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Water temperature is an essential property of a stream. Temperature regulates 

physical and biochemical processes in aquatic habitats. Various factors related to 

climatic conditions, landscape characteristics, and channel structure directly influence 

stream temperature. Numerous studies indicate that increased average air temperature 

during the past century has led to stream warming across the world. The trend of 

stream warming was also present in spring-fed watersheds, where summer flow has 

decreased. In addition, anthropogenic practices that alter the natural landscape and 

channel structure, such as forest management, agriculture, and mining contributed to 

stream warming. For example, deforested and unshaded stream reaches or dredged 

channels were warmer than shaded reaches and meandering streams. Stream 

temperatures in North American lotic habitats are of a specific concern due to their 

significant economic, cultural, and ecological value. With climate projections 

indicating that air temperature will only continue to rise throughout the 21st century, 

cold- or cool-water organisms, especially fishes, will be affected. Therefore, there is a 

strong need to better understand the impacts of changing climate, riparian landscape, 

and channel structure on a streamôs heat budget. This may assist in restoring the 



 

historic thermal regime in impacted sites and mitigating the impacts of future climate 

change. 

This study looks into the relative influences of the different factors on a streamôs heat 

budget with three manuscripts: one on stream temperature response to diel timing of 

air warming, one on stream temperature response to changes in air temperature, flow, 

and riparian vegetation, and one on stream temperature response to air warming and 

channel reconstruction. I used the software Heat Source version 8.05 to simulate 

stream temperature for all three analyses along the Middle Fork John Day River, 

Oregon USA. Two of the manuscripts were applied to an upper 37 km section of the 

Middle Fork John Day River (presented in chapter 2 and 3), where the third 

manuscript was applied to a 1.5-km section. 

 

The sensitivity analysis of stream temperature response to diel timing of air warming 

(Chapter 2: Diel Timing of Warmer Air under Climate Change Affects Magnitude, 

Timing, and Duration of Stream Temperature Change) was based on scenarios 

representing uniform air warming over the diel period, daytime warming, and 

nighttime warming. Uniform warming of air temperature is a simple representation of 

increases in the average daily or monthly temperatures generated by the ódelta 

methodô. The delta method relies on adding a constant value to the air temperature 

time-series data. This constant value is the difference (delta) between base case 

average air temperatures and the projected one. Scenarios of daytime or nighttime 

warming represent conditions under which most of the warming of the air occurs 

during the daytime or the nighttime, respectively. I simulated the stream temperature 

response to warmer air conditions of +2 °C and +4 °C in daily average for all three 

cases of air warming conditions. The three cases of different diel distributions of air 

warming generated 7-day average daily maximum stream temperature (7DADM) 

increases of approximately +1.8 °C ± 0.1 °C at the downstream end of the study 

section relative to the base case. In most parts of the reach, the three distributions of 

air warming generated different ranges of stream temperatures, different 7DADM 

values, different durations of stream temperature changes, and different average daily 



 

temperatures. Changes of stream temperature were out of phase with imposed 

changes of air temperature. Therefore, nighttime warming of air temperatures would 

cause the greatest increase in maximum daily stream temperature, which typically 

occurs during the daytime. 

 

The sensitivity analysis of the relative influences of changes in air temperature, 

stream flow, and riparian vegetation on stream temperature (Chapter 3: Assessing 

Stream Temperature Response to Cumulative Influence of Changing Air 

Temperature, Flow, and Riparian Vegetation). This study summarized stream 

temperature simulation in 36 scenarios representing possible manifestations of 21st 

century climate conditions and land management strategies. In addition to existing 

conditions (base case) of flow, air temperature, and riparian vegetation, scenarios 

consisted of: two air temperature increases of 2 °C and 4 °C, two stream flow 

variations of +30% and -30%, three spatially uniform riparian vegetation conditions 

that create averages of effective shade 7%, 34%, and 79%, in addition to 14% for 

base case conditions. Results suggest that variation in riparian vegetation was the 

dominant factor influencing stream temperature because it regulates incoming 

shortwave radiation, the largest heat input to the stream, while variation in stream 

flow has a negligible influence. Results indicated that increasing the effective shade 

along the study section, particularly in the currently unshaded sections, could mitigate 

the influence of increasing air temperature, and would reduce stream temperature 

maxima below current values even under future climate conditions of warmer air. 

With the small influence it had, increasing stream flow reduced the 7DADM under 

low shade conditions. However, increasing stream flow showed counterintuitive 

results as it contributed to increasing stream temperature maxima when the stream 

was heavily shaded. 

 

The applied study examined the stream temperature response to restoration practices 

and their potential to mitigate the influence of warmer air conditions (Chapter 4: 

Estimating Stream Temperature Response to Restoring Channel and Riparian 



 

Vegetation and the Potential to Mitigate Warmer Air Conditions). This study focused 

on a 1.5 km section along the upper part of the Middle Fork John Day River that was 

modified due to past anthropogenic activities of mining for gold and timber harvest. 

Currently, the riparian vegetation of the study site is mostly shrubs and stands of short 

trees. Restoration designs call for the restoration of both the channel structure and 

replanting the riparian vegetation. Simulation results showed that the 7DADM was 

higher in the restored channel than the existing channel with both conditions of low 

and high effective shade conditions. However, a combined restoration practice of 

channel reconstruction and medium effective shade conditions reduced stream 

temperature maxima more than restoring riparian vegetation alone. In addition, results 

showed that restoring riparian vegetation was sufficient to mitigate the influence of 

warmer air on stream temperature, while restoring the channel alone is not. Heat 

budget analysis showed that heat accumulation during the daytime increased in the 

restored channel, which was longer, narrower, and deeper than the existing channel. 

It is important to emphasize that stream temperature is one of many goals that 

restoration activities aim to improve. Furthermore, differences in 7DADM among the 

different scenarios of restoration are negligible. Such small differences could hardly 

be measure. While this study examined a short section of 1.5 km, longer stream 

sections may increase the differences in 7DADM. 

 

Primary conclusions of this study are: 1) daily maxima of stream temperature will 

increase in response to increased air temperature regardless of the distribution of air 

warming during the diel cycle; 2) nighttime air warming caused a greater increase in 

stream temperature maximum than daytime warming; 3) riparian vegetation was the 

dominant factor on streamôs heat budget, more than air temperature or stream flow; 4) 

restoring riparian vegetation mitigated the influence of warmer air; 5) restoring 

channel structure alone was not sufficient to lower temperature maxima; and 6) 

restoration project was most successful in improving degraded stream temperature 

when combined with channel reconstruction and improved riparian shade. 
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1. General Introduction  

 

Stream temperature is an important property that influences the physical and 

biochemical processes in lotic habitats. It regulates oxygen solubility and nutrient 

cycling in streams in addition to the metabolism, growth rate, and mortality of aquatic 

organisms (Feldhaus et al., 2010; McCullough, 1999; Myrick and Cech, 2005; 

Richter and Kolmes, 2005). Small changes to a streamôs thermal regime can lead to 

changes in physiological and behavioral characteristics of various aquatic organisms 

(Reeves et al., 2009; Tinus and Reeves, 2001) and more extreme changes may lead to 

mortalities (Feldhaus et al., 2010; Lawrence et al., 2012). The Middle Fork John Day 

River has experienced substantial warming and loss of cold-water habitats caused by 

anthropogenic activities. Between the late 19th century and throughout the first half 

of the 20th century, gold mining affected channel structure and timber harvest 

reduced riparian vegetation across the floodplain. In the future, stream temperature 

may increase in response to atmospheric warming (Mantua et al., 2010), thus better 

understanding of quantifying the effects of changes in air temperature, riparian 

vegetation, and channel structure on stream temperature is an essential step in 

developing effective restoration projects. There are two major approaches to simulate 

stream temperature: regression and deterministic models. 

