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Heat Source Methodology

Source:  Matthew Boyd, Oregon DEQ

Stream Thermodynamic Processes that Control Temperature Change

Water temperature change is a function of the total heat energy transfer in a discrete volume and may be described in terms of energy per unit volume.  It follows that large volume streams are less responsive to temperature change, and conversely, low flow streams will exhibit greater temperature sensitivity.

Equation 1.  Temperature Change as a Function of Heat Energy Exchange per Unit Volume,
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Water has a relatively high heat capacity (cw = 103 cal kg-1 K-1) (Satterlund and Adams 1992).  Conceptually, water is a heat sink.  Heat energy that is gained by the stream is retained and only slowly released back to the surrounding environment, represented by the cooling flux (cooling).  Heating periods occur when the net energy flux (total) is positive: (heating > cooling).

Equation 2.  Heat Energy Continuity,
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In general, the net energy flux experienced by all stream/river systems follows two cycles: a seasonal cycle and a diurnal cycle.  In the Pacific Northwest, the seasonal net energy cycle experiences a maximum positive flux during summer months (July and August), while the minimum seasonal flux occurs in winter months (December and January).  The diurnal net energy cycle experiences a daily maximum flux that occurs at or near the sun’s zenith angle, while the daily minimum flux often occurs during the late night or the early morning.  It should be noted, however, that meteorological conditions are variable.  Cloud cover and precipitation seriously alter the energy relationship between the stream and its environment.

The net heat energy flux (total) consists of several individual thermodynamic energy flux components, namely: solar radiation (solar), long-wave radiation (longwave), conduction (conduction), groundwater exchange (groundwater) and evaporation (evaporation).

Equation 3.  Net Heat Energy Continuity,

FTotal = FSolar + FLongwave + FEvaporation + FConvection + FConduction.
Stream temperature is an expression of heat energy per unit volume, which in turn is an indication of the rate of heat exchange between a stream and its environment.  The heat transfer processes that control stream temperature include solar radiation, longwave radiation, convection, evaporation and bed  conduction (Wunderlich, 1972; Jobson and Keefer, 1979; Beschta and Weatherred, 1984; Sinokrot and Stefan, 1993; Boyd, 1996).  With the exception of solar radiation, which only delivers heat energy, these processes are capable of both introducing and removing heat from a stream.

When a stream surface is exposed to midday solar radiation, large quantities of heat will be delivered to the stream system (Brown 1969, Beschta et al.  1987).  Some of the incoming solar radiation will reflect off the stream surface, depending on the elevation of the sun.  All solar radiation outside the visible spectrum (0.36m to 0.76m) is absorbed in the first meter below the stream surface and only visible light penetrates to greater depths (Wunderlich, 1972).  Sellers (1965) reported that 50% of solar energy passing through the stream surface is absorbed in the first 10 cm of the water column.  Removal of riparian vegetation, and the shade it provides, contributes to elevated stream temperatures (Rishel et al., 1982; Brown, 1983; Beschta et al., 1987).  The principal source of heat energy delivered to the water column is solar energy striking the stream surface directly (Brown 1970).  Exposure to direct solar radiation will often cause a dramatic increase in stream temperatures.  The ability of riparian vegetation to shade the stream throughout the day depends on vegetation height, width, density and position relative to the stream, as well as stream aspect.

Both the atmosphere and vegetation along stream banks emit longwave radiation that can heat the stream surface.  Water is nearly opaque to longwave radiation and complete absorption of all wavelengths greater than 1.2m occurs in the first 5 cm below the surface (Wunderlich, 1972).  Longwave radiation has a cooling influence when emitted from the stream surface.  The net transfer of heat via longwave radiation usually balances so that the amount of heat entering is similar to the rate of heat leaving the stream (Beschta and Weatherred, 1984; Boyd, 1996).

Evaporation occurs in response to internal energy of the stream (molecular motion) that randomly expels water molecules into the overlying air mass.  Evaporation is the most effective method of dissipating heat from water (Parker and Krenkel, 1969).  As stream temperatures increase, so does the rate of evaporation.  Air movement (wind) and low vapor pressures increase the rate of evaporation and accelerate stream cooling (Harbeck and Meyers, 1970).

