

Model development and application

3.1 INTRODUCTION
In this chapter I describe the development and application of a physically-based, large-area assessment stream temperature model, BasinTemp. The model is designed to predict stream temperatures for the hottest part of the year and based on captures the essential physics responsible for summertime stream heating. I then apply the model to three watersheds located within the South Fork Eel basin in Northern California. For the simplifying assumptions embedded in the model and the limit input data necessary to run the model, BasinTemp, performs satisfactorily for each of the three watersheds. Finally I explore the sensitivity of model predictions, particularly to adjustments in flow which was shown in the previous chapter to be an important control over stream temperatures, particularly for smaller streams.
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MODEL DEVELOPMENT  
The stream temperature model, BasinTemp, is a one-dimensional basin-scale model that couples a GIS-based solar radiation model and a steady-state numerical heat balance model to predict water temperatures for the hottest time of the year. The model assumes that direct shortwave radiation receipt at the stream surface is the most important stream heating mechanism during the summer months in mid-latitude regions.  Terrain shade and, most importantly, riparian vegetation shade, regulate the amount of shortwave receipt at the stream surface and are therefore important controls moderating summertime stream heating. Figure 3.1 illustrates the features of the model and the various processing steps. The model consists of the following: a GIS pre-processor assembles vegetation, channel, and topographic data which are used in the solar radiation model; a solar radiation model which uses the tree height model assembled in the GIS to generate daily averaged, spatially explicit shortwave radiation predictions;
 a one-dimensional numerical heat balance model and hydrology model which inputs solar radiation predictions compute stream temperatures for every reach segment throughout the basin; and an optimization routine which uses locally measured temperature data to improve the temperature predictions.
 
3.2.1 GIS and solar radiation, and tree height model
The GIS pre-processor assembles the relevant topographic, channel, and vegetation information necessary to accurately characterize riparian geometry. A tree height model is using existing topographic data and vegetation information which are converted to tree heights. A vector-based stream channel network is discretized into uniform segment lengths, where the length of each segment is scaled to match the resolution of the source elevation and vegetation data. Low-flow channel geometry is computed using a power relationship between GIS-extracted drainage area and field-measured low-flow widths for the basin of interest. Shortwave solar radiation predictions are generated using the Image Processing Workbench (Frew 1990, Dozier and Frew 1990, Marks et al. 1999). The Image Processing Workbench (IPW) includes several routines which compute spatially distributed solar radiation for a specified time of year and a given latitude. The IPW routine, Topquad, is a sophisticated radiative transfer algorithm which computes the contributions from direct, diffuse, and reflected (direct and diffuse) radiation to the total short wave radiation flux. Topquad has been applied to a variety of physical environments for different meteorological conditions and for different times of the year (Frew 1990, Dozier and Frew 1990, Dubayah 1994, Dubayah 1991, Dubayah et al 1990, Marks et al. 1999).  

IPW applies the two-stream approximation (Meador and Weaver 1980) to the computation of the shortwave radiation. The two-stream simplification provides a rapid approximation of radiative transfer processes by computing only the upward and downward fluxes and thus avoiding the formidable and time-consuming computation of the full angular distribution of scattered radiation. Scattering is strictly partitioned into a forward hemisphere and a backward hemisphere. All radiation propagating down toward the surface is aggregated into a single downward flux or ‘stream’ of energy. The stream combines the direct beam and any diffuse radiation scattered towards the Earth’s surface (Dubayah 1991). All diffuse radiation propagating upward is combined with the upwelling flux. The general form of the approximation is given by two differential equations,
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And,
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where F( and F( are upward and downward fluxes, S0 is the exoatmospheric flux incident at angle cos-1(0; (0 is the single-scattering albedo, ( is the optical depth (see Appendix A); ( is a function of g, the scattering asymmetry factor. The ( values parameterize the scattering phase function (see Appendix A). Terrain effects on insolation can be significant where relief, aspect, and hillslope gradient modify the amount of solar insolation arriving at the earth’s surface (Dubayah 1991, Dubayah et al 1990). Topquad computes shortwave transmittance of radiation for a flat surface and then calculates the direct irradiance as a function of slope, aspect, and solar altitude and azimuth. Shortwave radiation reflected from terrain or vegetation can also contributes to the total shortwave radiation budget and is third shortwave component computed by Topquad. The total irradiance (F) on a slope is given by,
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where the three terms on the right hand side of Equation [3.3]

 are the diffuse flux, reflected flux, and the direct flux respectively. Vd is the sky view factor, μ0 is the cosine of the solar illumination angle, μs is the cosine of the solar illumination angle on a slope, S0 is the exoatmospheric parallel beam flux, and Ct is a terrain irradiance term which accounts for the anisotropic and geometric affects and is given by,
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where S is the terrain slope angle and the other terms are defined above.
Topquad computes daily averaged, spectrally integrated shortwave radiation for basins of varying sizes for a specific day and latitude. The radiative transfer parameters, optical depth ((), the single scattering albedo ((), and the scattering asymmetry factor ((), characterize transmission properties of the atmosphere. All three parameters were assigned values suggested by the developers of the Topquad algorithm (see Source Data section). Table 3.1 list the full range of possible values for these parameters, and the values used in this study. These values may be obtained from atmospheric soundings measurements, published sources, or obtained from radiative transfer models (e.g., Berk et al. 1989, Ricchiazzi et al. 1998). Table 3.2 lists the source data requirements and parameters necessary to run Topquad, and Table 3.3 lists Topquad values applied in previous research applications. Previous applications of Topquad have shown that insolation predictions are considered very reasonable if predicted values are within 20 to 25 W/m2 of the observed (Dr Danny Marks, personal communication 1998).
 For the temperature modeling applications presented here, the insolation model assumes atmospheric conditions appropriate for mid-latitude rural environments. Furthermore, because the temperature model focuses on the hottest part of the year, it is assumed that clear-sky conditions prevail.  Consequently the optical depth parameter (τ) is assigned a globally fixed value (0.2) reflecting minimal atmospheric water vapor content.
The way in which the tree height model and the solar radiation interact is illustrated in Figure 3.2, which shows the radiation receipt for a hypothetical North-South oriented stream. The figures demonstrate that the amount of direct shortwave radiation receipt (shown by unbroken red lines) is a function of tree height, terrain shade effects, and time of day. Thus, for late-seral tree heights, Figure 3.2 demonstrates that the stream only receives direct shortwave radiation around the noon time period. Earlier (or later) in the day, terrain and vegetation shade blocks direct shortwave radiation receipt (shown by dashed red lines. The contribution from shortwave radiation transmitted through the forest canopy is ignored in the model. While important in locally-select cases, canopy-transmitted shortwave radiation is of secondary importance compared to the direct shortwave contribution (Reifsnyder et al. 1971, Reifsnyder and Lull 1965). Also relevant but only implied in Figure 3.2 are latitude and time of year. 
Figure 3.3 shows the differences in incoming shortwave radiation for a hypothetical North-South versus and East-West oriented stream as a function of tree height. Predicted shortwave radiation receipt is similar for both cases for tree heights less than 20-meters. For taller trees, radiation receipt is less (but significantly) less for North-South oriented streams. The two examples are shown for a flat, topographic surface. Incorporating terrain effects (not shown) results in significant differences in radiation receipt.

