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TEMPERATURE MODEL FOR HIGHLY TRANSIENT SHALLOW STREAMS

By Kyung Sub Kim" and Steven C. Chapra,” Associate Member, ASCE

AsstracT: The development and application of a one-dimensional heat transport model in highly transient
streams governed by unsteady flow is described here. The resultant framework consists of two modules called
the hydrodynamic and heat transport modules. In the hydrodynamic module, the hydraulic variables such as
flow depth and velocity are simulated. Based on this information, the heat transport module is executed to
calculate temperatures. A new approach— coupling heat transport in the surface water and diffusion in the
sediment zone—is developed and applied for this module. In this approach, an interaction term accounts for
the fluxof heat energy between the water and sediments, which affects the distribution of water temperature in
clear and shallow streams. Implicit finite difference methods called the Preissmann four-point and the Crank-
Nicolson schemes are used to solve each module. Application of this framework demonstrates that the model
effectively simulates the hydraulic variables and temperatures.

INTRODUCTION

At present, there are no general frameworks available to
simulate the water quality of the small, highly transient
streams found in the western United States. Conseguently, be-
cause the proper modeling tools are unavailable, the manage-
ment of small streams is severely hampered. Thisis true for
conventional water-quality problems such as dissolved oxygen
as well as more recent concerns such as ammonia toxicity and
heavy metals contamination. To form the basis for subsequent
integration of biological and chemical mechanisms, this paper
deals with the two components of the physical environment
that bear on the transport and fate of contaminants: hydrody-
namics and heat.

The temperature of a water body is of particular significance
for two reasons. First, by changing the ambient water temper-
ature, excess heat can affect the aquatic ecosystem through
direct lethal effects and chronic long-term effects on plants or
animals. For example, the maximum desirable water temper-
ature in a creek for salmon spawning habitat is approximately
13°C and for adult survival it is 24°C. Second, temperature
influences all chemical and biological reactions. A general rule
of thumb is that the rate will approximately double for a tem-
perature rise of 10°C. Because of its large influence on many
facets of the ecosystem, water temperature is clearly an im-
portant water-quality parameter. The accuracy of any water-
quality model is sensitive to the results of the heat transport
modeling it depends on.

The mathematical modeling of the transport and fate of heat
in natural waters has been the subject of extensive study. Edin-
ger et a. (1974) provide an excellent and comprehensive re-
port of this research. Thomann and Mueller (1987) have sum-
marized the fundamental approach asit relates to water-quality
modeling. Most of this work has been oriented toward eval-
uating cooling water discharge and has dealt with systems such
as large cooling ponds and rivers where heat exchange with
the bottom sediments could be effectively neglected. In this
paper, we focus on shallow systems where sediment-water heat
exchange is significant. Generally, the standard models such
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systems. A new treatment of heat transport which couples heat
transport in the surface water and diffusion in the sediment
zone is developed. The flux of heat energy between the water
and sediments is incorporated to deal with the foregoing clo-
sure relations. We are particularly interested in thediurnal tem-
perature variations of shallow, turbulent streams that are com-
monly found in upland regions. Although these systems are
sometimes subjected to anthropogenic heat loads, their re-
sponse to natural forcing functionsis also of interest. Physical
modification, such as channelization and riparian zone denu-
dation, can have a pronounced effect on their thermal regimes.
Mathematical models could prove useful in the evaluation of
these modifications. In addition, diurnal temperature variations
are relevant to the modeling of the fate of pollutants for such
systems and the aguatic ecosystems.

The proposed models are applied using the data from Boul-
der Creek, Colorado and demonstrates that the model formu-
lation contains sufficient realism to adequately simulate the
physical environment of small, transient streams.

HYDRODYNAMIC MODULE

Existing water-quality models are based on an assumption
of hydraulic steady state for large streams or rivers. Whenever
the flow changes with time, as may happen in small streams
found in the western United States, it becomes necessary to
pay greater attention to a temporal description of the flow re-
gime and its effect on the transport and mixing of quality
constituents. Although the hydrodynamics of small transient
streams are well understood, realistic flow models have never
been adequately coupled with water-quality constituents. Be-
cause everything else in the framework will be strongly de-
pendent on hydrodynamics, the first step in this paper is to
develop the hydrodynamic module.

Strictly speaking, to simulate heat transport in a surface wa-
ter system, the hydrodynamic module should be coupled with
the heat transport module because the variations of water tem-
perature change the density of water and affect the transport
of constituents. An equation of state relating water density to
temperature should be used. However, coupling the solutions
is not practical in real environmental systems, because thetime
scale of the flow and transport processes is quite large.

To obtain a more efficient algorithm, we will neglect the
density of water, which is only a relating term between the
hydrodynamic and heat transport equations. Another reason to
neglect this term is the degree of change is very small over
large temperature variations. This approach has been success-
ful in the modeling of channel networks (Cunge et al. 1980;
Gromiec et al. 1983; Hauser 1991).
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Governing Equations

One-dimensional unsteady flow in streams, assuming that
the density is constant, can be described by two dependent
variables at any given stream cross section. These dependent
variables define the state of the fluid motion along the water
course and time, i.e., as a function of two independent varia-
bles, x for space and ¢ for time. Amein and Chu (1975) noted
that the flow rate Q, rather than the mean velocity u, is the
preferred dependent variable in the governing equations be-
cause Q is, in general, a much smoother function of space and
time.

