow timing (defined as the sum of the number of false indications of flow and
false indications of no flow) was selected. Successive parameters were varied in the
same manner. This process was repeated for all five parameters. The cycle of
optimization was repeated until improvement in streamflow timing accuracy was less

than 0.1%.

Results from the field experiment and standard deviation model indicate that the
temperature sensor located at 0.75-m depth was optimal for identifying streamflow
timing. The optimal depth was about 0.3 m deeper than predicted by using the analytical
expressions. This discrepancy is likely due to inaccurate estimates of the thermal and
hydraulic parameters for the site. Specifically, the thermal transport equations 1 through
6 assume steady state infiltration. Transient infiltration fluxes at the onset of streamflow

are typically higher than steady-state infiltration fluxes used in the analysis. Use of a
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higher infiltration flux that was an average of the transient and steady state infiltration
fluxes would have reduced the discrepancy between the predicted and observed optimal
depth. Identification of streamflow at shallower depths was less accurate than at 0.75 m
because the amplitudes of the conductive and advective diurnal temperature waves were
more similar than had been estimated by equations 1-6. While there were no false
identifications of streamflow events attributed to precipitation, changes in temperature
caused by weather fronts were identified as deep as 1.5m. This effect was more
pronounced near the surface. Thermographs from deeper depths were less accurate than
the thermograph at a depth of 0.75m because the ranges in amplitude of the diurnal
temperature waves declined and at depths below 2.0 m were smaller than the precision of

the temperature sensors.

Precipitation over the channel did not produce an increase in water content between 0.25
and 2.25 meters. Thus rainfall did not produce sufficient percolation to advect heat to
these depths as would a streamflow event. This is one of the advantages of monitoring

temperature at deeper depths.

The optimized analysis parameters were a 1-hour standard deviation window, a threshold
approximately 1.5 times the mean standard deviation, a 300-minute minimum flow
duration parameter, and a 900-minute minimum interflow duration parameter. Using
these analysis parameters, all of the events were identified and no false events were

identified. Timing errors arose primarily at the onset and cessation of streamflow. The
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standard deviation technique inferred streamflow on average 77 minutes before it was
observed by TDR at the same depth. That is, temperature fluctuations were observed
before the TDR probes indicated a change in soil water content. This onset timing error
was primarily due to fluctuations in air temperature preceding 2 of 14 streamflow events.
Excluding these two events, the standard deviation technique inferred flow on average 8

minutes before the onset of streamflow as identified by TDR.

The cessation of flow is more difficult to identify than onset because of the gradual shift
in the dominant mechanism of heat transport from advection to conduction at the
termination of flow. On average the optimized standard deviation technique inferred the
cessation of flow 257 minutes after the observed cessation of streamflow as determined
by TDR. This error was fairly consistent so that in practice cessation times could be

reduced to account for this overestimation.

6. Stand-Alone Field Application

For most field applications, additional flow-monitoring devices will not be available on
site to calibrate temperature-based methods for inferring streamflow timing.
Consequently, the standard deviation method must exhibit a level of effectiveness
suitable in a stand-alone fashion. To test the accuracy of the standard deviation method,

parameters were selected without the benefit of alternative flow-monitoring information.
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Parameters were selected by first employing a range of moving standard deviation
window lengths to identify likely streamflow events (Figure 8). As shown in Figure 8,
the contrast between the thermal amplitude during the presence and absence of
streamflow was identifiable using a range of window lengths from one hour to twelve
hours. The one-hour standard deviation window was selected over the other window
lengths as the most appropriate because of the greater contrast in the moving standard
deviation values between the apparent flow and no flow time periods. To improve
accuracy, a rain gage near the study site and/or a temperature sensor placed on the dry
bank can be used to differentiate between short duration flow events and false positives
caused by weather fronts (Figure 8). The reference time was arbitrarily centered within
the standard deviation window as it was shown previously that streamflow timing

accuracy is insensitive to this choice.

The second step required plotting the mean moving standard deviation temperature to
provide a starting point for selecting the threshold parameter. The threshold parameter
was then adjusted to a level above the apparent no flow moving standard deviation

values.
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Figure 8. (A) Thermograph from September 16, 2000, through September 15, 2001 for a
depth of 0.75 meters, (B) one-hour, (C) four-hour, and (D) 12-hour moving standard
deviation windows for temperature data measured at a depth of 0.75 meters. (E) Close-
up of two identified events that provide an example of how moving standard deviation
parameters can be selected. The gray area denotes periods of identified streamflow
events.
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Finally, the duration parameters were selected. General knowledge of monsoon season
streamflow events within the basin indicated that the localized nature of precipitation
produced many of the shortest duration events and events in succession with short
interflow periods (Figure 6). Consequently the monsoon time period was considered
ideal for establishing the duration parameters. The shortest streamflow event identified
during this period was used to define the minimum flow duration parameter (Figure 8).
The minimum interflow duration parameter was estimated as the shortest time between
two consecutive flow events inferred on the plots. The minimum flow duration and

interflow duration occurred during July, 2001.

The optimized parameter set achieved using this calibration technique was a 1-hour
window length, a threshold of 1.35 times the mean standard deviation, a minimum flow
duration of 150 minutes, and a minimum interflow duration of 600 minutes. When
evaluated against the test data, the average timing error associated with these parameters
was approximately 95 minutes at the onset of flow and 310 minutes at the cessation per
event. Thus, even without the use of alternative flow detection devices it was possible to
obtain a suitable parameter set for analysis that is as accurate as visual identification with

the benefit of being automated and repeatable.

7. Conclusions
Temperature sensors deployed in streambed sediments can provide a cost-effective

alternative for monitoring the timing of streamflow based on heat transport mechanisms
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through the water column and sediments. A technique was developed to identify the
timing of streamflow based on a statistical analysis of changes in the sediment diurnal
temperature wave amplitude. The technique requires the definition of five analysis
parameters. The accuracy of streamflow identification is most sensitive to the standard
deviation window length and a threshold parameter. Once the analysis parameters are
established, either through calibration with independent flow timing measurements or
through supporting climate information, identification of the presence or absence of flow
is repeatable, objective, and easily automated to process large data sets. Furthermore,
the thermal method and analysis technique allows for the use of deeper temperature

measurements, which may be advantageous under some field conditions.
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APPENDIX B: A NEW FIELD METHOD TO DETERMINE STREAMFLOW

TIMING USING ELECTRICAL RESISTANCE SENSORS

Kyle W. Blasch, Ty P.A. Ferré, Allen H. Christensen, and John P. Hoffmann

Vadose Zone Journal, 1: 289-299 (2002)

Abstract

Electrical resistance sensors were constructed to monitor streambed saturation to infer
ephemeral streamflow timing. The sensors were evaluated in an ephemeral stream
through comparison with temperature-based methods, a stream gage, and soil-water-
content sensors. The electrical resistance sensors were more accurate at estimating
streamflow timing and the resultant data required less interpretation than data from
temperature-based methods. Accuracy was equivalent to timing methods using stream
gage and soil-water-content measurements. The electrical resistance sensors are
advantageous for use in ephemeral stream channels because they are inexpensive,
deployable above or below the sediment surface, insensitive to depth, and do not require
connecting wires to an external datalogger or power source. Based on these results
electrical resistance sensors may be used to monitor changes in soil water content within
the vadose zone. Additionally, the sensors can be used to infer the presence of surface

water in diversion canals, storm-water sewers, and in the form of overland runoff.
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Introduction

Given the erratic and variable nature of ephemeral and intermittent streamflow in arid
and semiarid basins, long-term collection of streamflow timing is necessary for obtaining
information on extreme flow events and seasons. Streamflow timing in channels and
arroyos is used to accurately model fluid transport through the unsaturated zone beneath
ephemeral streams and to constrain channel recharge estimation, a primary component of
aquifer replenishment. Additionally, streamflow timing is a necessary component for

designing storm-water and flood-control networks in flood-prone environments.

Current methods used to estimate streamflow timing include flow-rated stream gages,
velocity meters, soil water-content sensors, and temperature sensors (Latkovich and
Leavesly, 1993; Constantz et al., 2001; Blasch et al., in review). These methods have
met with varying success depending upon channel morphology, bed sediment
characteristics, frequency and duration of streamflow, and other requirements (e.g.,

magnitude of temperature signal).

Stream gages and velocity meters accurately determine streamflow timing, but generally
are not suitable for ephemeral channels that experience changes in channel morphology
(Tadayon et al., 2001). Stream gages and velocity meters installed at the bed sediment
surface can become buried or damaged by moving sediment or debris. Consequently,
streamflow timing sensors deployed within the vadose zone have been shown as

advantageous under these circumstances (Constantz et al., 2001).
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Soil water-content methods detect infiltration and percolation of water through the
sediments, which may be used to infer timing of streamflow (Blasch et al., in review).
Placing sensors in the subsurface reduces the possibility that they will be damaged or lost
during flow. Logging instrumentation, however, must be placed on or near the bank with

cables extending to the buried sensors.

Temperature methods enable inference of streamflow timing on the basis of the combined
transport of heat and fluid within the bed sediments (Constantz and Thomas, 1996, 1997,
Ronan et al., 1998; Constantz et al., 2001). Recent development of small (<10 cm’),
inexpensive, waterproof temperature sensors with integrated data storage enable
measurement and storage of temperature values without the need for external connecting
wires. This advantage enables in situ temperature monitoring in ephemeral channels with

unstable beds over large areas with high spatial resolution.

While temperature methods have been used successfully to monitor the timing of
streamflow in ephemeral channels, the methods have limitations. Specifically, certain
conditions are required for streamflow to produce a readily identifiable thermal signal.
For example, water with the same temperature as the channel will not produce an
identifiable signal. In ephemeral stream channels subject to repeated scour and
deposition, changes in sediment surface elevation complicate the application of numerical

methods used for interpretation of the temperature data.
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In this investigation, we converted commercially available temperature sensors into
electrical resistance sensors (ER sensors) to monitor water content and tested their utility
for streamflow detection. Advantages of the electrical resistance approach include:
functionality above or below the channel surface, functionality in all streamflow
temperatures, lack of connecting wires, and minimal interpretation of data. These same
attributes necessary for streamflow timing are also advantageous for monitoring sediment
saturation in other similar vadose zone applications such as irrigated fields, fluctuating

water tables, and post-burn environments.

Background and Theory

An electrical-resistance measurement in a porous medium can be idealized as a
measurement of three resistances in series: the bulk electrical resistance of the medium,
which includes solid grains and pore water, (Ry,), and a contact resistance at each
electrode/medium interface (R, [two electrical contacts in the circuit; see Figure 1]).

Summation of the three resistances in series results in the total electrical resistance, Ry:

R¢=Re+ Ry + Re (1)

Bulk Electrical Resistance of a Porous Medium
The bulk electrical conductivity [S/m] of a porous medium, ¢, is a measure of the

sediment’s and pore water’s ability to transmit electrical current. The inverse of
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electrical resistivity (resistance per unit length) is electrical conductivity. Archie (1942)
developed an empirical relation between bulk electrical conductivity, pore-water
electrical conductivity [S/m], G,, sediment-surface electrical conductivity [S/m], G, and

sediment saturation [vol. water /vol. pores], S

0':0'WS”+0'5=L 2

where 7 is a unitless constant that is specific to the sediment type and distribution. For

unconsolidated materials, n is approximately 2 (Archie, 1942).

Pore-water electrical conductivity is a measure of a solution’s ability to transmit an
electrical current and is dependent upon the number of ions present in the solution and
their associated charge. Pore-water electrical conductivity is also directly proportional to
solution temperature. Sediment-surface electrical conductivity is the ability of the
sediments to transmit an electrical current and is primarily dependent upon the clay
content of the sediments (McNeil, 1980). In many hydrologic settings of interest, pore-
water electrical conductivity is much higher than the sediment-surface electrical
conductivity. Because the electrical conductivity of air is practically zero, the electrical
conductivity of a medium is strongly dependent on the extent to which it is saturated with
water. The normalized electrical conductivity, G,, shows a nonlinear dependence on

saturation (from equation 2):
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Generally, the electrical conductivity of a coarse-grained medium will be lower than that
of a fine-grained medium at the same water soil water potential because the finer-grained

material will have a higher water saturation.

> Contact resistance

L Bulk electrical
resistance

I\

Electrical-
resistance
sensor
housing

- Contact resistance

Figure 1. Schematic presentation of bulk electrical and contact resistances of a sediment
medium. Dotted lines surrounding the wire leads denote the critical region for
determining contact resistance. The remaining regions outside the dotted lines are
important for determining the bulk electrical resistance. A measurement of electrical
resistance is a combined measure of the bulk electrical resistance of the medium and
contact resistance.
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Contact Resistance

The inverse of contact resistance, contact conductivity, is the ability of an electrode in a
circuit to pass an electrical current to the porous medium. High contact resistance is
caused by air-filled gaps (i.e., pores) that exist between the electrodes and the sediment
grains (Figure 1). Because of the relatively high electrical conductivity imparted by
solutes to pore water, water-filled pores produce low contact resistances. A small
diameter pore requires a more negative soil water potential to drain than a large diameter
pore. The pores adjacent to an electrode will tend to be smaller in fine-grained materials
than in coarse-grained materials. As a result, contact resistance is lower in fine-grained

materials than in coarse-grained material at the same soil water potential.

Total Electrical Resistance and Streamflow Timing

At the onset of an ephemeral streamflow event, water rapidly percolates into the sediment
pores and replaces air. As the saturation at a given depth increases, the bulk electrical
conductivity of the medium increases as well. An electrical resistance (ER) sensor,
however, will not measure a significant change in electrical conductivity until a
continuous electrical circuit is supported between the electrodes. The level of saturation
required for a continuous circuit is defined as the contact resistance threshold. This
occurs when saturation of the medium in contact with the electrodes produces a
negligible resistance. As the pores near the electrodes and the pores in the bulk medium

continue to fill with water, the total electrical conductivity increases to a maximum at full
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saturation (i.e., maximum pore water content). Under these saturated conditions, the total
electrical conductivity will vary as the pore-water electrical conductivity or the bulk

medium temperature fluctuates.

The cessation of streamflow is accompanied by drying of the sediments and a reduction
in saturation, causing a decrease in the total electrical conductivity. An ER sensor will
show a decline during drying until the contact resistance threshold of the medium
surrounding the electrodes is reached, which is marked by a rapid decrease in the
measured total electrical conductivity to zero. The soil water potential at which the
medium in contact with the electrodes reaches its contact resistance threshold is not
always equivalent to the air entry pressure of the medium. The contact resistance
threshold will only occur at the air entry pressure of the bulk medium if the pores
adjacent to the sensor electrodes are equivalent or greater in size than the largest pores in
the bulk medium. If the pores near the electrodes are smaller than those in the bulk
medium, then the contact resistance threshold will occur at a lower potential than the air

entry pressure of the bulk medium.