Insolation predictions are passed to the 1-D heat balance model which computes for every stream segment, the heat energy transferred out of the reach via stream flow.
3.2.3 
1-D Heat Balance Model


Water temperature and heat are related through discharge in the model by the relationship, 
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where H is heat energy in Joules per second, Tw is water temperature (°C), Q is discharge (m3 s-1), and α (equivalent to 4.186 x 106) is the number of joules per cubic meter of water per (C. Water is assumed to be fully mixed in the vertical and lateral directions. Within the model, the energy available to heat water is driven solely by insolation. Figure 3.4 illustrates the mechanisms accounted for in the 1-D heat balance model. The three main components of the model illustrated in Figure 3.4 are the insolation flux, the heat brought in by groundwater, and the remaining heat exchanges processes which are lumped in various fitting parameters (see below). The model assumes that the thermal system is in steady-state. The basic heat balance equation calculates the heat flux, h, across a surface perpendicular to the reach at a distance x from the reach head:
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The first term on the right hand side of Equation [3.6]

 (colored green). Ta ((C) is a fitted parameter nominally related to air temperature. If measured air temperature data are available for the basin of interest, these data can be used . In the absence of measured air temperature data, Ta is a fitted parameter generated during the optimization process. K0, and K2,are dimensionless fitted parameters. K2 multiplies the difference between the air (Ta) and water temperature (h/αq).[3.6]

 (colored red) is the insolation term, where I is the predicted shortwave radiation at the stream surface (W/m2), and K1 is a dimensionless insolation coefficient with a default value set equal unity. While the K1 parameter may be allowed vary optimization, when allowed to vary, K1 converged on 1.0. The total amount of predicted heat energy (in units of joules per second) available to heat each stream segment is the product of K1I and the stream segment surface area (m2). Stream segment surface area is product of, x, (reach segment length) and, w, (stream segment width). The various heat exchange fluxes which operate at the air-water interface (e.g., convection and evaporation) are lumped into the third term on the right hand side of [3.6]

 (colored blue), (Tgwdq/dx, is the heat brought in by groundwater. Tgw, is the temperature of net lateral inflow, and q(x) is the water flux across a surface perpendicular to the reach. The second term on the right hand side of 
Reach segment lengths (30-meters or less) are set to match the resolution of the input vegetation data. By computing temperatures over such short reaches, the first term on the right hand side [3.6]

 can be added in its entirety to the upstream end.
 By adding all lateral flow to the upper end of each stream segment, setting a and c to constant values, and setting q / q(0) = 1, Equation [3.6]

 becomes,
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Which simplifies to,
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Equation [3.8]

 has the general solution,
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where h(0) represents both the heat added from the upstream stream segment and all the lateral inflow for that stream segment. Table 3.4 lists the model parameters necessary to operate the 1-D heat balance model. 
All calculations in BasinTemp are performed in metric units Heat is computed as rate of change in the heat energy content of a reach in units of watts (joules/sec). 



Water temperatures downstream of tributary confluences are computed using a general mixing equation (Bartholow 1989, Deas and Lowney 2001). The predicted temperature downstream of a confluence, Td (°C), is given by,
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where Qm and Qt are mainstem and tributary discharges (m3/s) upstream of the confluence, and Tm and Tt are mainstem and tributary water temperatures (°C) upstream of the confluence.

3.2.4. Hydrology model

The model is developed for low-flow conditions – discharge leaving each reach is computed as the sum of discharges from upstream reaches and local groundwater seepage into the reach. The rate of groundwater seepage is assumed to be a fixed linear constant whose value is calculated so that predicted discharges at references reaches match observed low-flow discharges at gages at that location and time period of interest. The model implicitly incorporates the affects of lithology through the calculated groundwater seepage rates. Lithologic control over groundwater seepage rates is explored further with the Rattlesnake Creek example.
3.2.5 Optimization


The optimization routine finds values for the three parameters, K0, K2, and Ta, which minimize the sum over all the calibration reaches. The objective function minimized by the optimization is the root mean square error (RMSE) between predicted and observed water temperatures at selected reaches,
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where Tobs is the observed temperature (°C), Tpred is the predicted temperature (°C), and N is the number of calibration sites. The optimization routine applies a model trust region method (Dennis and Schnabel 1996) which uses full second derivative information and is fully integrated within the 1-D heat balance model. 





The model predicts steady-state water temperatures for time-steps of greater than a day. 
3.2.5 
Input data requirements

Table 3.5 uses input data used in the South Fork Eel River application to exemplify source data input requirements for the model. The vegetation, channel, and digital elevation data are assembled within the GIS pre-processor. These data can all be obtained (at varying resolutions and accuracies) from freely-available, public domain sources. Digital elevation data are typically obtained from the USGS and at a resolution of 30-meters, although 10-meter resolution and occasionally higher resolution (for example, LiDAR) DEMs are increasingly becoming available. Measured low-flow discharge data required to parameterize the linear groundwater accretion parameter can be obtained from USGS stream gages data. The optimization procedure requires measured temperature data associated with the warmest part of the year. 
The physics-based structure of the model combined with the simplifying assumptions and the optimization routine should permit broad application of the model if it is shown to be perform satisfactorily. 
The main features of the model are: (a) application to basins of varying size, (b) transferable to basins with very different physiographic, lithologic, and dominant vegetation characteristics, (c) limited and flexible input data requirements, (d) prediction of water temperatures for short, user-defined reaches, (e) advection of  temperatures downstream, permitting assessment of local and cumulative downstream temperature effects, and (f) adjustable riparian tree heights for entire basins, or select areas within a basin, permitting assessment of alternative riparian management scenarios on local and basin-wide water temperatures. 

