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TEMPERATURE MODEL FOR HIGHLY TRANSIENT SHALLOW STREAMS 

By Kyung Sub Kim1 and Steven C. Chapra: Associate Member, ASCE 

ABSTRACT: 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 flux of 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. Consequently, be- 
cause the proper modeling tools are unavailable, the manage- 
ment of small streams is severely hampered. This is 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 thc 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 al. (1974) provide an excellent and comprehensive re- 
port of this research. Thomann and Mueller (1987) have sum- 
marized the fundamental approach as it 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 modeIs such 
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as QUAL2E and WASP4 are not applicable to the foregoing 
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 the diurnal 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 functions is 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 aquatic 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 westen] 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 
bee11 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 the time 
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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