Continuity equation
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where O = flow rate (m’s™"); A = area of flow cross section
(b X h) (m?); k = depth of flow (m); b = stream width (m); g
= lateral inflow (m’s™"); ¢ = time (s); and x = distance along
the stream (m).

Momentum equation

a0 9 Q? dh 3z ,

at+ax<BA>+gAa—x+gA5‘x*+gAS/ qgu' =0 (2)
where g = acceleration due to gravity (ms™?); z = bed elevation
(mm); B = momentum correction factor; 1’ = x-component av-
erage velocity of lateral inflows ¢ (m’s™'); and S, = energy
slope.

In this module, two different hydrodynamic representations
can be selected: one is dynamic and the other kinematic. Kin-
ematic flow is described in the following model application
section.

The Preissmann four-point implicit finite difference method
is selected to get unconditionally stable solutions, The salient
features of this method are found in Cunge et al. (1980) and
Lyn =2nd Goodwin (1987). This method used to express the

v nd partial derivatives of a function f(x, f) within a four-
po. d formed by the intersections of the space lines x; and
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~where 6 = weighting factor 0.5 = 6 = 1; Ax = step of space

(m); and At = step of time (s). When 6 = 0.5 is used, this
method reduces to a centered difference which is second-order
accuracy in both space and time. When 6 = 1, a fully implicit
method is formed.

Because the governing momentum equation has a nonlinear
term, the Newton-Raphson method is adopted to solve the
given equation (Chapra and Canale 1988; Chen and Simons
1975). The significant feature of the hydrodynamic equations
is that in most cases the first iteration is so good, that there is
no need for further iterations (Cunge et al. 1980). The solution
benefits from the quadratic convergence characteristics of the
Newton-Raphson method. The assemblage matrix of all stream
reaches is obtained substituting (3)—(5) into the governing
flow equations. This matrix is expressed as

A-X=R ©)

where A = coefficient matrix; X = vector representing the un-

known hydraulic variables; and R = forcing function vector
aggregating the known values. With the addition of two
boundary conditions the system can be solved. From the char-
acteristics of the governing equations, it is well known that in
subcritical flow the inflow boundary condition and outflow
boundary condition are needed, but in supercritical flow two
inflow conditions are required. A detailed account of the fore-
going numerical formulation is found in Kim (1993).

As given by (6), application of the Preissmann four-point
method results in the formation of a linear system of algebraic
equations. If the matrix A has a bandwidth of three, (6) may
be solved for X using the Thomas algorithm (Chapra and Can-
ale 1988). This approach exploits the tridiagonal structure of
A by eliminating useless operations on zero elements. The
double sweep method, which is similar to the Thomas algo-
rithmn, can also be used (Liggett and Cunge 1975; Lai 1986).

HEAT TRANSPORT MODULE

Applying the principle of conservation of thermal energy to
a one-dimensional vertically well-mixed open channel or
stream, the conservative form of the transport equation be-
comes ‘

Hyw

C.p.A
where T = cross-sectional average water temperature (°C); 7,,
= water temperature in lateral inflow (°C); D = longitudinal
dispersion coefficient (m’s™'); Hr = surface flux of thermal
energy (J m™%7'); w = top width of the channel (m); C, =
specific heat of water (J kg™' °C™"); and p,, = density of water
(kg m~*). Edinger et al. (1974), Eagleson (1970), and Thom-
ann and Mueller (1987) provide a full and detailed treatment
of heat exchange at the air-water interface.

For most deep channels, the thermal flux through the chan-
nel bottom is insignificant. However, as reported by Jobson
(1980) and Jobson and Keefer (1979), the bed conduction term
may be significant in determining the diurnal or annual vari-
ation of temperature in water bodies with depths of 3 m or
less. To consider the bed conduction, the following term (Hpp)/
(C, p,A) should be added on the right-hand side of (7), where
p is the wetted perimeter of the channel (m) and H, is the flux
of thermal energy due to temperature differential between the
water and bed.

? ' 3T
T, 9T 3 (D__ 7

q
— + + (T, -T) +
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Surface Flux of Thermal Energy

An overview of the features to be included in the surface
flux of thermal energy Hy is described. To develop a general
module, it will be necessary to create an adaptable procedure
by which various problems are defined. Measured data and
empirical equations are used for each individual term of H;.
An interpolatiozn -or linearization technique can be applied to
increase module flexibility and economize computational time.
The former technique is applied to estimate intermediate val-
ues between precise data points and the latter technique is used
to linearize a nonlinear term.

Shortwave Radiation (H, and H,,)

Incoming solar radiation H, can be measured directly. The
reflection of solar radiation H,, depends on the sun’s altitude,
cloud cover, and water conditions. Fresnel’s reflectivity law
provides an estimate of the percentage reflection H,,/H, (Neu-
mann and Pierson 1966) without considering the cloud cover
and water conditions.

To obtain H,, from real data at each solar altitude 8 point,
the total region of 8 (0° to 90°) is divided into three subregions
with similar characteristics (Kim 1993). When { is less than
60°, a six-order polynomial interpolation method is used
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H, =(284.2 — 286.793x + 132.161x* — 34.3354x°
+ 5.17431x* ~ 0.42125%° + 0.0143056x)H,/100 8)

where x = 1 + [3/10. When § is greater than 60° and less than
80°, the constant ratio of H,,/H, is used

H,, = 2.1H,/100 )

and fB is greater than 80°, then the linear decrease of the ratio
of H,,/H, is used

H, = (—0.018 + 2.9)H,/100 (10)

Long-Wave Radiation (H, and H,,)

The long-wave radiation H, can be measured or estimated
from the following (Thomann and Mueller 1987):

H, = o(T, + 273)%4’ + 0.031V/e,) (an

where o = Stefan-Boltzmann constant (J m™%s™! K™, T, =
air temperature (°C); e, = air-vapor pressure (kg m~'s™2); and
A’ = coefficient related to air temperature (0.5-0.7). The re-
flected long-wave radiation H,, is generally small, about 3%
of the incoming long-wave radiation.