In the next section I apply the model to three watersheds within the South Fork Eel River basin in Northern California.
3.3 
STUDY AREAS 
The South Fork Eel river basin in Northern California drains an area of approximately 1,800 km2 (Figure 3.5). The geology of the basin is dominated (83%) by sandstones, conglomerates, and shales of the Yager formation with 12% of the basin underlain by less competent, mechanically weaker Coastal Belt Franciscan formation (EPA 1999, James 1983). Floodplain deposits comprise the remaining 5% of the basin.
 Mixed hardwood-conifer woodland forest of varying age and maturity covers much of the basin. Old growth redwood forest is found in the Humboldt Redwoods State Park in the north of the South Fork Eel basin. Areas where shrub, forbs, and grassland vegetation dominate are associated with relatively recent land use activity. The climate is generally Mediterranean type and characterized by long, warm summers and cool, wet winters. Mean annual precipitation ranges from 1,500 mm to 1,800 mm most of which falls between October and April (James, 1983). Maximum summer temperatures can exceed 31°C (Mast and Clow 2000). Approximately 20% of the basin is owned by State Parks and the Bureau of Land Management and a small portion is owned by large timber companies, while the remainder is owned by small landholders, ranchers, and residential communities. 

Temperature modeling focused on three sub-basins within the South Fork Eel River. The basins – Bull Creek, Elder Creek, and Rattlesnake Creek – capture a broad range of physiographic (Table 3.6), lithologic (Table 3.7), and vegetation (Table 3.8) characteristics, and landuse histories observed in the South Fork Eel basin. Elder Creek (drainage area 17 km2) is a largely undisturbed basin containing one of the last remaining stands of old growth Douglas Fir in California. Rattlesnake Creek (drainage area 99 km2) is characterized by gently rolling terrain and broad areas of grassland and chaparral vegetation. Bull Creek (drainage area 112 km2) is comprised of patches of old growth forest and recently logged areas
The model was initially tested on the Bull Creek sub-basin. Bull Creek offered several compelling features which made it valuable as a test basin. Relief in the basin is highly variable and includes steep, incised uplands and a broad, aggraded valley floor on the mainstem. A broad range of vegetation assemblages exist in the basin. Portions of Bull Creek are intensely managed, while in Humboldt Redwoods State Park, ancient stands old growth redwoods still exist.  

Status of fisheries in the South Fork Eel basin 

Historically coho salmon were abundant throughout the Eel basin and supported an important commercial salmon fishery (EPA 1999). Towards the end of the 19th century, commercial production of coho may have exceeded 500,000 fish (Lufkin 1996).  In the early part of the 20th century coho numbers plummeted as a result of unrestricted harvesting. Commercial harvesting of coho was formally ended in the South Fork Eel in 1922. Population numbers recovered slightly between the 1930’s and 1950’s. The Department of Fish and Game estimated that the entire Eel system, including the South Fork Eel, produced around 160,000 salmon and steelhead in 1964  (Department of Fish and Game, 1997). More recently coho salmon have suffered a further decline in numbers. By the 1980’s, estimates suggest that only 30,000 fish were extant in the entire Eel River basin (California Department of Fish and Game 1997). Despite the dramatic decline in numbers, the Department of Fish and Game considers the South Fork Eel to have a significant remnant population of coho salmon (Steiner 1999 as reported EPA 1999). University of California fisheries experts (Brown et al. 1994) found that the South Fork Eel population is important because it has little hatchery influence and thus is important for the genetic integrity of the stock. 

3.4 SOURCE DATA
Table 3.5 lists the source data requirements to run BasinTemp and data used in South Fork Eel temperature modeling.

3.4.1 
Topography and channel network

Thirty meter digital elevation data (raster DEMs) and 1:24,000 digital line graph hydrography were obtained from the US Geological Survey. USGS 1:24,000 blueline hydrography adequately characterizes the larger channels and where channels were visible through forest canopy. Smaller, headwater channels are often omitted from these data. However, the focus is on mid-summer conditions when many of these ephemeral channels are dry. The channel network is discretized into equidistant (25-meters) segments approximately matching the resolution of the source vegetation data. For example, the Bull Creek channel network was discretized into approximately 5,700 individual segments. Each stream segment was attributed with a low-flow width generated from field-measured low widths and drainage area relationships developed for the South Fork Eel River (Figure 2.3a).
3.4.2 Vegetation data

Vegetation data (Figure 3.6) were obtained from 1994 Landsat Thematic Mapper (TM) imagery classified using a modified California Wildlife-Habitat Relations (CWHR) (Mayer and Laudenslayer 1988) scheme (Fox et al. 1997, Fox and Carlson 1996). The data are resolved at a horizontal resolution of 30-meters and were classified using both supervised and unsupervised methods (Fox and Carlson 1996). Ground truthing was performed by several collaborating state and federal agencies (including the California Department of Fish and Game, U.S. Forest Service, and the Bureau of Land Management), by inspection and field validation of the Landsat vegetation classification (Fox et al. 1997). 

Tree heights were computed using diameter-at-breast-height (DBH) conversions (Table 3.9) derived from theoretical DBH-to-height relationships (Hanus et al. 1999, Garman et al. 1995, Krumland and Wensel 1988) and published sources (Fowells 1975, Mayer and Laudenslayer 1988, Burns and Honkala 1990, Sawyer and Keeler-Woolf 1995, Whitney 1985). Generally the DBH-to-height relationship is asymptotic (Garman et al. 1995, Krumland and Wensel 1988) and is typically developed for individual tree species where the actual form of the DBH-to-height relationship depends strongly on site specific conditions (moisture content, exposure, soil type, and so forth). 

3.4.3 Hydrology

Groundwater seepage rates were calculated using flow data obtained from measured low-flow discharges at USGS gages for each of the sub-basins. The rate is assumed to be a linear function of cumulative channel length with units of cubic meters per second per kilometer. The groundwater seepage rate was computed for each sub basin by iteratively adjusting the rate until the predicted mean low-flow discharge for the stream segment nearest to a local USGS gauging station matched the measured mean 7-day running mean low-flow discharge for the time period of interest. No currently active (or obsolete) USGS gage data exists for Rattlesnake Creek, so lithology-specific discharge data derived from adjacent watersheds were used (see below). In the absence of 
measured groundwater temperature data (which was the case for the South Fork Eel River basin), the convention is to use local mean annual air temperature (Theurer et al. 1984, Bartholow 1989, Beschta et al. 1987, Deas and Lowney 2000, Sridhar et al. 2004). The groundwater temperature parameter (Tgw) was set to a value matching the mean annual air temperature (12°C).

