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ABSTRACT OF THESIS
MODELING THE STREAM TEMPERATURE REGIME

OF THE EAST FORK OF THE VIRGIN RIVER IN ZION NATIONAL PARK

The following stream temperature study was conducted as part of a general
study by the Water Rights Branch, Water Resources Division, National Park Service,
to evaluate the physical habitat of the aquatic organisms within Zion National Park
(ZION). Stream temperature is an aquatic habitat characteristic that is known to be
a controlling variable in the successful existence of the Virgin spinedace (Espinosa,
1978). The Virgin River spinedace, a non-game fish which is endemic to the East
Fork of the Virgin River, was delineated as the target organism as it has been
recommended for classification as threatened (50 F.R. 37959).

The first objective of the study was to measure and describe existing stream
temperatures of the East Fork of the Virgin River at Virgin River Mile (VRM) 157.3.
Diurnal fluctuations in the stream temperature of 10°C were common. The average
maximum, mean, and minimum stream temperatures for the study period were
26.7°C, 21.8°C, and 17.0°C, respectively during which the average flow was 1076 1/s.

A second objective of the study was to predict the response of the daily
fluctuations and mean daily stream temperature at VRM 157.3 to perturbations in

stream temperature and discharge at the upstream (eastern) Zion National Park
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boundary. Stream, shading, and site characteristic data were collected along a 9.3 km
reach on the East Fork and input into TEMP-84, a stream temperature model, for
simulation of existing and perturbed flows of 283 1/s (10 cfs), 566 l/s (20 cfs), 2,124
/s (75 cfs), 2,832 1/s (100 cfs), 14,160 /s (500 cfs), and 28,320 1/s (1000 cfs).
Perturbed inflow temperature conditions were delineated as equal to the average
ambient temperature and groundwater temperature. Modeled results were evaluated
in terms of the relative change in maximum, mean, and minimum stream temperature
from that modeled for existing conditions. The relative change was then applied to
measured stream temperatures to estimate stream temperatures for the selected
hypothetical condition.

Results from the modeling exercise demonstrated sharply dampened diurnal
fluctuations at VRM 157.3 from an average of 10.1°C under existing conditions to
4.7°C as the flow increased to 2,832 I/s. As the flow was increased beyond 2,832 /s,
the diurnal fluctuation at VRM 157.3 decreases further and approached that of VRM
163.1 at the upstream end of the study reach. Mean stream temperatures at VRM
157.3 decreased by an average of 2.4°C as the flow increased to 14,160 l/s. Flows
less than baseflow simulated dramatically increased diurnal fluctuations; diurnal
fluctuations of 17.3°C were simulated for flows of 283 1/s. Mean stream temperatures
increased by an average of 1.5°C when inflow was decreased to 283 1/s. Hypothetical
inflow temperature simulations depicted a clear shift in the diurnal fluctuation at VRM
157.3 in the direction of the change in inflow stream temperature at VRM 163.1.

Mean stream temperatures increased by an average of 4.6°C when inflow was equal

v



to the average ambient temperature and decreased by an average of 2.0°C  when

inflow was equal to groundwater temperature.

Karen L. Peterson

Civil Engineering Department
Colorado State University
Fort Collins, CO 80523
Spring 1991
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Introduction

The Virgin spinedace is a non-game fish that is endemic to the East Fork of
the Virgin River within Zion National Park (ZION). This organism is considered an
important water related resc .cce attribute of ZION as it has been recommended to be
classified as endangered (50 F.R. 37959). In order to ensure the unimpaired existence
of this native organism, the Water Rights Branch (WRB) of the Water Resources
Division (WRD) of the National Park Service (NPS) has undertaken the study of the
physical aquatic habitat of the spinedace and its relationship to differing flow
conditions.

This document presents the stream temperature study which was conducted as
part of the general study by the NPS to evaluate the physical habitat of the Virgin
spinedace. Stream temperature is a critical component of the aquatic habitat. In
particular, growth rate, timing of the onset of spawning, and breeding are a few of the
reproductive components of the Virgin spinedace that are related to stream temperature
(Rinne, 1971). The stream temperature regime also affects the concentration of
dissolved oxygen and the rate of oxidation of organic matter among other physical
characteristics of the stream.

The need for maximum, mean, and minimum stream temperatures or an

estimate of diurnal fluctuation was expressed at a meeting concerning the development



of an aquatic habitat study (Johns, 1987). This information was deemed important as
the Virgin spinedace have a preferred stream temperature tolerance range beyond
which they will not exist. This temperature range fluctuates depending on the
temperature at which the spinedace are acclimated. Acclimated at a temperature
within the range of 8.5 to 20°C, the spinedace can survive maximum temperatures
ranging from 29.3°C to 31.4°C with a 50 percent probability of survival.

The purpose of this study is to measure the existing stream temperature regime
of the East Fork at the WRB selected aquatic habitat site and to predict the response
of stream temperature at this site to changes in stream temperature and discharge at
the upstream end of the selected study reach. This study is conducted for that time
period during which maximum stream temperatures occur which is usually July
(Deacon, 1988). Results from this study are intended to be utilized by fisheries
biologists to further analyze the effect of flow and inflow temperature on the spinedace
at the aquatic habitat site.

The objectives are to:

A. Describe the existing stream temperature regime at the aquatic habitat
site in terms of daily fluctuations and mean daily temperatures during
the period during which maximum stream temperatures occur.

B. Predict the response of daily fluctuations in stream temperature at the
aquatic habitat site to perturbations in stream temperature and discharge
at the upstream (eastern) Zion National Park boundary for the same

time period as noted in A.



C. Predict the response of mean daily stream temperature at the aquatic
habitat site to perturbations in stream temperature and discharge at the
upstream (eastern) Zion National Park boundary for the same time

period as noted in A.

The objectives of this study were accomplished through field data collection
during June, July, and August of 1988 and stream temperature modeling of four days
selected from the study period which was defined as June 29 through July 23. Data
collection encompassed describing stream, shading, and site characteristic data along
the East Fork of the Virgin River during the summer of 1988. Measured stream
temperatures at the aquatic habitat site were used to describe the existing stream
temperature regime. Stream temperatures for hypothetical flow and inflow
temperature conditions were simulated utilizing the stream temperature model TEMP-
84 (Beschta, 1984). The results from hypothetical simulations were analyzed relative
to TEMP-84 simulations of existing conditions. These results were then applied to
measured stream temperature data to predict the expected stream temperatures under
the given selected hypothetical conditions.

This report initially presents the literature review of stream temperature
modeling and the selection and overview of the model TEMP-84. An overview of the
study site topography, vegetation, climate, and flow characteristics is given in Chapter
3. A description of the field data collection methods is then presented followed by a
complete description of data analysis techniques used to prepare data for model input.

TEMP-84 simulations of existing conditions are presented in Chapter 6 along with



sensitivity analysis results illustrating the relative sensitivity of each variable to the
modeled output. Finally, Chapter 7 presents the results from modeling hypothetical
flow and inflow temperature conditions and estimates of the stream temperatures one
might expect given the stated hypothetical conditions. The results are then followed

by a discussion of the project, conclusions, and recommendations for future research.