Observed changes in saturation at a given depth lag behind the onset and cessation of
streamflow because of the time required for a wetting front to reach a given depth or for
drainage and evaporation to affect the soil water content at this depth (Blasch et al., in
review). This lag increases with depth of observation. At the onset of a streamflow

event, the time lag is a function of the hydraulic properties of the sediments and the
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antecedent water content. Generally, lag times are shorter for coarse sediments and for
sediments having high antecedent water contents. At the cessation of flow, the time lag
is a function of hydraulic conductivity of the sediments, pore water redistribution at

depth, and evapotranspiration demands.

The advance of a hypothetical wetting front through fine-grained sands and coarse-
grained alluvium was modeled using the sediments’ contact resistance thresholds
determined in column experiments (described in the results) and the sediments’ hydraulic
properties determined by Fleming (2001) and Hoffmann et al. (2002). A hypothetical
streamflow event was simulated to examine possible differences that may be observed in
the field between timing of streamflow arrival at the surface and advancement of the
infiltrated water at depth. A variably saturated flow model, HYDRUS 1-D (Simunek et
al., 1998), was used to simulate the advance of the wetting front, a period of saturated
flow, and subsequent drainage. Saturation values were simulated at a depth of 0.20 m in
response to a 2-hour streamflow event (Figure 2). Flow was modeled as a constant flux
upper boundary with an infiltration rate of 10 cm/h. The initial pressure head was —50
cm throughout the profile. The simulated timing of the streamflow event at 0.20 m depth

that would be inferred from ER sensors is also shown.
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Figure 2. Simulated infiltration of water into fine-grained sand and coarse-grained
alluvium during a 2-hour streamflow event. The shaded areas in both A and B denote the
period of streamflow. Measured contact resistance thresholds (dotted lines) and
conductivity/saturation relations were used to calculate saturation and normalized total
electrical conductivity measurements at 0.2 meter. A, shows the saturation response
(light solid line) and electrical resistance sensor response (dark solid lines) within the
coarse-grained alluvium to the infiltration event and redistribution. B, shows the
simulated saturation and electrical resistance response for a sensor in fine-grained sand.
The onset timing error is defined as the difference in time between the onset of a
streamflow event and the activation of the electrical-resistance sensor. The cessation
timing error is defined as the difference in time between the end of the streamflow event
and the deactivation of the sensor. Both types of error are shown in A and B.
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The onset timing error is the difference in time between the arrival of the streamflow
event at the surface and the start time inferred by the ER sensor. The cessation timing
error is the difference between the end of the streamflow event and the cessation as
indicated by the ER sensor. The magnitudes of the onset and cessation timing errors are
dependent upon the contact resistance threshold value, the hydraulic conductivity of the
sediments, antecedent water contents, and depth of the sensor. The effect of the contact
resistance threshold on streamflow timing error is noticeable in these simulations. For
the coarse-grained alluvium the soil water potential of the contact-resistance threshold is
similar in magnitude to the air entry pressure of the bulk medium. Thus the ER response
declines to zero as soon as the sediments begin to drain. In comparison, the water
potential associated with the contact-resistance threshold for the fine-grained sand is
much lower than the air entry pressure of the bulk medium, resulting in a decrease in total
conductivity before the sharp decrease associated with drainage of the medium around
the electrodes. If the timing of this sharp drop is used to identify the end of flow, the
timing error will be greater during drainage. To reduce this timing error the time
recorded by the ER sensor as the initiation of drainage should be used. This will require

an additional step in the analysis of the data.

Materials and Methods
Column experiments were designed to quantify the saturation dependence of the ER
sensor output. Field experiments were designed to compare the capabilities of ER

sensors with different methods for estimating streamflow timing. Stowaway TidbiT
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temperature sensors were modified for this study (Onset Corporation, Bourne,
Massachusetts, TidbiT sensors; mention of brand names does not constitute endorsement
by the U.S. Geological Survey or the University of Arizona). These sensors contain a
thermistor, onboard datalogger, and battery encapsulated in a 10 cm’ plastic housing.
The thermistor used has a temperature range of -20° C to 50° C with a precision of
approximately 0.1 °C. The TidbiTs were modified by removing the thermistor and
stripping the insulation enclosing the electrodes (Figure 3). The average distance of
separation between the two electrodes at the housing surface was approximately 0.5 mm.
The electrodes were cut to varying lengths ranging from 0.01 mm to approximately 4
mm.  The electrodes were bent at a 45-degree angle to prevent contact with each other.
During installation in the subsurface, sediment was placed surrounding the electrodes.
This was accomplished by lightly sifting the sediment over the ER sensor to ensure

coverage of the electrodes.

Column Experiments

The two objectives of the column experiments were to 1) evaluate the ER sensor response
during imbibition and drying and 2) quantify contact resistance thresholds for two
sediment types. The first sediment was Vinton fine-grained sand (sandy, mixed thermic
Typic Torrifluvent). The second sediment was coarse-grained alluvium from Rillito
Creek (36.2 % gravel, 55.2 % sand, 8.6 % silt and clay). Circular 48 cm diameter x 50
cm tall columns were packed to a bulk density of 1.34 g/cm3 (Figure 4). Columns were

instrumented with 4 horizontal time domain reflectometry (TDR) probes, 8 tensiometers,
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and 8 ER sensors. The two-rod TDR probes were 20 cm long, and a distance of 3 cm
separated the TDR rods. Two TDR probes were placed horizontally at 10 cm depth and
the remaining two rods were placed at 20 cm depth. Four ER sensors were placed
between the TDR probes at each depth. Four tensiometers were placed at each depth.
The column was wetted repeatedly from either the top or bottom with tap water
(conductivity = 447.3 microsiemens cm™) until 5 cm of water was ponded above the soil
surface. The ponded condition was maintained for approximately 20 minutes and then
the column was allowed to drain. The columns remained undisturbed until the TDR
probes indicated that the saturation of the soil was similar to that at the start of the

experiment.

A. Temperature sensor B. Electrical-resistance sensor

Thermistor

Figure 3. Schematic diagram of a temperature sensor. A, Before modification. B, After
conversion to an electrical-resistance sensor through removal of the thermistor.
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Ephemeral Channel Experiment

Electrical resistance sensors were installed above and below the sediment surface in
Rillito Creek, an ephemeral stream on the north side of Tucson, Arizona (USA), in the
same native coarse-grained alluvium used in the column experiments (Figure 5). Rillito
Creek is typical of ephemeral streams in the arid and semi-arid southwestern United
States. During most of the year, the stream is dry; however, after prolonged or intense
periods of rainfall and/or snowmelt, streamflow can exist for several hours to several
days along its 20 km length. The aboveground sensors were bolted inside a 5x12 cm
polyvinyl chloride (PVC) tube to protect against surface abrasions. The PVC tube
remained open at both ends, and about thirty 3 mm diameter holes were drilled into the
sides to ensure water flow into the container and to prevent the accumulation of clay and
silt particles within the protective enclosure. Three ER sensors were attached to a U.S.
Geological Survey stream gage (gaging station 09485700; Tadayon et al., 2000) above
the channel surface. To avoid interference with stream-gage operation, the sensors were
installed 3 to 5 cm below the stream-gage orifice line. Two additional sensors were
deployed 15 cm below the streambed surface within 6 m of a row of 4 TDR probes
having specifications similar to those used in the column experiments. The sensors were
installed without the protection of the PVC tube to improve soil/sensor contact. The
sensors were attached to a PVC plate and cabled to a rebar stake. The sampling
frequency was 5 minutes for the sensors, 2 minutes for the TDR probes, and the stream

gage operated by the U.S. Geological Survey recorded streamflow data every 15 minutes.
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Stream gage and TDR data were post-processed in a similar manner. Timings of flow
events were inferred when the stream gage values were greater than zero and volumetric
water content values exceeded 0.30 cm’ cm™. The onset of streamflow was inferred from
the ER data when the conductivity values exceeded zero. The cessation of streamflow
was identified as a decrease in total electrical conductivity caused by a dewatering of the
media. For surface ER sensors this decline was immediate and the values dropped to
zero. For the subsurface sensors the initiation of drainage caused a significant drop in
total electrical conductivity, but not always to a zero value. The total electrical
conductivity did not drop to zero until the contact threshold was reached. However, the
initial decline in conductivity signifies the beginning of dewatering and was recorded as
the cessation time. This reduced the cessation timing error as previously described in

Figure 2.

Two temperature sensors were installed at different depths in the bed sediments within 3
m of the ER sensors for comparison of the temperature method with the electrical-
resistance method. A temperature sensor was installed 1.0 m below the sediment surface,
a depth determined by Blasch et al. (in review) as optimal for inferring streamflow timing
at this study site. A second TidbiT temperature sensor was installed 0.05 m below the
sediment surface. Both sensors measured and recorded bed sediment temperatures at 5-
minute intervals. The thermographs were post-processed using a 1 hour moving-standard

deviation.
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Results

Column Experiments

Electrode lengths were tested repeatedly in column experiments and during ephemeral
streamflow events in Rillito Creek near Tucson, Arizona. A minimum electrode length
of 3 mm was required for reliable detection of streamflow conditions. Shorter electrode
lengths on sensors installed above the bed sediment surface did not detect all of the
streamflow events. Longer electrode lengths in the subsurface provided increased contact
with the surrounding media resulting in a lower contact resistance threshold than ER
sensors with shorter electrodes. Electrode lengths between 3 and 4 mm were considered

optimal for measuring conductivity both above and within the alluvial sediments.

Contact resistance thresholds for the coarse-grained alluvium and fine-grained sand were
estimated from the column experiments. Contact resistance thresholds for coarse-grained
alluvium and gravel ranged from 81 to 99 % and averaged 88 % saturation (Table 1). For
the Vinton fine sand, the threshold ranged from 39 to 91 % and averaged 60 % saturation.
The large range for the Vinton fine sand may reflect the differences between the sample
volumes of the TDR sensors and the ER sensors. A comparison of the measured total
electrical conductivity for one sensor tested in both Vinton fine sand and coarse alluvium
is shown in Figure 6. The measured contact resistance thresholds for each sediment type

were the same for increasing and decreasing saturation. No hysteresis was observed.
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Table 1. Contact remstance hresholds in ﬁne -grained sand and»coarse- ained alluvium.

Ephemeral Channel Experiment

Electrical conductivity data were collected in Rillito Creek from July 10 to September 10,
2001, by ER sensors placed above the streambed surface, and from July 28 to September
10, 2001, by sensors placed 0.15 m below the streambed surface. From July 10 to
September 10, there were six streamflow events. Each event was less than 24 hours in
duration. Conductivity data from the ER sensors above and below the sediment surface

clearly identified the streamflow events (Figure 7 and Figure 8). Streamflow timing
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inferred by the ER sensors was compared to timing from the alternate methods, including
stream-gage methods, temperature methods, and soil water-content methods. Because of
the variability in streamflow path, locations of the sensors, and sediment deposition and
erosion, it was difficult to determine an absolute best streamflow-timing method.

Instead, the comparisons were used as a relative means to evaluate the streamflow-timing

methods under similar streamflow conditions.

Comparisons of the onset and cessation errors between the streamflow-timing methods
are displayed in Table 2. The subsurface-temperature method and electrical-resistance
method identified the onset of flow, on average, within 11 minutes of the arrival of the
streamflow event as identified by the soil water-content method. At the cessation of
flow, however, the temperature method was less accurate than the electrical-resistance
method. At a depth of 1.0 m, the temperature method identified the cessation of flow, on
average, 108 minutes before the true cessation of flow as identified by the soil water-
content method. The 0.05 m temperature sensor underestimated the duration of
streamflow by 568 minutes. These errors were attributed to the short durations of the
flow events resulting in minimal changes to the diurnal temperature patterns except at the
onset of flow. In comparison, the electrical-resistance method identified the end of flow
approximately 72.5 minutes after the soil water-content sensors identified the end of
flow. A comparison of two water-content sensors 9 m apart, but transverse to the flow

path, yielded a difference in onset timing of 5.5 minutes and a cessation timing difference
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of 88 minutes. We speculate that these timing differences are a consequence of the
heterogeneity of the sediments.

Table 2. Streamflow timing errors at the onset and cessation of flow using the
temperature method and the electrical-resistance method. Negative values indicate the
method identifies flow preceding the timing of streamflow measured using a
conventional method (stream gage for surface timing and soil water content (TDR) for
subsurface timing).
e

Method
; “-7 - Temperature Electrical : .
Error, in Temperature Sensors Resistarice Electrical Resistance
: Sensors t Sensors
minutes : _ 1.0 mdepth Sensors
| eosmaeptry!  OMIE ey {strtace)
.. | Onset  Cessatic _ Onset' Cessation Onset Cessation Onset. Cessation
Mean | -7.31 -568 -19.8 -108 3.88 72.5 -12.1 70
St Dev 6.74 118 48.5 250 7.02 40.3 13.4 60

T Timing of streamflow compared to conventional method — soil water content measurements
¥ Timing of streamflow compared to conventional method — stream gage measurements

Measured field values of saturation and electrical conductivity shown in Figure 7 are
comparable in appearance to those shown in the modeling exercise of Figure 2 for coarse-
grained alluvium. The measured contact resistance threshold ranges from 82% to 91%
saturation and averages 88%. During the final event a 5-10 cm layer of silt and clay was
deposited on the bed sediment surface. Silt and clay percolated into the sediments and
were found with the sediment matrix surrounding the ER sensors. Consequently,
dewatering of the sediments differed from the previous events by displaying two contact
resistance thresholds. One for the larger pores of the matrix associated with the alluvium
and a second for the pores associated with the silt and clay. The authors interpret the
dewatering as a two-stage process and cessation of flow occurring at the first threshold.
The second threshold occurred at a saturation value of 49%. The diurnal fluctuations in
the conductivity values are attributed to the diurnal change in temperature within the

porous media.
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Figure 7. A, Electrical conductivity as measured by an electrical-resistance sensor
positioned 0.15 meter below the ground surface and temperature responses measured at
depths of 0.05 meter and 1.0 meter. The subsurface electrical-resistance sensor was
installed July 28, 2001, after the first two streamflow events. B, Electrical conductivity
as measured by an electrical-resistance sensor positioned 0.15 meter below the ground
surface and saturation as measured by the water content sensors. The shaded areas
denote periods of streamflow as inferred using measured soil water-content data.
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The surface ER sensors estimated the timing of flow, on average, 12.1 minutes before the
stream gage and estimated the cessation of flow, on average, 70 minutes after the stream
gage (Table 2). This discrepancy is likely the result of the ER sensors being installed at
an elevation of about 3-5 cm below the stream gage orifice line. At this position, they
were triggered at a slightly lower stage than was recorded at the stream gage. The errors
should decrease significantly if the stream-gage ports and ER sensors were placed at the
same elevation. During the final event, about 5-10 cm of fine silt and clay were
deposited on top of the surface ER sensors. The layer of silt and clay deposited around

the sensor electrodes produced a slower decrease in saturation compared to earlier events

(Figure 8).