3.4.4 
Solar Radiation Model

The atmospheric transmission parameters (Equation [3.3]

), optical depth (τ), the single scattering albedo (ω), and the scattering asymmetry factor (γ), were fixed using values suggested (Table 3.1) by the developers of IPW tools (Professor Jeff Dozier 1997, personal communication 1997, Dr Danny Marks, personal communication 1998, Professor Ralph Dubayah, personal communication 1998).  All other attributes (slope, aspect, solar altitude and azimuth) are calculated directly from the DEM. Table 3.3 lists reported and literature values for the atmospheric transmission parameters, and reveals the range of values assigned to the parameters depending on local atmospheric conditions. The other input arguments to Topquad, included the spectral range (set from 0.3 μm to 3.0 μm), surface albedo (fixed at 15%), the date, and the latitude. 
3.4.5 Temperature 
data

Temperature data for 1996 and 1997 collected and processed by the Humboldt County Resource Conservation District (Friedrichsen 1998, Lewis et al. 2000) were used for model calibration and optimization. The temperature metric used in the model was the 7-day running Mean Weekly Average Temperature (MWAT) for every stream segment. Empirical research has shown that coho salmon growth rates (Brungs and Jones 1977) and the presence or absence of juvenile coho (Welsh et al. 2001) correlate well with the MWAT metric. The metric is also applied widely \by the National Marine Fisheries Service and the U.S. Fish and Wildlife Service (NMFS and USFWS 1997).
3.5 RESULTS

3.5.1 Bull Creek 
Predicted spatial distribution of solar radiation for topography-only, and existing vegetation conditions are shown in Figures 3.7 and 3.8 respectively. Predictions are daily average values for July 31st. The topography-only scenario (Figure 3.7) demonstrates strong aspect control over shortwave radiation receipt at the surface. For example, southern-facing slopes (particularly for the northern third of Bull Creek receives considerable shortwave radiation receipt. By comparison, the current vegetation insolation scenario (Figure 3.8) displays a speckled appearance due to variable tree heights locally modifying insolation receipt. Comparison of the two scenarios reveals a significant reduction in shortwave receipt at the stream channel surface for the existing vegetation shade scenario. While this partly a function of the way in which predicted radiation is attributed to grid cells in the GIS, it does accurately reflect the effect late seral trees located in the near-stream environment have on direct solar radiation receipt at the stream surface. 


Measured temperatures from seven thermographs recording MWAT for the week-ending July 31st, 1996 were used in the optimization exercise to generate fitting parameters. The groundwater temperature parameter, Tgw, is a global constant and set to a physically realistic temperature (12°C), approximately matching the mean annual air temperature. The coefficient of insolation parameter, K1, is fixed at unity for all model runs. The parameter can be varied during the fitting process, the model assumes that direct solar radiation is the most important mechanism controlling stream heating and thus considerable effort is devoted to accurately characterizing local riparian shade geometry and the shortwave flux reaching the stream surface. Ideally this parameter should be fixed at 1.0. Sensitivity analyses revealed that when allowed to vary, K1 converged at or close to unity. The ‘air temperature’, Ta, parameter was initially assigned a value of 20°C and then allowed to during the optimization. For the Bull Creek and Elder Creek (see below) applications, the air temperature (Ta) parameter varied little from the initial temperature so it was fixed at for these two basins 20°C (Table 3.10). The remaining parameters, K0 and K2, were allowed to vary iteratively in order to generate optimized fitting parameters. The groundwater seepage was set using 7-day mean daily low flow discharge measured at the USGS Weott gage (Table 2.1).

Predicted MWATs for Bull Creek yielded a mean square error of 0.25 °C and an R2 of 0.99 (Figure 3.9). The spatial distribution of predicted temperatures indicate general downstream warming and cooling which indicates general stream heating and tributary inflow effects. Along the mainstem Bull Creek, temperatures increase from 12°C to over 21°C downstream of Cuneo Creek. Mainstem Bull Creek cooling is also apparent downstream of the Squaw Creek tributary confluence where temperatures cool by almost 1°C. (Figure 3.10). Tributary temperature patterns range from generally cool (Squaw, Harper, and Cow Creeks) to predominantly warm (Mill, Cuneo, Burns, Slide, and Panther Creeks). Predicted tributary temperature reflect dominant vegetation conditions (and hence level of shade provision) conditions within each tributary sub-basin and also tributary orientation. Cooler tributaries (Squaw, Harper, Cow Creeks) are associated with late seral vegetation (Figure 3.6) and are generally North-South oriented. As indicated by Figure 3.2, North-South oriented streams with late seral vegetation block most incoming direct solar radiation except during the mid-day period. Warmer tributaries, especially Cuneo Creek, are associated with shrubs and grassland and early vegetation and are also generally West-East oriented channels. 