Chapter 1. Literature Review

1.1  Virgin River Spinedace and Stream Temperature

The unimpaired existence of the Virgin spinedace (Lepidomeda mollispinis
mollispinis) is dependent, in part, on the temperature of the stream in which it lives.
Studies carried out by Espinosa (1978) show that upper lethal temperature (i.e.,
temperature at which a maximum of 50 percent of the fish can be presumed to exist)
for the spinedace when acclimated at a temperature within the range of 8.5°C to 20°C
for a given time period ranged from 29.3°C to 31.4°C. Deacon (1987) documented
Critical Thermal Maximum (CTM), (i.e., the temperature at which the organism loses
equilibrium) at 30.25°C and 37.02°C when acclimated at 10°C and 25°C respectively.
It has also been shown that the Virgin River spinedace can survive relatively rapid
elevations in temperature, 14.5°C in one hour for yearlings, less for juveniles
(Espinosa, 1978). Another important temperature characteristic is thermal preference
which is the temperature the organism selects when exposed to a range of temperatures
after being acclimated at a given temperature. Studies have shown that the thermal
preference temperature increases as the acclimation temperature increases (Deacon,
1988). Fry (1947) defines the final thermal preference as that temperature at which
the preferred temperature is equal to the temperature at which the organism was

acclimated. This is 23.1 +/- 0.5°C for the Virgin River spinedace (Deacon, 1987).



Time periods during which the temperature regime is critical for maintaining normal
population sizes are believed to be the spawning period which is mid-May through
June (Espinosa, 1978) and the period during which maximum stream temperatures
occur (Deacon, 1988). Research is still needed to precisely define which time periods
are most critical.

Stream temperature affects the Virgin spinedace as it serves to maintain various
aspects of aquatic habitat. Changes in stream temperature affect the solubility of
dissolved gases of which oxygen is the primary concern; microbial and algal
metabolism is altered which affects all higher organisms within the food chain; growth
rate, incubation duration, and species interaction is perturbed; bacteriological activity
is altered which can result in increased susceptibility to disease; and warm or cold
sections of stream may prevent the continued migration of an organism (Ward, 1979;
Currier, 1980).

1.2  Stream Temperature and its Relationship with the Environment

The stream temperature of a volume of water is regulated by the heat transfer
processes occurring across its boundaries. These heat transfer processes are in turn
regulated by meteorological conditions, surrounding
topography, surrounding riparian vegetation, and hydrologic conditions (Ward, 1979).

The net heat transfer occurring across water volume boundaries drives the mean
stream temperature toward the equilibrium temperature (Sullivan, 1988; Edinger,
1968). Equilibrium temperature is the stream temperature at which the heat gain into

the stream is equal to the heat loss (Edinger, 1968). At this point thermal stability is



reached and the effect on downstream reaches is an increase in the constancy of the
temperature regime (Currier 1980).

The extent to which the various environmental factors effect the stream
temperature is a function of the stream size. Brown (1969), Beschta (1984), and
Theurer (1984), among others, address the effect of stream size by applying the
calculated net heat transfer to the ratio of stream surface area to discharge. Sullivan
(1988), conducted a dimensional analysis on this ratio and illustrated that stream
temperature is inversely proportional to stream depth. Several sources have
documented that small, shallow streams respond rapidly to the microclimate and reach
a point of equilibrium within short distances from their sources (Macan, 1959; Swift,
1971; Sullivan, 1988). In contrast, the larger, deeper streams, which have greater
thermal inertia, required days to equilibrate (Sullivan, 1988). The magnitude of
diurnal fluctuation is also affected by stream size; Sullivan (1988) documented that
water temperature fluctuations around the mean decreased rapidly with increased
depth.

Several studies have documented the effect of riparian vegetation on stream
temperature. Levno (1967) documented an increase in the maximum stream
temperature for a small (less than one cubic foot per second) stream after its
surroundings had been logged and then scoured by a flood. Similar studies by Swift
(1971), Brown and Krygier (1970), Macan (1959), Brown (1971), and Moore (1967),
further support an increase in the magnitude of the diurnal stream temperature
fluctuation with increased exposure to solar radiation. The majority of the above listed

studies attribute the response primarily to the increase in solar radiation. Sullivan



(1988) notes that removal of riparian vegetation has effects in addition to increasing
the solar radiation component. Moreover, removal of riparian vegetation increases
surrounding air temperatures, decreases evapotranspiration rates, and increases the
water volume within the soil; all of which have an effect on the stream temperature.
Fowler (1987) notes increased wind passage and wind speeds as a result of canopy
removal.

Moore (1967) noted mean stream temperatures on east-west oriented streams
to be slightly higher than mean air temperature while on the north-south oriented
streams, the mean stream temperatures were slightly cooler than the mean air
temperatures. Therefore, solar radiation was considered the dominant variable
regulating stream temperature. Moore further supported this theory by the fact that
the two streams approached the same mean temperature after three consecutive days
of complete cloud cover. Solar radiation as the dominant variable in regulating stream
temperature is supported by Brown and Krygier (1970), Brown (1969), and Pluhowski
(1970).

Several studies have noted an excellent relationship between mean air
temperatures and mean water temperatures (Macan, 1959; Sullivan, 1988; Moore,
1967; Kothandaraman, 1972). Sullivan and Adams (1988) documented, for a variety
of stream sizes and degree of vegetation, that mean water temperature adjusts to mean
daily air temperature with the exact relationship determined by the relative influence
of various environmental factors such as groundwater flow and riparian canopy
density. In addition, diurnal water temperature fluctuation was found to be

proportional to diurnal air temperature with the ratio varying with stream depth.



Kothandaraman (1972) presented a mathematical model which, given a representative
relationship between air and water temperature, would predict annual cyclic trends in
stream temperature based on air temperature record.

Heat transfer between the stream and bedrock was delineated by Brown (1969).
He predicted stream temperature along a 610 m (2000 ft) reach of a small stream
within approximately 0.5°C (1°F) when the bedrock heat transfer component was
accounted for, in contrast to approximately 8.5°C (15°F) when it was neglected
(Brown, 1971). This was supported by Hauser (1987); stream temperature regime
studies which accounted for bedrock heat transfer simulated measured temperatures
significantly closer than those which neglected this heat transfer component. Beschta
(1984), documenting Brown’s work, stated that 15 to 20 percent of the net solar
radiation reaching the stream bed could be absorbed by the bedrock at depths less than
20 cm. The heat stored was then available for release back to the stream during the
evening.

The influence of tributary and groundwater influx on stream temperature is a
function of the percentage of total flow contributed by the groundwater entering the
stream and the temperature difference between the main stem and groundwater
(Currier, 1980). Several studies quantify the effects of groundwater and tributaries
through mass balance analyses (Brown, 1971; Beschta, 1984; Theurer, 1984; Raphael,
1962; Sullivan, 1988). Swift (1971) noted a warming response of the stream as a
result of influx of warm tributary flow. This effect was witnessed by Macan (1959)
as high stream temperatures occurred after rainfall due to the warm runoff heated by

the warm ground surface.
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1-3 Reservoir Effects on Stream Temperature

Construction of a reservoir on a stream has been shown to have considerable
effect on the stream temperature regime of the downstream system (Ward, 1974,
Moore, 1967). Four major factors of reservoir operation govern the effect on
downstream temperature regime: (1) volume of water impounded by the reservoir, (2)
depth of the impoundment, (3) depth at which water is withdrawn, and (4), the rate
of withdrawal as compared with the rate of natural flow (Moore, 1967). Deep
reservoirs, for which the water is withdrawn from the bottom, generally lower the
maximum stream temperature during the summer and raise the maximum temperature
during the winter (Moore, 1967, Ward, 1974). On the other hand, downstream
temperatures from shallow reservoir releases are generally warmer during late spring
to early fall and unchanged during other times of the year (Moore, 1967). Overall,
the effect of a reservoir is to dampen the diurnal fluctuation, increase the seasonal
constancy, elevate winter temperatures, elevate or depress summer temperatures
depending on depth of release, alter thermal patterns, alter the natural flow pattern,
and alter the water temperature gradient between sites (USFWS, 1978; Moore, 1967).
The stream recovers with distance from the release as it responds to the surrounding
environmental factors (Ward, 1974). Depending on the size of the impoundment and
the rate of recovery of the stream, a reservoir can affect the stream temperature regime
for many miles downstream. Comparisons between January mean monthly stream
temperatures before construction of the Brownlee Reservoir on the Snake River in

Oregon and January mean monthly stream temperatures after construction showed that
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the stream temperature regime was affected up to 145 miles downstream (Moore,
1967).
1.4 Modeling Stream Temperature

The accepted approach to simulating stream temperature, used by virtually all
of the models to be discussed, is application of an energy budget to quantify the net
heat flux between the stream and its surroundings. Theoretical basis for this approach
was established by Anderson (1954) through his detailed analysis of an energy budget
for the purpose of quantifying evaporation on Lake Hefner. Brown’s work (1969) was
a cornerstone for stream temperature modeling because he established that small
dynamic streams which have little thermal inertia and respond quickly to changes in
heat transfer can be successfully simulated with the use of an accurate energy budget
analysis.