Streamflow-timing errors for the subsurface and surface methods show little difference at
the onset of a streamflow event. Infiltration of water into the near surface sediments is
rapid at the onset of flow. The difference in cessation timing, however, is the critical
factor for overall duration timing accuracy. The electrical-resistance method is more
accurate than the temperature methods. Analysis of the surface electrical-resistance data
and the stream-gage data required the least amount of effort to identify streamflow
conditions because the methods record zeros during no flow conditions and nonzero
values during the presence of streamflow. The water-content data and subsurface
electrical-resistance data required more analysis time to account for travel time of the

wetting front and initiation of drainage. Finally, the subsurface method using the
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temperature data required the most effort for analysis, even when using the automated

moving standard deviation method.
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Figure 8. Electrical conductivity as measured by an electrical-resistance sensor positioned
at the surface. The shaded areas denote periods of streamflow as measured by a USGS
streamflow gage.

Discussion

Correct installation of the ER sensors is important for decreasing streamflow-detection
errors. The sensors are most accurate when placed above the stream channel surface to
avoid the influence of sediments and to reduce analysis requirements. Caution must be
taken when selecting the height of sensor placement. Sensors placed too low can be
buried by deposited sediments (Figure 8). If a sensor is placed too high, however, it may

fail to detect streamflow at low stages. Sensors placed in the subsurface should be as
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close to the sediment surface as possible to reduce streamflow-timing errors while

minimizing the risk of sensor damage or removal.

Comparison of the maximum electrical conductivity measured for the streamflow events
both above and below the bed surface indicate changes in the electrical conductivity of
the water during each event. The variability in magnitudes is attributed to changes in

temperature and conductivity of the water, however these values were not measured.

Conclusions

Small, inexpensive, resistance loggers can detect saturated conditions and infer
streamflow timing. Estimates of streamflow timing were more accurate when made
using the ER sensors rather than the temperature methods and were comparable in
accuracy to stream-gage and soil water-content methods. Advantages of electrical
resistance sensors include depth independence and reduced analysis requirements. The
low cost, ease of implementation, and absence of datalogger connecting wires from the

sensor to the stream bank provides a distinct advantage over conventional methods.

Electrical resistance sensors can be used to determine the presence of surface water in
ephemeral and intermittent stream channels, storm-water sewers, diversion canals, and in
the form of overland runoff. The sensors also can be used to identify the occurrence of
saturated soil conditions in the vadose zone; for example, changing water levels, bank

storage near streams, and movement of irrigation water in agricultural fields.
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APPENDIX C: TRANSIENT AND STEADY STATE INFILTRATION FLUXES

DURING EPHEMERAL STREAMFLOW
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Abstract

Infiltration was simulated for a large coarse-grained alluvial channel experiencing
ephemeral flow to determine the relative contribution of transient infiltration at the onset
of streamflow to total streambed infiltration. Water content, temperature, and pore
pressure measurements were used to constrain a variably saturated water flow and heat
transport model. Infiltration fluxes at the onset of streamflow were about 2-3 orders of
magnitude higher than steady state fluxes and were inversely proportional to the
antecedent water content. The duration of the transient infiltration at the onset of
streamflow ranged from 1.8 to 20 hours, compared with steady state flow periods of 231
to 307 hours. Cumulative infiltration during the transient period represented from 10 to
26% of the total cumulative infiltration, with an average relative contribution of
'approximately 18%. This indicates that cumulative infiltration estimates for large coarse-

grained alluvial channels should consider transient infiltration at the onset of streamflow.
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Introduction

Infiltration through alluvial channels of ephemeral streams has been identified as an
important source of aquifer replenishment in arid and semi-arid environments (Smith,
1910; Davidson, 1973; Hanson and Benedict, 1994). Numerous infiltration and recharge
investigations have been conducted to quantify the contributions of streambed recharge to

the water budget for resource planning (Wilson, 1980; Ronan, 1988).

Streambed infiltration is a function of the hydraulic gradients beneath the stream, the
ability of the underlying sediments to transmit water, and the duration of streamflow.
Infiltration beneath ephemeral streams can be separated into infiltration at a varying rate
at the beginning of flow followed by a steady state period (Figure 1). Infiltration rates at
the onset of streamflow are typically larger than the steady state rate because flow is
driven by a combination of gravity and high water pressure gradients within the
unsaturated sediments beneath the streambed. In addition, there may be a larger
component of lateral flow during this initial, transient period. As the wetting front
progresses deeper into the sediments, pressure head gradients diminish and lateral flow
contributes proportionately less to the total infiltration. As a result, flow through the

streambed can be represented as steady state, one-dimensional vertical infiltration.

Streambed infiltration can be measured using seepage pans, infiltrometers, ponding, or

streamflow losses (Babock and Cushing, 1942; Matlock, 1965; Linsley et al., 1992).
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However, these standard methods are not suited for measuring the rapidly changing rates
of infiltration at the onset of flow. Furthermore, these methods are labor-intensive and
difficult to apply to remote ephemeral streams. Due to the variable timing, duration, and
magnitude of ephemeral streamflow events, automated, in situ methods are optimal for
ephemeral streamflow timing. Unfortunately, in situ methods are susceptible to sediment

scour and deposition and to migration of channels (Constantz, 1997; Stephens, 1988).

Transient Steady State

INFILTRATION FLUX, IN LENGTH PER TIME

TIME

Figure 1. Transient and steady state infiltration fluxes during an ephemeral streamflow
event.

In situ streambed temperature monitoring has proved rugged enough to withstand the
extreme conditions of ephemeral streams for long-term monitoring (Constantz, 1998;
Constantz et al., 2001; Ronan et al., 1998; Bailey 2002). Based on the coupled
relationship between energy and fluid transport, numerical models can be constrained
with temperature measurements to estimate streambed infiltration rates. To date, these
methods have been applied to estimate infiltration rates through saturated bed sediments
during periods of constant streamflow well after the onset of streamflow. Only Ronan et

al. (1998) estimated infiltration rates at the onset of streamflow using temperature
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profiling methods. But, this study lacked the data needed to validate the numerical

modeling results during the transient period.

The relative contributions of cumulative infiltration at the onset of flow and cumulative
steady-state infiltration depend on the magnitudes of the infiltration rates and durations of
each flow period. Steady state infiltration rates during sustained flow are simpler to
measure than transient infiltration rates at the onset of flow. As a result, these values
have been reported more widely (Wilson, 1980; Katz, 1987; Linsley et at, 1992).
Typically, total infiltration is determined as the product of the steady-state infiltration rate
and the duration of flow, including both the transient and steady-state periods. This leads
to a systematic underestimation of the total infiltration beneath ephemeral streams. The
objectives of this investigation were: to develop an expression to relate cumulative
infiltration at the onset of flow to total infiltration; to use a combination of hydrologic
and thermal in sifu monitoring methods to construct a continuous infiltration hydrograph
throughout a streamflow event; and to determine whether the use of steady-state
infiltration rates to estimate total streambed infiltration gives rise to significant errors in

the estimated cumulative infiltration.

Theory
Infiltration rates at the onset of streamflow can vary several orders of magnitude over a
short duration of time. As a result, it is technically more difficult to monitor infiltration

at the onset of flow than during steady state flow after the onset of flow. It would be
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useful to determine whether the cumulative infiltration throughout a flow event can be
represented reasonably using the steady-state infiltration flux, thereby supporting this
simplified analysis. Owing to non-uniform water contents of sediments and
heterogeneous conditions, quantitative analysis of transient unsaturated flow into
heterogeneous streambed sediments requires the use of multidimensional, variably
saturated numerical flow models to represent the movement of water. While such models
have been applied previously to estimate infiltration fluxes at the onset of streamflow
(Ronan et al, 1998), they typically require large amounts of data to build and calibrate.
We develop a simplified representation of cumulative infiltration. This treatment is not
intended to replace a quantitative analysis if sufficient data are available. Rather, we
provide a method to identify whether it is likely that infiltration during transient flow
makes a significant contribution to total streambed infiltration, thereby warranting
monitoring during transient flow and more comprehensive analysis of streambed

infiltration.

Cumulative infiltration per unit length along the axis of the stream, I [L?/T], can be

defined as:

I= ji(t) w(t)dt, @)

where i(t) [L/T] is the instantaneous rate of infiltration and W(t) [L] 1s the wetted length

across the stream. For simplicity, we assume that the wetted length is constant for all
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time during a flow event. With this assumption, Equation 1 can be separated into

transient and steady state components as:

W—(t):.[i'(t)dH i dt. )

If the wetting front is hydraulically disconnected from the water table for the duration of
steady-state flow, the steady-state flow component is proportional to the saturated
effective hydraulic conductivity of the sediments, K; [L/T], and the duration of the
steady-state flow period, 15 [T] (Youngs, 1964; Philip, 1969; Kirkham and Powers, 1972;

Warrick, 2003). For these conditions, Equation 5-2 can be rewritten as:
I .
W—Jz,(r)dt+l{ss Tg - 3)

The relative contribution of infiltration during the onset of streamflow to the total

infiltration during streamflow, R [-], is:

Tr

Ji,(t)dt
R=—2—"*100. 4

T
[t Kz,

0

where T; is the time to reach steady-state flow.
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The percent error in cumulative infiltration that arises due to the assumption that
infiltration occurs at a rate equal to the steady-state infiltration rate over the entire flow

event, E [-] is:

J-it (t)dt_ Kssrt
E=0 *100. (5)

=
J-i[(t)dH-Kss Teo

0

Several analytical solutions have been developed to represent infiltration into variably
saturated sediments (Green and Ampt, 1911; Philip, 1957; Youngs, 1964; Parlange, 1971,
Warrick, 2003). These solutions to Richards’ equation were derived for one-dimensional
infiltration into a homogeneous profile with a constant flux and a uniform antecedent
water content profile. These conditions rarely describe infiltration into streambeds.
However, these solutions can provide insight into the hydrologic parameters that most
directly influence the rate and duration of transient infiltration. For example, Warrick

(2003) presented a linearized solution for Richards’ equation:
0.5
i(t) = (esat - ein )(sJ . (6)

If i(f) is assumed to be equal to the steady-state rate of infiltration, K, then the transient

flow duration can be approximated as:
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2
~ 2 gsat — ein . (7)
7 Ksat

The relative contribution of infiltration during the transient period, R, is small if the
steady state period, T, is much longer than the transient period, 7;. The steady-state
period can be determined from flow gages or using temperature methods (Constantz and
Thomas, 1996; Ronan et al., 1998). The transient flow duration is directly proportional to
the moisture deficit at the onset of flow and to the soil water diffusivity, D, [LZ/T] and is
inversely proportional to the effective saturated hydraulic conductivity. That is, if the
antecedent water content is low, the soil water diffusivity is high, and the effective
saturated hydraulic conductivity is low, then the transient flow period will be relatively
long producing a large relative contribution to total infiltration. In contrast, if the
antecedent moisture content is high, the transient period will be short and the transient
infiltration rate will be similar to the steady-state infiltration rate, leading to a small
relative contribution of infiltration during the transient period. Then, the decision to
instrument a stream to account for infiltration at the onset of flow can be based on a user-

defined acceptable error in cumulative infiltration estimate, E.

The simplified analysis presented here has been developed for a uniform subsurface.
Frequently, ephemeral stream channels are comprised of more than one sediment layer.

Considering the profile beneath a streambed to be comprised of two layers (e.g., a
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streambed layer and an underlying geologic layer) comparisons between infiltration into
a one layer system and a two layer system can be evaluated. The impact of the upper
layer thickness on infiltration will depend upon the cumulative length of infiltration into
the sediments and the antecedent water content within the layers. That is, in general, if
the available storage, expressed as a length of water within the upper layer, is
significantly larger than the total cumulative infiltration of the streamflow event, the
system can be treated as a single layer (Table 1) and the transient contribution for the
event will be the same as a single layer approximation. However, if the available storage
of the upper layer is larger than the cumulative infiltration during transient infiltration,
but not larger than the total cumulative infiltration, the values of R and E will depend on
the permeabilities and the upper layer thickness. If the streambed sediments are less
permeable than the underlying sediments, then R will depend primarily on the hydraulic
conductivity of the streambed layer and will be relatively insensitive to the hydraulic
conductivity of the underlying sediments (Colman and Bodman, 1944; Wang et al.,
1999). Two-layer systems with a more permeable upper layer will tend to have higher R
and E Values than a single layer approximation because Kj; of the two-layer system will

be smaller than K of the single layer approximation.
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Table 1. Evaluation of Cumulative Onset Infiltration for a Two-Layer System

Representation Kup > Kiow
J.i' (Ndt+ K Ty < L(Ogqr — 6;,) Slngle Layer R= Rl-Laycr* R=R, Layer
E= El-Layer E=E,; Layer
Ii, (1)t < L6,y — 9,.,,)<ji, (Ydt +K g Ty Double Layer | R >Ri.Layer R >Ry Layer
E > El-Layer E > El Layer
L6,y — 9,,,)<ji, (1)dt Double Layer R ? RiLayer R ? Ry Layer
E ? El_Layer E ? El Layer

* Values denoted by a subscript of 1-Layer represent the case of a single homogenous
layer with the same initial water content; L is the depth of the upper layer, 05 is the
saturated water content, and 0, is the antecedent water content

Site Description

Rillito Creek is an ephemeral stream in southern Arizona with a drainage area of 2,256
square kilometers (Figure 2). The Dodge Boulevard study site is underlain by a layer of
recent stream-channel deposits and a second deeper layer of basin-fill deposits that are
Pleistocene in age or older (Davidson, 1973). The recent deposits, consisting of fine- to
coarse-grained alluvium, are about 10 m thick and derived from the surrounding
mountain ranges. The alluvium consists predominantly of sand and gravel and contains
less than 10 percent clay and silt. The underlying basin-fill deposits are finer grained
and extend to depths of several hundreds of meters (Davidson, 1973). Both deposits are
loosely compacted within the study area. Depth to the regional water table is about 42 m
at the site. The elevation of the stream channel over the entire 60-meter cross section
varies by less than 0.75 m. Cores were collected to a depth of 45 m and analyzed for
physical, hydraulic, and thermal properties (Hoffmann et al., 2002). Cores were obtained

30 days after the cessation of a streamflow event. The effective saturated hydraulic
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conductivities of the two sediment layers were calculated using the core samples
collected at the field site. The effective saturated hydraulic conductivities of the upper
layer stream channel sediments and the lower basin fill deposits were 2.2 m/day and 0.22

m/day, respectively.