3.5.2 Elder Creek 

Elder Creek insolation predictions for July 31st are shown for topography-only shade conditions (Figure 3.11a) and existing vegetation shade conditions (Figure 3.11b). Aspect control over solar radiation receipt is very apparent in Figure 3.11(a) – steep, north-facing slopes on average receive less than 50 W/m2. By comparison south-facing slopes receive as much as 400 W/m2 (Figure 3.11a). Reduction in predicted insolation in the near streamside environment as a result of riparian shade provision is demonstrated in Figure 3.11(b). Reduction of predicted insolation is apparent for the mainstem Elder Creek and all its tributaries, but even more conspicuous for east-west oriented channels (Figure 3.11b).
Measured thermograph data for Elder (and Rattlesnake) Creek for 1996 and 1997 were far more limited. Neither basin contained neither synchronous nor sufficiently reliable observed MWAT data for 1996 or 1997. However both basins contained an adequate number of thermograph stations recording the 7-day running mean of the daily average (Weekly Average Temperature or WAT) for the week ending July 31st, 1997.  Groundwater seepage rate was set using measured low flows recorded at the USGS Elder Creek gage (Table 2.1). As discussed above, the air temperature parameter, Ta, was fixed at a physically realistic value of 20°C. The fitting process therefore involved only two free parameters, K0 and K2. The final fitted and fixed parameter values are shown in Table 3.10.
Predicted weekly average temperatures (WATS) for Elder Creek (Figure 3.12), yielded a root mean square error of 0.40°C and an R2 of 0.83. Spatial temperature patterns indicate predicted temperatures are generally cool for the entire basin. Predicted temperatures for most of the mainstem Elder Creek are below 15°C, warming to 17.5°C for the downstream-most 1-kilometer of the mainstem. Tributary temperatures are all cool (< 15°C), especially steeply incised North-South oriented channels. Cooler predicted temperatures for North-South streams are the result of terrain shade and late seral riparian shade effects limiting the amount of incoming shortwave radiation (Figure 3.11b) reaching the stream surface. 
3.5.3 Rattlesnake Creek
The model application to Rattlesnake Creek provided an opportunity to assess lithologic controls over riparian and topographic shade provision, and groundwater seepage rates. Figure 3.14 shows that Rattlesnake Creek is comprised of two dominant lithologic units (Franciscan Melange and Coastal Belt Franciscan) each of which is characterized by different physiography and vegetation. Franciscan Melange is characterized by gently rolling terrain and vegetation assemblages dominated by grasslands and sparse oak woodland (Figure 3.6). By contrast, areas of Franciscan Coastal Belt lithology are characterized by moderate to steeply incised relief where the dominant vegetation is mid-to-late seral conifer (Figure 3.6). Insolation predictions for topography-only shade (Figure 3.15) and existing vegetation shade conditions (Figure 3.16) reveal lithologic controls over the shortwave radiation receipt. Aspect controls are much more significant for Franciscan Coastal Belt areas notably the Western-most portion of the basin (Figure 3.15). Terrain shade effects are much less apparent with the gently rolling relief associated with Franciscan Melange (for example, the Foster Creek tributary in Figure 3.15). The insolation patterns as a function of lithology are also apparent for existing vegetation conditions (Figure 3.16). Areas characterized by grassland and forbs (Figure 3.6) within Melange lithology generally receive insolation predictions than Coastal Belt units. Notably, insolation predictions for the channels within Franciscan Coastal Belt units is considerably less than Melange unit channels (Figure 3.16).
The very different relief, and vegetation characteristics of Melange and Coastal Belt terrain suggests that hydrologic characteristic would also be very different for each unit. While no measured discharge were available for Rattlesnake Creek, USGS discharge data were available from two adjacent basins (Elder Creek and Tenmile Creek). Lithology in Elder Creek is dominated by Coastal Belt Franciscan (Table 3.7), while Tenmile Creek is predominantly characterized by Melange lithology. Groundwater accretion rates were computed for both basins and then the rate was assigned to each unit for the Rattlesnake Creek application (Table 3.10). Significantly, the groundwater accretion rate for Coastal Belt Franciscan terrain is an order of magnitude large than for Melange lithology. It is also reasonable to assume that ambient air temperature patterns would vary across these two units. The model structure permits the air temperature parameter, Ta, to be varied spatially. This feature was implemented for the Rattlesnake Creek application by allowing Ta to vary according to each lithologic unit. As with the Bull and Elder Creek applications, the K0 and K2 parameters were also fitted during the optimization (Table 3.10).
Predicted weekly average temperatures (WATS) for the weekend ending July 31st, 1997 yielded an RMSE of 0.47°C and an R2 of 0.77 Figure (3.17). Predicted temperature patterns are shown in Figure 3.18 and reveal very warm temperatures (> 21°C) for much of the basin. The headwater temperatures of the mainstem Rattlesnake Creek starts off warm (> 17°C) and increase downstream by more than 4°C. Tributary temperatures are generally warmer and several are very warm (> 21°C), including Foster Creek, Twin Rocks Creek, and Elk Creek. Figure 3.18 overlays lithology on to the predicted temperatures for Rattlesnake Creek and shows that the distribution of warmer temperatures (Franciscan Melange) and cooler temperatures (Coastal Belt Franciscan) is strongly associated with lithology.



3.6 DISCUSSION
The model reproduces general stream temperature patterns, including downstream warming and cooling, spatially varying tributary temperatures, the cooling (or warming) effects of tributary inflow. A comparison of temperature predictions for the three South Fork Eel basins reveals both strong similarities and significant differences with stream temperature. For all three basins, downstream temperatures increase but at different rates. In the Bull Creek example, warm tributary inflow (Cuneo Creek), and cool tributary inflow (Squaw Creek) result in significant mainstem downstream warming and cooling. Predicted Elder Creek temperatures are the coolest among all three basins, due to in part to its small size (17 km2), and the shading effects imparted by steep terrain and tall trees. The groundwater rate for Elder Creek is the highest among all three basins which also contribute to cooler temperatures. 
For Bull Creek, predicted temperatures show strong spatial variability dictated primarily by riparian shade effects and to a lesser extent, terrain shade effects. Tributary temperature patterns follow the vegetation patterns shown in Figure 3.6, with cooler temperatures associated with late seral mid conifer vegetation in the Northeast portion of the basin. This area includes the Squaw Creek tributary which is contained within the Humboldt Redwoods State Park and contains large swaths of old growth Redwoods. Dominant vegetation changes significantly for tributaries in the Northwest portion of Bull Creek, particularly Cuneo Creek. Cuneo Creek has experienced considerable landuse manipulation in recent years as indicated by the large areas of grassland and shrubland particularly down toward its confluence with Bull Creek. Predicted temperatures for this tributary are significantly warmer due to the limited shade provision offered by grassland and shrub vegetation. Tributary inflow warming and cooling effects are well illustrated by Cuneo and Squaw Creeks respectively. 
Predicted temperatures for Rattlesnake Creek are generally warmer than Elder Creek and Bull Creek and reveal important interactions between lithology, relief, dominant vegetation, and hydrologic heterogeneity. Relief (Figure 3.5), vegetation (Figure 3.6), and insolation predictions (Figures 3.15 and 3.16) reveal significant differences between Franciscan Melange and Coastal Belt Lithology. Those contrasts manifest themselves most significantly with regard to groundwater inflow rates which were different by an order of magnitude between the two lithologies. Predicted temperatures for Melange terrain are significantly warmer demonstrating the temperature effects of both reduced water volume and generally higher heat loads (Figure 3.19). 

The differences and similarities between all three basins are implicitly demonstrated by combining the data for all three basins and then running the model. The application tests the model robustness in three ways: (1) model predictions are generated for the equivalent basin area of 220 km2 (Elder, Bull, and Rattlesnake Creek areas combined); (2) predictions are generated using two different stream temperature metrics (MWATS and WATS); and (3) predictions are generated for two different discharge years (1996 and 1997). The best-fit RMSE of 0.39ºC and an R2 of 0.97 are comparable to model performance for each individual basin. Model predictions for Elder Creek (blue dots) and Rattlesnake Creek (red dots) bracket steady-state temperatures ranging from cold to very warm water temperatures. Predicted temperatures for Bull Creek (green dots) overlap both. This suggest the model is successfully reproducing stream heating physics while demonstrating that watershed conditions within Bull Creek combine elements of both Elder and Rattlesnake Creeks.
Individual basin results (Figures 3.9, 3.12, 3.17) and the results shown in Figure 3.20 offer some guidance into the minimum number of thermographs necessary for model application. The root mean square error ranged from 0.25ºC (Bull Creek) to 0.47ºC (Rattlesnake Creek) for the individual basins, and was 0.39ºC for the combined result. These results suggest that a minimum of 6 to 7 thermographs per 100 km2 is sufficient. A model application using the 7 thermographs for a 259 km2 basin in Southern Oregon (Stillwater Sciences unpublished 2000) generated much poorer results (RMSE = 1.1ºC, R2 = 0.59). These results offer indirect support to the minimum required thermograph numbers indicated above.

