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ABSTRACT: A numerical model to coinpute the free-surface flow hydrodynamics and stream temperature dy- 
namics by solving the depth-averaged, 1D unsteady flow and heat transport equations is presented. The hydro- 
dynamics model considers the effects of arbitrary stream geometry, variable slopes, variable flow regimes, and 
unsteady boundary conditions. The thermal transport model accounts for the effects of solar radiation, air tem- 
perature, relative humidity, cloud cover, wind speed, heat conduction between water and streambed, subsurface 
flow, and shading by riparian yegetation. The model is verified with measurements in a stream in an upland 
agricultural watershed located in Indiana. Diurnal variations in the streamflow and stream temperatures are highly 
transient. The proposed model predicted well the streamflow and stream temperatures that were measured every 
15 min over 25 days. The results of this study demonstrate that the solar (shortwave) radiation and subsurface 
inflow are the most significant contributors to the stream heat budget. 

INTRODUCTION 

The rate of chemical reactions as well as the biological ac- 
tivity is mediated by water temperature in aquatic systems. 
Higher water temperature usually implies faster chemical re- 
actions and more active biological activity in aquatic environ- 
ments (Chapra 1997). Fish survival and growth potential are 
significantly influenced by water temperature. For all of the 
above reasons, water temperature is considered to be a phys- 
ical frame for aquatic environments. 

The accuracy and potential success of any ecological or wa- 
ter quality model hinges upon the proper description of the 
heat exchange between the water and surrounding environ- 
ment. Therefore, considerable effort has been devoted to field 
measurements (Contantz 1998; Ronan et al. 1998) as well as 
to formulation of numerical models (Sinokrot and Stefan 1993; 
Kim and Chapra 1997; Polehn and Kinsel 1997; Chen et al. 
1998a,b) for water temperature prediction in aquatic environ- 
ments. Prediction models range from regression similar to air- 
water predictors (Stefan and Preud'homme 1993; Webb and 

. Nobilis 1997; Mohseni et al. 1998) to heat advectionldisper- 
sion descriptions (Sinokrot and Stefan 1993; Kim and Chapra 
1997). The regression models, although very simple, have 
been successful at weekly timescales. However, stream water 
temperature fluctuates at hourly and daily timescales. The heat 
advection/dispersion transport models with full consideration 
of inflow and outflow boundary conditions are unavoidable for 
the daily or hourly timescales (Sinokrot and Stefan 1993). In 
upland agricultural watersheds, flow rate in small streams is 
abrupt and unsteady for a given storm event (Kim 1996). An 
example of the measured streamflow in Little Pine Creek, lo- 
cated in an upland agricultural watershed in north-central In- 
diana, is given in Fig. 1. Clearly, unsteady flow is a charac- 

model was successfully applied in a steep channel where tem- 
poral change in flow is not abrupt. The solution of the com- 
plete hydrodynamics equation is necessary to incorporate the 
inertial terms, variety of channel slopes, and abrupt boundary 
conditions in small streams. 

In this paper, fully hydrodynamic and heat transport models 
are developed and coupled for water temperature and stream- 
flow prediction in streams. The model considers air-water heat 
exchange, sediment-water heat exchange, lateral heat inflow1 
outflow, subsurface inflow/outflow, and the interaction be- 
tween solar radiation and riparian vegetation. The proposed 
model is verified with measurements in Little Pine Creek, Tip- 
pecanoe County, Ind. Good agreement between field measure- 
ments and model prediction is reported. 

METHODOLOGY 

Hydrodynamics 

Governing Equatiorzs 

The ID equations based on the conservation of mass and 
momentum can be used to describe the unsteady free-surface 
flow caused by a storm in an upland agricultural watershed. 
For a channel having a general cross section with small slope, 
the equations in the conservation form (Chaudhry 1993) may 
be written as follows: 

aQ a - + - (QV + gA7) = gA(S, - Sf) 
at  ax 

teristic feature rather than a case in the stream. Flat peaks in 
the hydrograph are indicators of overbank flow. Kim and where A = area of cross section (m2); Q = flow rate (m3/s); q, 

' 

Chapra (1997) coupled a 1D heat transport model with a sim- = lateral inflow per unit stream length (m2/s); t = time (s); x f 

plified hydrodynamic model for unsteady flow. The inertia = distance along the channel (m); g = acceleration due to grav- 

terms were neglected in the momentum equation, and the ity (m/s2); V = velocity of flow (m/s); y = depth to the centroid 
of the channel section (m); so = slope of the channel bed (m.1 i 
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m); and Sf = friction slope (dm) .  1 
Numerical Solution 

The governing equations [(I) and (2)] are a system of 
nonlinear hyperbolic and parabolic partial differential 
tions (Abbot 1979). These equations may be solved by 
the4 method of characteristics, finite-difference, finite-elemen 
finite-volume, and spectral approaches. The finite-different 
methods have been the primary,solution proce 
(2) (Fennema and Chaudhry 1989). 

The implicit switching scheme developed 




