The porosity of the channel sediments determined from core values was 0.35 m*/m’ and
the antecedent volumetric water content was 0.22 m*/m’. This latter value was used as an
approximation of the field water content. Therefore, the storage capacity at the onset of
streamflow was 1.3 m. Previously measured infiltration rates within Rillito Creek at the
onset of streamflow were on the order of 50 m/d (Blasch et al., 2000). Using equations 5-
6 and 5-7 we can set K, to the core derived value of 2.2 m/d to solve for the duration of
the onset period. The time to steady state is approximately 8.9 hours and the cumulative
infiltration is 1.6 m. This suggests that R and E will not be affected by the properties of
the lower layer for flow events less than 8.9 hours in duration, but that R and £ will be

underestimated for longer flow events.

Rillito Creek has two primary seasons of streamflow; summer North American Monsoon
(July- September) and winter (December-March). Summer flows typically result from
localized, short-duration convective storms, whereas longer-duration frontal storms and
snowmelt produce winter flows. During the months of October and November,
precipitation from tropical storms or changes in weather patterns caused by periodic

climate fluctuations can cause periods of streamflow. However, these events are less
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common than the summer and winter events. A U. S. Geological Survey (USGS)
streamflow-gaging station, 09485700 (Tadayon et al, 2000), is located 45 m downstream
from the study site. Typical flows are less than 28 cubic meters per second (m’/s); a
maximum discharge of about 680 m*/s occurred during the 1993 El Nifio season
(Tadayon et al., 2000). Over the last decade, the average number of annual streamflow
events was 14, and the typical duration of the events was less than 24 hours (Figure 3).
The median streamflow event duration was approximately 8 hours and the average

durations was 55 hours.

Investigators have attempted to quantify stream channel infiltration and recharge along
reaches of Rillito Creek for almost a century (Smith, 1910). Using seepage runs, Turner
(1943) estimated stream channel infiltration rates ranging from 0.34 to 1.1 m/d for a
snowmelt event. The lower rate coincided with a shallow water table where a
surface/ground water connection impeded vertical infiltration through the stream channel
alluvium. Matlock (1965) estimated an average infiltration rate of 1.1 m/d during a
continuous four-month long snowmelt event in the spring of 1962. Katz (1987) estimated
streamflow loss values of 0.5 m/d within Rillito Creek by measuring streamflow and

wetted perimeter during a 119-day event from December 1984 through April 1985.
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Figure 2. Location of Rillito Creek study area and view of Rillito Creek within the
Tucson Basin, Tucson, Arizona.
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Figure 3. Ephemeral streamflow event durations for Rillito Creek, Tucson, Arizona at
study site (1990-2002).

Methods

Stream-channel sediments were instrumented perpendicular to flow with a two-
dimensional vertical array of 28 thermocouples and 28 time-domain reflectometry probes
(Figure 4). Sensors were arranged in four vertical profiles, spaced 3 m apart. The
southernmost instrument profile was installed at the point of lowest elevation in the
channel cross section, approximately 4 m from the south bank and about 56 m from the
north bank. Pairs of temperature and water-content sensors were located at depths of
approximately 0.50, 0.75, 1.0, 1.25, 1.50, 2.0, and 2.5 m below the stream channel

surface.

Type T copper-constantan thermocouples were installed and programmed to measure
temperature every 5 seconds and to record a time-averaged temperature at 5-minute

intervals with a precision of 0.1 °C. TDR probes adjacent to each thermocouple
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measured and recorded volumetric water content at 2-minute intervals with a precision of
approximately 0.03 cm’® cm™. A Campbell Scientific TDR100 time domain reflectometer
was used in conjunction with a Campbell Scientific CR10X datalogger to transmit,
receive, and convert waveforms into water content. TDR probes contained two stainless
steel wave-guides 0.20 m in length, spaced 0.03 m apart. Probes were constructed and
calibrated in-house using RG-8 coaxial cable to minimize signal transmission loss
between the probes and the TDR100 instrument. Cable lengths ranged from 11 to 26 m.
Three pore pressure sensors were installed within the trough to measure pressure
gradients (Carpenter et al., 2001). One pore pressure sensor was placed between profiles
2 and 3 at a depth of 1.5 m and the remaining two sensors were installed in profile 2 and
profile 3 at a depth of 0.7 m. Because of the large number of cobbles in the soil, the
instruments could not be inserted directly into the walls of the trench. Rather, the
instruments were placed in the trough and sediments were backfilled around them. Data

were collected from July 2000 through December 2001.

The ground surface was surveyed after each streamflow event to determine the amount of
scour and deposition. About 0.25 m of sediment was scoured after the first 3 events.
Profiles 1 and 2, nearest the southern bank, became the lowest points in the cross section.

Scour and deposition associated with later streamflow events were less than 0.1 m.
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Figure 4. Photograph and schematic of the two-dimensional array of sensors within the
stream-channel deposits. Each black circle represents a temperature and soil-water
Sensors.

Steady-state infiltration rates were estimated using a two-dimensional variably saturated
heat and fluid transport model, VS2DH (Healy and Ronan, 1996). This model has been
employed successfully in previous investigations to estimate stream channel infiltration
(Ronan, 1998; Constantz, 1998). The two longest flow events (10-11 days) recorded
during the monitoring period were used to calibrate the thermal (sediment heat capacity
and saturated thermal conductivity) and hydraulic (saturated hydraulic conductivity and
porosity) parameters within the model. PEST (Watermark Computing, 1994) was used
for nonlinear parameter estimation. A one-dimensional model was created for each
profile using the measured initial and boundary conditions to provide a more accurate

measure of the flux through the near surface sediments. The model was approximately 2
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m in depth with 30 vertical cells equal in size. The 0.5 m-depth thermocouple was used as
the upper temperature boundary condition and the 2.5 m-depth thermocouple was used to
define the lower temperature boundary condition. The remaining five thermocouples
were used as observation points. The parameter set that minimized the sum of least
squares between the simulated and observed temperatures was selected as the optimum.
Simulated temperatures at all five depths were equally weighted. The pressure
measurements were used to calculate a pressure gradient. This gradient was extended
over the entire profile to define upper and lower constant head boundary conditions.
Steady state infiltration rates were estimated for the November 2000 and April 2001
events. Profiles 1-4 were analyzed for the November event. However, because
streamflow did not extend over the entire cross-section for the April 2001 streamflow
event only profiles 1 and 2 were analyzed. Infiltration fluxes simulated using a two-
dimensional model were comparable to those simulated using four independent one-
dimensional models, indicating that flow could be represented as one-dimensional.
Parameter values for the sediments obtained through calibrations were similar determined

using cores (Table 2).

Table 2. Comparison of calibrated and core-measured thermal and hydraulic properties of
the channel sediments

| Porosity = Hydraulic  Specific Heat Thermal Thermal
f ~ Conductivity Capacity  Conductivity ' Conductivity
‘ (saturated) . (saturated o (dry)
mm? md! - 10°Im?°C! wWm'!°c! wWm'°c!
Simulated | 0.357 2.95 1.64 1.21 0.2
Core 0.35 2.2 1.4 1.05 0.26
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The period of sediment dewatering after the cessation of streamflow was used to calibrate
the unsaturated hydrologic parameters for the profiles. Soil-water contents and
temperatures for the middle five depths were used to calibrate the unsaturated zone
parameters (Figure 5 & 6). With the parameters of the model calibrated, three ephemeral
streamflow events were simulated. Soil-water contents were used to define the
antecedent moisture conditions. Temperature and pressure measurements were used to

represent the boundary conditions.

045 e e —

—o05m

04 1

WATER CONTENT, IN m¥/m’®
(=]
o @
w o

o4

N

[
|

0.2

0.15 < : - - - : : -
12-Sep-00  12-Sep-00  13-Sep-00  13-Sep-00 14-Sep-00  14-Sep-00  15-Sep-00  15-Sep-00 16-Sep-00  16-Sep-00  17-Sep-00

Figure 5. Water content data showing rapid increases at the onset of streamflow; a
stabilization of water content during the event; and subsequent dewatering after
streamflow is over.

Wetting front velocities and infiltration fluxes at the onset of infiltration were calculated
using the water content measurements from 0.5 to 2.5 m (Figure 5). Infiltration was

assumed to have begun when the water content at 0.5 m depth increased by 0.05 cm’/cm’

above the initial condition. Even for the sharp wetting fronts observed in the coarse-
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grained sediments, water could still have exited the lower boundary before the lower
layer reached full saturation. Therefore, to avoid underestimating the contribution of
flow at the onset of infiltration, we quantified the infiltration rate until the volumetric
water content of the lowest layer reached 0.30 cm®/cm’, rather than full saturation. The
average variance of residuals for the November profile simulations was 0.097 °C and
ranged from 0.06 — 0.12 °C. The average variance of residuals for the April profile

simulations was 0.635 °C and ranged from 0.2 to 1.07 °C.
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Figure 6. Representative observed and simulated thermographs for two depths, November

2000.

Results and Discussion

There were 26 streamflow events recorded over the measurement period. Events varied
in duration from 2 hours to 11.6 days. Sixteen of the events were less than 1 day in
duration and only 3 events were longer than 7 days. The median event lasted 12 hours.
Peak discharge ranged from 0.03 to 180 m’/s with a median of 3 m*/s. The interflow

period between streamflow events ranged from 6 hours to 67 days. Eleven streamflow
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events began before the sensor profile had fully dewatered to field capacity

(~0.20 cm®/cm®). The three longest events were used to determine stream channel fluxes.
These events occurred on 4-15 November 2000, 9-15 March 2001, and 6-17 April 2001
and were 11, 7, and 12 days in duration, respectively. The November event occurred
within 2.7 days of the end of the previous flow event. The lowest 0.5 m of the profile
was still saturated. The onset of the March event began 0.6 days after the end of the
previous flow event. The lowest 2.0 m of the profile was still saturated. The onset of the
April event started 15 days after the end of the previous flow event, and the profile had

drained to field capacity.

The calculated onset infiltration fluxes using were 38 m/d and 67 m/d for the November
and April events, respectively. There were insufficient data to estimate the onset
infiltration flux for the March event because it was nearly saturated at the onset of flow.
The transition from the transient period to the steady state period was defined as the time
at which the simulated infiltration fluxes varied by less than 1x10° m*s%. For the
November event this was approximately 4.19 hours (Figure 7). The duration of the
March event was 1.8 hours. For the April event the transient duration was about 20
hours (Table 3). The events displays two steady infiltration periods. For example, the
first constant infiltration period for the April event occurs 0.9 hours after the onset of
flow and lasts for nearly 17 hours. The infiltration rate during this period is
approximately 1.23 m/d, which is similar to the effective hydraulic conductivity of the

channel sediments. The second constant infiltration period begins 20 hours after the
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onset of flow. This behavior may be explained by the impacts of the layered streambed
structure. Specifically, the available storage in the upper layer is larger than the
cumulative transient infiltration. Therefore, constant infiltration occurs within the first
layer within an hour (case 1, Table 1). But, as the wetting front approaches the lower,
less permeable layer, the rate of infiltration decreases until steady-state infiltration is
established throughout the profile. For this case, cumulative transient infiltration was
summed until the end of the second transient period. In contrast to the April 2001 event,
antecedent moisture contents were so high for the March event that steady state

infiltration rates were immediately influenced by the lower layer (case 3, Table 1).
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Figure 7. Infiltration fluxes and cumulative infiltration for A) 4 November 2000 and
B) 6 April 2001.
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The concept of steady state infiltration is convenient for representing streambed
infiltration beneath ephemeral streams. However, our measurements do not show that
constant infiltration was reached during streamflow. Rather, infiltration fluxes
determined using VS2DH (Figure 7) showed a general decline over the period of the
event (Figure 8). The decline may be attributed to a reduction in the pressure gradient as
the wetting front extends farther from the surface, a reduction in the effective hydraulic
conductivity of the basin fill sediment, or the development of an impermeable layer at the
surface (Bailey, 2002). The simulations also show several higher frequency
perturbations. The November event shows an increase in the flux about three days into
the event, which coincides with an increase in discharge from approximately 0.85 m’/s to
about 75 m’/s and an increase in stage from about 0.15 m to over 0.61 m. The March and
April events show a diurnal variation in infiltration rate, which may be attributed to
temperature changes at the surface (Ronan et al., 1998). This diurnal variation is not seen
in the November event, which experienced smaller diurnal variations in surface
temperature. The average infiltration flux for the November 2000 event was 0.39 md”’
and ranged from 0.3 m/d to 0.45 m/d. The steady state flux measured using seepage
measurements for an event 4 days before the November event was 0.28 m/d. The
average steady state value for the March event was 0.28 m/d and ranged from 0.14 to
0.40 m/d. The average steady state infiltration value for the April 2001 event was 0.32
m/d and ranged from 0.17 m/d to 0.43 m/d. While the concept of steady-state infiltration

is flawed, these results show that the simulated steady-state infiltration rates can be



142

estimated using the effective hydraulic conductivity determined for the lower layer cores,

as suggested by Hillel (1998) and Leconte et al. (2001).

The cumulative infiltration during the transient period for the November event was 1.65
m (Table 3). The cumulative lengths of infiltration during the transient period for the
March and April events were 0.32 m. and 0.9 m, respectively. The November steady
state period contributed 4.69 m of water. The values of relative transient contribution, R,
and the infiltration error, E, for this event were 0.26 and 25%. The simulated transient
contribution for the March event was 0.3 m while the steady state period contributed 2.72
m, producing an R of 0.10 and an E of 9%. For the April event the simulated transient
cumulative infiltration was 0.9 m and the steady state total was 4.28m, giving R and £
values of 0.17 and 13%. It should be noted that the three longest flow events were
selected for this analysis to enable computation of the steady state infiltration fluxes and
to more accurately calibrate the model. Accordingly, the infiltration error, E, calculated
in this analysis is likely an underestimate of the true infiltration error for the stream

channel because the transient contributions, R, increase for shorter duration events.