To obtain ¢,, we have to know the relative humidity R’
Generally, dew-point temperature is measured along with other
meteorological variables. The following relationship can be
used to calculate the relative humidity:

R = Ta=Ty157943) 12)

where T, = dew-point temperature (°C). A detailed account of
(12) is found in Kim (1993).

Long-Wave Radiation (H,,)

The long-wave radiation H,, emitted by the water follows
the Stefan-Boltzmann law for a black body and is given by
(Thomann and Mueller 1987)

H, = eo(T + 273)* (13)

where € = emissivity of water. Because the variation of H,,
appears linearly related to the change of water temperature, a
linearization technique is adopted for efficiency. Dividing the
region into three subregions and using the € of 0.97, the equa-
tions in Table 1 are determined for each temperature subre-
gion.

Conductive Heat Transfer (H,)

The rate of conductive heat transfer H, depends on the tem-
perature difference between the water and the air as well as
the wind speed over the water (Thomann and Mueller 1987)

H.=¢,(19.0 + 0.95U\T ~ T,) (14)

where ¢, = Bowen’s coefficient (kg m™'s? °C™"); and U, =
wind speed measured at a height of 7 m above the water
(ms™"); H, is positive when the water temperature is greater
than the air temperature.

x?LE 1. New Long-Wave Radlation Equations Emltted by
ater

Temperature H,,
(°C) (J m2s7Y) r?
) (2) 3)

S=T=<1Q 305.9054 + T X 4.603116 0.999503
10<T =25 297.89150 + T X 5.1460046 0.999553
25 <T =40 275.8170 + T X 6.275959 0.999595

Note: r is the Correlation coefficient.
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TABLE 2. Saturated Vapor Pressure Equations

Temperature Ear
(°C) (kg m~'s™?)
(1) (2)

T<0 610.483 + T x 37.7569
0=<T<«S5 610.483 + T X 52.3690
5=T<10 516.891 + T X 71.0875

10=T<15 273,444 + T X 95.4322

15=T<20 —193.717 + T X 126.5763
0=T<25 —979.786 + T X 165.8797
25 =<T<30 —2,211.018 + T X 215.1290
30=<T<35 —4,037.268 + T X 276.0040
5=T —6,648.520 + T X 350.6112

Evaporation (H,)

Edinger et al. (1974) have suggested the following formula
to compute the rate of heat loss by evaporation H,

H, =(19.0 + 095U, — €) - - (15)

where e,, = saturated vapor pressure of water (kg m™'s™?).
Because e, is the function of water temperature T, e,,, can be
related to T linearly to attain a more efficient algorithm in a
similar fashion to the long-wave radiation H,,. Table 2 is de-
veloped to compute e,,, in a linear piecewise fashion for sev-
eral subregions of water temperature.

Rain Falling (Hy)

The water temperature can be increased or decreased by
accounting for rain falling in stream (Jobson and Keefer 1979)

Hp=C,p KT, — T) (16)

where [ = rainfall rate (ms™"); and T, = wet-bulb air temper-
ature (°C).

Ner Solar Radiation Available for Warming Channel Bed
(Hn.\'r)

If a stream is shallow, the net solar radiation available for
warming the channel bed, H,,,, should be incorporated in this
module. Measurements of solar radiation absorption with
depth in a body of water that initially there is a region of rapid
attenuation followed by an exponential variation (Dake and
Harleman 1969; Babajimopoulos and Papadopoulos 1986).
The H,,, at any flow depth # is described by

Hy, = (1 = A)1 = Be™(H, — H,,) (17

where A, = albedo of bed material; B’ = fraction of solar ra-
diation absorbed at the surface water; and T} = extinction co-
efficient (m™).

The final expression of H; can be written as

HT= [(H: - H.rr - HnJr) + (Ha - Har)] - (Hbr * ilc * He * HR)

(18)

The first group of terms in brackets on the right-hand side of
(18) is independent of the water temperature and the second
group of terms depends in various ways on the water temper-
ature.

Bed Conduction

Jobson (1977, 1980) proposed the following method in
which the heat flux into or out of the bed can be determined
as a function of the history of the water temperature, with the
bed assumed to be a homogeneous medium insulated on the
lower face (bed) and with the upper face always having a
temperature equal to that of the overlying water. A constant
bed thickness exceeding the depth of temperature variations is




assumed to make the heat flux equations more convenient
computationally.

In this paper, a new approach is proposed to solve the heat
transport equation, including a new equation providing the
temperature distribution in the sediment zone.

Proposed Process

The one-dimensional distribution of temperature in a sedi-
ment having homogeneous properties with depth can be for-
mulated as

aT, 8T,
L g IS
ot 0z

(19)

where T, = sediment temperature (°C); and a = thermal dif-
fusivity of the sediment (m*"). Here, z equals zero at the
sediment-water interface and decreases downward.