 

Regression models establish statistically linear or nonlinear regressions between 

stream temperature and one or more independent factors. Such models of air-water 

temperatures are based on correlations on yearly, monthly, or weekly time scales 

(Crisp and Howson, 1982; Stefan and Preudôhomme, 1993). Stefan and Preudôhomme 

(1993) generated a general, linear equation that estimated water temperature (Tw) 

from air temperature (Ta) on a daily timescale Ὕ υȢπ πȢχυὝ and on a weekly 

timescale Ὕ ςȢω πȢψφὝ. However, recent studies reported that correlations 

between air and water temperature are weak and highly variable in a number of 

watersheds in the Pacific Northwest of North America (Arismendi et al., 2012). 
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Regression models with multiple parameters improve the prediction of stream 

temperature to daily time scales, but still cannot account for fine scale difference in 

subsurface exchange. Water temperature was also correlated with streamflow 

Sinokrot and Gulliver (2000), and reduced streamflow can cause increased stream 

temperature. Multiple regression models have focused on correlating stream 

temperature with air temperature and either flow or channel structure (Caissie et al., 

2001; Neumann et al., 2003; Webb et al., 2003). Cassie et al. (2001) indicated that 

incorporating flow in the air-water regression model did not improve the modeling 

significantly, but Webb et al. (2003) indicated that air-water relationships are stronger 

for flow that are lower-than the median. Incorporating streamflow in regression 

models provides more accurate predictions, but the degree of model improvement 

varies greatly (van Vliet et al., 2011). 

 

Deterministic models calculate the rate change in stream temperature (ȹTw) as a 

function of heat advection and dispersion (AD) in the flowing water and heat transfer 

(HT) between the stream and its environment (Brown, 1969; Davidson and Bradshaw, 

1967).  

 ῳὝ ᶿὃὈ Ὄ  EQ.  1-1 

 

Heat advection and dispersion is solved in: 

 ὃὈ ὟϽ
‬Ὕ

‬ὼ
ὈϽ
‬Ὕ

‬ὼ
 EQ.  1-2 

 

and heat transfer is solved in: 

 Ὄ
Ὄ

ὅ Ͻ” Ͻὠ
 EQ.  1-3 

 

So, the governing equation for the rate change in temperature is: 

 
‬Ὕ

‬ὸ
ὟϽ
‬Ὕ

‬ὼ
ὈϽ
‬Ὕ

‬ὼ

Ὄ

ὅ Ͻ” Ͻὠ
 EQ.  1-4 
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Where. 

Tw = water temperature (°C) 

‬ὸ = modeling time step (sec) 

‬ὼ = modeling distance step (along the channel) (m) 

U = water velocity (m·sec
-1

) 

DL = longitudinal dispersion coefficient (m
2
·sec

-1
) 

Hnet = net heat flux (W·m
-2

) 

”  = density of water (kg·m
-3

) 

ὅ  = specific heat capacity of water (4.18 kJ· (kg· °C)
-1

) 

V = water volume (m
3
) 

 

Five major heat fluxes control the streamôs heat exchange process (Fig. 1-1): 

shortwave radiation (Hsw), longwave radiation (Hlw), evaporation (Hevap), convection 

with air at the water surface (Hconv), and conduction at the streambed (Hcond) where 

the net heat flux is the sum of each component (Brown, 1969). 

 

 Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ  EQ.  1-5 

 

Deterministic models calculate stream temperature in space and time to incorporate 

spatio-temporal heterogeneity of climate conditions, channel structure, and riparian 

characteristics where regression models cannot. Deterministic models are more 

suitable for predicting stream temperatures under specific conditions and are able 

deliver more diverse outputs than regression models. 

 

Deterministic models provide a method for isolating and estimating the relative 

influence of different factors on stream temperature (Brazier and Brown, 1973; 

Brown and Krygier, 1970; Gu et al., 1998; Sinokrot and Stefan, 1993). Shortwave 

radiation is the main input heat flux to streams that is directly influenced by the 



4 

 

 

presence of riparian vegetation. Air temperature influences streams heat budgets 

through to longwave radiation, evaporation, and convection. Streams dissipate most 

of the heat in both longwave radiation and evaporation. Therefore, changing air 

temperatures may influence the potential to dissipate heat in streams. Temperature is 

a function of heat concentration (the net heat load in a volume of water), thus the 

magnitude of discharge influences the energy required to elevate water temperature. 

Gu et al. (1998) quantified a stream temperature-buffering coefficient, which relates 

increased stream discharge with a reduced warming rate. Drawbacks of deterministic 

models are the requirements for extensive input data and high computational 

demands.  

 

Studies of streamôs heat budget suggested various restoration strategies such as 

riparian re-vegetation, augmenting streamflow, and channel reconstruction. Brown 

(1969) suggested the replanting of riparian vegetation as a strategy to control stream 

temperatures. Brown and Krygier (1970) also identified that streams warmed up 

significantly following a clear-cut timber harvest. Overall, increasing the effective 

shade decreases maximum temperatures along shaded reaches (Johnson, 2004; 

Rutherford et al., 1997; Wilkerson et al., 2006; Zwieniecki and Newton, 1999). In 

addition, reducing diversions and establishing minimum streamflows can reduce 

warming associated with loss of riparian vegetation but it cannot eliminate increases 

in stream temperature (Sinokrot and Gulliver, 2000). 

 

This study quantifies stream temperature response to projected changes in climate, 

forest management, hydrology, and channel structure. To accomplish this goal, we 1) 

developed new software to strengthen an existing model, 2) conducted sensitivity 

analyses of stream temperature response to the interactive influence of multiple 

factors: air temperature, riparian vegetation, stream flow, and channel structure, and 

3)measured physical properties of a stream to model stream temperature response to 

ongoing restoration practices. 
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The study objectives are to: 

¶ Estimate stream temperature response to temporally uniform and non-uniform air 

temperature over the diurnal cycle. 

¶ Quantify stream temperature response to potential conditions of climate, riparian 

vegetation, and flow. 

¶ Identify and quantify the relative influence of projected conditions of air 

temperature, riparian vegetation, and flow on stream temperature. 

¶ Predict stream temperature response to the restoration practices of channel 

reconstruction and riparian vegetation. 