Table 3 Description of ephemeral streamflow infiltration events
5 W Tmnsxent Steady State Time to Steady State Transient R E

~  Infiliration ~  Steady Average Flux . Infiltration =~
. (m . State  (md)  (W/SSrate) (%) (%)

. 2% 25
03 2.72 18 0.28 0.02 10 9
0.9 4.8 20 0.32 0.2 17 13




Given the importance of stream channel infiltration reporting for incorporation into

various hydrologic investigations we suggest one of two approaches to improve the

143

estimation and reporting of streambed infiltration beneath ephemeral streams. Infiltration

rates based on steady state infiltration can be reported with an estimate of the likely

underestimation error. Or, a general estimate of the cumulative infiltration during the

transient period can be developed and applied on a site-specific basis.
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Conclusion

Temperature and water content measurements were used to calculate infiltration fluxes
throughout the duration of three ephemeral streamflow events in a large ephemeral
stream with a higher conductivity alluvial layer overlying a lower conductivity alluvial
material. Average infiltration rates at the onset of the events were 2-3 orders of
magnitude larger than steady state infiltration rates. Transient periods were 1.8 to 20
hours in duration, in inverse proportion to the antecedent moisture content. Steady-state
infiltration rates were related to the effective hydraulic conductivity of the underlying
basin fill layer. The multi-layer system produced two observable transient and steady-
state periods. The lengths of the transient and steady state periods were dependent on the
antecedent water content profiles. Use of steady state infiltration rates to estimate
cumulative infiltration underestimated simulated values by 18%, demonstrating the need
to consider transient infiltration to improve streambed infiltration estimates for aquifer

recharge investigations.
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APPENDIX D: COMBINED USE OF HEAT AND SOIL-WATER CONTENT TO
DETERMINE STREAM/GROUND-WATER EXCHANGES, RILLITO CREEK,

TUCSON, ARIZONA

John P. Hoffmann, Kyle W. Blasch, and Ty P.A. Ferré
Published in U. S. Geological Circular, Using Heat as a Tracer for Examining Stream

Exchanges with Ground Water, September 2003

Introduction

The City of Tucson and surrounding communities obtain virtually all their municipal,
agricultural, and industrial water from ground water that is withdrawn from thick alluvial
aquifers underlying the desert basins. A large fraction of this ground water entered the
aquifers as recharge after percolating through channel deposits along ephemeral streams
(Matlock and Davis, 1972; Davidson, 1973; Hanson and Benedict, 1994). Most of the
ground water in the underlying aquifers is thousands of years old (Kalin, 1994), and the
amount of water that recharges the aquifers is insufficient to meet current and future
demands. The resultant ground-water deficit, which will grow as the population
increases, is manifested in water-level declines of more than 60 meters since the middle
of the 20th century. To help mitigate the deficit, an in-stream recharge facility has been
proposed in the Rillito Creek channel on the north side of Tucson. The source of water

for the recharge facility is likely to be Colorado River water, transported from Lake
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Havasu and delivered to the Tucson area through the Central Arizona Project aqueduct.

Infiltration of streamflow is known to occur in ephemeral streams in the southwestern
United States; however, a better understanding of the infiltration processes can improve
the effectiveness of in-stream recharge facilities. This chapter describes one component
of an investigation designed to improve our understanding of infiltration processes in
ephemeral-stream alluvium. In particular, we discuss the variability of infiltration rates
during a streamflow event and show how temperature methods in conjunction with soil-

water content measurements can be used to evaluate potential sites for recharge facilities.

In this chapter, we show examples of how numerical simulations using temperature
methods are used to estimate rates of infiltration in the shallow Rillito Creek stream
channel deposits during an ephemeral streamflow event. Water content changes
measured at several depths are used to estimate the rapid infiltration rate at the onset of
streamflow. The variation in infiltration rates during a streamflow event is examined.
Drainage rates at the cessation of streamflow, determined on the basis of soil-water
content measurements, are compared to estimated infiltration rates near the end of
streamflow for each profile. These estimated infiltration rates and drainage rates are

compared with previous estimates of these rates obtained by other techniques.

Rillito Creek

Rillito Creek has a drainage area of 2,256 square kilometers at the streamflow-gaging
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Rillito Creek at Dodge Boulevard (09485700) and has two major tributaries: Tanque
Verde Creek and Pantano Wash (Figure 1). The creek is typical of ephemeral streams in
the arid and semiarid Southwestern United States. During most of the year, the creek is
dry; however, after prolonged or intense periods of rainfall and (or) snowmelt, it has
flowed for several hours to several days along its 20-kilometer length. Precipitation
runoff and snowmelt from the Santa Catalina Mountains to the north and the Rincon
Mountains to the east, as well as urban runoff from the northeastern suburbs of Tucson,
contribute most of the flow to Rillito Creek. Rillito Creek is a losing stream along its

westward course toward its confluence with the Santa Cruz River.

Rillito Creek is underlain by recent stream-channel deposits and Pleistocene or older
basin-fill deposits (Anderson, 1987). The channel deposits, which were derived from the
surrounding mountain ranges, comprise fine- to coarse-grained alluvium and are about 10
meters thick. They predominantly are sand and gravel and contain less than 10 percent
clay and silt, indicating that streambed infiltration is rapid. The underlying basin-fill
deposits generally are finer grained and extend to depths of several hundreds of meters.
Both deposits generally are loosely compacted but the basin fill can be moderately
compacted. Depth to ground water beneath Rillito Creek typically ranges from less than
3 meters in the upper reach near the confluence of Tanque Verde Creek and Pantano

Wash to about 45 meters near the confluence with the Santa Cruz River to the west.
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Field Instrumentation

The streambed was instrumented with a two-dimensional vertical array of 28 paired
thermocouples temperature probes and time-domain reflectometry (TDR) moisture
probes placed perpendicular to flow (Figure 2). The thermocouples used measure
temperature with a precision of about 0.1 degree Celsius; TDR probes measure
volumetric water content with a precision of about 3 percent (see Appendix A for
discussion of thermocouple accuracy). The paired probes were arranged in four columns
(profiles C1, C2, C3, and C4 in Figure 2) spaced 3 meters apart. There are seven rows
(depths) within the array at depths of about 0.50, 0.75, 1.0, 1.25, 1.50, 2.0, and 2.5 meters
below the stream-channel surface. Depths of the probes varied by as much as 0.25
meters owing to deposition and erosion during flow events. A near-surface temperature
sensor also was placed adjacent to the paired two-dimensional array at a depth of 0.05 m.
Depth to the regional water table is about 42 m at the site. The U.S. Geological Survey
(USGS) streamflow-gaging station Rillito Creek at Dodge Boulevard is 45 meters

downstream from the site.

Temperature Data

As discussed in chapter one, heat can be transferred through sediments by advection and
conduction. Although both advective- and conductive-heat transport occur during
infiltration, advective-heat transport is more prevalent in high water flux settings,

whereas conductive-heat transport is more prevalent in static or very low water flux
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conditions. For most hydrologic applications related to infiltration through alluvial
sediments, advection is the primary mechanism for the transport of heat by flowing water

and conductive heat transport is regarded as a negligible component of heat transfer.

Subsurface temperatures change rapidly at the onset of streamflow (Figure 3) because
heat transport is coupled directly with water flow through advection. The temperature
changes are reduced in amplitude and show an increasing lag time with depth.

Temperature changes occur in both the horizontal and vertical dimensions (Figure 4).

UPSTREAM

LOOKING EASTT

LAND SURFACE

vl
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IN METERS BELOW
LAND SURFACE

VERTICAL EXAGGERATION X 2

Figure 2. Photograph and schematic of the two-dimensional array of sensors within the
stream-channel deposits. Each black circle represents a temperature and soil-water
sensor. Refer to Figure 1 for location of array within Rillito Creek.

Soil-water content data

The highly transient conditions that exist at the onset of streamflow are difficult to
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simulate numerically; therefore, a direct analysis of water-content measurements
probably is the most accurate method of estimating initial infiltration rates, Infiltration
rates at the onset of streamflow can be estimated using wetting-front arrival times at
successive TDR probes. Once streamflow ends, the water that has infiltrated into the
subsurface continues to redistribute vertically and horizontally. The rate of drainage
depends on the distribution of water throughout the subsurface at the end of streamflow.
Drainage rates, similar to infiltration rates, are determined from the elapsed time between
sharp decreases in water content at each depth (Figure 5). Drainage rates through the
Rillito Creek stream-channel deposits typically are between 0.5 and 1.0 meters per day

(Blasch and others, 2000).
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Figure 3. Thermograph of Rillito Creek sediments at depths of 0.05, 0.5 and 1.0 meters.
Periods of streamflow are shown by solid bars above thermographs.
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Water-content data show rapid changes at the onset of streamflow (Figure 5). Volumetric
water content increases from about 20 percent to 40 percent within minutes of the onset
of streamflow. These initial infiltration rates were as high as 3.5 millimeters per second,

which if sustained would be equivalent to 300 meters per day. The high rates are likely

10 11 12 13 14 15 17 18 19 20 21 22 23 24

Figure 4. Two-dimensional temperature distribution within stream-channel deposits. (A)
Thermal transport through conduction before the onset of a streamflow event. (B)
Thermal transport through combination of advection and conduction at the onset of a
streamflow event. Multidimensional percolation through the sediments. (C) Combined
advection and conduction thermal transport to the deeper sediments several hours into a
flow event.
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to include vertical and lateral flow components. Similar to the temperature data, the
water-content data indicate that infiltration occurs in both the horizontal and vertical
directions at the onset of streamflow (Figure 6). Drainage rates determined from water-
content measurements after the cessation of flow for the same event for which modeled

simulations are presented in this chapter were about 0.46 m/d.
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Figure 5. Water-content data showing rapid infiltration at the onset of streamflow; a

stabilization of water content during the streamflow event; and subsequent drainage after
the streamflow is over.
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Figure 6. Two-dimensional water-content distribution in sediments beneath Rillito Creek.
(A) Soil-water content before the onset of streamflow. (B) Soil-water content 5 minutes
after the onset of streamflow. (C) One-dimensional dewatering immediately after the
cessation of flow. (D) One-dimensional dewatering approximately 2 days after the
cessation of streamflow
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One-dimensional simulation results

As discussed in chapter one, temperature and water-content measurements are interpreted
using numerica!l models that describe water flow and heat transport. Multidimensional
flow simulations are required to accurately represent infiltration into a heterogeneous
medium, such as layered stream channel deposits, and near the margins of the wetted
perimeter of the advancing wetting front where capillary flow dominates. However,
infiltration is predominantly vertical near the center of streamflow in a homo.geneous
medium after a period of sustained flow. Infiltration was assumed to be predominantly
vertical within the relatively homogeneous stream-channel deposits of Rillito Creek;
therefore, simplified one-dimensional model simulations were used. The time from the
onset of flow required for predominantly vertical infiltration to occur varies depending on
streamflow conditions and the texture of the streambed material. For instance, small
braided ribbon flows over fine-grained material may never result in predominantly
vertical infiltration, whereas large bank-to-bank flows of coarse-grained material may

produce predominantly vertical infiltration beneath the streambed within minutes.

Thermographs predicted by numerical simulations are fitted to measured thermographs
from the field by adjusting model parameters within appropriate ranges until the best
match is found between simulated and measured thermographs. A typical set of measured
Rillito Creek thermographs and the best-fit numerically simulated thermographs are
shown in Figure 7. Numerical simulations shown in this chapter are for a bank-to-bank

flow event in April 2001. Vertical flow is assumed since temperature changes were
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measured predominantly in the vertical direction. Although the simulated and measured
thermographs are in general agreement, significant departures exist. Simulated
temperatures can differ from measured temperatures for several reasons, such as
incorrectly defined boundary conditions, incorrect hydraulic and thermal property
assignments, or an inability for a one-dimensional model to represent multidimensional
infiltration. In the case of the latter, multidimensional simulations might yield

thermographs that are in closer agreement to field data than those shown in Figure 7.
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Figure 7. Measured and simulated thermographs (°C) at a depth of 0.75 meter, column 3.

An example of simulated thermographs that best match the measured thermographs at

0.75 meter depth in two profiles is shown in Figure 8. There is general agreement
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between simulated and measured thermographs. The predicted infiltration rates vary
from less than about 0.35 to about 0.39 m/d throughout the two-day flow period (Figure
9). This represents a variation in predicted infiltration rates of less than 10 percent
among the four columns, indicating that infiltration was uniform and predominantly

vertical. The infiltration rate generally declines as the streamflow event proceeds.
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Figure 8. Set of measured and simulated thermographs (°C) for two adjacent columns

Discussion

Ground-water recharge is a critical component of the hydrologic cycle. Currently, many
areas in the Southwestern United States pump more ground water than is naturally
recharged. Current and future artificial recharge sites will become increasingly important

in achieving sustainable water supplies. The potential exists to use water-content
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measurements and temperature measurements to evaluate the potential suitability of in-

stream recharge facilities and to provide guidance on citing such facilities.
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Figure 9. Simulated infiltration rates at columns 1,2,3, and 4 during a streamflow event.

Infiltration rates can be estimated from temperature measurements; these estimates may
be complimented by initial infiltration and drainage rate estimates from water-content
measurements. The water-content measurements enable better estimates of rapid
infiltration rates associated with the onset of streamflow. In Rillito Creek, initial
instantaneous rates were estimated to be as high as 3.5 millimeters per second, which
included both vertical and lateral flow components that occurred only during the onset of

streamflow.

Within several minutes after streamflow has been established, the stream channel

deposits become fully saturated and remain so during subsequent flow. For this reason,
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temperature measurements are more useful for estimating infiltration rates during
streamflow than are water-content measurements. One-dimensional analyses of
temperature measurements collected during a streamflow period in April 2001 show that
infiltration rates through the Rillito Creek stream deposits were sustained at about 0.37
meter per day; however, there was a general decline in infiltration rate over time during a
flow. A decline in infiltration during streamflow events in the Rillito has been
recognized using temperature methods by other investigators (Bailey and others, 2000a,
b). They attributed this decline to the accumulation of a fine-grained surface layer that
effectively clogged the streambed. One of their simulations required a change in the
hydraulic conductivity of the shallow streambed sediments during streamflow to
reproduce the observed subsurface thermographs. Another set of simulations showed that
the hydraulic conductivity of this shallow streambed material changed four orders of

magnitude between two sequential streamflow events.

An estimated sustained infiltration rate of about 0.37 meter per day during streamflow
agrees well with the estimated post-streamflow drainage rate of 0.46 meter per day.
These rates show general agreement with estimates ranging from 0.41 to 0.50 meter per
day made by other investigators along Rillito Creek (Burkham, 1970; Lane, 1983; Katz,
1987). The good agreement among these independent measures provides confidence that
the temperature method enables accurate estimates of infiltration. As such, vertical arrays
of temperature probes can be located along stream reaches to estimate the potential for in-

stream recharge and to provide guidance on citing recharge facilities. However, high
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infiltration rates at shallow depths are not sufficient to ensure that water can be recharged
at a high rate. Generally, the primary constraints on recharge rates are the total amount of
water that infiltrates into the subsurface over time and the rate at which that water can
move down through the entire subsurface into an aquifer. To estimate potential recharge
rates, long-term vertical infiltration rates need to be estimated. Infiltration rates
determined from shallow measurements should be considered an upper limit of the

potential recharge rate for a particular site.
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APPENDIX E: DETERMINING TEMPERATURE AND THERMAL PROPERTIES
FOR HEAT-BASED STUDIES OF SURFACE-WATER GROUND-WATER

INTERACTIONS

David A. Stonestrom and Kyle W. Blasch
Published in U. S. Geological Circular, Using Heat as a Tracer for Examining Stream

Exchanges with Ground Water, September 2003

Introduction

Advances in electronics leading to improved sensor technologies, large-scale circuit
integration, and attendant miniaturization have created new opportunities to use heat as a
tracer of subsurface flow. Because nature provides abundant thermal signals at the land
surface, heat is particularly useful in studying stream-groundwater interactions. This
appendix describes methods for obtaining the thermal data needed in heat-based

investigations of shallow subsurface flow.