Raphael (1962) and Delay and Seaders (1966) used stream surface area, water
volume, tributary inflow and an energy budget encompassing short and long-wave
radiation, evaporation, and convection in a simple differential equation to calculate the
change in stream temperature for a given time interval. Raphael utilized his model on
a long reach (75 miles) and qualitatively showed that the predicted temperatures
approached actual temperatures. Delay and Seaders (1966) implemented their model
on a large stream (45,000 liter/sec) and simulated the stream temperature within 0.8°C
(1.5°F).

Edinger, Duttweiler and Geyer (1968) developed an expression for heat flux
across the air/water interface as a function of a thermal exchange coefficient and the

temperature gradient between the equilibrium stream temperature and the actual stream
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temperature. It was theorized that the equilibrium stream temperature changes with
variations in meteorological conditions and the actual stream temperature responds by
moving toward this equilibrium value. Studies depicted that a lag time exists between
exposure of the stream to a change in meteorological conditions and the complete
response of its temperature. Furthermore, as the depth of the stream increases the
length of this lag time increases while the amplitude of the diurnal variations decrease.

Brown’s (1969) stream temperature model based, again, on an energy budget
analysis, encompassed net thermal radiation, evaporative flux, conductive flux,
convective flux, and advective flux. The first to include heat transfer across the
substrate, he found that conduction to the substrate can have a considerable effect for
bedrock-bottomed streams, whereas conduction to the substrate for gravel-bottomed
streams is insignificant. Brown used his stream temperature model to illustrate that
the net thermal radiation received at the stream surface is the controlling heat transfer
variable for small streams during daylight hours. This model, which was developed
for small streams, simulated actual stream temperatures within 2° to 3°C for a single
reach 610 m (2000 ft) long with uniform shading and channel geometry.

Morse (1972) developed a mathematical model for solution to stream
temperature modeling. Considering heat transport by thermal advection, thermal
dispersion, and interphase energy transfer across system boundaries, he theorized a
multigradient energy balance equation representing the accumulation of heat within a
fixed volume, moving, parcel of water. Assuming (1) dispersion terms can be
ignored, (2) constant longitudinal velocity, and (3), dominance of the longitudinal

component of stream temperature, the theoretical energy conservation model was
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simplified to an energy conservation one dimensional partial differential equation.
Morse (1970) documented the nearly parabolic relationship between water temperature
and net heat flux with water temperature as the independent variable. The coefficients
which were solved for, given a determined net heat flux, were then employed in a
manipulated form of the simplified energy conservation equation to solve for water
temperature.

In addition to the deterministic model, Morse (1978) has expanded the energy
conservation partial differential equation into a non-deterministic model which
encompasses the stochastic nature of stream temperature. The non-deterministic model
was only partially tested on one set of historical data. Statistical tests at 0.05 level
showed that hypotheses of normality, stochastic independence and equality between
means and standard deviations could not be rejected. Advantages of the non-
deterministic model include reduced data requirements and less computation as no
simulation is involved.

Crittenden (1977) developed a theoretical energy balance stream temperature
model for use on a stationary column of water in small clear streams with little
shading or heat transfer due to groundwater. Predicted temperatures represent those
that would be reached after several days within the defined environment. He
calculated direct and diffuse solar radiation through regression equations in terms of
the angle of solar elevation. He also addressed, in detail, conduction of heat to the
substrate and the thermal profile through the water column. A sensitivity analysis
showed that wind speed had the greatest relative sensitivity with diffusivity of the

substrate being second. Following, in descending order of relative sensitivity, are the
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other variables examined in the analysis: solar declination (i.e., season), stream
depth, shading angle, initial water temperature, ambient vapor pressure, mean air
temperature, and stream bed albedo. He concluded that conduction and evaporation
were the most important forms of heat loss for the water column under study.

Sullivan and Adams (1988) initially developed Tempest for the purpose of
studying the physics of stream heating and the relative importance of the regulating
environmental factors. While still based on an energy budget this model approaches
the problem from a more thermodynamic oriented theory base. It differs from
previous models as it calculates the diurnal fluctuation around the mean separately
from calculation of the mean value. This model also boasts a simplified set of data
input requirements. It emphasizes the controlling variables of stream depth and
surrounding air temperature and takes an abbreviated view of streamside vegetation
and topographic shading.

Through the last decade, several coded stream temperature models have been
developed and are available for use for individual studies. Each predicts downstream
temperature responses to user defined environmental factors, hydrologic regimes, and
site descriptions. Use of the energy balance continues to remain the primary mode for
quantification of the heat transfer within the study reach. Models differ primarily in
the treatment of environmental factors, computation of the individual energy budget
components, organizational approach to analyzing the system, input data required, and
the form of the stream temperature regime predicted. The following models for
natural systems with steady flow conditions were obtained through various federal

agencies and reviewed for use in this study.



1.4.1 QUAL2E

QUAL2E, the Enhanced Stream Water Quality Model (Brown 1987),
developed through cooperative agreement between Tufts University, Department of
Civil Engineering and the EPA Center for Water Quality Modeling, is a widely used,
comprehensive stream water quality model. This model, which has been evolving
since inception in 1971 by the Texas Water Development Board, can simulate dynamic
and steady state stream temperatures for steady flow branched stream systems. In
addition to stream temperature QUAL2E can simulate any one or combination of the
following constituents: dissolved oxygen, biochemical oxygen demand, algae as
chlorophyll a, organic Nitrogen as N, Ammonia as N, Nitrite as N, Nitrate as N,
organic Phosphorus as P, dissolved Phosphorus as P, coliforms, an arbitrary non-
conservative constituent, and three conservative constituents.
1.4.2 Simplified Steadv-State Temperature and Dissolved Oxygen Model

The Simplified Steady-State Temperature and Dissolved Oxygen Model
(Martin, 1986) developed through the Waterways Experiment Station of the Army
Corps of Engineers simulates steady state stream temperature conditions for simple
river systems, branches, and tributaries. Advantages of this model include ease of
application and minimal data requirements. Its use is appropriate where long term,
time averaged, stream temperature predictions are suitable for study objectives.
1.4.3 Instream Flow Stream Temperature Model

The Instream Flow Stream Temperature Model (Theurer, Voos, and Miller,
1984) was developed by the Instream Flow and Aquatic Systems Group in cooperation

with the Soil Conservation Service and the U. S. Fish and Wildlife Service. It is a
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component of the Instream Flow Incremental Methodology (IFIM). This model
simulates daily mean stream temperatures and diurnal fluctuations for any size steady
state flow network. Site specific regression equations are utilized and diurnal
fluctuations are developed through assumed symmetrical stream temperature versus
time profiles.
1.4.4 Lagrangian Transport Model