 

 

 

Figure  1-1: Heat transfer process showing all five major heat fluxes. 
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Abstract 

 

Stream temperature will be subject to changes due to atmospheric warming in the 

future. I investigated the effects of the diurnal timing of air temperature changes ï 

daytime warming vs. nighttime warming ï on stream temperature. Using the 

physically-based model, Heat Source, I performed a sensitivity analysis of summer 

stream temperatures to 3 diurnal air temperature distributions of +4 °C mean air 

temperature: 1) uniform increase over the whole day; 2) warmer daytime; and 3) 

warmer nighttime. The stream temperature model was applied to a 37-km section of 

the Middle Fork John Day River in northeastern Oregon, USA. The 3 diurnal air 

temperature distributions generated 7-day average daily maximum (7DADM) stream 

temperatures increases of approximately +1.8 ±0.1 °C at the downstream end of the 

study section. The 3 air temperature distributions, with the same daily mean, 

generated different ranges of stream temperatures, different 7DADM temperatures, 

different durations of stream temperature changes, and different average daily 

temperatures in most parts of the reach. The stream temperature changes were out of 

phase with air temperature changes and, therefore in many places, the greatest 

daytime increase in stream temperature was caused by nighttime warming of air 

temperatures. Stream temperature changes tended to be more extreme and of longer 

duration when driven by air temperatures concentrated in either daytime or nighttime 

instead of uniformly distributed across the diurnal cycle.  
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 Introduction  

 

Stream temperature has been recognized as an important environmental factor in 

freshwater ecosystems since the 1960ôs (Caissie, 2006; Webb et al., 2008). Naturally, 

stream temperature fluctuates on seasonal as well as daily cycles (Sinokrot and 

Stefan, 1993), and these fluctuations are important to ecosystems. For example, the 

River Continuum Concept points to the variability in stream temperature (annual, 

daily and seasonal cycles) as important influences on aquatic species and habitats 

(Vannote et al., 1980). Recent studies show that North American watersheds have 

witnessed noticeable increases in water temperature for the past few decades 

(Bartholow, 2005; Beschta and Taylor, 1988; Mohseni et al., 1999; Webb, 1996). 

Efforts have been made to predict the influence of future climate change on stream 

temperature and aquatic ecosystems to help restoration efforts and planning. 

However, the future magnitude of increases is poorly constrained, and the diurnal 

timing and durations of the increases have received little study. 

Cold-water fish (such as salmonid species) are affected by increasing stream 

temperatures. Feldhaus et al. (2010) found that levels of heat shock protein 70 in 

redband rainbow trout (Oncorhynchus mykiss gairdneri) were positively correlated 

with stream temperature. Thermal stress in the short term leads to behavioral changes 

over the fish life cycle. Among fish populations in the Pacific Northwest of the USA, 

metabolism, food consumption, growth, and reproduction ability, have been found to 

be affected by stream temperatures (McCullough, 1999; Myrick and Cech, 2005; 

Myrick and Cech, 2003; Myrick and Cech, 2000; Myrick and Cech, 2004; Selong et 

al., 2001). 

 

Stream temperature is the product of heat exchange between water in the stream and 

its environment. Therefore, environmental changes may lead to changes in stream 

temperature. The stream exchanges heat with its environment via five major sources 

and sinks: shortwave (solar) radiation, longwave (thermal) radiation, streambed heat 

transfer (conduction), evaporation, and convection (Khangaonkar and Yang, 2008; 



9 

 

 

Stefan and Sinokrot, 1993). Further, stream temperature is influenced by boundary 

conditions (the temperature and discharge of upstream flow and incoming tributaries). 

The governing equation for heat budget and exchange in an open channel is the 

advection dispersion equation with aforementioned sources and sinks (Brown, 1969; 

Wright and Horrall, 1967). 

 

Diurnal fluctuations of air temperature vary in range, maxima, and minima due to 

atmospheric conditions, elevation, topography and land cover. Maxima typically 

occur during the late afternoon to early evening, while minima occur during the late 

night to early morning. These diurnal fluctuations have a great impact on the streamôs 

heat budget because air temperature affects the heat exchange between the air and 

water. However, models of warming climate typically project an increase in the 

annual and monthly average air temperatures (IPCC, 2007), rather than the hourly 

changes important to stream temperature. Nevertheless, prediction of future stream 

temperature requires the use of results from these climate models (Caissie et al., 

2007; Gooseff et al., 2005; Mantua et al., 2009; Stefan and Sinokrot, 1993). 

 

Modeling stream temperature can be divided into two approaches: statistical and 

deterministic. Statistical models correlate stream temperature with one or more 

variables such as air temperature and streamflow. Linear regression models are easier 

to use and require less input data compared to complex statistical models that involve 

correlating stream temperatures with more variables that can become mathematically 

complicated (Webb and Nobilis, 2007). Numerous studies have established statistical 

(linear and non-linear) correlations between air and water temperatures. These 

correlations have been used to predict future stream temperatures under projected 

changes in climate. Stefan and Preudôhomme (1993) and Pilgrim et al. found a linear 

correlation between air and water temperatures in the central USA. They detected that 

water temperature responses to air temperature changes were different according to 

the size of the river. Mohseni et al. (1998) developed a non-linear regression function 

correlating the average weekly stream temperature with air temperature for different 
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streams around USA. Studying a southwest English stream, Webb et al. (2003) found 

better correlation of air and water temperatures in rivers with below-average flow. 

Benyahya et al. (2007) used autoregression and periodic autoregression models to 

predict temperature in the Deschutes River, Oregon, USA. Statistical methods are 

commonly used to model past and future stream temperatures at annual, monthly, and 

weekly time scales rather than at daily or diurnal time scales (Mohseni, et al., 1998; 

Webb et al., 2003; Cassie, 2006). 

 

Deterministic models explicitly incorporate the heat budget, physics of flow, and 

changes to these processes in streams. These models require detailed input data to 

calculate heat fluxes (Caissie et al., 2007; Stefan and Sinokrot, 1993), including 

meteorology, topography, stream geomorphology, and hydrology. Stefan and 

Sinokrot (1993) studied five streams in the USA using a deterministic model and 

predicted that increasing air temperature could lead to a 2.4 to 4.7 °C increase in 

stream temperatures, while removing riparian vegetation could lead to a 6 °C 

increase. Cristea and Burges (2010) predicted that a 4 °C increase in air temperature 

in the Wenatchee River, Washington, USA would increase streamôs maximum 

temperatures by 2.5 ī 3.6 °C in the 2040s. Modelers who use deterministic models 

modify existing data of atmospheric and initial conditions to generate future scenarios 

to modify the impact on stream temperature. 

 

There are a number of methods to modify an existing air temperature data to model 

future scenarios of global warming. Chief among these is the uniform case where a 

single increase in air temperature is added uniformly to the whole data. This is 

sometimes called the ódelta caseô or ódelta methodô. The uniform case generates a 

uniform increase in air temperature over the diurnal cycle. It generates projected daily 

average, maxima, and daily minima temperatures that are higher than the originals by 

the same value. However, I do not know if temperatures will change uniformly. 
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Alexander et al. (2006) and Morak et al. (2011) reported that during the second half 

of the 20th century, minima increased faster than maxima over most of the planet. In 

addition, the diurnal temperature range (DTR) has been decreasing over the same 

period (Vose et al., 2005). Consequently, a diurnal uniform increase in air 

temperature is not the only method to modify air temperature data in the deterministic 

models that aim to simulate future scenarios. The expected increases in the monthly 

average air temperature might result more from an increased nighttime air 

temperatures than the increased daytime temperatures. Conversely, the expected 

increases in the monthly average air temperature might result from increased daytime 

air temperatures. 

 

These findings increase the uncertainty in modeling future impact of air temperature 

warming on stream temperatures. While numerous studies examined past diurnal air-

water temperature correlation, the majority of future projection deals with weekly and 

daily correlations. I use sensitivity analysis to compare and contrast the two most 

extreme cases with the uniform case, examining the changes in stream temperature 

resulting from daytime versus nighttime warming.  