Given boundary conditions and initial conditions, (19) can
be solved numerically for the time-variable distribution of
temperature. Also, (19) can be solved analytically with the
ideal boundary conditions such as 7T, = T = a X sin(w?) + T,
at z=0and T, = T, at z = %, where T, is the mean water

temperature (°C); a is the amplitude; and o is the angular’

frequency (rad s™'). It is assumed that the waler temperature
is constant at any given cross section in a one-dimensional
well-mixed channel and there is a deep sediment temperature
subject to a sinusoidal diurnal variation. Initial conditions can
be obtained at any time and applied for the proposed module
that incorporates the following equation to account for a ther-
mal energy flux at the sediment-water interface:

a7,
Hy + H,yp = =~k — 20)
92 |0

where k = thermal conductivity (J m™'s™" °C™"). The foregoing.

analytical approach for an ideal case is found in Kim (1993).

The direction of thermal energy at z = 0 depends on the
sign on the left-hand side of (20). If Hy + H,,, is positive, the
thermal energy moves from water to sediment. As described
in Kim (1993), if convective heat transfer at the sediment-
water interface is comparable to heat conduction in the sedi-
ments, another approach should be considered. For turbulent
and/or shallow water systems found in the western United
States, (20) holds because the flux of thermal energy at the
sediment-water interface would be limited by heat conduction
in the sediments.

Governing Equations /

The governing equations for the newly developed heat
transport module are composed of three equations, i.e., (7),
(19), and (20), with three unknown values 7, 7, and Hp. To
account for the temperature- variation in the sediment Zone,
(19) is used and (7) is used to simulate a heat transport in
surface water systems. The governing equations are combined
with the flux of heat energy at the sediment-water interface
represented by (20). The numerical formulation of this module
becomes a quasi, two-dimensional type along a stream dis-
tance and a sediment zone.

Crank-Nicolson Method

The Crank-Nicolson method is used for the numerical for-
mulation of the governing equations. There are two main rea-
sons to select this method. First, it is to provide compatibility
with the spatial and temporal grid used for the implicit finite
difference algorithm for the hydrodynamics. Second, this
method, which has a property of second-order accuracy in both
space and time, is a popular scheme applied to a parabolic-
type equation.

The partial derivative in time and the first and second de-
rivative in space can be determined at the midpoint by aver-
aging the difference approximations at the beginning and at
the end of the time increment

of ST —f]
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To assess the stability of a given numerical algorithm, Hoff-
man (1992) conducted von Neumann stability analysis, which
gives the necessary and sufficient stability criteriain a straight-
forward and uncomplicated manner, for a linear convection-
dispersion and a diffusion equation. From this analysis, it is
known that the Crank-Nicolson method is consistent and un-
conditionally stable.

Numerical Formulations

Substituting (21)—(24) into (7), including Hy, and arranging
gives the following expression for a generic segment from
X1 1O X4yt

1 1 folxll 1 Ax foxl/z + ijxllz q}'“
gt ST B el P T e o Ax Sy
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AX (HT + HE + Hn:r);‘ 3 (HT + HB + Hn:r);H-I
CuPuw hy ™! (25)

where (Hyw)/(C,p.A) + (Hsp)/(C,p,.A) is replaced by (Hr +
Hp/(C,p,h) in shallow water systems. The left-hand side of
(25) is related to the unknown water temperatures at the next
time step and the right-hand side is given by the known var-
iables and parameters, except for the last term. Substituting
(21) and (23) into (19) gives

n+l n+1 n+1
Qy ntl Ax o n+1 Qy B+l
- Ty + 12—+ T:, — T35
Az~ < At Az) SAar T
o Ax o of
=L 425 - LT+ T
Az 7 ( At Az> Tap & 5y Tom (26)

where Az = space step into the sediment (m).

Before coupling (25) and (26), it is necessary to reexpress
(25) for Hy + H,,,. Also, some terms in the surface flux of
thermal energy (H;)]™" should be moved to the left-hand side
of (25), because the terms of long-wave radiation H,, and
evzil%)oration H, in (Hp}*' is a function of water temperature
T/

The interpolation technique is used for numerical formula-
tion of (20). This approach stems from the assumption that the
calculated values of sediment temperature are precise. The
fifth-order polynomial interpolation with equal-sized segments
gives, at the present and future time step
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where the first subscript represents the calculation segments of
the stream reach and the second subscript represents the depth
of sediment. It is known that the sediment temperature T, at
the location z, is equal to the water temperature T;. The der-
ivation of (27) or (28) is found in Kim (1993).

Linking (25), (26), (27), and (28) yields a matrix form sim-
ilar to that of (6).-The right-hand side of (6) comes from the
known values at the present time step such as the right-hand
side of (25), (26), and (27). The elements in the matrix A are
related to the coefficients of the left-hand side in (25) and (26)
and the right-hand side in (28). The matrix form of (6) is a
system of NX X NZ — 2 equations for NX X NZ + NX
unknowns in which NZ is the number of segments into the
sediment.

The number of NX + 2 boundary conditions should be in-
corporated to solve the matrix. Two boundary conditions come
from the points of inflow and outflow over the entire com-
putational domain and other NX boundary conditions come
from the deep sediment points. The penetration depth into the
sediments is very important to apply boundary conditions in
the sediment zone. If the sediment depth is selected to account
for no temperature variation at that depth, the following ex-
pression holds:

dT
dz

where L, = sediment depth. Thus, there are NX X NZ — 2
equations for NX X NZ — 2 unknowns in this system.