The Lagrangian Transport Model (LTM) (Schoellhamer, 1986) developed by
the U. S. Geological Survey is a one dimensional transport model which simulates up
to ten water quality constituents in a stream system. The main program carries out
transport calculations for steady as well as unsteady branched stream systems. A
variety of subroutines, in addition to the user written subroutine option, are available
to carry out the decay and constituent reaction calculations for the water quality
constituents. The LTM model allows the user to define the flow field in a fixed nodal
reference frame while taking advantage of the Lagrangian (moving) reference frame
for water quality constituent calculations. Output consists of stream temperatures
defined at user specified grid points for user specified increments of time.
1.4.5 JDYN-RQUAL

JDYN-RQUAL (Hauser, 1987) is a one dimensional, steady or unsteady flow,
water quality modeling system which was developed by Tennessee Valley Authority
(TVA). It is comprised of two independent models JDYN and RQUAL, which are
linked together through user control codes. JDYN has been developing since 1978
into a comprehensive, detailed, unsteady flow regime modeling tool. RQUAL which

began development in 1982, utilizes JDYN output and has the capacity to simulate
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daily mean and diurnal fluctuations in stream temperature for a branched unsteady or
steady state flow network. It also can simulate nitrogenous oxygen demand (NOD),
biochemical oxygen demand (BOD) and dissolved oxygen concentration (DO). JDYN-
RQUAL was developed for in-house use by TVA. The model is not marketed and
external use is only supported when the user have interacted with TVA sufficiently
enough to ensure proper use of the modeling tool.

1.4.6 TEMP-84

Temp-84 (Beschta, 1984) is a comprehensive, one dimensional stream
temperature model developed through the Watershed Systems Development Group of
the USDA Forest Service. It was composed to serve as a management tool by
simulating maximum temperature of streams in response to timber harvesting and
streamside vegetation management. This model simulates diurnal fluctuations in
stream temperature at user defined time increments for steady state flow, branching,
stream systems. Data inputs encompass site characteristics, stream characteristics, and

characteristics of streamside vegetation.



Chapter 2. TEMP-84, A Stream Temperature Model

Six stream temperature models were reviewed for the components
incorporated in the respective solution algorithm and the approach utilized in
characterizing the flow regime and meteorological conditions. Table 2.1 summarizes
the results from this review; a star in the table indicates that the model incorporates
the respective component.

2.1 Model Selection

TEMP-84 was selected among the six models because it allowed the most
detailed, site specific description of meteorological, topographic, vegetative, and
stream characteristics. Considering the quick response of small streams’ temperature
to changes in surrounding conditions (Sullivan, 1988), detail in describing the study
reach conditions was considered necessary.

TEMP-84 is a physical process computer model developed to simulate
temperature responses in small mountain streams. It incorporates site, stream, and
stream-adjacent vegetation characteristics in its solution algorithm. It was developed
primarily to assist the land manager in evaluating management strategies for streamside
vegetation in forest harvesting operations.

TEMP-84 encompasses variables important at the study site. Because the

stream flows through a canyon bordered by steep, nearly vertical (approximately 305



19

Table 2.1. A summary of the components incorporated in stream temperature models considered for use
in the East Fork of the Virgin River siream temperature study.

COMPONENTS MODELS

QUAL2E | JDYN- | LTM} SIMPLE IFIM | TEMP-84
RQUAL STEADY
STATE

TOPOGRAPHIC . . .
SHADING

VEGETATION . . .
SHADING

GROUNDWATER hd he . . .
FLOW

GROUNDWATER . he . . -
TEMPERATURE

SUBSTRATE HEAT * * -
TRANSFER

SPATIALLY VARIABLE
METEOROLOGICAL * (1) b
DATA

DIURNALLY DYNAMIC
METEOROLOGICAL . . . ey
DATA

DYNAMIC FLOW hd .
REGIME

ROUTED FLOW .
REGIME

CALCULATES SOLAR * . -
RADIATION

OUTPUTS MAXIMUM
AND MINIMUM . . . . -
TEMPERATURES

4)) Climatological data is allowed to vary spatially when simulating
the steady state temperature.

2 Diurnal variations in air temperature are developed from sinusoidat
approximations and regression equations which incorporate average
daily air temperatures, solar radiation, relative humidity, and
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m) sandstone walls, incorporating the effects of topographic shading was considered
a priority. Localized descriptions of ambient temperature were also important
considering the driving force of ambient air temperature in the heat transfer
components and the probable variations from cool conditions in the narrow canyon
upstream to the dry, hot, desert conditions as the canyon widens downstream.
Incorporating groundwater influx was also a priority as groundwater influx to the
stream was evident from observations by park employees who had investigated the
East Fork upstream of the selected study reach.

TEMP-84 does not attempt to model the flow regime. Rather, the discharge,
velocity, and width are described for each individual section in the data input set.
While this is not the most accurate method of simulating flow, it is the most
reasonable considering the long (approximately 9.5 km) length of the study reach and
the dynamics and frequency of the pool, rapids, run, and riffle sequences. Moreover,
modeling the flow through routing techniques would demand intense data collection
beyond the scope of this project.

2.2 TEMP-84 Solution Approach

TEMP-84 is a stream temperature simulation model which, at relatively short
time intervals (fifteen minutes or less), calculates flow, stream surface area, and
instantaneous net energy flux. The net energy flux is evaluated for each water parcel
as it travels from sub-section to sub-section throughout the system. The length of a
sub-section corresponds to the distance traveled by a water parcel during the time
interval between computations. Time intervals are kept short to assume constant energy

transfer rates. Calculated output temperature for each water parcel (input temperature
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+ net energy gain) from a sub-section is the inflow water temperature for the adjacent
downstream sub-section.

TEMP-84 assesses the energy flux occurring during a time interval through an
energy budget accounting procedure. Incorporated into the budget are the following
components:

(1) net clear-sky solar radiation

2 net longwave heat flux

3) evaporative heat flux at the water surface

4) convective heat flux at the air-water interface

5) conductive heat flux between bedrock and water

(6) advective heat flux from groundwater seepage

The solution equation for the change in stream temperature for each section is as
follows:
AT =AH*SA/Q/D/W*K Eq. 2.1
where:
AT is the temperature change (°C)
AH is the net energy flux (Ly/s)
SA is the section’s surface area (m*?)
Q is the streamflow (L/s)
D is water density (1 g/cm™?)
W is the heat capacity of water (1 cal/g/°C)

K is a conversion factor ( 1 m/100 cm) (1000 L/m*3%)
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The net energy flux is the sum of the energy budget components which are considered
constant for each time interval.

Net solar radiation encompasses both direct and diffuse components. Direct
radiation is calculated by routing the radiation through the atmosphere, accounting for
transmissivity and optical air mass, to a plane surface above the canopy. Cloud effects
are not incorporated into the algorithm. The diffuse component is calculated from the
ratio of direct to diffuse radiation incident on a horizontal surface as a function of the
zenith angle ((Brooks, 1959) in Reifsnyder and Lull, 1965). Both diffuse and direct
beam radiation are then routed through the forest canopy. The amount to which the
radiation is attenuated is determined by the canopy cover coefficient and the path
length of the radiation through the vegetation. In addition to the forest canopy,
radiation is also attenuated by overhanging vegetation which provides direct shading.
At the stream surface the direct and diffuse radiation components are evaluated for that
portion which is reflected, absorbed, or transmitted by the stream.

Heat transfer between bedrock and the stream is evaluated for the percentage
of stream which is less than twenty centimeters in depth and comprised of bed material
greater than twenty-five centimeters in axis. The model assumes all solar radiation
entering the stream is absorbed within the top twenty centimeters of the water surface
and the heat storage capacity of particles smaller than twenty-five centimeters is
negligible. Modeling this energy transfer is carried out by storing heat in those
portions of the stream which are less than twenty centimeters in depth and comprised
of bed material greater than twenty-five centimeters in axis until the net solar radiation

level decreases to less than or equal to one-half of the daily maximum. The stored
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energy is then released at a uniform rate over an eight-hour period. Justification for
this energy transfer process lies in observations by Brown (1969) that fifteen to twenty
percent of the net solar radiation reaching the stream bed could be absorbed by
bedrock during the day and released back to the stream during the late afternoon and
evening hours.