 

The only study that investigated non-uniform changes in air temperature over the 

diurnal cycle was Gooseff et al. (2005). Using a deterministic model of the Lower 

Madison River, Montana, USA, and output from the general circulation models 

(GCMs), Gooseff et al. found that daytime warming (of air) warmed streams beyond 

the upper zero net growth temperature for rainbow trout (Oncorhynchus mykiss) by 

more time than nighttime warming. In addition, Gooseff et al. found that combining 

nighttime warming and changing shortwave radiation warmed stream beyond the 

maximum temperature for growth for rainbow trout by more time than daytime 

warming of air and changed shortwave radiation. Gooseff et al. did not isolate the 

effects of changed air temperatures from those of changed solar radiation.  
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The objective of this study is to understand the response in stream temperatures to the 

timing of diurnal changes in air temperature under climate change and to isolate those 

effects from changes in shortwave radiation. To meet this objective, a calibrated 

physics-based stream temperature model for the Middle Fork John Day River, 

Oregon, USA, was changed to reflect possible timing scenarios for future air 

temperature warming. 

 Methods 

 

I based the study on an upper section of the Middle Fork John Day River (MFJD) in 

northeastern Oregon, USA (Fig. 2-1). The study section extends for 37.0 km 

beginning immediately upstream of the confluence with Clear Creek (44Á35ô48òN, 

118Á29ô36òW) and ending immediately downstream of Camp Creek. The drainage 

area of the study section is 827 km
2
 (663 km

2
 excluding the area of Camp Creek sub-

basin) and elevations range from 1,000 to 1,250 m with a total of 19 tributaries. The 

upper elevations of the study sectionôs drainage basin receive an annual average of 

1270 mm of precipitation, with less than 10% falling during the hottest months of 

July and August. Flow in the MFJD at Clear Creek drops from 2.5 m
3
s

-1
 at the 

beginning of May to 0.2 m
3
s

-1
 at the end of September with slowly declining 

discharge through July and August. The study section is made up of unconstrained 

sub-reaches running through wide riparian meadows connected by confined sub-

reaches with narrow valley floors (Crown and Butcher, 2010). Bedrock geology in the 

reach is predominantly Columbia River Basalt Group and felsic volcanic and 

volcaniclastics of the John Day Group (Hunt and Stepleton, 2004). Gold mining, 

dredging, and railway constructions during the second half of the 19th century to 

early 20th century lead to tree clear-cutting along the riparian zone and 

geomorphologic changes in the valley. Sinuosity was reduced, and banks were 

hardened. Furthermore, trees were removed for cattle grazing and firewood, and 

could not be replanted due to the coarse texture of the mining spoils, leading to large 

scale reduction in tree cover in some sub-reaches (Beschta and Ripple, 2005). 
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I used the model Heat Sources in the simulations. Heat Source (Boyd and Kasper, 

2003; Boyd, 1996) is a physically-based finite-difference model that simulates stream 

thermodynamics and hydrodynamics. It is distributed and maintained by the Oregon 

Department of Environmental Quality 

(http://www.deq.state.or.us/wq/tmdls/tools.htm) and has been used in a number of 

stream temperature studies and reports. Heat Source simulates advection and 

dispersion of heat, and heat exchange processes including fluxes of shortwave and 

longwave radiation, air/water interface convection, evaporation rate, and bed 

conduction. The current version (8.0) contains packages that calculate local channel 

hydraulics and the hourly solar radiation flux on the water surface based on sun angle, 

vegetation, topography and the water surface and the wetted channel dimensions.  

 

Crown and Butcher (2010) parameterized and calibrated Heat Source to simulate 

MFJD stream temperature based on records and measurements from the years 2002 

and 2004 as part of a total maximum daily load (TMDL) assessment for the John Day 

River. Original data for discharge and temperature were generated by a combination 

of in-stream measurements, thermal infrared surveys, and a generic temperature 

profile (Crown and Butcher, 2010). I extracted the relevant model input elements for 

the study section in the MFJD from Crown and Butcherôs model. The stream section 

uses stream temperature records from seven data loggers located along the mainstem 

MFJD (records from 2002 at river km (rkm) 3.2, 13.2, 13.75, 17.45, 19.15, 20.55, and 

28.3- numbering according to the study section) and five data loggers on major 

tributaries installed between May and October 2004. At each data logger location, 

values for cloudiness, humidity, wind speed, and air temperature were adjusted from 

the Agrimet site in Prairie City, Oregon (22.0 km away from upstream end of reach at 

44Á27ô42òN, 118Á42ô50òW, and elevation 1079 m). The accuracy/error of the model 

was confirmed for key days (hottest days) at locations where data loggers were 

installed (See Crown and Butcher (2010) for further information). 

 

http://www.deq.state.or.us/wq/tmdls/tools.htm
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Records showed that at the upper end of the study section, stream temperature ranged 

from 11.6 to 27.7 °C in July 2002, while at the lower part of the study section (data 

logger at rkm 3.2), river temperature ranged from 12.4 to 28.7 °C in July 2002. The 

air temperature ranged between 4.8 and 39.9 °C in the same month. 

The sensitivity analysis did not include any changes in the boundary conditions. The 

flow regime and stream water temperature at the upstream boundary of the study 

section were kept at their 2002 values (See Table 1). In addition, the discharge and 

temperature of tributaries entering the mainstem MFJD were not changed in the study 

section. Crown and Butcher (2010) reported the flow and temperature of the major 

tributaries entering the MFJD. Their report also lays out the method for estimating the 

missing information for tributariesô temperature and discharge. Thus, tributary and 

upstream boundary temperatures fluctuated over time, both diurnally and over longer 

periods, following the temperatures observed during the 2002 base year. Discharge 

also varied over the simulation period to include the values over the year (for 

example, snowmelt flow and summer flow). While I expect the temperature and 

discharge of the upstream boundary and the tributaries to change with climate, the 

focus here is not a prediction of future temperature, but an investigation of sensitivity 

to the diurnal timing of air warming. 

 

Mantua et al. (2010) calculated spatially and temporally downscaled future air 

temperature from the A1B and the B1 emission scenarios based on results from the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 

AR4), providing average monthly air temperatures for many watersheds throughout 

the Pacific Northwest (Bates et al., 2008). Elsner et al. (2010) projected future air 

temperature on a monthly basis on a 1/16° grid for the A1 scenario. Both the A1B and 

B1 assume the same growth rate in the worldôs population while the B1 scenario uses 

lower emissions and cleaner energy technologies. Results of A1B emission scenarios 

by Mantua et al (2010) for July-August have an average increase in air temperature of 

3.43 °C by the 2040s, and 5.88 °C by the 2080s. Their B1 July-August results have an 

average increase in air temperature of 2.64 °C by the 2040s, and 4.24 °C by the 
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2080s. Given the range of these projections, this study uses a base case of +4 °C 

warming in Julyôs monthly average air temperature relative to July 2002. 

 

Air temperature averaged 21.0 °C for July 2002. I increased air temperature by 4 °C 

in the scenario, resulting in a monthly average air temperature of 25.0 °C for the 

sensitivity analysis. Air temperature was modified with three different algorithms by 

adding a specified value to the hourly 2002 air temperature, but maintaining a +4 °C 

average for each day (midnight to midnight). The first algorithm was the uniform case 

whereby all hourly values were increased by +4 °C. The second and third algorithms 

used the ñrubber band methodò. In the warmer nighttime case, the maximum daily 

temperature was held constant and other temperatures were changed in proportion to 

their difference from the maximum daily temperature. The minimum daily 

temperature (nighttime) was increased the most so I refer to this as the ñwarmer 

nighttime caseò. In the warmer day case, the minimum daily temperature was held 

constant and other temperatures were changed in proportion to their difference from 

the minimum daily temperature. The maximum daily temperature (daytime) was 

increased the most so I refer to this as the ñwarmer daytime caseò. I reemphasize ī 

the change in each dayôs average temperature was +4 °C for all three cases.  