The model reproduces, and demonstrates the importance of, discharge effects on stream temperature. Furthermore, important lithologic control over spatial hydrologic heterogeneity was demonstrated by the Rattlesnake Creek application. Tague et al. (2007) also demonstrated the importance of hydrogeologic controls on stream temperature. Their study showed that spring-fed streams emerging from High Cascade (recent volcanics) lithologic terrain remained cooler and flow volumes were higher compared to groundwater-fed streams flowing through Western Cascade terrain. The Rattlesnake Creek results support their Tague et al’s assertion (Tague et al. 2007) that regime-based numeric water quality standards (e.g, Poole et al. 2004, Ice et al. 2004) needs to explicitly account for hydrogeologic variability. Applying a single numeric stream temperature standard to basins such as Rattlesnake Creek would ignore the important controls on stream temperature exerted by different lithologic terrain.

Discharge effects are important when considered in the context of climate change. For a warmer climate in California, water is expected become increasingly scarce and distribution (spatially and temporally) more restricted (Gleick 2000). The simple hydrologic model embedded in BasinTemp allows for the exploration stream temperature response to reductions (and increases) in flow, and hence the impact of drought (or high flow) conditions on stream temperature. Figure 3.21 shows the change in predicted temperatures for a 50% reduction in flow for Bull Creek. The pattern of temperature change shows increases of up to 4ºC for the Western portion of the basin where dominant vegetation reflects disturbed conditions and hence shade provision is limited. Predicted temperatures also increase for the Northwest portion of the basin but only by 1 to 2ºC, suggesting that shade from tall trees limits the effects of reduced flow. Predicted temperatures are everywhere lower for a 50% increase in flow (Figure 3.22), but the magnitude of change is no more than 2ºC and is associated with the areas with higher predicted temperatures for the existing vegetation shade scenario. Thermal longitudinal profiles for four different flow scenarios – increasing and decreasing flow by 25% and 50% - are shown for the mainstem Bull Creek (Figure 3.23) and two of its tributaries (Figure 3.24 and Figure 3.25). For all three examples, the thermal longitudinal profiles show a strong non-linear response to increases or reductions in discharge. The non-linear relationship is much more significant for reductions in flow and for smaller, headwater channels. This effect is well illustrated for a 50% reduction in flow for the Squaw Creek example (Figure 3.24). Predicted temperatures for reductions in flow are consistent with the results from the general sensitivity analysis presented in Chapter 2. They also corroborate model predictions generated by the Stream Network Temperature Model (SNTEMP) for small streams in Wisconsin (Gaffield et al 2005). Results from this study also showed a non-linear relationship between predicted temperatures and increasing or decreasing flow by 50%, but the non-linearity much more apparent for flow reductions (Gaffield et al. 2005).

One of central assumptions embedded in the model is the linearity groundwater seepage rates. Discharge data for three South Fork Eel river applications were insufficient to test this assumption of linearity, a on-going study for the South Fork Ten Mile River in coastal Northern California has provided useful support for the linearity assumption (Stillwater Sciences unpublished data, 2006-2009). Flow data from seven gages deployed throughout the South Fork Ten Mile River are shown in Figure 3.26. Lithology in the basin is dominated by Coastal Belt Franciscan. The graph plots observed versus predicted discharge for the end of July. The groundwater seepage rate was computed using flow data for the downstream most gage using the methods described above. This computed groundwater seepage rate was then used to generate predicted discharges for the remaining six gages higher up in the basin. Plotting observed versus predicted discharge for all seven gages (Figure 3.26) shows that the data fall on or near the 1-to-1 line. These results offer useful validation for the linearity groundwater seepage rate assumption, certainly for Coastal Belt Franciscan terrain.

The model has been shown to perform well for the simplifying assumptions described earlier. However, several of these simplifying assumptions ensure the model is inappropriate or inapplicable for certain conditions or situations. For example, ignoring canopy transmitted radiation and treating vegetation simply and terrain building blocks, precludes applying the model to assessing riparian buffer width issues. Ignoring canopy transmitted radiation also precludes model application using higher resolution topography and vegetation information. Testing the model using a 5-meter and 10-meter DEM yielded RMSE’s ranging from 7ºC to 8ºC. Under these conditions, higher resolution topography and tree height models block significantly more incoming shortwave radiation throughout the channel network with the result that stream temperature predictions are cooler. Using a 30-meter DEM and 30-meter tree height model avoids these issues but at the expense of unrealistic simplification. Applying high resolution topography (e.g. LiDAR) which can both characterize near-stream relief and canopy geometry is desirable. However, the model will need to explicitly quantify canopy transmitted radiation in order to take advantage of these next-generation data sources.


The model in its current form is also inappropriate for conditions where incoming shortwave radiation is no longer the dominant heat energy flux. For example the model is inappropriate for applications to watersheds where coastal fog is important or for overcast or cloudy conditions. The current form of simple hydrology model only accounts networks where flow increases throughout. Therefore the model is appropriate for networks which contain losing reaches, or which contain reaches which are characterized by strongly hyporheic conditions. Conditions where ambient air temperatures dominate the heat energy budget will also render model application inappropriate. These conditions were encountered during the July 2006 California heatwave (Koslowski and Edwards 2007). One of the features of the 2006 heatwave was the persistence of warm day time temperatures through the night. For small, exposed streams, daily maximum temperatures were generally higher, but daily minimum temperatures were significantly higher. Under these conditions, the heat energy flux component in the model which is dominated but insolation does not account for important diurnal air temperature controls which are also function of riparian vegetation conditions. This limitation in the model is currently being addressed (Stillwater Sciences ongoing) by applying Fourier series transformations to measured daily maximum, minimum and daily mean temperatures. 
3.7 CONCLUSION
A simple, physically-based stream temperature model which predicts heat at fine spatial resolutions and transfers heat down through the network is presented. In the model, the heat energy flux term (Equation [2.1] is dominated by direct insolation. While  hydrology represented very simply by assuming groundwater inflow rates are a linear function of stream length. The model has been applied to a three basins within the South Fork Eel River basin in Northern California 
The successful performance of the model for the three basins, each characterized by different physiographic and vegetation characteristics, lends support to the adoption of a simple mechanistic scheme for basin-scale modeling.  Furthermore, the results suggest that the scheme captures the important processes - chiefly direct solar radiation, and the controls on the amount of short-wave reaching the surface, and hydrological processes involved in mass transfer - driving heating during the hottest period of the year. 