Net longwave radiation is calculated as the difference between incoming
longwave radiation absorbed by the water surface and outgoing longwave radiation
emitted from the water surface. The Stefan Boltzman radiation law which calculates
longwave radiation as a function of media emissivity, the Stefan Boltzman constant,
and the fourth power of the media temperature is implemented in determining both
incoming and outgoing longwave flux. Incoming longwave flux is the sum of that
emitted from the atmosphere and surrounding forest canopy. Atmospheric longwave
radiation, like solar radiation, is routed through the canopy. The longwave radiation
entering the water is assumed to be absorbed and is not routed through the water
column. Tennessee Valley Authority (1972) found that water absorbs longwave
radiation within fractions of a millimeter below the water surface. Longwave radiation
emitted from the water surface is calculated from the water temperature and an
assumed water emissivity.

Evaporative heat transfer is calculated from the latent heat of vaporization
multiplied by an evaporation rate. The evaporation rate is calculated by an empirical
formula which incorporates the vapor pressure gradient and a wind function
((Duttweiler (1963) in Ellis, 1981). This formula replaces the evaporation formula

originally coded in TEMP-84. The original empirical evaporative formula was cited
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from Ryan and Harleman (1973) and Brocard and Harleman (1976). It was developed
for cooling pond type conditions where free convection resulting from the virtual
temperature difference between the stream and atmosphere as well as forced (wind
driven) convection is important. Ryan and Harleman (1973) document that "above a
heated water surface both forced (wind driven) and free (buoyancy driven) convection
may be important" whereas "above a natural water surface (i.e. no waste heat input)
forced convection dominates." In addition, Brocard and Harleman (1976) state that
the evaporative rate formula, which was originally implemented in TEMP-84,
"compared well with both laboratory and cooling pond field data.” It was evident that
the originally coded evaporative flux equation was not appropriate for natural stream
conditions. Accordingly, the literature was reviewed for evaporative rate equations
applicable to natural conditions. Seven equations were selected and implemented on
the field data. The calculated evaporation rates from each formula for the modeled
days were compared to the evaporation rates from the Saint George, Utah, NOAA
weather station (#7516). A least squares analysis was conducted and the evaporation
formula which produced the smallest sum of the squared differences between
calculated and measured evaporation was selected for use in TEMP-84. Table 2.2
documents the comparison of calculated evaporation rates to NOAA published
evaporation rates from Saint George, Utah.

The convective heat component includes those energy transfers due to
conduction and convection across the air-water interface. Convection occurs from the
dispersive action of molecular and macro air mass turbulence and conduction occurs

as a result of the sensible heat gradient between the air and water. According to
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Table 2.2. A comparison of evaporation rates calculated from selected evaporation models using ZION
weather conditions to NOAA published evaporation rates for Saint George, UT.
DATE  SAINT DUTT- | MARCINO- |{QUALIIE | ZAYKOV | DELAY- | BROWN | IFIM
GEORGE| WEILEH HARBECK SEADERS
cm/day cm/day | cm/day cm/day cm/day cm/day | cm/day | cm/day
6-30-88 0.94 0.53 0.23 0.51 0.46 0.15 0.46 0.41
7-08-88 0.79 0.66 0.43 0.69 0.61 0.28 0.86 0.41
7-15-88 0.71 0.84 0.61 0.86 0.76 0.38 1.22 0.46
7-21-88 0.53 0.94 0.84 1.09 0.94 0.53 1.73 0.41
SUM OF
SQUARED
DIFFERENCES: 0.056 0.114 0.083 0.067 0.153 0.564 0.079
SAINT GEORGE: PUBLISHED EVAPORATION * (PAN COEFFICIENT = .69)
DUTTWEILER: E(cm/s) = 2.4 * 10*-7(cm/s/mb) + 1.1 * 10°-7(cm/m/mb) * U(m/s) *
(SWVP(mb) - AVP(mb)),
MARCINO-
HARBECK: E(cm/s) = 1.36 * 10%-2 ®* U(m/s) * (SWVP(mb) - AVP(mb))
referenced in Macagno and Kennedy (1974).
QUALIIE: E(ft/hr) = 6.8 * 10°4 (ft/hr/in. Hg.) + 2.7 * 10"4 (fVhr/in. Hg./mph) *
U(mph) * (SWVP(in. Hg) - AVP (in. Hg)), referenced in EPA/600/3-87/007.
ZAYKOV: E(cm/s) = 1.5 * 10%-2 + 1.08 * 10*-2 * U(m/s) * (SWVP(mb) - AVP(mb ))

DELAY-SEADERS:

BROWN:

IFIM:

where: Q=
E=
U=
SWVP=
AVP=
Ta =
Tw =
RH =

referenced in Macagno and Kennedy (1974).

Q(BTU/R"2/hr) = .34 * U(mph) * (SWVP(mb) - AVP(mb))

referenced in Delay and Seaders (1966).

Q(BTU/ft"2/min) = .6140 * U(m/s) * (SWVP(in. Hg.) - AVP(in. Hg.))
referenced in Brown (1969).

QU/m™2/s) = (40.0 + 15.0 * U(m/s)) * (RH * (1.064)*Ta(C) - (1.0640)*Tw(C))
referenced in FWS/OBS-84/15.

evaporative heat flux

evaporation rate
wind speed

saturated water vapor pressure

air vapor pressure
air temperature
water temperature
relative humidity
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Bowen (1926), the ratio of heat losses by conduction and convection to evaporative
heat transfer is equal to a proportion which is a function of the Bowen constant,
temperature gradient, and vapor pressure gradient between the air and water. TEMP-
84 utilizes the Bowen ratio and the calculated evaporative heat transfer to calculate the
conduction/convection heat transfer component across the air/water interface.
Advective heat transfer results from inflow volume and temperature of
groundwater which is assumed to be constant throughout the entire section for which
it is defined. It is evaluated in TEMP-84 through a mass balance mixing equation.
The resulting temperature change due to groundwater influx is added onto the
temperature change calculated from the energy budget analysis. In calculating the
energy budget for each sub-section, half the groundwater component entering within
the sub-section is added to the sub-section inflow discharge. Thus the increase in flow

as a result of groundwater is incorporated throughout the study reach.



Chapter 3. Study Site Description

The East Fork of the Virgin River is a tributary to the Virgin River in
southwest Utah. Following is a description of the East Fork watershed, climate
conditions, and the selected study reach.

3.1 The Watershed

The East Fork of the Virgin River flows in an east-west direction through Zion
National Park (ZION) in southwest Utah. It headwaters 56.8 km northeast of ZION
(Pacific Southwest River Mile Index, 1974) and confluences with the North Fork of
the Virgin River approximately 4.0 km downstream from where the stream leaves
ZION. The drainage basin is approximately 64 km in length and approximately
16 km wide with a total area of approximately 105,000 Ha (405 sq. miles) (Turner,
1949). Upon confluence of the North and East Forks, the Virgin River continues to
flow in a southwest direction until it eventually enters Lake Mead.

The East Fork of the Virgin River enters ZION along the east boundary of the
park at a latitude of 37.2 degrees and longitude of 112.9 degrees. The general
direction of the stream is west for approximately 3.2 km and then shifts to an aspect
of approximately 20 degrees south of west. It flows at this aspect for approximately

8.0 km after which it exits ZION. The average elevation of the stream within ZION
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was calculated at 1241 m, and ranges from 1317 m to 1219 m. Elevations within the
drainage basin ranges from 2438 m to 1219 m (Turner, 1949).