 

The equations for the mean values are, for all cases, 

 ὝЎ
ВὝ Ў 

ςτ
 

 

EQ. 2-1 

 ὝЎ

В
ВὝ Ў 
ςτ

Ὠ
 EQ. 2-2 

 

where Ὕ  is the new average daily value after the addition; 4 is the air temperature 

at i hour of the 2002 day; ῳ is the change in mean air temperature on a monthly basis; 

Ὕ  is the new average monthly value after the addition; and Ä is the number of days 

in the month. 
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The equation for the uniform case is simply 

 Ὕᶻ Ὕ ῳ EQ.  2-1 

 

The equation for warmer daytime temperatures is 

 Ὕᶻ Ὕ  
ῳὝ ὓὭὲ

Ὕ ὓὭὲ
 EQ. 2-3 

 

Where Ὕ is the old daily average temperature; Ὕᶻis the new air temperature at i hour; 

and Mind is the daily minimum temperature. Other variables are as previously 

defined. 

 

The equation for warmer nighttime temperatures is 

 Ὕᶻ Ὕ  
Ўὓὥὼ Ὕ

ὓὥὼ Ὕ
 EQ. 2-4 

 

Where Maxd is the daily maximum temperature. A comparison of (3), (4) and (5) 

shows that their averages are the same. Water discharge and temperatures inputs at 

the upper end of the study section and from the tributaries were not modified from the 

original data since the objective is to study the influence of the diurnal timing of air 

temperature. The water balance and input stream temperatures were the same as the 

original 2002 validated Heat Source model (Crown and Butcher, 2010). 

 

For a detailed analysis of the effects of diurnal timing of air temperature changes, I 

chose two locations along the study section and one typical day in July. I chose an 

upstream site, at rkm 22, and a downstream site, at rkm 4. The upstream site is 

located at the edge of a relatively shaded stretch of the stream, downstream of some 

tributaries and minor diversions, and at the location of the lowest 7DADM value (Fig. 

2-1). The downstream site is located some distance from a shaded section, 

downstream of one major tributary (Big Boulder Creek) and major diversions (at rkm 

6.3 and 5.2), and at the location of a higher 7DADM value than the upstream site. The 

upstream site is located at a section that is characterized with high effective shade 
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(>50%), while the downstream site is at a section with low effective shade (<10%). 

Additionally, I chose one typical day in July for the sub daily analysis. A typical day, 

as I characterize it, has an average temperature and diurnal temperature range that 

represents the month. I chose 26 July 2002 as a typical day ī the- stream temperature 

average was 20.35 °C and the stream temperature range was 6.57 °C. 

 

The 7-Day Average of the Daily Maximum (7DADM) is a major water quality 

standard used by policy makers and stakeholders in Oregon and number of states in 

USA (USEPA, 2003). It is determined by calculating the moving average for the 

daily maximum for every model segment simulated by the model run. In the 

simulations, this period is May 1
st
 to August 31

st
. 

 Results 

 

Air temperature for the month of July averaged 25.0 °C at rkm 3.2 for all simulated 

cases (Fig. 2-2). However, the range of air temperatures was different for each case. 

The uniform case maintained the diurnal temperature variation present in 2002. The 

warmer daytime case generated a wider range of air temperatures than the warmer 

nighttime case.  

 

The 7DADM stream temperatures increased, relative to 2002, for all three cases (Fig. 

2-3a and 2-3b). The 7DADM increase was greatest in the upper part of the study 

section for the daytime warming case and was greatest in the lower part of the study 

section for the nighttime warming case. The increase in 7DADM temperatures 

differed between cases by more than 1 °C in some locations, but was the same 

between cases in other locations. The largest differences among the cases occurred at 

rkm 7 ī 10 (moderate shade) and at rkm 16 ī 20 (low shade). At the upstream site 

(rkm 22), the 7DADM increased by 1.1 °C under the uniform case, 1.2 °C under the 

warmer daytime case, and 1.3 °C under the warmer nighttime case. At the 

downstream site (rkm 4), the 7DADM increased by 1.8 °C under the uniform case 

and 1.9 °C under both the warmer daytime and nighttime cases. 
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Diurnal changes in stream temperature in response to the three different warming 

cases (Fig. 2-4) show that the uniform case generated an increase in stream 

temperature that was nearly constant throughout the day, 1.0 to 1.1 °C warmer at the 

upstream site and 1.8 to 2.1 °C warmer at the downstream site. The other two cases, 

however, generated an increase in stream temperature that varied throughout the day. 

Stream temperature increases ranged from as little as 0.4 °C warmer to as much as 2.2 

°C warmer at the upstream site and from 1.1 to 2.7 °C warmer at the downstream site. 

For warmer daytimes, the stream temperature increases tended to be out of phase with 

stream temperature. For warmer nighttimes, the stream temperature increases tended 

to be in phase with stream temperature. Consequently, for the warmer daytime case, 

the largest stream temperature increases occurred around midnight, and these changes 

commonly decreased temperature swings from day to night. For the warmer nighttime 

case, the largest stream temperature increases occurred around midday, and these 

changes commonly increased temperature swings from day to night.  

 

The temporal distribution of warmer air along the diurnal cycle influenced the 

magnitude and timing of change in stream temperatures (Fig. 2-5). The uniform case 

resulted in smaller variability in changes in stream temperature relative to either the 

warmer daytime or the warmer nighttime. Both the warmer daytime and warmer 

nighttime cases generated many instances when stream temperatures were nearly 1.0 

°C warmer or cooler than the uniform case.  

 

The diurnal distribution of changes in air temperature influenced the duration (the 

number of hours per day) that stream temperatures increased (Fig. 2-6). Warmer 

daytimes and nighttimes generated increases of stream temperature lasting for 1 ï 2 

hd
-1

 across a range of temperatures at the upstream site and 2 ï 3 hd
-1

 across a range 

of temperatures at the downstream site. The uniform warming generated increases of 

about 8 hd
-1

concentrated around +1.1 °C at the upstream site and about 7 hd
-1

 

concentrated around +1.8 °C at the downstream site. Table 2 provides detailed 
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duration information for two specific temperatures (18 and 22 °C). All warming 

scenarios show higher exceedance durations for both comparison temperatures at both 

sites. Yet, warmer daytime and nighttime differ than uniform warming. In particular, 

stream temperature increased for longer durations exceeding 22 °C under warmer 

daytime and nighttime. The downstream site shows the most differences in duration 

and variability between the different warming scenarios. 

 Discussion 

The Effects of Climate Change on the Heat Budget 

 

The streamôs total heat flux for the 2002 base case (Fig. 2-7) was positive (heat gain) 

during the daytime and negative (heat loss) during the nighttime. Solar radiation 

dominated the heat budget during the daytime; evaporation and longwave radiation 

(LW) dominated the heat budget during the nighttime. Throughout the diel cycle, air 

convection and bed conduction alternated between sources and sinks but were minor 

components of the heat budget.  

 

The net heat gain increased in all warmer air cases during most of the diel cycle (Fig. 

2-8). In contrast to the total heat flux, longwave radiation and air convection were the 

largest contributors to the change. Solar radiation, the largest overall component of 

the total heat flux (Fig. 2-7), was unchanged assuming cloud cover was unchanged.  