The mechanistically-based model structure, the limited data requirements and flexible input data needs, permits model transfer to basins of very different physiographic and vegetation environments.  The simple strategy as presented here, offers state and federal regulators an important tool which can be efficiently mobilized and used to as a large area assessment tool to screen water temperature issues.  Where additional information is required on the individual mechanisms responsible for stream heating, one of the physically-based reach models (e.g. Boyd and Kaspar 2003) or network-based (e.g. Theurer et al. 1984) may be used. 
Table 3.1
Numeric values assigned to atmospheric transmission parameters used by Topquad to compute insolation
	Parameter
	Value used
	Potential Range

	Optical depth (()
	0.2
	0 – 100+

	Single scattering albedo (()
	0.85
	0 - 1.0

	Scattering asymmetry factor (()
	0.55
	0 – 0.99


Table 3.2
Source data requirements for Topquad1 parameters 
	Parameter
	Source

	Spectral range
	Depends on application. A coarse spectral range (0.3 – 3.0 μm) was used in this study. 

	γ - scattering asymmetry factor (measures the strength of forward scattering)
	Computed by radiative transfer models (e.g., MODTRAN, [Berk et al. 1997])

	ω - single scattering albedo (the ratio of the scattering extinction to the total extinction)
	Computed by radiative transfer code (e.g., MODTRAN), or from soundings measurements.

	τ - optical depth
	Computed by radiative transfer code (e.g., MODTRAN)

	Land surface albedo
	In the absence of direct measurements, assigning a global estimate is considered reasonable (Marks, pers. comm. 1998)

	Mean Elevation
	Extracted from DEM.  Optical depth is a function of pressure which is in turn, elevation dependent.

	Slope and aspect
	Computed from DEM

	Sky view factor
	Computed from DEM

	Terrain configuration factor
	Computed from DEM


1Topquad is a set of routines included in the Image Processing Workbench (IPW) that calculate daily integrated  radiation over a DEM using a two-stream atmospheric radiation model and 21-point Kronrod quadrature between sunrise and sunset (Marks et al. 1999)
 Table 3.3
Literature and reported values for the atmospheric transmission parameters used in Topquad 
	Source


	Optical depth (τ) (meters)
	Single scattering albedo (()
	Scattering asymmetry factor (γ)

	Mammoth Mountain, CA, clear day (Dozier pers comm., 1998)
	0.10
	0.98
	0.80

	Mammoth mountain, CA, cloudy day (Dozier, pers comm. 1998)
	3.0
	0.995
	0.80

	Urban-industrial environments (Iqbal, 1983)
	―
	( 0.6
	―

	Rural-agricultural environments (Iqbal, 1983)
	―
	( 0.9
	―

	DHSVM model input (Arola, 1993, based on Dubayah, 1990))
	0.20
	―
	―

	Suggested values (Danny Marks, pers. Comm.., 1999)
	0.20
	0.85
	0.55

	Kansas, June 15 Clear Day (Dubayah, 1990).  Spectral range 0.35-0.75(m
	0.20
	0.90
	0.55

	Kansas, June 15 Clear Day (Dubayah, 1990).  Spectral range 0.75-2.8(m
	0.20
	0.75
	0.65

	Kansas, December 15, Clear Day (Dubayah, 1990).  Spectral range: 0.35-0.75(m
	0.20
	0.90
	0.55

	Kansas, December 15, Clear Day (Dubayah, 1990).  Spectral range: 0.75-2.8(m
	0.2
	0.75
	0.65

	Values used in 

this study
	0.20
	0.85
	0.55


Table 3.4
BasinTemp heat balance model parameters

	1-D heat balance 

model parameter
	Units
	Description

	Groundwater temperature (Tgw)
	°C
	Groundwater temperature. Global parameter.  Set to a physically realistic value (approximately the mean annual air temperature for the basin of interest, e.g. Theurer et al. 1984)

	Groundwater seepage rate
	m3/km
	Calculated by matching the modeled mean daily discharge with the average of the 7-day running mean daily discharge at a gage (or gages) for the basin of interest

	‘Air temperature’ parameter (Ta)
	°C
	The ‘air temperature’ parameter value is obtained either by allowing it to vary in the fitting exercise or by assigning measured air temperature data (if available) from the basin of interest. 

	K0
	Dimensionless
	Lumped fitting parameter (no direct physical interpretation)

	Insolation parameter (K1)
	Dimensionless
	Insolation parameter. Default value is set to unity.

	K2
	Dimensionless
	Fitting parameter that multiplies the difference between air temperature parameter (Ta) and water temperature (h/αq in Equation 3.[]).


Table 3.5
Data used in the South Fork Eel River BasinTemp modeling.

	Data type
	Source Data 

	Topography
	30-meter USGS DEM

	Tree height model
	30-meter Landsat TM imagery classified according to the California Wildlife Habitat Relations (CWHR) system (Fox et al. 1997)

	Stream network
	1:24,000 USGS Digital Line Graph blueline hydrography

	Channel geometry
	Power-law relationship between drainage area and field measured low-flow width for reaches throughout the South Fork Eel (Figure []).

	Low-flow Discharge
	7-day mean daily discharge data from USGS gages for Bull and Elder Creeks.   No discharge data were available for Rattlesnake Creek so USGS discharge data from a neighboring basin, Tenmile Creek, were used. 

	Observed stream temperature data
	1996-1997 thermograph data compiled by Humboldt Country Resource Conservation District (Friedrichsen 1998, Lewis et al. 2000)


 Table 3.6
Physiographic attributes of Bull, Elder, and Rattlesnake Creeks, South Fork Eel basin, Northern California

	Basin
	Lat/long of mouth
	Area (km2)
	Relief (meters)
	Mean elevation (meters)
	Total Length of channel (km)
	Drainage density1 (km/sq.km)

	Bull Creek
	123.9W 40.4N
	112
	995
	430
	141
	1.3

	Elder Creek
	123.6W 39.7N
	17
	874
	850
	25
	1.4

	Rattlesnake Creek
	123.7W 39.8N
	99
	1081
	710
	141
	1.4


1Based on USGS 1:24,000 blueline hydrography

Table 3.7
Dominant lithologies for Bull, Elder, and Rattlesnake Creeks, South Fork Eel basin.

	Basin
	Percent of basin contained in different lithologies1

	
	Yager Formation
	Franciscan Melange
	Coastal Belt Franciscan
	Modern Stream Deposits
	Valley Floor and Terraces
	Leggett Peridotite

	Bull Creek
	82.9
	–
	12.4
	0.4
	4.3
	–

	Elder Creek
	–
	–
	99.5
	–
	0.5
	–

	Rattlesnake Creek
	–
	62.3
	36.2
	0.02
	0.2
	1.3


1Yager and coastal belt Franciscan geomorphic terrains are characterized by moderate to steep slopes and forested hillsides with straight profiles.  Franciscan melange lithology is characterized by open grasslands and oak woodland with gently rolling, hummocky relief (EPA 1999). Little timber production is associated with mélange geomorphic terrain (EPA 1999).
Table 3.8
Dominant California Wildlife Habitat Relations (CWHR) vegetation classes in Bull, Elder, and Rattlesnake Creeks, South Fork Eel basin.
	CWHR vegetation class
	Bull Creek
	Elder Creek
	Rattlesnake Creek

	Late seral

mixed conifer
	16%
	52%
	38%

	Late seral 

conifer-hardwood
	42%
	17%
	—

	Later seral mixed conifer
	—
	—
	8%

	Early to mid seral conifer-hardwood
	26%
	19%
	11%

	Early to mid seral mixed hardwood
	8%
	8%
	—

	Grassland and 

Shrubs
	—
	—
	32%

	Other
	8%
	4%
	11%


Table 3.9
Diameter at breast height (DBH) to tree height conversions for existing California Wildlife Habitat Relations vegetation assemblages1.