=0 (29)

z=L,

Testing of Numerical Algorithm

Numerical tests were conducted to assess the newly devel-
oped algorithm. The flux of thermal energy at the sediment-
water interface and the temperature profile in the sediment zone
calculated by this module were compared with analytical values
when the ideal boundary condition is imposed at the sediment-
water interface. The parameters shown in Table 3 are selected.

First, to know the behavior of the fifth-order polynomial
interpolation approach for (20), the results of this approach
were compared with a second-order polynomial, a third-order

TABLE 3. Parameters for Test

Parameter Value
1) (2)

Amplitude of the water temperature a 1
Simulation period (hr) 24
Sediment depth L, (m) 0.6
Space step for sediment zone Az (m) 0.02
Time step Az (s) 30
Thermal diffusivity « (m’s™")—sand dry 0.0000003
Specific heat C, (J kg™ °C™")—sand dry 795.2
Density p, (kg m™)—sand dry 1,750
Albedo of bed material A, 0.5
Fraction of solar radiation absorbed at surface water B’ 0.4
Extinction coefficient n (m™") 0.05

34/ JOURNAL OF HYDRAULIC ENGINEERING / JANUARY 1997

2nd order
E ~ = 3rd order ;)
N e 5th order Y,
\ Q0000 exact values y
"o —34 /
l
~N
E
~
-
N
x =5
3
=
—7 T T T T T T T T
10 20

15
time (hrs)
FIG. 1. Thermal Energy Flux at Sediment-Water Interface

10.0
() — O oo s
5.0
>
N'
| 58, 0.0 |
»
=
.50
10.45 ' 100 ' 500

time (hrs)

temperature (°C)

-1.04 1 -~ 5
vo sgéﬁment depth %rlr"l)

FIG. 2. Thermal Energy Fiux at Sediment-Water Interface and
Temperature Profile in Sediment Zone

polynomial, and the exact values in Fig. 1. The comparison
indicates that the fifth-order approach more closely follows the
analytical values.

Fig. 2 shows the thermal energy flux at the sediment-water
interface and temperature profile in the sediment zone. From
Fig. 2, we see that the heat transport module incorporating the
sediment heat exchange term simulates precisely the flux of
thermal energy and the distribution of temperature in the sed-
iment zone.

MODEL APPLICATION -
Boulder Creek Observations, 1987

A comprehensive 24-h synoptic survey was conducted on
September 21 and 22, 1987. A complete description of the




survey can be found in Windell et al. (1988). The study area
consists of an 13.7 km (8.5 mi) stretch of Boulder Creek from
the Boulder Wastewater Treatment Plant (WWTP) to the con-
fluence with Coal Creek. Sampling was conducted at several
locations along the creek such as LB-0.1 (immediately up-
stream of Boulder WWTP), LB 0.0 (WWTP effluent), LB 0.4,
LB 3.5, LB 5.6, and LB 8.5 (immediately upstream of the
Boulder Creek/Coal Creek confluence). The numbers associ-
ated with each site represent the creek miles downstream from
Boulder WWTP.

Solution Procedure

At the heart of a resultant framework is the idea of solving
the hydrodynamic module and the heat transport module in
two distinct steps. For a given time step, the hydrodynamic
module is called to simulate the hydraulic variables. Then the
heat transport module is called to calculate water temperature
based on the foregoing information. After completing the heat
transport step, this sequence is repeated until the end of the
simulation period is reached.

Hydrodynamic Module

After reviewing the available data, first it was assumed that
the study area could be divided into two reaches: mile points
~0.1-3.5 and mile points 3.5 and 8.5. This division was based
on the morphometry of Boulder Creek. There is also reason
to believe that these two reaches have differences. For exam-
ple, the lower reach has been subjected to much more chan-
nelization than the upper reach, which has a meandering na-
ture. Also, the slopes of each reach, which are strongly related
to travel time, are different. The second reach was divided into
two subreaches to consider the difference of top width. Con-
sequently, three reaches with a rectangular cross-sectional
shape were adopted for Boulder Creek. The rectangular shape
seems a reasonable compromise because the hydraulic radius

Upstream point
WWTP .
(1km)
LB0.48
reach no. 1
5.8 km
Vermont Res.
(4.2km) —®
LB 35
Irrigation diversion
(6.5km)
reach no. 2
3.4 km
LB 5.6
reach no. 3
4.7 km
LB 858

“— Downstream point

FIG. 3. Network of Boulder Creek

is close to the water depth. Fig. 3 shows the network of Boul-
der Creek for the hydrodynamic and heat transport modules.

Sufficient data, such as the rating curve of discharge at the
creek entrance point and flow depth at the creek exit point,
are essential to run the unsteady flow equations. Based on the
available Boulder Creek data set, simplified flow equations are
applied. Another reason to apply simplified flow equations is
that the terms of (2) have different relative importance in dif-
ferent flow situations.