 

For the uniform case (Fig. 2-8a), the changes in the four major heat fluxes were 

approximately constant over the diurnal cycle. Relative to the 2002 base case, energy 

gains in air convection and longwave radiation added ~40 Wm
-2

 to the streamôs total 

heat flux. Energy losses in evaporation and bed conduction removed ~10 W m
-2

 from 

the streamôs total heat flux. For the uniform case, the difference between air 

temperatures and stream temperatures increased everywhere and at all times. This 

difference was the primary factor of the nearly constant change in increased (net 

positive) air convection and longwave radiation heat fluxes and in decreased (net 

negative) evaporation heat flux. Total heat flux changes generated by diurnally 
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uniform air temperature changes have been qualitatively similar in other studies 

(Cristea and Burges, 2010; Mohseni et al., 1999; Stefan and Preudôhomme, 1993). 

 

For the warmer daytime and nighttime cases (Figures 8b and 8c), some of the heat 

fluxes varied significantly over the diurnal cycle. Relative to the 2002 base case, 

energy gains in air convection and longwave radiation added ~0 to ~70 Wm
-2

 to the 

streamôs heat budget at different times of the day. Energy losses in evaporation and 

bed conduction removed ~5 to ~15 Wm
-2

 from the streamôs heat budget. The change 

in the heat fluxes peaked between noon and midnight for warmer daytime case. The 

opposite was true for the warmer nighttime case, where the changes in the heat fluxes 

peaked between midnight and noon.  

 

In general, the heat changes were in-phase with air temperature changes but stream 

temperatures changes were out-of-phase with air temperature changes. Warmer 

daytime air temperatures generated positive daytime heat flux changes. In a simple, 

static system, temperature change is proportional to the integral of heat fluxes ï i.e., 

heat fluxes have a cumulative effect on temperature. While the heat budget of a 

stream is not simple and the system is not static, heat fluxes still tend to have a 

cumulative effect on temperature. The simulation showed that the effect of changes in 

air temperature on stream temperature was lagged. Stream temperature changes 

tended to be greatest after several hours of changed heat flux, so that warmer daytime 

air temperatures generated the greatest changes in water temperature at night. 

Similarly, warmer nighttime air temperatures were also out of phase with stream 

temperature changes, which were largest during the daytime. All three cases vary in 

influencing 7DADM calculations, among other stream temperature standards. 

 

The 7DADM is calculated from the daily maximum stream temperatures. In the John 

Day River, those temperatures generally occur during the daytime (afternoon to 

evening). Daily maximum temperatures are lower at the upstream site than the 

downstream site. In addition, these maximum temperatures occur during the early 
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afternoon at the upstream site and towards the end of the day at the downstream site 

(Fig. 2-4 shows a typical daily temperature cycle in July). The simulations showed 

that the timing of air warming and its magnitude influence both the timing and the 

magnitude of stream warming. The results (Fig. 2-4) indicated that nighttime air 

warming increased the 7DADM the most during the daytime than the other warming 

cases. At the upstream site for July 26
th
, the maximum difference in 7DADM between 

warmer daytime and nighttime scenarios was 1.6 °C at 11:00, while the difference at 

the maximum daily temperature was 0.7 °C at 15:00. At the downstream site, the 

maximum difference in the 7DADM between warmer daytime and nighttime 

scenarios was 0.9 °C at 14:00, while the difference at the maximum daily temperature 

was 0.6 °C at 17:00. Because the difference between stream temperatures under the 

warming scenarios is lower at the downstream site, the 7DADM values at this site 

tend to be similar. 

 

The similarities in 7DADM values at the downstream site are partly due to cold-water 

inflow immediately upstream of this site. Tributaries entering the stream along the 

study section have influence on the stream heat budget. Although the warmer 

nighttime scenario has the potential to cause higher 7DADM values, cold tributaries 

entering the stream can modify the effect of a warmer nighttime. Two cold tributaries 

entering the stream upstream of the site: Dunston Creek and Big Boulder Creek. Both 

streams have lower temperatures than the mainstem Middle Fork John Day. In 

addition, Big Boulder Creekôs discharge is relatively high when compared to other 

tributaries. Under these circumstances, warmer nighttime will yield smaller increases 

in daytime stream temperature and so the 7DADM is not increased as much, and 

warmer daytime will not have as large effect on daytime stream temperatures.  

 

The increase in stream temperature averaged over 14 July was only 1.2 °C at the 

upstream site where heat fluxes were higher, as opposed to a 1.9 °C at the 

downstream site where heat fluxes were lower. This counter-intuitive result is partly 

an artifact of the way I set up the model runs. I held the upstream boundary condition 
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for discharge and water temperature constant at its 2002 values for all simulations. 

Stream water heated as it flowed downstream because it was exposed to much 

warmer air temperatures. This heating was cumulative, so that downstream locations 

warmed more than upstream locations, regardless the heat fluxes at a particular point. 

This highlights the fact that stream temperature is a function of both cumulative 

upstream effects and heat fluxes at a given point throughout the diel period. 

Model L imit ations 

 

As is the case for any modeling study, the scope of the results is limited by the 

assumptions. The simulations disregarded changes in boundary conditions for 

discharge and temperature at both the headwaters and the incoming tributaries. The 

longitudinal increase in stream temperature in the model simulations is, at least in 

part, an artifact of the modeling approach in which I kept upstream and tributaries 

discharge and temperature the same as the 2002 base case. I expect that the boundary 

conditions have significant impact on the streamôs temperatures. These impacts are 

possibly critical to prediction of stream temperature in a changing climate. However, 

the goal of this study was not the prediction influence of future condition on stream 

temperatures, but to understand the sensitivity of stream temperatures to the timing of 

changes in air temperatures. 

 

In the study, I used the ñone-at-a-timeò sensitivity analyses approach to simulate the 

influence of changing one factor on stream temperature; i.e., air temperature (See 

Saltelli et al. 2006, for further information). I added one level of complexity when 

simulated the time-related change in air temperature. In real stream conditions many 

other factors are expected to change due to warmer climate. The influence of these 

changes on stream temperature was not studied in this paper. Yet, modeling the 

influence of all changes in the system as a whole would yield better representation of 

future conditions. 

Implications of Different Diurnal Patterns of Air Te mperature Increases 
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I examined what is, perhaps, the simplest alternative way to distribute an average air 

temperature increase over time. Data currently available to us included downscaled 

projections of future air temperature changes resulting from ensemble means of many 

GCM runs (Mantua et al., 2009 and 2010). These data provided an estimate of the 

future change in mean monthly air temperatures. However, modeling the sensitivity 

of stream temperatures to air temperature timing required hourly inputs of a variety of 

micro-meteorological data, including solar radiation, air temperature, relative 

humidity, and wind speed. This disparity between the data source and the data needed 

to run the model makes it difficult to use GCM outputs to project future changes in 

stream temperature.  

 

Most previous attempts to model changes in stream temperature resulting from 

climate change have used the ñdelta methodò, or uniform case, by taking a time series 

of weather data and adding a constant value to the air temperature (Caissie et al., 

2007; Cristea and Burges, 2010). However, climate-induced changes in air 

temperature are unlikely to be uniform (Alexander et al., 2006; Morak et al., 2011). 

Unfortunately, there are an unlimited number of ways that increased air temperatures 

could be manifest. They could result from short periods (days to a week) of each 

month with historically unprecedented and extremely hot weather, with air 

temperatures over much of the intervening time running near current long term 

means. Alternatively, long periods could be slightly warmer than the historical mean. 