	DBH range

(inches)
	Tree height (meters)

	
	Mixed Hardwood
	Mixed Pine
	Mixed Fir
	Mixed Conifer and Hardwood
	Mixed Oak Woodland
	Mixed Hardwood and Conifer
	Mixed Conifer

	1-6
	10
	7
	7.5
	7.5
	5
	10
	10

	6-11
	15
	10
	15
	15
	10
	15
	15

	11-24
	20
	17.5
	20
	22.5
	15
	20
	25

	> 24
	25
	25
	30
	30
	20
	27.5
	35

	> 362
	–
	–
	–
	–
	–
	–
	45


1Sources listed in main body of text

2 Only applies to Mixed Conifer and Mixed Conifer and Hardwood classes.

Table 3.10
Final best-fit BasinTemp calibration parameters for each test basin.  

	Basin / Year
	Temperature metric
	Groundwater seepage rate (m3/km)
	Groundwater temperature (Tgw ºC)
	K0*
	K2*
	‘Air temperature’ parameter (Ta ºC)
	Best-fit RMSE (ºC)
	Best-fit R2

	Bull Creek 1996
	MWATS
	0.001715
	12
	-295
	9.2
	20 ºC
	0.25 ºC
	0.99

	Elder Creek 1997
	WATS
	0.002
	12
	-288
	6.7
	20 ºC
	0.40 ºC
	0.83

	Rattlesnake Creek2 

1997
	WATS
	0.000227 (mélange)  and 0.002 (coastal belt)
	12
	-293
	10.3
	19.7 ºC and 20.8 ºC
	0.47 ºC
	0.77

	Bull, Rattlesnake and Elder Creek combined 1996/1997
	Bull Creek 1996 MWATS and

Elder and Rattlesnake Creek 1997 WATS
	See note (3) below
	12
	-293
	8.3
	See note (3) below
	0.39 ºC
	0.97


*
Units of K0 and K2 are dimensionless
Notes

1.
The dimensionless coefficient, K1, was fixed at unity for every basin.

2. Two lithology-specific (mélange and Franciscan Coastal Belt) groundwater seepage rates and two parameterized air temperatures (Ta) were applied to Rattlesnake Creek calibration.

3. Basin and year-specific groundwater seepage rates were applied. Similarly year-specific, and in the case of Rattlesnake Creek, lithology-specific, parameterized air temperatures (Ta) were applied.
Figure 3.1
Temperature model processing steps
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Figure 3.2
Features of tree height and solar radiation prediction model for a hypothetical north-south oriented stream channel\
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Figure 3.3
IPW shortwave radiation predictions as a function of assumed tree height and stream orientation1
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1Assumes a flat topographic surface at mean sea level
Figure 3.4
Heat exchange processes modeled in BasinTemp
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Figure 3.5
Bull, Rattlesnake, and Elder Creeks. South Fork Eel River basin, Northern California.
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Figure 3.6
Modified California Wildlife Habitat Relations (CWHR) vegetation data1 used to generate tree height model
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1Source: Fox et al. (1997), Fox and Carlson (1996)
Figure 3.7
Solar radiation predictions for topography-only shade conditions, Bull Creek
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Figure 3.8
Solar radiation predictions for existing vegetation shade conditions, Bull Creek.
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Figure 3.9
Observed versus predicted MWATS1. Bull Creek, South Fork Eel River
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1MWAT predictions generated for the week-ending July 31st, 1996

Figure 3.10
MWAT predictions for existing vegetation shade conditions for week-ending July 31st, 1996. Bull Creek.
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Figure 3.11
Solar radiation predictions. Elder Creek, South Fork Eel River basin. 
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Figure 3.12
Observed versus predicted weekly average temperatures (WATS)1.  Elder Creek, South Fork Eel River.
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1WATS predictions generated for the week-ending July 31st, 1997

Figure 3.13
WATS (weekly average temperature) predictions for the week-ending July 31st 1997. Elder Creek, South Fork Eel River basin.
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 Figure 3.14
Rattlesnake Creek lithology1
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1Source: U.S. EPA (1999)
Figure 3.15
Solar radiation predictions for topography-only shade conditions, Rattlesnake Creek
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Figure 3.16
Solar radiation predictions for existing vegetation conditions, Rattlesnake Creek
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Figure 3.17
Observed versus predicted WATS (weekly average temperature)1.  Rattlesnake Creek, South Fork Eel River basin
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1WATS predictions generated for the week-ending July 31st, 1997

Figure 3.18
WATS (weekly average temperature) predictions for the week-ending July 31st 1997. Rattlesnake Creek, South Fork Eel River basin.
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Figure 3.19
WATS (weekly average temperature) predictions for the week-ending July 31st 1997. Rattlesnake Creek, South Fork Eel River basin. Overlying lithology.
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Figure 3.20
Combined observed versus predicted temperatures using observed temperature data for all three South Fork Eel River sub-basins (Bull Creek 1996 MWATS, and 1997 WATS for Rattlesnake and Elder Creek)
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Figure 3.21
Change in predicted temperatures after reducing lowflow discharge by 50%. Bull Creek.
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Figure 3.22
Change in predicted temperatures after increasing lowflow discharge by 50%. Bull Creek.
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Figure 3.23
Bull Creek thermal long profiles: temperature effects of reducing (or increasing) flow by 25% and 50%
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Figure 3.24
Squaw Creek thermal long profiles: temperature effects of reducing (or increasing) flow by 25% and 50%
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Figure 3.25
Cuneo Creek thermal long profiles: temperature effects of reducing (or increasing) flow by 25% and 50%
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Figure 3.26
Observed versus predicted low-flow discharge. South Fork Ten Mile River, Mendocino County, Northern California
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 Accurately georeferencing each thermograph is essential to ensure reliable optimization.  A thermograph located at a tributary junction and whether it is sited above, below, or on the tributary at the confluence must be accurately determined in order to permit the calibration to proceed.
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