Simplified Flow Equations— Kinematic Wave
Reformulating (2) after neglecting B and u' gives

14 u _oh 8
i R ) (30)
gad gox Ix Ox

From the measured values, we can assume that the flow ve-
locity at LB 3.5 changes from 0.4 to 0.24 m/s in 6 h and that
the value changes from 0.4 to 0.12 m/s along a distance of
between LB 5.6 and LB 3.5 over 3.4 km. The variations of
the flow velocity are larger than any other values in Boulder
Creek. Then the first two terms of (30) are of the order of
1/9.8 X 0.16/(3,600 X 6) =~ 7.6 X 1077 and 0.4/9.8 X 0.28/
3,400 =~ 3.4 X 107° respectively. The bottom slope of Boul-
der Creek is about 3—4 X 107> while the friction slope is also
of the order of 107, Thus, the first and second terms on the
left-hand side of (30) are rather small values and we can ne-
glect these terms according to their relative importance in the
Boulder Creek flow situation. After neglecting the inertia
terms such as the local and advective accelerations, in channels
with a sufficiently steep slope (Boulder Creek) and without
backwater effects, we can also neglect the term dh/3x as being
small compared to dz/3x, which then reduces to the kinematic
wave equation

0 = KV, (31

where K = conveyance factor; and S, is the channel bottom
slope (= 9z/dx). If the Manning equation is used, K is equal
to AR**/n, where n is Manning’s coefficient and R is the hy-
draulic radius (m).

Eq. (31) implies that Q@ = Q(h) and h = K(Q), i.e., that there
is a single-valued relationship between the depth and the dis-
charge. Consequently, the simplified flow governing equation
is developed after substituting (31) into (1)

" s 50* 80
+ = 2
’ <b\/S”> o ax ! G2

As long as the characteristics of (32) do not intersect, there
is only one characteristic direction at each point of the (x, )
plane. Thus, the solution Q(x, ) of (32) requires initial values
O(x, 0) at each calculation point and one boundary condition
Q(0, 1). The linearization technique is applied because (32) has
a nonlinear term. A more detailed description of the kinematic
wave model is found in Cunge et al. (1980) and Liggett and
Cunge (1975).

Data for Hydrodynamic Module

Table 4 shows the parameters for the simplified flow equa-
tion represented by (32). From this table, the hydraulic char-

TABLE 4. Parameters for Hydrodynamic Module

Reach Creek width | Lateral flow rate Manning
number (m) (m?s™") coefficient | Creek slope
) (2) (3) (4) (5)
1 13 0.0 0.1 0.003247
2 13.6 ~0.00023 0.14 0.003788
3 11 0.0 0.13 0.003788
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acteristic of Boulder Creek is.assured, i.e., the measured flow
depth is in the 0.2-0.6 m range. The lateral flow rate of each
reach was estimated after calibration of the simulation results.
The minus value of lateral flow means that water is withdrawn
from the water body. The creek slope was obtained from 1:
24,000 scale topographic maps and the other parameters were
estimated from the measured values. The Manning coefficient
is relatively high due to steep creek slopes.

The flow rates of station LB-0.1 do not change much over
a simulation period. Consequently, a constant value of 0.71
m’s™" was used as an inflow boundary condition. The initial
values of flow rate were chosen from the measured values with
the assumption that the values vary linearly with the creek
distance between points of observation. The flow rates of the
WWTP effluent were regressed from the measured values. A
regression technique with sinusoidal functions was used, be-
cause the data has the property of a periodic shape over a
simulation period.

Simulation Results

The simulation period starts at 4 a.m. on September 21,
1987 and ends at 4 a.m. on September 22, 1987. The module
was run for two days, because the initial values of the flow
rate were approximated from the measured values. The first
24-h period was used to eliminate any numerical transients
created by the approximation of initial conditions, and the sec-
ond 24-h period was used for comparison with field observa-
tions.

There are no measured flow rates for Vermont Reservoir
and the irrigation diversion points. After initial calibration with
the field observations, the flow rate of each point was esti-
mated. Fig. 4 shows the measured and calculated values of
flow rate with Az =30 s and Ax = 100 m. A sensitivity analysis
of the importance of the time step indicated that no significant
differences in the accuracy of the solution is obtained for a
30-120 s range (Kim 1993). The time step At = 120 s is used
to run the heat transport module.
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Heat Transport Module

Eq. (7), including bed conduction, is used without making
any simplifying assumptions.

Dispersion Coefficient (D)

A considerable investigation of the dispersion coefficient
has been made, because that is the most uncertain parameter.
A variety of theoretical and empirical relationships have been
proposed. In this paper, the dispersion coefficient is computed
from the following equation (Bowie et al. 1985; Brown and
Barnwell 1987; Jobson 1975; Jobson and Keefer 1979; Fischer
et al. 1979), which is the most widely used one in the envi-
ronmental engineering field

D = C,Ru, (33)

where C, = dispersion constant; and uy = shear velocity
(ms™?). S

Generally, the dispersion constant ranges from about 6 for
straight smooth channels to about 500 for some natural chan-
nels. Considering the geometry of Boulder Creek and the ex-
perimental measurements of dispersion coefficient in natural
channels (Brown and Barnwell 1987), values in the 250-500
range seem a reasonable compromise. The proper value of the
dispersion constant can be estimated from the parameter cal-
ibration of this module.

The shear velocity uy is expressed

i = V/gRS, (34)

The depth of a stream is always less than the channel width
in natural streams. R can be approximated by / at large width
to depth ratios. Substituting (34) into (33) and assuming R ~
h gives

D= Cd(gso)uzha/z (35)
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FiG. 4. Flow Rate
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Data for Heat Transport Module

The initial temperature distribution in the creek was as-
sumed to vary linearly with the distance between points of
observation in a fashion similar to the hydrodynamic module.
Table 5 shows the parameters for the heat transport module of
Boulder Creek.