Clearly, an infinite number of potential time series could be produced for a sensitivity 

analysis using mechanistic models to examine possible effects on stream temperature. 

I chose to examine the potential effects of differential nighttime versus daytime 

warming because some studies have found that warm nights have become more 

frequent with time (Alexander et al., 2006). Also, the daytime and nighttime 

scenarios could be considered end-members of possible distributions of warmer air, at 

least over a 24-h period. 
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Gooseff et al. (2005) found that warmer daytime air and increases in solar radiation 

lead to larger maximum increases in stream temperature than warmer nighttime air, 

but that warmer nighttime air leads to more hours of moderate increase in stream 

temperature than warmer daytime air. Gooseff et al.ôs study differed from ours in that 

their modelôs solar radiation changed. This difference, in addition to a different 

location, makes direct comparison difficult. However, the differences in results 

suggest that some conditions may generate in-phase changes of air temperature and 

stream temperature, while other conditions may generate out-of-phase changes. The 

reasons for the differences should be clarified by future research. That said, the 

results are in agreement with Gooseff et al. that nighttime warming of air is likely to 

lead to longer times of moderately warmer stream temperatures than daytime 

warming of air. Climate change with predominantly warmer nights or predominantly 

warmer days are likely to generate more extreme stream temperatures ranges. 

 

The results show that air temperatures of equal daily average but of different diurnal 

range, lead to different distributions of stream temperature changes. The warmer 

day/night cases generated periods of several hours duration that were warmer than 

would occur for the uniform case. Whether this difference is important will depend on 

the details of a streamôs ecology and on the associated thresholds for ecological 

damage. Where streams are already close to temperature thresholds, the details of 

daytime or nighttime warming may be critical. 

 

The 7DADM and the duration curves are similar for nighttime warming and daytime 

warming of the air. However, details on the timing are different ï e.g., nighttime vs. 

daytime warming of stream temperature. The impact of these timing details is 

unknown. Much research for cold-water fish species has examined upper lethal 

temperature thresholds. Stream temperature regulates a number of environmental 

variables, from concentration of dissolved oxygen to rates of biogeochemical 

processes via Arrheniusô equation. Consequently, ecosystems may be sensitive in 

different ways to changes in the nighttime and daytime stream temperature regimes. 
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Conclusions 

 

In the Middle Fork John Day River of Oregon, USA, simulations of a +4 °C increase 

in average July air temperature generated approximately +1.8 °C warmer 7DADM 

stream temperatures at the downstream end of a 37-km study section. Temperature 

changes concentrated in one part of the day (e.g., warmer daytime or warmer 

nighttime) lead to a wider range of stream temperatures, and more extreme 

temperatures, than a uniform increase in air temperature. Changes in air temperature 

over the diurnal cycle had different timing than the changes in stream temperature. 

The changes in air temperature were generally out of phase with changes in stream 

temperature because of the cumulative nature of changes in heat fluxes on stream 

temperature. Warmer days and nights generate longer durations of the warmest 

stream temperatures. Together, the results suggest that stream temperatures in a 

warming climate are sensitive not only to the average temperature increase, but also 

to the timing of the increase. I emphasize, however, that the upstream and tributary 

temperatures were not changed in the simulations. In order to make predictions of 

true changes to stream temperature, upstream and tributary temperatures matter, as 

well as any changes in shade and geomorphology. 
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Table  2-1: Summary of boundary conditions over the simulation period (stream 

discharge and temperature of tributaries and upper end). Values were extracted from 

2002 data- modified from Crown and Butcher (2010). Model inputs were not changed 

in any air warming scenarios. 

# Name 
river 

km 

River 

Bank 

Discharge (m
3
s

-1
) Temperature (°C) 

Max Min Average Max Min Average 

 

Upper End 

Flow 
36.95 - 0.58 0.17 0.30 27.69 11.57 19.23 

a Clear Creek 35.5 Left 0.16 0.06 0.09 28.0 12.0 20.5 

b Bridge Creek 34.7 Left 0.11 0.04 0.06 28.4 12.2 20.8 

c 
1st Cert. 

82405 Divers. 
33.75 - 0.00 -0.06 0.00 

   

d Davis Creek 33.35 Left 0.04 0.02 0.03 32.2 13.8 23.6 

e Vinegar Creek 32.65 Right 0.08 0.02 0.04 34.6 14.8 25.4 

f 
2nd Cert. 

82405 Divers. 
32.3 - 0.00 -0.06 0.00 

   

g Vincent Creek 31.55 Right 0.03 0.01 0.02 29.8 12.8 21.8 

h 
Dead Cow 

Creek 
31.45 Right 0.01 0.00 0.00 17.1 9.9 12.7 

i 
Deerhorn 

Creek 
26.6 Left 0.08 0.03 0.05 35.2 15.2 25.7 

j  
Little Boulder 

Creek 
25.85 Right 0.04 0.02 0.02 35.4 15.2 25.9 

l 
Little Butte 

Creek 
23.75 Left 0.01 0.00 0.01 32.4 13.9 23.8 

m Hunt Gulch 23.3 Right 0.00 0.00 0.00 32.7 14.1 24.0 

n Butte Ck 19.25 Left 0.07 0.03 0.04 23.3 9.2 15.9 

o 
Granite 

Boulder Ck 
17.55 Right 0.09 0.01 0.06 21.9 8.3 15.0 

p Ruby Creek 16.2 Left 0.02 0.01 0.01 22.0 9.0 15.7 

q Beaver Creek 16.15 Right 0.01 0.01 0.01 22.5 9.4 16.5 

r  Ragged Creek 15.88 Left 0.01 0.00 0.00 25.8 11.2 18.9 

s Dry Creek 12.9 Right 0.00 0.00 0.00 38.3 16.4 28.0 

t 
Big Boulder 

Ck 
11.4 Right 0.17 0.01 0.11 22.8 9.8 16.7 

u 
Dunston 

Creek 
7.6 Left 0.00 0.00 0.00 27.7 11.9 20.3 

v 
1st Permit 

28039 Divers. 
6.35 - -0.12 -0.12 -0.12 

   

w 
2nd Permit 

28039 Divers. 
5.2 - -0.03 -0.03 -0.03 

   

x Camp Creek 3.25 Left 0.06 0.02 0.05 32.0 11.2 21.0 
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Table  2-2: Exceedance duration under 2002 conditions simulation and under 4 °C increase in air temperature for the uniform warming, 

warmer daytime, and warmer nighttime (summary for July). Simulation results all warming scenarios show longer durations of 

exceedance at both sites for both selected temperatures (18 and 22 °C). Results of warmer daytime and nighttime simulations show 

various durations compared to the uniform warming. 

  2002 Uniform warming  Warmer Day Warmer Night  

Stream 

Temp. 
Site (hd

-1
) (hd

-1
) 

Relative 

to 2002 

(hd
-1

) 

(hd
-1

) 

Relative 

to 

uniform 

(hd
-1

) 

(hd
-1

) 

Relative 

to 

uniform 

(hd
-1

) 

>18 °C 
Upstream 16.4 19 +2.6 18.7 -0.3 18.9 -0.1 

Downstream 19.7 23.4 +3.7 23.4 0 23.4 0 

>22 °C 
Upstream 4.5 7.6 +2.9 8.5 +0.9 7.9 +0.3 

Downstream 7.8 13.4 +5.6 13.7 +0.3 13 -0.4 
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Figure  2-1: Map of the study section of the Middle Fork John Day (MFJD) and 

summary data of longitudinal effective shade, 7DADM stream temperature and 

average stream temperature during July 2002. 
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Figure  2-2: Air temperatures input at 3.2 rkm in July (close to the downstream site). 