Convection transfers heat between the stream and the air via molecular and turbulent conduction (Beschta and Weatherred, 1984).  Heat is transferred in the direction of warmer to cooler.  Air can have a warming influence on the stream when the stream is cooler.  The opposite is also true.  The amount of convective heat transfer between the stream and air is low (Parker and Krenkel, 1969; Brown, 1983).  Nevertheless, this should not be interpretted to mean that air temperatures do not affect stream temperature.

Depending on streambed composition, shallow streams (less than 20 cm) may allow solar radiation to warm the streambed (Brown, 1969).  Large cobble (> 25 cm diameter) dominated streambeds in shallow streams may store and conduct heat as long as the bed is warmer than the stream.  Bed conduction may cause maximum stream temperatures to occur later in the day, possibly into the evening hours.

The instantaneous heat transfer rate experienced by the stream is the summation of the individual processes:

FTotal = FSolar + FLongwave + FEvaporation + FConvection + FConduction.
Solar Radiation (FSolar) is a function of the solar angle, solar azimuth, atmosphere, topography, location and riparian vegetation.  Simulation is based on methodologies developed by Ibqal (1983) and Beschta and Weatherred (1984).  Longwave Radiation (FLongwave) is derived by the Stefan-Boltzmann Law and is a function of the emissivity of the body, the Stefan-Boltzmann constant and the temperature of the body (Wunderlich, 1972).  Evaporation (FEvaporation) relies on a Dalton-type equation that utilizes an exchange coefficient, the latent heat of vaporization, wind speed, saturation vapor pressure and vapor pressure (Wunderlich, 1972).  Convection (FConvection) is a function of the Bowen Ratio and terms include atmospheric pressure, and water and air temperatures.  Bed Conduction (FConduction) simulates the theoretical relationship (
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), where calculations are a function of thermal conductivity of the bed (K) and the temperature gradient of the bed (dTb/dz) (Sinokrot and Stefan, 1993).  Bed conduction is solved with empirical equations developed by Beschta and Weatherred (1984).
The ultimate source of heat energy is solar radiation both diffuse and direct.  Secondary sources of heat energy include long-wave radiation, from the atmosphere and streamside vegetation, streambed conduction and in some cases, groundwater exchange at the water-stream bed interface.  Several processes dissipate heat energy at the air-water interface, namely: evaporation, convection and back radiation.  Heat energy is acquired by the stream system when the flux of heat energy entering the stream is greater than the flux of heat energy leaving.  The net energy flux provides the rate at which energy is gained or lost per unit area and is represented as the instantaneous summation of all heat energy components.

2.1.6.1 Non-Uniform Heat Energy Transfer

The rate change in stream temperature is driven by the heat energy flux i).  It is easily shown that a defined volume of water will attain a predictable rate change in temperature, provided an accurate prediction of the heat energy flux.  The rate change in stream temperature (T) is calculated as shown in Equation 4.

Equation 4.  Rate Change in Temperature Caused by Heat Energy Thermodynamics,
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Which reduces to,
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Where,

Axi:
cross-sectional area (m2)

Cp:
specific heat of water (cal kg-1(oC-1)

Di:
average stream depth (m)

t:
time (s)

T:
Temperature (oC)

Vi:
volume (m3)

(i:
total heat energy flux (cal m-2(s-1)

(:
density of water (kg/m3)

Advection (Ux) redistributes heat energy in the positive longitudinal direction.  No heat energy is lost or gained by the system during advection, and instead, heat energy is transferred downstream as a function of flow velocity.  In the case where flow is uniform, the rate change in temperature due to advection is expressed in the first order partial differential equation below.

Equation 5.  Rate Change in Temperature Caused by Advection,
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Dispersion processes occur in both the upstream and downstream direction along the longitudinal axis.  Heat energy contained in the system is conserved throughout dispersion, and similar to advection, heat energy is simply moved throughout the system.  The rate change in temperature due to dispersion is expressed in the second order partial differential equation below.

Equation 6.  Rate Change in Temperature Caused by Dispersion,
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The dispersion coefficient (DL) may be calculated by stream dimensions, roughness and flow.  In streams that exhibit high flow velocities and low longitudinal temperature gradients, it may be assumed that the system is advection dominated and the dispersion coefficient may be set to zero  (Sinokrot and Stefan 1993).  In the event that dispersion effects are considered significant, the appropriate value for the dispersion coefficient can be estimated with a practical approach developed and employed in the QUAL 2e model (Brown and Barnwell 1987).  An advantage to this approach is that each parameter is easily measured, or in the case of Manning’s coefficient (n) and the dispersion constant (Kd), estimated.