Unfortunately, there are no available field measurements for
B’, m, A,, and the parameters for the sediments (a, C,, and
ps). Dake and Harleman (1969) recommended that B’ = 0.4
and n = 0.05 for clear waters after reviewing the measure-
ments of temperature values in several lakes. The value of B’
increases when the water system is highly contaminated. It is

TABLE 5. Parameters for Heat Transport Module

Parameter Value
(1) (2)

Sediment depth L, (m) 0.6
Space step for sediment zone Az (m) 0.06
Time step Ar (s) 120
Thermal diffusivity a (m’s™')—stone 0.0000009
Specific heat C, (J kg™ °C™")—stone 799.8
Density p, (kg m™>)—stone 2,500
Albedo of bed material A, 0.95
Fraction of solar radiation absorbed at surface water B’ 0.4
Extinction coefficient  (m™?) 0.05
Coefficient related to air temperature in H,A’ 0.7
Rainfall rate (ms™") / 0
Dispersion constant C, 250

air termp. (°C)

rel. hum.

600.0

400.0 -

rad. (W/m9

200.0 -

wind speed (m/s)

solar alt. (deg)

1 !
14.0 24,0

time (hrs)

FIG. 5. Longmont Data for Boulder Creek Temperature Simu-
lation

¥

assumed that the sediment material is composed of stone
throughout the entire creek length. The penetration depth of
lieat into the sediments is about 0.25 m for the diurnal case
(Kim 1993; Jobson 1977). To consider no temperature varia-
tion at the deep sediment depth, the value of 0.6 m is selected.

Sensitivity tests of C, and A, were performed in Boulder
Creek. The values of calculated water temperatures with dif-
ferent C, and A, are compared to each other at three different
times (8 a.m., noon, and S§ p.m.) and four different locations
(LB 04, LB 3.5, LB 5.6, and LB 8.5). Two cases with C, =
250 and 500 and A, = 0.5 and 0.95 are selected. It is revealed
that the relative variations or errors are bounded within ap-
proximately 3 and 15%, respectively. These tests show that the
water temperature decreases as the dispersion constant in-
creases or the albedo decreases.

Meteorologic data which include air temperature, dew-point
temperature, wind speed, radiation, and precipitation with a 5-
min time base were obtained from the National Weather Ser-
vice (MESONET data). Three MESONET stations are close
to the Boulder Creek study area. The Longmont station’s me-
teorologic data was used after considering the site’s altitude
and characteristics. Fig. 5 shows the Longmont data.

Inflow and WWTP effluent temperatures are regressed with
sinusoidal functions to estimate intermediate values between
measured data points. The shading factor of incoming
shortwave solar radiation by trees and other objects is negli-
gible in Boulder Creek and becomes zero. There is no avail-
able temperature data for the Vermont Reservoir effluent. So,
the values of LB-0.1 are used as an alternative for the un-
known Vermont Reservoir temperature.

Simulation Results

This module was run for two days in the same manner as
the hydrodynarnic module. Fig. 6 shows the measured and
calculated values of water temperature at each sampling site.
The diurnal trend of temperature variation is affected by the
assumed sediment material. Generally, the temperature values
of stone are lower than those of sand in the daytime, when
the water temperature is higher than the sediment temperature,
and vice versa at night, because the higher thermal diffusivity
of stone tends to enhance the heat conduction. Also, these
graphs indicate that sediment interaction affects water temper-
ature and the type of sediment material appears to have an
effect on the temperature response characteristics of the Boul-
der Creek water system.

To quantify the goodness of the results, Fig. 7, which is for
a calculated temperature versus a measured temperature, is de-
veloped. The standard error of the calculated values S, quan-
tifies the spread around the measured values. This error can
be determined as

S,
N-2

Sc/m = (36)

where S, = sum of the squares of the residuals (the difference
of calculated and measured values); and N = number of data
points. The sum of the squares of the residuals is 22.2 and the
standard error becomes 1.0. If the three points that are far
away from the linear line are removed in this process, the
standard error becomes 0.56. It is concluded that the standard
error of the calculation values is small.

Another sensitivity test was conducted to assess the effect
of energy flux at the sediment-water interface. In a fashion
similar to the tests of C, and A,, three different times and four
different locations are selected. The results are compared with
the reference values—without considering sediment material.
As shown in Fig. 8, the relative errors are bounded within
approximately 8%.

JOURNAL OF HYDRAULIC ENGINEERING / JANUARY 1997/37




22
1 (@)
20
—
) J
[
18+
g
3 -
=
816
a
1 sand
£ — — stone
144 Y w/o sed.
i 0008 measured L8 0.4
12 4+ 1T T T
4 12 16 0 24 28
time (hrs)
24 e
10 N
22

N
[=]
i

18

temperature (°C)
P
1

20- -
—
& 18
@ J
~;?'\16-
S 14
4
g' | 9 sand
5 N — -~ stone
+ 124 A i w/o sed.
80808 Mmeasured LB 3.5
10|!lr||l|:r;]|rr|||!||r
4 8 12 6 24 28
time (hrs)
22
1(d)
20 ] -
—
& 18-
" 4
5 16
=
5] ]
814
D 14+
g ] — - stone
+ 12 s mee-- w/0 sed.
- €299 measured LB 5.6
104.-.,.v|[...lyll,...,.
8 12 6 20 24 28
time (hrs)

FIG. 6. Water Temperature

144 sond
R — — stone
------ w/o sed.
124 68086 measured LB 8.5
10 T
4 8 12 16 20 24 28
time (hrs)
21.0 -