The East Fork headwaters in the Wasatch Formation of the Tertiary located in
the Markagunt Plateau northeast of ZION. It then flows through the Tropic Formation
and possibly Dakota sandstone of the Cretaceous (Gregory, 1950). This area is
mountainous terrain with deeply entrenched drainage systems (Turner, 1949). Within
this region, the stream flows at a gentle slope through meadowlands, sparse forests,
and open rural districts, paralleling the Sevier River basin. It then briefly passes
through Entrada sandstone and Carmel Formation of the Jurassic, and enters the
Navajo sandstone formation. This area is characterized by sand flood plains sparsely
vegetated with grasses, cacti, sagebrush, and occasional trees. As the stream passes
through approximately 37 km of Navajo sandstone, it gradually narrows until the
stream bed at 6 m to 24 m wide abruptly meets vertical or undercut walls (Gregory,
1950). As the stream narrows, the sinuosity of the stream increases until sharp
meandering occurs throughout the narrowest sections.

The East Fork enters ZION in this narrow, meandering state and the Kayenta
Formation is exposed at the stream level. Approximately 4.8 km downstream of the
east boundary the Moenave Formation bounds either side of the alluvial flood plain.
As the stream flows through ZION the canyon gradually widens from approximately
0.4 km to over 1.6 km at the canyon rim. Near the east park boundary Navajo
sandstone cliffs tower at heights of 300 m over the mainstem, talus slopes reach the

stream edge, and an alluvial flood plain is essentially non-existent. By the west park
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boundary, while the Navajo sandstone cliffs still dominate, the alluvial flood plain
widens and extends 0.4 to 0.8 km on either side of the stream.

Narrow bands of cottonwood, willow, ash, and boxelder are common near the
stream side. Alluvial benches and terraces are dominated by various sparse grasses,
scrub brush, pinon, juniper, and cactus. Small drainage areas from spring sources
harbor oases of dense, green, virulent vegetation.

3.2 Climate Conditions

The ZION region embodies deep canyons, wide valleys, broad slopes, and
plateau tops (Gregory, 1950). Typically, the winters are cool and moist with snow
existing in the high elevations and freezing temperatures occurring occasionally on the
canyon floor. Between November and February, 1988, monthly average temperatures
at Zion National Park (NOAA station #9717) ranged from 5.3°C (41.6°F) to 9.1°C
(48.3°F) (NOAA, 1988). Spring is marked with progressively warmer and drier
conditions and by June ambient conditions are hot and dry. Between March and June,
1988, monthly average temperatures at ZION increased from 10.4°C (50.7°F) to
26.4°C (79.5°F) (NOAA, 1988). Generally, the warmest month in ZION is July,
followed by August and June (Gregory, 1950). Summer days are characterized by
extreme temperatures, commonly greater than 38°C (100°F), while nights are cool and
often accompanied by cool down-canyon drafts. Daily fluctuations are easily twenty
to thirty degrees Celsius and daytime summer heat usually drops suddenly upon sunset.
In July and August, 1988, the monthly average temperatures at ZION were 30.3°C

(86.6°F) and 27.3°C (81.1°F) (NOAA, 1988).
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Generally, precipitation in ZION is small with an annual mean of 36.8 cm
(14.5 inches NOAA, 1988). It is characterized by great annual and seasonal variation
in place as well as time (Gregory, 1950). Average annual precipitation within the
drainage basin varies from about 25 cm in the southwest portion to slightly over 50
cm in the highest regions (Turner, 1949). Generally, April through June tends to be
dry while July and August are considered wet months (Gregory, 1950). Late July and
August are characterized by violent convective storms which are locally distributed and
result in flash flood events. The wettest months of the year tend to be February and
March (Gregory, 1950).

A characteristic feature for both precipitation and temperature within this region
is wide annual, seasonal, monthly, and daily variations.
3.3  The Studv Reach

The study reach begins 1.3 km below the east boundary of ZION. The
beginning of the study reach was not placed along the east boundary because of access
difficulties; a large waterfall of approximately 25 m vertical drop prevented access
from downstream and presented a substantial hazardous traverse from the upstream
end. Thus, the upstream site was selected at the first cross section below the water
fall which allowed a valid discharge measurement, Virgin River Mile (VRM) 163.1.
The flow from VRM 163.1 to VRM 162.2 is quite turbulent. It cascades from pool
to rapids to pool around large, up to thirty foot in axis boulders. This section appears
to have a significant influx of groundwater as several springs discharge into the main
stem. In addition, the surrounding vegetation though not tall, is fairly dense and

appears more lush than downstream reaches. From VRM 162.2 to VRM 160.0, the
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stream sequences between pools, riffles, and runs. This section also has discrete
spring discharges but not with the frequency of the upstream section. The vegetation
gradually changes from a lush green to the more sparse, typical semi-arid scene.
Cottonwoods, willows, ash, and boxelder form narrow bands along the floodplain.
Grasses, scrub brush, and various species of cactus also grow along the sandy banks.
The following section, VRM 160.0 to VRM 159.5 appears to have an increased
gradient with small steady rapids and a few protruding boulders, and small pools. The
last section from VRM 159.5 to VRM 157.3 is characterized by flow sequencing
between riffles and runs with only one or two pools. Generally, the run sections are
long, 150 m to 300 m, and dominate over the short, 5 m to 30 m, riffle sections.

The downstream end of the study reach was selected based on where the
Aquatic Habitat study section was placed for studies being conducted by Water Rights
Branch, Water Resources Division, National Park Service.

The streambed substrate throughout the study reach is primarily cobbles
interspersed with sand, gravels, and boulders. Sand dominates over cobbles and
boulders in the pools. The substrate on the streambanks and floodplain is dominated

by sand with a few interspersed cobbles and boulders.



Chapter 4. Field Data Collection

TEMP-84, the model chosen for this study requires data to describe site,
stream, and shading characteristics. Data collection techniques and equipment are
discussed in the following sections. Further description and calibration procedures for
the equipment is presented in Appendix A.

A preliminary sensitivity analysis of TEMP-84, based on data from
reconnaissance and professional judgment, was conducted during the early stages of
data collection. TEMP-84 sensitivity of modeled maximum and minimum stream
temperature to changes in the value of input variables was integral in the development
of the various sampling schemes. The preliminary sensitivity analysis was limited to
those variables for which sampling schemes were required. Table B.1 in Appendix
B documents the results of the preliminary sensitivity analysis.

4.0  General Site Characteristics

Latitude, longitude, longitude of the center of the local time zone, stream
aspect, length of stream sections, mean elevation, and stream gradient are all variables
which remain constant and were read from tables or measured from USGS topographic
maps. Relative humidity and windspeed were measured by ZION employees at the
official NOAA weather station located near the ZION visitor center, approximately 5

km northwest of VRM 157.3. Average and 1400 hr relative humidities were
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calculated from wet and dry bulb temperature measurements taken in the evening,
morning, and at 1400 hr. Windspeed measurements were made each day at 1400 hr
utilizing a stationary anemometer.
4.1  Stream Characteristics

The study reach was broken into four stream characteristic reaches to describe
width, velocity, and percent of the stream bed less than 20 cm deep and with bed
material greater than 25 cm in axis. Stream characteristic reach boundaries were
defined corresponding to the stream reaches described in Section 3.3. Velocity and
width data were collected four and five times respectively between early June and late
July. The percent of the stream less than 20 cm in depth and with bed material greater
than 25 cm in axis was described once and assumed to remain constant during the
study period.