Techniques for measuring temperature have evolved considerably since 1714, when
German physicist Gabriel Daniel Fahrenheit introduced the sealed mercury-in-glass
thermometer as an improvement over Galileo’s alcohol-in-glass thermometer (Star,
1983). The Galilean thermometer, being open to air, also responded to barometric

fluctuations. The temperature scale that bears Fahrenheit’s name pays tribute to the
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significance of solving the long-standing problem of creating an accurate and readily
transferable unit of temperature. Swedish astronomer Anders Celsius introduced a water-
based, power-of-ten scale shortly after that was later adopted by the Swedish Academy of
Sciences as the basis of the metric temperature scale (Kant, 1984). On adoption, the
academy wisely reversed Celsius’ original assignments of 0 °C and 100 °C, respectively,
to the boiling and freezing points of water. Development and linkage of the Celsius scale
to the thermodynamically based Kelvin scale paved the way for quantitative theories of
heat flow and transformation during the 1800’s that formalized the concepts of heat
capacity and thermal conductivity. Mathematicians, physicists, and engineers who
developed the conceptual framework included such notables as Jean Baptiste Joseph
Fourier, James Prescott Joule, and William Thompson (Lord Kelvin). Their work spurred
scientific investigations into the thermal behavior of matter that continues today

(Lienhard and Layton, 1988).

Industry, government, and other technical organizations publish periodic compendia of
temperature-measurement techniques (for example, ASTM, 1993; CSIRO, 1998;
Herzfeld, 1962; Schooley, 1982). These works include elaborate and special-purpose
techniques for specific applications. The focus here is on practical methods employed in
hydrologic investigations. These methods are relatively inexpensive and accurate, and

comprise the thermal measurement techniques used in case studies of this circular.
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Types and Characteristics of Temperature Sensors

Applications that use heat as a tracer of subsurface flow usually require multiple
measurements of temperature through time at relatively inaccessible locations. This
requirement generally limits suitable sensors to those that convert temperature to some
form of electronic signal. The sensors most often employed are thermocouples (Constantz
and Thomas, 1996) and thermistors (LeCain, Lu, and Kurzmack, 2002). Resistance
temperature devices (RTDs) and integrated-circuit (IC) sensors can also be used (Paluch,
2002). Figure 1 shows characteristic response curves of these sensors together with main
advantages and disadvantages of each. Due to their small thermal masses, all of the

sensors in Figure 1 respond quickly to changes in temperature.

Thermocouples are the least expensive and most easily deployed sensor (Figure 1A).
They can be fabricated as needed from thermocouple cable with little more than a
soldering tool and wire stripper. Thermocouples operate on the principle, discovered by
Thomas Seebeck in 1821, that dissimilar metals in a circuit develop a voltage
proportional to the temperature différence between their junctions (Finch, 1962).
Thermocouples are more stable than thermistors but less stable than RTDs. Being self-
powered, they are not subject to self-heating effects like thermistors, RTDs, and IC
sensors. Of common thermocouple pairs, type T (copper-Constantan) is best suited for
hydrologic applications due to its high sensitivity (relative to other thermocouple types)
and corrosion resistance. Thermocouples require linearization and measurement of

reference-junction temperatures. Linearization and reference circuitry is often integrated
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Figure 1. Common electronic temperature sensors with schematic symbols, response
characteristics, and advantages and disadvantages of each type (adapted from Hewlett.
Packard, 1983). RTD and IC are industry acronyms for resistance temperature device and
integrated circuit, respectively.
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into data-acquisition systems, making thermocouples suitable for multi-point sampling
arrays. An important consideration with thermocouples is that their output voltages are
small, placing stringent demands on signal-conditioning equipment. A type T
thermocouple generates only 0.04 millivolt per °C temperature difference between
reference and measuring junctions, requiring the data-acquisition system to resolve four
millionths of a volt (0.000,004 V) to detect a 0.1-°C change in temperature. Stray currents
in poorly configured systems can cause common-mode (error) voltages much larger than
this (Horowitz and Hill, 1989; Morrison, 1998). Another consideration stems from the
fact that any error in the reference-junction temperature produces an equal error in the
indicated subsurface temperature. Such errors may represent a time-invariant bias
common to all subsurface temperature values, with perhaps little consequence on inferred
transport. But if the reference junction is even a few millimeters from the reference-
temperature measurement point, thermal transients in the data-acquisition system can
produce time-varying errors that are on the same order of magnitude as the signal of
interest. Isolation of the data-acquisition system from thermal transients, usually by

insulating and burying it, is essential for avoiding these errors.

The other commonly deployed sensor is the thermistor. Thermistors are temperature-
dependent resistors made from transition-metal oxides (Hewlett-Packard, 1983). They
have a large base resistance, typically on the order of 2000 ohms at 20 °C, and a
(nonlinear) sensitivity on the order of -10 to -20 ohms °C”'. Thermistors are usually

embedded in glass or other material for chemical protection (Figure 1B). Thermistors can
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be made to microscopic dimensions, trading off calibration stability for thermal mass. But
all thermistors drift with time, requiring periodic calibration (CSIRO, 1998). This

becomes a consideration for long-term deployments in inaccessible locations.

Resistance temperature devices (RTDs) have highly stable calibrations even in harsh
environments. Figure 1C shows a platinum RTD embedded in a ceramic body. Platinum
RTDs are sufficiently stable to serve as calibration-transfer standards in metrology
laboratories (Klock and Sullivan, 1962; Morris, 2002). The temperature sensitivity of
RTDs is positive, slightly nonlinear, and small relative to thermistors (Figure 1). The
relative insensitivity of RTDs, typically 0.04 ohms °C™! for platinum, limits their use to
settings with relatively large thermal gradients. Because of their low base resistance
(typically 100 ohms at 0 °C), RTDs require redundant leads and active compensation for

lead-wire resistance. RTDs are also the most expensive of the common sensor types.

IC sensors are based on a semiconductor resistor embedded in an integrated circuit for
conversion to a linear electrical output (Figure 1D). Current-output IC sensors require
only two wires for connection to data-logging equipment, making them relatively easy to
deploy (Sheingold, 1980). Unfortunately, most IC sensors are designed for dry
environments, and have relatively short times-to failure in moist environments. IC
sensors are actively being developed, and may soon emerge as an advantageous choice

for field deployments.
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Single-channel temperature loggers offer an alternative to multiplexed sensor
installations. Available from various manufacturers, these devices contain a thermistor or
thermocouple integrated with signal-conditioning circuitry, a real-time clock, a memory
unit, and an optical or infrared interface to provide access by computer or portable data
shuttle. Figure 2A shows an example of one such device. Response times are longer than
the sensors in Figure 1, but short enough to track most hydrologic signals of interest
(Figure 2B). Self-contained devices have the advantage of not needing an external data

logger or connecting wires. The user retrieves the devices to obtain data.
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Figure 2. (A) Self-contained temperature logger is about 3 cm in diameter. Note
thermistor in mounting eyelet. (B) Dynamic response of four self-contained temperature
loggers during calibration tests. Loggers, initially at room temperature, were immersed in
a 0°C bath, followed by a 32°C bath. The average 95% response time of the loggers was
about 5 minutes. Data sets are color coded. To avoid clutter, individual data points are
shown for only one of the loggers.
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Specific Heat Capacity, Thermal Conductivity, and Thermal Diffusivity

The thermal properties of soils and sediments can be obtained from literature values,
laboratory analysis of field samples, or field measurements. As explained in Chapter 1,
thermal properties vary over a much narrower range than do analogous hydraulic
properties. Because of this, estimates of water flux are relatively insensitive to errors in
thermal properties relative to errors in hydraulic properties (Appendix B). Temperature is

often the only thermal parameter measured in the field.
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Figure 3. Dependence of volumetric heat capacity and thermal conduction on water-
content for selected materials. Dashed lines are volumetric heat capacities calculated as
described in the text, using data from Table 1A. Points are experimentally determined
thermal conductivities, from DeVries (1966). Solid curves are empirical fits to the
thermal-conductivity data.
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Specific heat capacity is the amount of heat absorbed or released per mass of material
when the material’s temperature increases or decreases by a small amount, operationally
defined as one degree Celsius (°C). Multiplying specific heat capacity by density (mass
per unit bulk volume) gives volumetric heat capacity, the change of heat per unit volume
of material per unit change in temperature. Units of volumetric heat capacity are joules
per cubic meter per degree Celsius (J m™ °C™"). Heat capacities of relevant phases fall in
the order: [liquid water] > [organic solids] > [mineral solids] >> [soil gases] (Table 1A).
Heat capacities of porous materials depend on their composition and bulk density, and

vary linearly with water content (Table 1B, Figure 3).

Heat capacities of unconsolidated materials can be determined in the laboratory with a
calorimeter, which is an insulated chamber equipped with a stirrer and precision
thermometer. The method of Taylor and Jackson (1986) determines heat capacity by
mixing slurry made from the porous medium with water at a different temperature. The
heat capacity of the sediment is calculated from the masses and temperatures of the initial
slurry, added water, and final slurry. In practice, heat capacities are more often calculated
from the volume-weighted sum of heat capacities of the constituents making up the
material, using literature values (de Vries, 1966). Denoting volume fraction as x and heat

capacity as ¢ the volumetric heat capacity of the bulk material C; is approximately
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Cs = XwCw T XoCo + XmCm+ XaCas (1)

where subscripts w, o, m, and a denote water, organic solids, mineral solids, and air,

respectively.

Table 1A. Thermal properties of selected materials -- Individual phases
Volumetric Thermal Thermal
Density heat capacity conductivity diffusivity

Individual phase (10°g/m®) (10°J/m®°C) ___ (W/m°C) _ (10° m%s)

Air’ 0.001 0.001 0.024 19

Liquid water’ 1.0 4.2 0.60 0.14

lce? 0.9 1.9 22 1.2

Quartz® 2.7 1.9 8.4 4.3

Average, soil minerals® 2.7 1.9 29 1.5
Average, clay minerals® 2.7 2.0 29 1.5
Average. soil oraanic matter® 1.3 2.5 0.25 0.10

Table 1B. Thermal properties of selected materials -- Porous media

Bulk Volumetric Thermal Thermal

density Porosity Water heat capacity conductivity diffusivity

Porous medium (10°g/m®  (Voores/Voun) content  (10° J/m® °C) (W/m °C) (10 m?/s)
Tottori sand® 1.83 0.31 saturated 2.6 2.2 0.85
Clarion sandy loam® 1.38 0.48 saturated 3.2 1.8 0.55
Harps clay loam® 1.21 0.54 saturated 3.2 1.4 0.42
Sandfly Creek sand’ 1.50 0.43 dry 1.3 0.25 0.18
Yolo silt loam® 1.30 0.51 dry 1.1 0.26 0.23
Clarinda clay’ 1.16 0.56 dry 1.2 0.18 0.15
Snow’ 0.46 0.50 dry 1.0 0.71 0.68

0.73 0.80 dry 0.4 0.13 0.36

0.87 0.95 dry 0.1 0.06 0.60

Sources

1 Carslaw and Jaegger, 1959, p. 497. 6 Ren, Kluitenberg, and Horton, 2000.

2 van Wijk and de Vries, 1966a, p. 40. 7 Bristow, Kluitenberg, and Horton, 1994.
3 van Wijk and de Vries, 1966b, p. 105. 8 Wierenga, Nielsen, and Hagan, 1969.
4 de Vries, 1966, p.210. 9 van Wijk and de Vries, 1966b, p. 110.

Thermal conductivity, ks is a measure of a material’s ability to conduct heat. It is defined
as the amount of heat transmitted per unit time per unit area per unit temperature
gradient. Units of thermal conductivity are watts (joules per second) per square meter, per

degree Celsius per meter (W m’ °C'1). The thermal conductivity of porous materials
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depends upon the composition and arrangement of the solid phase. Coarse-grained
materials generally have higher thermal conductivities than fine-grained materials. Also,
because water conducts heat much better than air, thermal conductivity depends strongly
on water content (Table 1A and B, Figure 3). Due to the complexities of pore geometry,
this dependence is non-linear and difficult to predict (Wierenga, Nielsen, and Hagan,
1969). In practice, empirical equations can be used to fit measured thermal-conductivity

data over limited ranges of water content (Hopmans, Simunek, and Bristow, 2002).

Thermal conductivities of porous media can be measured using steady-state or transient-
state methods (Jackson and Taylor, 1986). Steady-state methods facilitate testing of
Fourier’s law, which is almost universally assumed to govern heat conduction (Carslaw
and Jaeger, 1959). Maintaining a thermal gradient in moist materials, however, induces
fluid flow along temperature and density gradients. Fluid flow complicates the
measurement of thermal conductivity because advection as well as conduction transfers
heat. In partly saturated media, latent heat transfer (that is, heat associated with vapor-
liquid and liquid-vapor transitions) may also be important. Water contents in partly
saturated media become non-uniform when temperature gradients are maintained. To
avoid complications associated with these processes, rapid transient-state methods have
been developed for measuring thermal conductivities in moist materials. The pulsed
cylindrical-heat-source method (also known as the pulsed thermal-probe method;

described below), is the most commonly used transient method for measuring thermal
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conductivities in both field and laboratory applications (de Vries, 1952; Jackson and

Taylor, 1986; Shiozwa and Campbell, 1990; Wierenga, Nielsen, and Hagan, 1969).

Thermal diffusivity is the ratio of thermal conductivity to volumetric heat capacity. The
units of thermal diffusivity are meters squared per second (m” s). Thermal diffusivity is
a measure of how quickly an imposed change in temperature is transmitted through the
material. Air has a large thermal diffusivity, despite having a low thermal conductivity,
because its volumetric heat capacity is small (Table 1A). With almost no capacity for

storing or releasing heat, temperature signals travel quickly through air.