-
bl

o

R |
(o]

calculated temp. (°C)
b~
o
T
(K
[o]

1
110 13.0 15.0 17.0 18.0 21.0
measured temp. (°C)

FIG. 7. Correlation between Measured and Calculated Values

10

relative errors (%)
o ]
4 A
RO ®
o é Y] ! @ D
kel o o
3 3 3
1

LB56 LBS8S

FIG. 8. Sensitivity Tests with and without Sediment
38/ JOURNAL OF HYDRAULIC ENGINEERING / JANUARY 1987

The results reveal the general trend of temperature variation
in Boulder Creek, specifically the peak temperature at each
sampling site. It is very important to know the peak temper-
ature and peak time of a given environmental system, because
elevated water temperatures affect the aquatic ecosystem di-
rectly or indirectly.

CONCLUSIONS

The model presented is capable of simulating one-dimen-
sional heat transport in highly transient, shallow, and clear
water systems. Simulated temperatures are compared with val-
ues measured in the field. A field application of this model
indicates that the model effectively simulates heat transport.
But a large data set is needed to run this model precisely. The
running of the model with another data set for verification will
enhance its application in real fields.

The development of the hydrodynamic and heat transport
modules will provide a general framework for the simulation
of chemical or biological constituents in highly transient water
systems. The model application increases our understanding of
heat transport including the effects of bottom sediments. Sev-
eral features, such as the following, are important:

1. Coupling water and sediment. The heat transport module
is based on the coupling of transport in surface water
systems and diffusion in the sediment zone. The flux of
heat energy at the sediment-water interface couples the
equations. The governing equations differ from the con-
ventional heat transport equations, which do not consider
the net solar radiation available for direct warming of the
channel bed and heat flux at the sediment-water inter-
face.

2. Simulation. To implement this approach, a fully implicit
finite difference method is used. Application of this
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model in Boulder Creek revealed that water temperatures
are affected by sediment interaction and the type of sed-
iment material. The higher thermal diffusivity tends to
enhance the heat conduction.

3. Hydrodynamic representations. To provide a flexible
modeling framework, the resultant model is capable of
simulating heat transport under both dynamic and kine-
matic flow systems.

Our model ignores pool-riffie sequences in the small creek
bed. The deep pools are sometimes thermally stratified, with
relatively little mixing between the surface flow and the deeper
body of water. The assumption of a one-dimensional bed con-
duction model would be invalid in a water body of high tem-
perature gradient along the creek length. Such effects are be-
yond the scope of this paper but could be addressed in future
research.
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APPENDIXIl. NOTATION

The following symbols are used in this paper:

A = area of flow cross section (m?);

A = coefficient matrix;
A’ = coefficient related to air temperature;
A, = albedo of bed material;
a = amplitude;
b = stream width (m);
C, = dispersion constant,
C, = specific heat of water (J kg™* °C™");
C, = specific heat of sediment (J kg ™' °C™");
¢, = Bowen’s coefficient (kg m™'s™*> °C™");
D = longitudinal dispersion coefficient (m’s™");
e, = air-vapor pressure (kg m 's™);
e, = saturated vapor pressure (kg m~'s™%);
g = acceleration due to gravity (ms™?);
H, = long-wave atmospheric radiation (J m™*s™");
H,, = reflected long-wave atmospheric radiation (J m 7Y,
H, = flux of thermal energy due to temperature differential be-
tween the water and bed (J m™%s™');
H,, = long-wave radiation from water (J ms7Y;
H. = conductive heat transfer (J m™%s™");
H, = evaporative heat transfer (J m™*s™);

H,,. = net solar radiation available for warming channel bed (J
m™%s7Y);

rain falling heat transfer (J m™%s™");
shortwave solar radiation (J m™%s™');
reflected shortwave solar radiation (J m™s™");
surface flux of thermal energy (J m™%s™");
depth of flow (m);

rainfall rate (ms™');

conveyance factor;

thermal conductivity (J m™'s™' °C™");
sediment depth (m);

number of data points;

computational segments;

number of segments into the sediment;

= Manning’s coefficient;

wetted perimeter of the channel (m);

flow rate (m’s™");

lateral inflow (m%™');

hydraulic radius (m);

forcing function vector aggregating the known values;
relative humidity;

correlation coefficient;

standard error;

energy slope;

sum of the squares of the residuals;

channel bottom slope;

cross-sectional average water temperature (°C);
air temperature (°C);

dew-point temperature (°C);

water temperature in lateral inflow (°C);
mean water temperature (°C);

sediment temperature (°C);

wet-bulb air temperature (°C);

time (s);
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wind speed measured at a height of 7 m above the water

(ms™); \
mean velocity (ms™");

x-component average velocity of lateral inflows g (ms™);
shear velocity (ms™');

top width of the channel (m);

vector representing the unknown variables;

distance along the stream (m);

bed elevation (m);

thermal diffusivity of the sediment (m’s™");

momentum correction factor;

fraction of solar radiation absorbed at the surface water;
solar altitude (degree);

step of time (s);

step of space (m);
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step of space into sediment (m);

£ = emissivity of water;
m = extinction coefficients (m™);
6 = weighting factor;
p, = density of sediment (kg m™>);
p. = density of water (kg m™);
o = Stefan-Boltzmann constant (J m™ ™' °K™); and
w = angular frequency (rad s™).
Subscripts

J = space line.

Superscripts

n = time line.