4.1.1 Velocity

According to the preliminary sensitivity analysis, an increase in velocity of 100
percent resulted in less than one percent (0.29°C) increase in the maximum stream
temperature and less than 0.3 percent (0.05°C) decrease in minimum temperature. As
the sensitivity of the model did not warrant a rigorous sampling scheme, the float
method was chosen for describing the average velocity. Student-t test calculations
demonstrated that two float lengths per reach were required to calculate a sample
average within +/- 0.3 m/s (1 ft/s) (approx. 50 percent) of the population mean.
Only one float length was employed in the section between VRM 159.5 and VRM
160.0 as the section was only 0.8 km long and there appeared to be very little variance

in velocity within the reach.
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Float tests were conducted using oranges thrown in at different points across
a cross section and above the starting point of the float length. Float lengths were
straight sections with flow velocities representative of the reach in which they were
located. The path of each orange was observed carefully so that the time period
during which the oranges were controlled by eddies could be subtracted from the travel
time. Six floats were initiated within each float length.
4.1.2 Width

Stream width was found to be a critical variable in modeling the stream
temperature with TEMP-84. The preliminary sensitivity analysis illustrated that a 10
percent increase in width resulted in a 3.3 percent (1.11°C) increase in the maximum
stream temperature while the minimum temperature decreased by 1.4 percent (0.24°C).
Student-t test calculations were used to determine the number of width measurements
required such that the sample average would be within 10 percent of the population
mean. Discrete width measurements were made at 30.5 m (100 ft) intervals around
and within the float lengths. Width was measured by stretching a nylon clad steel tape
perpendicular to the flow from the right to left edge of water. In the uppermost
section, VRM 163.1 to VRM 162.2, width measurements were made at 15.2 m (50
foot) intervals as the width varied noticeably within small distances.
4.1.3 Heat Transfer Across the Streambed

Heat transfer can occur at the streambed when the water depth is less than 20
cm deep and has bed material comprised of bedrock and non-protruding boulders
greater than twenty five centimeters in diameter (Beschta, 1984). It was determined

from the preliminary sensitivity analysis that this variable had very little effect on the
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stream temperature. Moreover, a change of 100 percent for each of the sections
resulted in less than one percent change in the stream temperature at the end of the
study reach. The lack of sensitivity of the stream temperature to this variable justified
measurement by estimation techniques. Accordingly, the percentage of streambed
which could transfer heat was estimated by eye at each cross section for which a width
measurement was made.
4.2  Air Temperature

Hygrothermographs were employed to measure a continuous record of air
temperature near the beginning, VRM 163.0, and end, VRM 157.5, of the study
reach. Use of standard, white, instrument shelters was not permitted on this project
as the study reach was located within a wilderness study area and a national park;
white shelters presented a significant visual impairment. As a result, each instrument
was placed in a tree which satisfied the following criteria: provided shading by
vegetation but did not inhibit natural canyon wind currents, included a crook in which
to place the instrument which was accessible, located out of the line of vision of
hikers, and located in an area that was representative of the ambient air temperature.
White roofs and white plastic louver side panels were installed on the east and west
sides of each instrument to provide further shading. Each hygrothermograph was
calibrated to a mercury maximum/minimum thermometer mounted alongside the
instrument. The instruments were calibrated whenever the chart was changed. In
addition to the hygrothermograph, two maximum/minimum thermometers were placed

at VRM 159.7 and VRM 161.1 to describe the gradient of ambient air temperature
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along the study reach. These thermometers were mounted on tree trunks under heavy
vegetation to ensure complete shading.
4.3  Stream Temperature

Stream temperatures which vary diurnally as well as seasonally were measured
with continuous recording instruments. Ryan submersible thermographs were placed
at the upstream end, VRM 163.1, and at the downstream end, VRM 157.3, of the
study reach. Criteria for stream thermograph site selection was as follows:
representative of depth and temperature, within definite streamlines of the flow, and
protected from debris and saltating boulders which are transported during flood events.
Assurance of a well mixed stream with regard to temperature at each selected site was
confirmed by making several point temperature measurements with a hand held
mercury thermometer across the cross section.
4.4  Groundwater Accretion

Groundwater accretion was determined by utilizing a mass balance analysis.
In addition to the upstream and downstream ends of the study reach, discharge
measurements were made at study section boundaries which appeared to separate
reaches of differing groundwater inflow. For instance, discharge was measured at
VRM 162.2 above which there was a significant amount of groundwater activity from
springs which surfaced above the stream elevation. A discharge measurement was also
made at VRM 161.5 below which there appeared to be very little groundwater
activity. On one sampling trip a discharge measurement was made at VRM 160.0 as

this marked the change from Kayenta to Moenave Formation along the stream.
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4.5 Groundwater Temperature

Groundwater temperature was determined by measuring with a hand held
mercury thermometer, the temperature of several springs at their respective sources.
Spring sources measured were located within 20 ft, vertically, from the stream surface
and were assumed representative of the groundwater temperature near the stream. In
addition to spring sources above the stream surface, two small artesian flows which
bubbled through the sand in very shallow water were measured for a description of
groundwater temperature.

4.6 Shading Characteristics for Each Section

The study reach was broken into seven shading characteristic reaches to
describe topographic and vegetation shading angles, hillslope angles, tree height,
canopy coefficients, buffer strip widths, vegetation overhang and percent of bedrock.
Shading characteristic reach boundaries were defined within the stream characteristic
reach boundaries (described in Section 3.3) such that topographic and vegetative
shading characteristics were uniform. Shading characteristic data were defined only
once as they were assumed to remain constant during the study period.

4.6.1 Topographic Shading

TEMP-84 requires the average angles of topographic shading for southeast,
south, and southwest directions. Topographic shading during the day was not
considered critical as the study reach is oriented in an east-west direction and the sun
travels at a high altitude.

Sample variance information for topographic shading angles was calculated

from reconnaissance data documented in Table B.2. Student-t test calculations with
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a confidence level of 90 percent demonstrated that five measurements at each azimuth
were required to calculate a sample average within +/- five degrees of the population
mean. The five degree error range was selected because it is within 50 percent of the
magnitude of the angles measured; according to the sensitivity analysis, a 50 percent
change in topographic angle results in small if any change of the maximum and
minimum stream temperatures. Five measurement sites for topographic descriptions
were established at approximately equal intervals within each reach. Southeast angles,
required to determine topographic shading at sunrise, were measured at ten degree
intervals between azimuths of 45 to 115 degrees. Southwest angles, required to
determine topographic shading during sunset hours, were measured at intervals of ten
degrees between azimuths of 240 to 310 degrees. South angles, required to determine
topographic shading during the day, were measured at intervals of ten degrees between
azimuths of 150 to 210 degrees. All angles were measured from horizontal at the
water surface to the rim of the topography with a hand held abney level.
4.6.2 Vegetation Shading

TEMP-84 requires average angles of forest shading perpendicular to the stream
and in the south, southeast, and southwest directions. According to the preliminary
sensitivity analysis, vegetation variables play a minor role in affecting the stream
temperature along this study reach. This is due to the relatively sparse vegetation in
addition to the often dominating topographic angles. As a result, the sampling scheme
for the topographic shading data was used for the vegetation characteristic data to
facilitate efficiency in data collection. Vegetation angles were measured perpendicular

to the stream axis as well as at the southeast, south, and southwest azimuths. Angle
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measurements were made with an abney level from horizontal in the middle of the
stream to the top of the vegetation.
4.6.3 Tree Height

Tree height was calculated indirectly from measurements of the angle between
horizontal at eye level and the top of the tree, the distance between where the angle
measurement was taken and the tree trunk, and the vertical distance from the base of
the tree to eye level.
4.6.4 Hillslope Angle

The hill slope angle from horizontal was measured with the hand held abney
level or otherwise estimated.
4.6.5 Canopv Coefficient

The portion of solar radiation blocked from reaching the stream by surrounding
canopy is described by a canopy coefficient which ranges from zero to one; a
coefficient value of zero represents no trees while a value of one represents a dense
forest which provides complete shading. This coefficient was estimated at each data
collection site.
4.6.6 Percentage of Overhanging Vegetation

The percentage of overhanging vegetation was determined by measuring the
portion of the stream width at the shading data collection sites which had overhanging
branches or debris.
4.6.7 Buffer Strip Width

The buffer strip width was considered to be continuous as no explicitly defined

buffer strip existed alongside the stream.
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4.7 Hyvpothetical Flow Data

Additional data collection was required to calculate velocity and width for
hypothetical flow conditions. To obtain this data, the channel profile and water
surface slope were surveyed at each float length using an automatic level, tripod, and
leveling rod. The channel profile was placed at a cross section within the float length
where uniform flow could be assumed reasonably. A discharge measurement was
made at the time of the channel profile so that Manning’s n could be determined
through calculation. The channel profile and water surface elevation surveys were
then implemented in Manning’s equation to solve for the velocity and width for a

given discharge.



