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The distribution of heat fluxes over all model cells and all times were calculated to show the relative contributions 
(Figure 6). The monthly RMSE per river kilometer for each reach was calculated to show seasonality in model error 
and indicates that model error is typically higher during summer months (Figure 7). 
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Reach Name 
(Reach #)

Upstream to 
Downstream 

River Mile (RM)

Reach Length 
in Miles (KM)

Upper Marble 
Canyon  (1) RM0 to RM30 30 (48.8)

Lower Marble 
Canyon (2) RM30 to RM61 31 (49.7)

Eastern Grand 
Canyon (3) RM61 to RM88 27 (43.5)

East Central 
Grand Canyon (4) RM88 to RM167 79 (127.3)

West Central 
Grand Canyon (5) RM167 to RM225 58 (94.1)

Reaches below were combined to run model for
periods where boundary condition data were lacking
(i.e., RM30 and RM167)
Marble Canyon 
(1,2) RM0 to RM61 61 (98.2)

Central Grand 
Canyon (4,5) RM88 to RM225 137 (221.1)
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1. Develop a process based model for the Colorado River in Grand Canyon to estimate the magnitude of 
individual heat fluxes. 

2. Identify which mechanisms are dominant drivers for warming/cooling of the river to understand how 
climate change will alter the thermal regime of the river.

• Temperature models using empirical or semi-empirical formulations exist for the Colorado River in Grand 
Canyon [Anderson and Wright, 2007; Wright et al., 2009], but these models do not account for individual 
heat fluxes that drive warming or cooling. 

• On-going climate change, causing long-term decreases in runoff in the Colorado River watershed, is 
anticipated to lower Lake Powell water levels for prolonged periods, elevating water temperatures released 
from the reservoir. It is uncertain how this will alter river temperatures throughout the Grand Canyon.

• An understanding of the dominant heat fluxes controlling temperatures in the Colorado River is needed to 
estimate the effects of climate change on the ecosystem and identify management strategies that can meet 
both water demand and environmental goals. 

Additional Modeling Steps and Assumptions
• Adjusted roughness to match flows for each reach
• Closed water balance for each reach by 

differencing upstream gage and tributaries from 
downstream gage, adding volumes as monthly 
distributed flows

• Assumed 20 °C for distributed inflow temperature
• Tributary inflow data gaps filled with baseflow

values
• Tributary temperature gaps filled with monthly 

mean temperature and monthly hourly 
temperature variability

Variable Location

River Temperature See Figure 1
River Flow See Figure 1
Air Temperature Phantom Ranch, Grand Canyona

Wind Speed Page, AZ
Relative Humidity Page, AZ
Shortwave Radiation RAWS Network Sitesb,c

Table 1. Characteristics of each reach. Reaches 
were discretized by gaging stations along the 
mainstem of the Colorado River in Grand Canyon.

Input Data
Table 2. Minimum data required to run the process based 
temperature model

a Air temperature regressed from Page, AZ air temperature data to extend period 
of record
b RAWS = Remote automated weather station
c Median values across all evaluated weather stations (n=18)

Figure 1. Map of the study area depicting reach discretization 
and the location of monitoring sites used as forcing data.

Figure 3. Shading was accounted for by calculating the greatest 
angle between the river and adjacent topography at 100 m 
increments along the river corridor with a 10 m resolution DEM 
[Margilus, 2015] (A). Scaling factors were calculated by comparing 
illumination angles to temporally varying solar angles on a reach 
basis and used to scale incoming shortwave radiation applied to 
each reach (B).

Figure 2. Schematic of a model cell showing heat fluxes including 
shortwave radiation (Jsn), Atmospheric longwave radiation (Jan), 
water longwave radiation (Jbr), latent heat (Je), sensible heat (Jc),
bed conduction (Jsed), lateral inflow discharge (qtrib) and 
temperature (Ttrib), distributed inflow discharge (qdistributed) and 
temperature (Tdistributed).

Temperature Modeling 
• A component-based integrated modeling 

framework was adopted [Buahin et al., 2018]
• Individual components coupled in model 

(Figure 2)
o Heat advection-dispersion with lateral       

point/distributed inflow and heat
o Air-water interface fluxes
o Sediment-water interface fluxes
o Hydraulic routing (EPA SWMM model)

§ Channel cross-sections delineated from 
LiDAR [Magirl et al., 2008]

o Shading factors (Figure 3)
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• The model captures seasonal and daily trends in river temperature well.
• The model provides a physical basis for examining the impacts of upstream dam release flow and temperature 

on temperatures in the Grand Canyon.
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• Determine rating curve uncertainty and evaluate error propagation in flow balance calculations.
• Determine sensitivity of system to changes in climate and hydrologic variables.
• Develop realistic climate change scenarios to understand potential ecosystem impacts.
• Create processed based model for the Upper Basin (Green River).
• Couple Lake Powell modeled release temperatures to river model to link larger scale water supply questions to 

ecological outcomes. 

Figure 6. Distribution of each heat flux accounted 
for within the model. 

Figure 7. RMSE per reach length in kilometers for each reach on 
a monthly basis. RMSE calculations exclude RM0 to RM61 and 
RM88 to RM225.
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Figure 9. Annual volume gained between Lee’s Ferry and RM225. The 
mean annual volume gain is 780,000 ac-ft. The contribution from 
gaged tributaries is roughly half, with an annual mean of 390,000 ac-ft.  

Figure 8. Model results for low flow and high flow periods depicting predictions of seasonal variability (A and B). Magnified plots 
showing the model performance in capturing daily variability in temperature (C and D). 

Figure 5. Long-term historical temperature modeling results for each reach with histograms of observed minus modeled 
temperature residuals in °C showing the magnitude of errors. RMSE calculations exclude RM0 to RM61 and RM88 to RM225.

Low Flow Year High Flow Year

Long-Term Historical Modeling

In order to use the model in predicting the impacts of climate change, we needed to ensure that 1) the flow routing 
was valid over long periods of time (Figure 4) and that 2) assumptions applied to meteorological input data provided 
a reasonable approach to modeling historical temperatures throughout the canyon (Figure 5).

Figure 4. Long-term historical flow modeling results for each reach with histograms of residuals (observed minus modeled flow) in 
cubic meters per second (cms) showing the magnitude of errors. RMSE calculations exclude RM0 to RM61 and RM88 to RM225.
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Study Area
The model domain for this study spanned the Colorado River in Grand Canyon from the gaging station at Lee’s 
Ferry to the gaging station above Diamond Creek (approximately 225 miles downstream). This corridor of the 
Colorado River was broken into 5 reaches (Table 1; Figure 1).

Potentially important mechanisms not included in model:
• Ungaged perennial streams and springs (Figure 9)
• Groundwater and/or hyporheic exchange
• Longwave radiation from canyon walls

• Observed diurnal temperature ranges are typically 
smaller than model estimates.

• Model error varies over both space and time. 
• The largest heat flux is shortwave radiation, but net 

longwave and latent heat fluxes are also important.
• Tributary heat contributions are notable, but not 

fully accounted for based on the approach taken 
for closing the flow balance.

• Temperature predictions are systematically low 
with an average RMSE per km equal to 0.017 °C/km 
or about 1.18 °C over the study reach.

When comparing predictions during high and low flow periods, errors increase during the summer of low flow years 
(Figure 8.)
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