Jackson and Taylor (1986) described a method for direct determination of thermal
diffusivities of soils and sediments. The method entails analyzing transient temperatures
within a sample as heat is applied to its boundary through a copper plate. The method,
while relatively simple, is difficult to apply outside the laboratory. Recent advances in the
pulsed thermal-probe method have produced field-deployable probes that simultaneously
determine various combinations of heat capacity, thermal conductivity, and thermal
diffusivity (Bristow, Kluitenberg, and Horton, 1994; Campbell, Calissendorff, and
Williams, 1991; Hopmans, Simunek, and Bristow, 2002; Kluitenberg, Bristow, and Das,
1995). These techniques apply heat-pulse theory to cylindrical probes made from
hypodermic-needle tubing. One probe contains a heater. Parallel to this probe are one or
more auxiliary probes for measuring temperature responses. Pulses of heat induce

changes in surrounding temperatures measured by auxiliary probes. Analytical or
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numerical analyses of the temperature histories produce estimates of thermal properties.
Pulsed thermal probes have been combined with time-domain-reflectrometry probes for
simultaneously measuring thermal properties, water content, and bulk electrical

conductivity (Noborio, McInnes, and Heilman, 1996; Ren, Noborio, and Horton, 1999).

Sensor Deployment and Data Acquisition

A pipe driven into loose sediments can provide a temporary casing while sensors are
deployed to desired depths. The sediments collapse around the wires as the pipe is
withdrawn (Figure 4A, B, and C). To avoid induced preferential flow, intervals between
sensors can be grouted with swelling clay (Nielsen and Sara, 1992) or expanding foam
(Faybishenko, 2000). These materials are emplaced through the temporary casing as the
casing is withdrawn. Proper grouting is required in cohesive soils and sediments. To
minimize disruption of sedimentary layers and soil structures, sensors can be installed
through holes that slant diagonally beneath the study area or extend horizontally from an
adjacent access point (Faybishenko, 2000). Wires connecting streambed sensors to
remote data loggers need to be deeper than the maximum depth of scour. Conduit
anchored to the streambed can help protect wires. Deploying a precision temperature
reference on the wiring panel can reduce reference-junction errors. A thermally
conductive strip on the wiring panel minimizes temperature offsets between the reference
junction and reference-junction temperature measurement. Burial of loggers in watertight
containers that are packed in thermal insulation can further reduce errors from

temperature transients (Figure 4D and E).
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Self-contained temperature loggers can be buried directly in the ground (with or without
protective housings) or deployed in access tubes. Directly buried loggers in stream
channels usually have housings that are tethered to anchors driven into the channel
upstream of the measurement point (Figure 4F). Access tubes need to be grouted to
prevent preferential flow down the annular space around the tube (Figures 4H-J). Baffles
inhibit thermally induced advection (Figure 4L). In addition to the self-contained
temperature loggers, figures 4G-L also show external thermocouples on moveable arms
that were pulled against the surrounding sediments after the access tube was lowered into
position. The two-component expanding foam that grouted the annular space locked the

arms into position as it hardened (Figure G-J).

Design of Temperature-Measurement Arrays

Success of thermal methods for quantifying surface-water ground-water exchanges is
dependent on appropriate placement of temperature sensors. Appropriate placement
depends on hydraulic and thermal properties of the sediments, climatic conditions (which
determine the nature of thermal forcing), anticipated pore-water velocities, and practical
considerations such as depth of scour. Experimental design includes frequency of data
collection. While the overall design will be dictated by the purpose of the study, standard
principles of experimental design should be considered at every level of detail (Garcia-
Diaz and Phillips, 1995). In large-scale projects, formalized data-quality objectives can

lead to efficient measurement designs (USEPA, 2000).
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Preliminary modeling is useful for selecting measurement locations and frequencies
(Constantz, Stonestrom, and others, 2001). Fluid flow modulates the transmission of
thermal signals into the profile (Silliman, Ramirez, and McCabe, 1995; van der Kamp
and Bachu, 1989). Fluid flow can thus be determined by the departure of temperatures
from a purely conductive pattern (Constantz and Thomas, 1996; Silliman and Booth,
1993). To guide sensor placement, theoretical temperature patterns can be predicted from
numerical solutions of the coupled transport equations. For simple cases, theoretical
temperature patterns can also be predicted from analytical solutions. The analytical
solution for pure thermal conduction in a deep, uniform profile with sinusoidal heating at

the land surface is (Carslaw and Jaeger, 1959)

AT(z,t) = A - ¢?P - sin[(2 7 /P)(t-to)-(z/D)], )

where AT is the departure of temperature from its average value, z is depth, t is time, A is
the amplitude of the surface temperature, D is the damping depth, P is the period of the
surface temperature, and to is the time at which AT equals zero. The damping depth D is

equal to (Po/ )™, where o is the thermal diffusivity.

Daily and annual temperature fluctuations imposed at the land surface are roughly
periodic. As periodic diurnal temperature waves move into a profile, the energy stored

and released by the conducting medium attenuates the signal as it propagates away from
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the boundary. In consequence, the magnitude of periodic temperature perturbations
decreases with depth. The depth below which cyclic surface fluctuations of a given
magnitude have no measurable effect depends on the period of the fluctuations, the
velocity of subsurface fluid flow, and the precision and accuracy of the temperature
measurements. For the purely conductive case, the depth D at which daily temperature
fluctuations are damped 63% (= 1 — ™), is approximately 0.08 m in dry sand and 0.14 m
in wet sand (van Wijk and de Vries, 1966b). Damping depths increase in direct
proportion to the square root of the period of fluctuations. Damping depths for annual
fluctuations are thus roughly 19 times (= 3657 greater than their diurnal equivalents.
Damping depths for annual fluctuations (again, in the absence of fluid flow) are about 1.5
m in dry sand and 2.7 m in wet sand. Downward movement of water increases the
apparent damping depth; upward movement decreases it. Instruments used for recording
temperatures in field installations typically have resolutions = 0.01 °C and accuracies =
0.1 °C. The maximum depth to which annual temperature cycles are resolvable is usually

about 10-15 meters.

Temperature sensors need to be located within the thermally active zone for studies of
surface water-ground water exchanges. Depending on the requirements of the study,
sensors can be placed at uniform-depth increments, exponentially increasing increments,
or according to stratigraphy or other hydrogeologic feature. Multi-dimensional arrays of

sensors allow assessment of heterogeneity and lateral flow. Multiple sensors at the same



185

location, possibly of different types, can reduce uncertainty and provide insurance against

sensor failure.

In conclusion, an increasing variety of techniques are becoming available for measuring
temperature and even thermal properties in field settings. These techniques enable the use
of heat as a tracer of exchanges between surface water and ground water. As sensors and
data-acquisition systems continue to develop and come onto the market, instrumentation
costs should continue to decrease while the number and quality of options improves.
Thermal techniques are providing increasingly useful information about surface water-

ground water interactions and related hydrologic processes.
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s

thermocouple sensors in a stream channel. (D,E) Data logger for thermocouple
installation. (F) Installation of stream-bed sensor. (G) Swing-out thermocouple arm on
access tube. (H) Top of access tube prior to grouting. (I) Grouting access tube with two-
component foam. (J,K) Access-tube enclosure at channel surface. (L) Single-channel
temperature logger on cable for suspension in access tube. Foam baffles on either side of
logger prevent advection. See text for additional explanation
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Abstract

Recharge beneath ephemeral streams in southern Arizona (USA) has been a‘focus of
investigation for many years because of its importance for continued replenishment of
subsurface reservoirs. Combined hydrological, geophysical, and isotopic methods were
used to monitor the transport of water within ephemeral streams and through their
underlying sediments. Previous studies were reviewed to assess processes controlling
recharge beneath ephemeral streams in southern Arizona. Sediment permeability and
clogging of pores had a significant influence on streamflow transmission losses. Scour
and deposition of surface sediments caused permeability values to vary by as much as
four orders of magnitude between streamflow events. Multidimensional flow in the
channel sediments was characteristic at the onset of a streamflow event, and transitioned

during the event to unidirectional vertical flow. Continued redistribution of water through
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the unsaturated zone and mounding at the water table were measured using isotopic and
thermal methods. Long-term precipitation and streamflow measurements within the
Tucson Basin provided evidence of the dynamic nature of channel recharge. Channel
infiltration losses increased from 1933 until 1999. Seasonal fluctuations in channel
losses indicated that annual recharge rates and empirical equations based on uniform

coefficients may not be suitable for computing long-term recharge.

Introduction

Recharge to aquifers within alluvial basins of the southwestern United States may occur
through infiltration of precipitation directly through the basin floor (Gee et al., 1994),
infiltration from irrigation and municipal returns, and seepage losses through stream
channels. In the semiarid regions of southern Arizona, diffuse infiltration of precipitation
through the basin floor is considered the smallest component of total recharge owing to
limited precipitation in comparison to evapotranspiration (Scott et al., 2000; Walvoord
and Scanlon, 2003). For instance, daily evaporation and precipitation rates measured in
the Tucson Basin, Arizona, from 1991-2002 indicate that on average the precipitation rate
exceeded the evaporation rate 25 days per year. Additionally, depth to ground water in
alluvial basins can be hundreds of meters, which provides ample opportunity for storage
of infiltrated water. Because of these environmental conditions, concentrated infiltration
repeated over time within the same channel reaches or recharge basins is often necessary
for recharge to occur. For example, repeated incidental recharge comprised of irrigation

return flows from agriculture, golf courses, and green belts, and municipal return flows,
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such as treated effluent, can represent a significant source of basin recharge. Within the
Tucson Basin, incidental recharge accounts for about 15 to 30 percent of the total

recharge (Hanson and Benedict, Table 1, pages 8-9, 1994; Galyean, 1996).

Channel recharge consists of localized infiltration of streamflow along perennial,
ephemeral, and intermittent streams. Where streams flow over areas with a high water
table, the stream and aquifer can be connected hydraulically and continually exchange
water. Perennial streams that are connected hydraulically to an underlying unconfined
aquifer can control the elevation of the water table in the aquifer by acting as a drain
when ground-water levels are high, and as a source when ground-water levels are low.
Ground-water withdrawals from alluvial aquifers can increase the vertical hydraulic
gradient below streams and increase recharge from perennial streams (Theis, 1940). In
the extreme case, ground-water pumping will cause stream infiltration losses to equal
discharge, and the stream will become ephemeral. Historical demands for ground water
and surface water in populated basins within the Southwest, including the Tucson Basin,
have transformed many perennial reaches of streams into ephemeral reaches; thus, the
fraction of recharge attributed to ephemeral stream channels is increasing (Anderson et
al., 1992). As this recharge component increases in significance, an improved
understanding of the processes controlling recharge is needed for effective management

of the surface-water and ground-water resources.
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Ephemeral streams vary widely in their physical and hydrologic characteristics (Wilson
et al., 1980; Lerner et al., 1990; Anderson et al., 1992). Streams that originate near
mountain fronts may flow over thick alluvial valleys and lose hydraulic connection with
the underlying aquifer so that they are ephemeral in their lower reaches. In many basins
of the Southwest, such as the Tucson Basin, streams originating at higher elevations
coalesce downstream to form higher order ephemeral streams. In contrast, streams such
as those draining Vicee Canyon (Nevada), originate as single channels along the
mountain front and fan out into lower order channel or disperse as braided channels, and
eventually terminate as unbounded channels (Maurer and Fischer, 1988). Underlying
many of these ephemeral mountain-front streams is coarse-grained stream-channel
deposits that overlie basin-fill deposits. Coarse-grained stream-channel deposits
characteristically have a higher permeability that enables high infiltration rates (Anderson
et al., 1992; Hanson and Benedict, 1994; Hoffmann et al., 2002.) The depth to regional
aquifers underlying ephemeral channels can vary from a few meters to tens of meters
(Anderson et al., 1992; Hoffmann et al., 2002). Although depth to water can vary
substantially, depths are usually shallower in the upper reaches near the mountain fronts

than in the lower reaches (Anderson et al., 1992; Hoffmann et al., 2002).

The amount of water flowing in ephemeral channels, and therefore available for recharge,
is primarily related to precipitation frequency, distribution, and intensity, as well as to
spring discharge and basin/channel runoff characteristics. The temporal distribution of

flow in ephemeral streams can be highly variable and includes monthly and decadal
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oscillations (Webb and Betancourt, 1992). Because of this, ephemeral channels present
particular difficulties in estimating or predicting recharge rates on the basis of limited
temporal observations. The objective of the following discussion is to review a series of
investigations primarily focused on ephemeral channel recharge in southern Arizona that
have been completed within the past two decades. This review is not intended to be
comprehensive, nor does it provide a chronology of channel recharge literature from its
inception. Rather it is meant to augment existing introductions to ephemeral recharge
(Smith, 1910; Wilson and DeCook, 1968; Freeze, 1969 and 1970; Wilson et al., 1980;

Lerner et al., 1990.)

Recharge Theory

Infiltration is defined as the flow of water from above ground into the subsurface,
whereas recharge is defined as the positive downward flux of water across the regional
water table. Infiltration can lead directly to recharge if the wetting front crosses the water
table during surface flow. Alternatively, water can infiltrate into the subsurface and then

cross the water table during redistribution, long after surface flow ends.

During an ephemeral flow event, the stream channel surface is quickly saturated and a
positive pressure head, equal to the stream stage, is exerted at the channel boundary
(Freyberg et al., 1980). The flux, g (LT™), across the ground surface in response to a

constant pressure head applied at the ground surface, ¥ (L), can be expressed as:
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Y-y, -2z
q:—K A I (1)

where K is the saturated hydraulic conductivity of the medium (LT, zris the depth of
the wetting front (L), and ¥is the pressure head at the wetting front (L). The velocity of

the wetting front, v, (LT'I), can be expressed as:

4 _ g Y~ VYo7 % )

where 6 is the saturated volumetric water content (L3L'3) and 6, is the antecedent
volumetric water content (L’L™). Integrating this expression gives an expression similar
to that developed by Green and Ampt (1911) that defines the time, ¢, at which the wetting

front will have advanced to a depth, z, as:

:Q%Sea)[zf +(\Uf —\Us)lr{l-kﬁ]] 3)

For a given water table depth, z,, (L), if the time, ¢, determined using the previous
expression is less than the duration of a streamflow event, then the wetting front will
cross the water table during the flow event. The higher the initial water content, the
faster the wetting front will progress. In addition, the wetting front will progress more
slowly through media with lower K values. Finally, closer examination of the above

expression shows that the rate of advance of the wetting front is highest initially, when
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the distance from the channel surface to the wetting front is smallest, because this leads to
the highest overall pressure head gradient. After the wetting front has progressed away
from the surface, the pressure gradient becomes small and gravity dominates infiltration.
The rate of advance of the wetting front eventually decreases to a constant value of Ky/(8;
- 8,). Should it be Ks/(6; - 6;)? For most natural systems it is likely that the saturated
water content, the antecédent water content, and the saturated hydraulic conductivity will

vary with depth.