Chapter 5. Data Analysis

Field data was collected during June, July, and August, 1988. It was analyzed
and managed for input to the stream temperature model TEMP-84. Following are
discussions of the analyses required to prepare the data for model input.

5.1  Studyv Period

The study period for this research was defined to be that time period during
which maximum stream temperatures occur. Figure 5.1 portrays maximum,
minimum, and mean stream temperatures between 6-3-88 and 8-2-88 at the
downstream end of the study reach, Virgin River Mile (VRM) 157.3.

The stream temperature rose gradually through June which is described by
Espinosa (1978) to be the spawning period for the Virgin spinedace. By 6-29-88 the
stream temperature ceased rising and thus initiated the time period during which
maximum temperatures occur. The end of the stream temperature study period was
selected as July 23, 1988 because this was the last day the thermograph at VRM 163.1
was working; on July 23 the instrument seal broken and the instrument incurred water
damage. This date was close to the initiation of the flood season as the first major
precipitation event in July occurred 7-27-88.

The study period was broken into four time periods corresponding to calendar

weeks: 6-29-88 through 7-2-88, 7-3-88 through 7-9-88, 7-10-88 through 7-16-88, and
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Fig. 5.1 Maximum, minimum, and mean stream temperature measured at Virgin

River Mile 157.3 between 6-3-88 and 8-2-88.

7-17-88 through 7-23-88. One day from each week was selected for modeling. If
stream characteristic data was collected during the week, the day on which it was
collected was modeled. If stream characteristic data was not collected, the day on
which the weekly maximum stream temperature at VRM 157.3 occurred was modeled.
Accordingly, 6-30-88 and 7-15-88 were selected for modeling from the first and third
weeks as stream characteristic data was collected on these days. For the second and
fourth weeks, 7-8-88 and 7-21-88 were selected as the weekly maximum stream
temperature occurred on these days. Table 5.1 documents the maximum, minimum,
and mean stream temperature at VRM 157.3 for each of the days selected for

modeling.
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Table 5.1 Maximum, minimum, and mean stream temperatures measured at Virgin River Mile 157.3 for 6-30-88. 7-08-88. 7-15-
88, and 7-21-88.

DATE MAXIMUM MINIMUM MEAN

TEMP. TEMP. TEMP.

C C C
6-30-88 27.2 17.8 22.0
7-08-88 27.0 16.7 215
7-15-88 26.9 16.2 21.2
7-21-88 27.8 17.5 22.4

5.2  Stream Temperature

Continuous records of stream temperature were collected from 6-3-88 through
the 8-18-88. The record collected between 8-2-88 and 8-18-88 was not included in
the analysis because the thermograph sensing probes were often buried as a result of
active sediment transport during precipitation events. While the record stationed at
VRM 157.3 was complete, the record stationed at VRM 163.1 was missing data
between 6-3-88 through 6-24-88 and 7-22-88 through 8-02-88. The latter missing data
was a result of a broken seal on the instrument allowing water into the inner workings.
Data missing between 6-3-88 and 6-24-88 resulted from forgetting to initiate the
battery when the instrument was first mounted.

Figures 5.2, 5.3, and 5.4 depict maximum, minimum, and mean, respectively,
stream temperatures for VRM 157.3 and VRM 163.1 for the study period of 6-29-88
through 7-22-88. Table C.1 in Appendix C documents daily maximum, minimum,
and mean stream temperature readings for VRM 163.1 and VRM 157.3.

The average difference in maximum stream temperature between VRM 157.3

and VRM 163.1 was 5.7°C. At VRM 157.3, the maximum temperature ranged from
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Fig. 5.4 Measured daily mean stream temperature at Virgin River Mile 157.3
and Virgin River Mile 163.1 between 6-39-88 and 7-22-88.

23.7°C to 27.8°C with an average of 26.7°C. At VRM 163.1 the range was 19.2°C

to 21.9°C with an average of 21.1°C.

The average difference in minimum stream temperature between VRM 157.3
and VRM 163.1 was 1.2°C with a standard deviation of 0.5°C. At VRM 157.3, the
minimum temperature ranged from 15.2°C to 18.8°C with an average of 17.0°C while
at VRM 163.1 it ranged from 14.7°C to 17.0°C with an average of 15.8°C.

The average difference in mean stream temperature between VRM 157.3 and
VRM 163.1 was 3.4°C with a standard deviation of 0.4°C. Mean stream temperatures
ranged from 20.2°C to 23.3°C with an average of 21.8°C at VRM 157.3 and from

17.6°C to 19.2°C with an average of 18.5°C at VRM 163.1.
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Hourly stream temperatures were read from the charts at VRM 163.1 for the
days selected for modeling (Table C.2). The calibrated hourly values were used for
the modeled inflow stream temperature.

5.3  Air Temperature

Continuous recorded air temperature data was first corrected for the difference
between the hygrothermograph temperature and the adjacent mercury thermometer
temperature which was recorded each time the hygrothermograph was serviced. The
difference in temperature was assumed to result from a systematic error of the
instrument and was applied proportionally over the chart record.

Data collected at VRM 157.5 between 6-4-88 and 6-21-88 was impossible to
adjust due to inconsistencies in field calibration techniques. Thus, this data was not
available for use in the analysis.

After making the required adjustments, the air temperatures were calibrated
to the standard temperature through calibration curves for the respective
maximum/minimum thermometer. Tables C.3 and C.4 document the recorded,
adjusted, and calibrated air temperature data for VRM 163.0 and VRM 157.5,
respectively. Figures 5.5 and 5.6 show the calibrated record of maximum and
minimum air temperature, respectively, at VRM 163.1 and VRM 157.5. Tables C.5
through C.12 document the calibrated hourly air temperature readings from the
hygrothermographs at VRM 163 and VRM 157.5 for the days selected for modeling.

The average difference between maximum temperatures at VRM 163.0 and
VRM 157.5 was calculated to be 1.35°C for 6-29-88 through 7-22-88 while the

average difference between minimum temperatures was calculated to be 0.01°C.
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Contrary to what was expected, the air temperature regime at VRM 163.0 did not
differ greatly from that recorded at VRM 157.5.

To lend credibility to the collected air temperature records, a linear regression
analysis was conducted between the air temperature record collected utilizing standard
techniques by Zion National Park (ZION) and those records collected along the study
reach which were valid. Comparisons were made for air temperature readings at 1400
hr as this was the time that the actual air temperature was recorded at the ZION
station. Table C.13 documents the 1400 hr air temperature data recorded at VRM
157.5 and VRM 163.0 and by ZION. Figure 5.7 and 5.8 illustrate 1400 hr air
temperature of VRM 157.5 and VRM 163.0, respectively, plotted against 1400 hr air
temperature recorded at ZION. The square of the correlation coefficient for these
relationships was 0.94 for VRM 157.5 and 0.96 for VRM 163.0. While some scatter
exists, a definite relationship between air temperature recorded along the study reach
and at ZION is evident. Some scatter is expected considering the differences in
microclimate between the sites.

The purpose of the m