Equation 7.  Physical Dispersion Coefficient,
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Where,

C:
Unit conversion

C = 3.82 for English units

C = 1.00 for Metric units

D:
Average stream depth (m)

DL:
Dispersion coefficient (m2/s)

Kd:
Dispersion constant

n:
Manning’s coefficient

Ux:
Average flow velocity (m/s)

The simultaneous non-uniform one-dimensional transfer of heat energy is the summation of the rate change in temperature due to heat energy thermodynamics, advection and dispersion.   Given that the stream is subject to steady flow conditions and is well mixed, transverse temperature gradients are negligible (Sinokrot and Stefan 1993).  An assumption of non-uniform flow implies that cross-sectional area and flow velocity vary with respect to longitudinal position.  The following second ordered parabolic partial differential equation describes the rate change in temperature for non-uniform flow.
Equation 8.  Non-Uniform One-dimensional Heat Energy Transfer,
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Steady Flow: 
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Non-Uniform Flow: 
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The solution to the one-dimensional heat energy transfer equation is essentially the summation of thermodynamic heat energy exchange between the stream system and the surrounding environment and physical processes that redistribute heat energy within the stream system.  It is important to note that all heat energy introduced into the stream is conserved, with the net heat energy value reflected as stream temperature magnitude.  Further, heat energy is transient within the stream system, due to longitudinal transfer of heat energy (i.e., advection and dispersion).  The net heat energy flux () is calculated at every distance step and time step based on physical and empirical formulations developed for each significant energy component.  The dispersion coefficient (DL) is assumed to equal zero.

Boundary Conditions and Initial Values

The temperatures at the upstream boundary (io) for all time steps (to ,t1,,..., tM-1, tM) are supplied by the upstream temperature inputs.  The downstream boundary temperature at longitudinal position in+1 is assumed to equals that of in with respect to time t.  Initial values of the temperatures at each distance node (io ,i1,,..., iN-1, iN) occurring at the starting time (to) can be input by the model user or assumed to equal the boundary condition at time to.

Spatial and Temporal Scale

The lengths of the defined finite difference and data input sampling rate is 100 feet.  The temperature model is calibrated to analyze and predict stream temperature for one day, however multiple days can be simulated.  Prediction time steps are limited by stability considerations for the finite difference solution method.

Stream Parameter Sampling
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Heat Energy Processes

An overview of the parameters that affect stream temperature should include near stream vegetation, channel morphology and hydrologic parameters.  Many of these stream parameters are interrelated (i.e. the condition of one may impact one or more of the other parameters).  These parameters affect the stream thermal budget and the heat transfer mechanisms to varying degrees.  Stream temperature dynamics are further complicated when these parameters are evaluated on a watershed or sub-basin scale.  For example, near stream vegetation can have considerable variability in both the longitudinal and transverse directions relative to the stream.  Other parameters such as the stream microclimate can have a diurnal and seasonal temporal component as well as spatial variability.  The current analytical approaches developed for stream temperature consider all of these parameters and rely on ground level and remotely sensed spatial data.  To understand temperature on a landscape scale is a difficult and often resource intensive task.  And, stream temperature analysis is an evolving science that has made significant strides since the early pioneering work of George Brown in the late 1960’s.  The next decade will surely bring about analytical advancements and improved understanding of stream temperature dynamics in both spatial and temporal scales.  Continued advancements in remote sensing and sampling should focus on landscape features such as: near stream vegetation mapping, channel/stream position mapping and valley morphology mapping.

ODEQ has developed Ttool, a GIS sampling tools that can associate spatial data with stream segments (the default stream segment length is 100 feet).  Ttool can sample stream aspect, elevation, gradient, topographic shade angles, channel width, FLIR sampled stream temperatures and vegetation characteristics.  Stream temperature modeling techniques and GIS sampling tools are robust and have advanced the spatial scales at which stream temperature analyzed.  However, limiting factors in the methodology are the fundamental lack of robustness of data sources.  In essence ODEQ has developed a methodology that performs best when sampling resolution is high.  However, spatial data sets often offer poor resolution.  Some examples of current data resolution are Landsat vegetation data with 25-meter pixel sizes and 10-meter pixel digital elevation models.  The preferred resolution for vegetation and elevation data would be 1 meter.
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