Once streamflow ceases, the water that has infiltrated into the subsurface continues to
redistribute both vertically and horizontally. This stored water will either remain in
storage until it is displaced by a later infiltration event, continue to drain across the water
table, or it may be removed through evapotranspiration (Walvoord and Scanlon, 2003).
The rate of drainage across the water table depends on the distribution of water in the
unsaturated zone and the degree of fluctuation of the water table elevation in response to
recharge. In general, if the water content is high from the surface to the water table, the
initial recharge rate will be high and recharge will continue for a long period. If,
however, the wetting front only reaches a shallow depth, the infiltrated water may

redistribute during drainage without reaching the water table.

The preceding discussions have focused on simplified, one-dimensional, vertical
infiltration through a single-layer homogenous soil and a constant head at the surface.

Although this representation may be applicable for some ephemeral channels,
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multidimensional, variable flow beneath channels must be considered as a possibility
owing to heterogeneity of the subsurface media and fluctuating streamflow depth
(Freyberg et al., 1980). A complete discussion of the effects of heterogeneity and
fluctuating heads on infiltration through variably saturated soil is beyond the scope of this
discussion; however, it is important to understand how multidimensional flow can change
the amount and distribution of subsurface water storage following a streamflow event.
Specifically, with the addition of lateral, capillary-dominated flow at the edges of a
streambed, more water must flow into the subsurface to achieve the same depth of
advance of the wetting front. The additional influx is stored near the ground surface and
near the margins of the stream. These effects will increase the path length that
infiltrating water must travel to reach the water table and lead to variability in the

horizontal distributions of water storage in the vicinity of the stream channel.

Ephemeral Channel Recharge
For the purposes of this review, water movement beneath ephemeral streams is
characterized as infiltration at the onset of streamflow, infiltration during streamflow, or

redistribution following streamflow.

Infiltration at the Onset of Streamflow
At the onset of flow, infiltration into the channel sediments is primarily a function of

input discharge within the channel, the channel sediment properties, and antecedent
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moisture content. The leading wave of an ephemeral flow event typically originates as a
thin trickle within the channel; however, intense precipitation and environments
conducive to high runoff factors can produce immediate bank-to-bank flow conditions.
The distance that the streamflow surface wave travels downstream and the speed at which
it progresses is related to the slope of the streambed or the alluvial fan, volume of water
entering the channel, and amount of water seeping into the underlying sediments. If the
rate of streamflow exceeds the rate of water flow into the sediments, the leading wave
will continue to travel downstream. Streamflow in highly braided or wide channels,
which have greater wetted perimeters and therefore greater access to infiltration pathways
and subsurface storage, will generally lead to more infiltration than in a stream confined

primarily to a narrower channel (Rohwer and van Pelt Stout, 1948; Guzman et al., 1989).

The speed and magnitude of the surface wave will decrease as the wave passes along
stream reaches that are conducive to infiltration. Materials lining the channels that have
low-permeability, such as bedrock, cobbles and boulders, or fine-grained sediments, will
reduce the transmissivity of the surface sediment, and the flow front will progress at a
faster rate. Swelling of colloidal sediments can decrease pore sizes, which results in
decreased infiltration rate at the channel surface (Knighton and Nanson, 1994).
Ephemeral streamflow that entrains large amounts of sediment and organic matter, such
as runoff from high intensity rainfall, can cause increases in bed sediment clogging
(Wilson et al., 1980). Infiltration can be reduced at the channel surface even in coarse-

grained alluvium if the pores become clogged during streamflow (Wilson et al., 1980).
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Clogging of pores also occurs from growth of microbial flora. This biotic process is
more common in artificial recharge ponds, but has been observed in ephemeral channels
containing return flow from effluent and gray water. During an investigation of the Santa
Cruz River within the Tucson Basin, long-term, low-magnitude discharge of effluent
increased accumulation of biotic organisms and surface armoring (Lacher, 1996).

Surface armoring reduced the hydraulic conductivity over a 6-month interstorm period
from 37 mm/h to 11 mm/h. High intensity, erosive flows were required to remove the

surface accumulation and increase infiltration.

Reductions in fluid and bed sediment temperatures increase the fluid’s dynamic viscosity
as well as the fluid density. The changes in fluid properties result in an overall decrease
in hydraulic conductivity and increase in surface tension reducing infiltration and
extending the streamflow terminus (Constantz et al, 1994; Ronan et al., 1998).
Additionally, scour holes and side pools along the channel can store large portions of the

flow and thereby reduce the extent to which the stream terminus will travel.

Infiltration at the onset of streamflow is often multidimensional as the wetting front
travels both downward, transverse to, and along the channel. As an example, water
content measurements within the bed sediments of Rillito Creek, Tucson, Arizona,
showed a multidimensional progression of infiltration into the stream channel sediments
with lateral flow velocities nearly as large as vertical flow velocities at the onset of

streamflow (Blasch et al., 2000, Hoffman et al., 2003).
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Infiltration During Streamflow

After the initial onset of streamflow, a typical hydrograph will show an increase in
discharge often leading to increased stages, head gradients, and wetted perimeters.
Generally, low-flows are confined to a primary channel, whereas larger flows can
produce overbank flow and inundation of flood-plain sediments. The hydraulic
conductivity of the flood-plain sediments will determine the infiltration rate during these
flood events. Bank stabilization is used in communities in southern Arizona to contain
large flows and minimize channel migration. Application of impermeable surfaces to the
banks and channel bottoms decreases vertical and lateral infiltration rates, which reduces
the potential for recharge at these locations while increasing flow velocities and

streamflow extent (Guzman et al, 1989).

Following the work of Constantz (1998), Constantz et al. (2002) and Ronan et al. (1998),
Bailey (2002) estimated infiltration rates along Rillito Creek by using temperature
monitoring and inverse simulation of heat and water transport through stream sediments.
Through a numerical sensitivity analysis of the advection-dispersion equation and a non-
linear form of Darcy’s law, Bailey (2002) showed that vertical fluid transport during
streamflow is more sensitive to the hydraulic conductivity of the streambed than to stage.
In addition, modeling of two sequential streamflow events showed that the hydraulic
conductivity of the streambed surface layer changed by four orders of magnitude. During

one of the events, the hydraulic conductivity changed by two orders of magnitude
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resulting from the redistribution of sediments. Maurer and Fischer (1988) observed
similar fluctuations in the infiltration rate between events owing to changes in the

permeability caused by deposition at the end of the first event.

Redistribution Following Cessation of Streamflow

After streamflow in the channel ceases, subsurface sediments lose stored water through
redistribution and evapotranspiration. Factors affecting the rate and pattern of
redistribution typically include duration of flow, time between successive flows,
subsurface layering, sediment properties, and patterns and rates of water loss to
evapotranspiration. Redistribution of water following prolonged infiltration through a
virtually homogeneous medium is generally assumed to be gravity dominated and to
occur at a near constant vertical rate throughout the subsurface. Measurements made at
shallow depths beneath the bed of Rillito Creek, however, show an atypical drainage
pattern (Figure 1) in that the rate varies with depth at any given time (Blasch et al., 2000,
Hoffman et al, 2003). The rate of advance of this drainage front determined from
subsurface water-content data is about 0.005 mm/s, which compares well with the rate of
infiltration during streamflow of about 0.004 mm/s determined using heat and fluid

transport modeling (Blasch et al., 2000, Hoffman et al, 2003).

Flow paths of redistributing water are influenced primarily by the subsurface distribution
of sediment hydrologic properties and determine the rate and direction of travel of

percolating water (Renard et al., 1964). Bostick (1978) used stable-isotope data from
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wells near channels in the Tucson Basin to determine the distance recharged water travels
away from the channel. He was able to distinguish recharged water up to 3.2 km from
the source and determined that percolating waters from the channel formed a mound at

the water table that caused the water to travel a longer horizontal distance than vertical

distance.
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Figure 1. Water content data showing rapid increases at the onset of streamflow; a
stabilization of water content during the event; and subsequent dewatering after
streamflow is over.

Deep temperature monitoring has provided improved measurements to constrain models
of infiltration at depth. The transport of thermal energy through the thick unsaturated
zone has been recorded in deep wells in the Tucson Basin and has been used to infer both
recharge from ephemeral channels and direction of ground water flow (Smith, 1910;

Supko, 1970). Migration of water through the subsurface has been shown to cause
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variations in the Earth's thermal gradients (Rousseau et al., 1998). The magnitude of the
variations is proportional to the vertical flux of water. Coupled heat and fluid transport
models are being used to infer the flux of water required to cause the deviations in the
thermal gradient (Rousseau et al., 1998). Current development of multidimensional
modeling studies (e.g., Reid and Dreiss, 1990; Niswonger and Prudic, 2003) coupled with
water-content and pressure measurements made throughout the subsurface beneath
ephemeral streams may provide greater insight into these redistribution patterns as water

percolates through a deep unsaturated zone to an underlying saturated zone.

Temporal Recharge Considerations

Estimating current and future recharge rates or rebuilding historical records of channel
recharge for use within ground-water flow models requires that fluctuations in infiltration
and recharge be represented properly. Within the context of the Tucson Basin, a network
of precipitation gages, streamflow-gaging stations, and piezometers, operational for more
than half a century has enabled reasonable estimates of runoff and infiltration. These
records have been used to identify changes in stream discharge and recharge rates owing
to seasonal, annual and decadal fluctuations in climate and in riparian corridors. Trends

in these data are likely representative of data trends for basins across the Southwest.

Long-Term Climate Variations
Improved understanding of periodic climate variations at annual, decadal, and longer

time scales raises questions about the validity of annual recharge estimates for ephemeral
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channels. Extreme variations in precipitation in basins of the Southwest have a
significant effect on recharge from ephemeral channels. Estimates of recharge based on
average precipitation may not be accurate because precipitation is a non stationary
process, especially in the analysis of the effects of short-duration events. Decades of
observation are needed to begin assembling a representative range of values, but even this

length of record may not be long enough for many systems.

Fundamental to this notion of estimating future channel recharge contributions is that
long-term climate phenomena cannot be accurately forecasted; because of this, the use of
annually averaged channel recharge rates may not be adequate for water-resource
planning. For example, Burkham (1970) developed a nonlinear regression equation
relating streamflow loss to discharge for Rillito Creek, Arizona. Coefficients in the
regression equations were developed using event data from all seasons. Comparison of
streamflow losses between two streamflow-gaging stations during a 67-year period (1933
—1999), however, indicate that Burkham’s relation underestimates measured streamflow
losses (Figure 2). Streamflow measurements show that annual streamflow losses appear
to be growing during the 70-year period. This increase emphasizes the point that
recharge within dynamic systems cannot be considered stationary, whether the increase in
recharge is owing to longer time-scale climate oscillations, changes in basin runoff

characteristics, or changes in stream-channel recharge efficiency.
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Figure 2. Comparison of measured streamflow losses within Rillito Creek, Tucson,
Arizona, from 1933 through 1999 to computed streamflow losses using the Burkham
(1970) relation with annual recharge coefficients.

Seasonal Variations

The North American Monsoon affects southern Arizona and the Tucson Basin during the
months of July, August, and September. Deep, localized, convective cells produce short
bursts of intense rain, which can account for much of the precipitation during the late
summer and early fall. Surface runoff in response to monsoon storms is immediate and

short lived. Conversely, winter precipitation within the Tucson Basin is typically

produced by frontal storms of broad expanse that produce low-intensity rainfall and
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snowfall. Flows in response to these precipitation events are longer lived and are less
flashy than those derived from monsoon storms. Large events such as the flood of record
for Rillito Creek that occurred in 1983 are caused by the presence of El Nifio Southern
Oscillation or other climate anomalies. Precipitation during these months is not typical of

monsoon and winter seasons and results in extreme volumes of annual recharge.

Patterns of precipitation affect the growth and life cycle of vegetation within the riparian
corridor. Moderate streamflow may enhance the growth of riparian vegetation.
Conversely, vegetation commonly is removed during large-magnitude flows. High
discharges of tremendous energy have uprooted mature trees and other stream-channel
vegetation within Rillito Creek, leaving open, bare channels. Extensive changes in
vegetation can change both channel evaporation and transpiration rates, and may also
have a considerable effect on the downward rate of percolation along preferential flow

paths (Solomon, 2003).

Seasonal growth and senescence of vegetation outside the riparian corridor can influence
the magnitude of channel recharge rates. Reaches along the San Pedro River in southern
Arizona fluctuate between gaining and losing depending on the senescence of vegetation
(Lawler, 2002). During winter months, agricultural ground-water withdrawals cease and
evapotranspiration demand of riparian vegetation is reduced; consequently, the water
table rises (Lawler, 2002). Theis (1940) described a similar circumstance as “rejected

recharge,” or the rejection of infiltrating water as a result of rising water levels in the



206

underlying aquifer. In areas where this occurs, the estimation of annual recharge rates for
these reaches will depend upon the seasonal condition of the ground-water flow system,

location of the reach, and hydrologic properties of the channel sediments.

Seasonal and long-term temperature fluctuations in the subsurface sediment profile will
influence the rate of infiltration primarily through its influence on hydraulic conductivity
(Constantz, 1998; Ronan et al., 1998). Increases in sediment and fluid temperatures
translate into an increased kinetic energy of the fluid resulting in a decrease in fluid
density and dynamic viscosity. Hydraulic conductivity, which is inversely proportional
to viscosity and directly proportional to density, is consequently also dependent upon

temperature

= P(Dek
W™

(4)

where, p(T) is the density [M L'3], g is gravity [L T'z], k is the intrinsic permeability [Lz],
and W(T) is the dynamic viscosity [M T L']. Thermally induced changes in density are
much smaller than changes in dynamic viscosity resulting in an overall increase in
hydraulic conductivity with increased temperature. Observations within Rillito Creek
show an increase in drainage rates of as much as 50 percent coinciding with a doubling
in temperature from 14°C to 28°C (Blasch et al., 2000). Thus, temperature can be an

important consideration for determining seasonal recharge rates.
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Summary

Recent investigations of channel recharge have improved our understanding of
hydrological factors controlling infiltration and recharge to include permeability of the
channel surface, connection to the water table, and composition of the underlying
unsaturated zone. Investigators have also demonstrated the utility of new monitoring
techniques, such as the use of temperature, and stable isotopes to monitor temporally
induced variations in recharge rates and to explore the pathways of infiltrating water.
Because of periodic climate oscillations, development of representative recharge values
for ephemeral channels will require collection and analysis of long-term hydrologic data.
Finally, future deliberations on recharge will be most effective when each aspect of the
process is considered from infiltration at the channel surface through percolation across

the water table.
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