(a) Diurnal temperature for 48 h for 2002 and for the warmer climate cases (all +4 

°C): uniform, warmer daytime and warmer nighttime. (b) Air temperature ranges in 

July for 2002 and for warmer air cases.
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Figure 2-2
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Figure  2-3: (a) 7DADM of stream temperatures responding to the three cases of 

warmer air (4 °C increase in average monthly air temperature), JuneïAugust. (b) 

Change in 7DADM stream temperatures responding to 4 °C increase in average 

monthly air temperature. The compared sites (indicated by dashed dark line) are at 

points where there is small different in 7DADM. 
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Figure 2-3  
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Figure  2-4: Diurnal fluctuation of stream temperature in 2002 (black line) and stream 

temperature changes responding to the three cases of warmer air. (a) Upstream site 

and (b) downstream site. The figure shows the results of a single dayð26 July. The 

peak temperature in the 2002 case occurs earlier in the day at the upstream site than 

the downstream site, whereas the downstream site shows lower difference between 

warmer daytime and warmer nighttime change than the upstream site at the time of 

the peak temperature. 
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Figure 2-4 
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Figure  2-5: Range of changes in stream temperature relative to 2002 (simulation 

results) responding to the different warmer air cases at the upstream and the 

downstream sites. (a and b) Uniform case. (c and d) Warmer daytime case. (e and f) 

Warmer nighttime case.
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Figure 2-5
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Figure  2-6: The daily average duration (hd
-1

) of the change in stream temperature 

(summary for July simulation results). (a) Upstream site and (b) downstream site. The 

uniform case resulted in a moderate, narrow range of stream temperature increases for 

a longer duration than the warmer daytime and nighttime cases, which resulted in 

shorter durations for a wide range of change in stream temperature. Note that at 4 

rkm, the warmer nighttime resulted in lower increases in stream temperatures than the 

warmer daytime. 
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Figure 2-6  



40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  2-7: Components of the heat budget in 2002 at the downstream site. Solar 

radiation is the main factor of stream heat budget followed by longwave and 

evaporation. Air convection and bed conduction are the lowest.
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Figure 2-7 
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Figure  2-8: Changes to the heat þuxes under a warmer climate. The uniform warming 

case resulted a semi-uniform changes to all heat fluxes (other than solar radiation, 

whereas the model assumes no change to solar radiation). Counterintuitive results 

were shown under warmer daytime and nighttime cases: most of the change in heat 

þuxes occurred during the nighttime under daytime warming and during the daytime 

under nighttime warming. Changes to heat fluxes at the downstream site (not shown) 

were almost identical to those at the upstream site.
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Figure 2-8
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Abstract 

 

Stream temperature response to changes in environmental conditions is of great 

concern for freshwater aquatic ecosystems. I analyzed changes in both stream 

temperature and heat budget along an upper 37-km section of the Middle Fork John 

Day River in northeastern Oregon, USA, in response to changing air temperature, 

stream flow, and riparian vegetation. I used the software Heat Source, a mechanistic 

model calibrated to the current conditions of the study section, and simulated the 

response of summer stream temperature to two air temperature increases of 2 °C and 

4 °C, two stream flow variations of +30% and -30%, and three riparian vegetation 

conditions of 7%, 34%, and 79% effective shade. All these conditions represent 

possible scenarios of 21st century climate change and land management strategies. 

Results suggest that riparian vegetation had the greatest influence on stream 

temperature, while stream flow has a negligible influence. The 7-day average daily 

maximum of stream temperature (7DADM) varied over a range of about 10 °C due to 

changing the effective shade, while the 7DADM varied over a range of only 1 °C due 

to changing stream flow. Increasing the effective shade along the study section, 

especially the unshaded sections, can mitigate the influence of increasing air 

temperature. In fact, the 7DADM can be decreased below current values even under 

future climate conditions of warmer air if the riparian vegetation is restored to 

increase the effective shade. While 4 °C air warming increased the 7DADM by up to 

2 °C, increasing the effective shade reduced the 7DADM by as much as 6.9 °C below 

the current conditions. 
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Introduction  

 

Stream temperature is an essential, physical property of freshwater ecosystems that 

moderates metabolism and growth of aquatic organisms (McCullough, 1999; Myrick 

and Cech, 2005; Richter and Kolmes, 2005), impacts their reproductive ability, and 

may limit the distribution of different salmonid species (McCullough, 1999; Myrick 

and Cech, 2005; Richter and Kolmes, 2005). The main environmental parameters 

influencing stream temperature are climate conditions, watershed hydrology, and 

land-use. However, the majority of studies have investigated stream temperature 

response to one or two input parameters and have rarely investigated stream 

temperature response to the cumulative influence of multiple parameters (LeBlanc et 

al., 1997; Roth et al., 2010). 

 

Across the globe, stream temperature increases have been correlated with or 

attributed to air warming, diverting stream water, or declining riparian vegetation 

(Constantz, 1998; Groom et al., 2011; Imholt et al., 2013; Mellina et al., 2002; 

Mohseni et al., 1999; Sinokrot and Gulliver, 2000; Sugimoto et al., 1997; Webb et 

al., 2003). Climate projections for the Pacific Northwest indicate that air temperature 

will increase and stream flow will vary with a tendency to decrease during the 

summer (Mantua et al., 2009, 2010). Timber harvest in the Pacific Northwest 

significantly decreased effective shade and is considered a major cause of increasing 

stream temperature, especially for small streams and headwaters (Johnson and Jones, 

2000; Kibler et al., 2013; Mitchell, 1999; Pollock et al., 2009). Replanting riparian 

vegetation is a common restoration practice both to improve habitat conditions of 

degraded stream temperatures and to mitigate the effect of future climate changes 

(Beschta and Ripple, 2005; Johnson, 2004; St-Hilaire et al., 2000). 

 

Assessing stream temperature in the near future depends on forecasts of climate, 

watershed hydrology, and vegetation. Forecasts of the 21st centuryôs climate 

overwhelmingly indicate increasing air temperatures (Elsner et al., 2010; Hamlet et 
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al., 2013; Mantua et al., 2009). I conducted a sensitivity analysis of stream 

temperature in the Middle Fork John Day River to improve the understanding of the 

cumulative influence of air temperature, stream flow, and riparian vegetation on 

stream temperature. To explain the cumulative influence of changing multiple 

parameters on stream temperature, I investigated the response of a streamôs heat 

budget to changing climate and environmental conditions. The objectives of the study 

are (1) to identify the individual stream temperature sensitivity to each parameter 

individually, (2) to identify stream temperature sensitivity to the interactive effect of 

simultaneous changes in all three parameters, and (3) to compare the importance of 

climate and land cover changes on stream temperature. 

Methods 

Study Section 

 

The John Day River is among the few remaining free-flowing tributaries of the 

Colombia River. The study section is a 37-km reach along the upper Middle Fork 

John Day River (MFJD) in northeastern Oregon, USA (Fig.1) starting 1.5 km 

upstream of the confluence with Clear Creek (44°35'48"N, 118°29'36"W) and ending 

3.25 km downstream of Camp Creek (44°42'39"N, 118°48'55"W). The study section 

can be characterized as a series of unconstrained subreaches running through wide 

riparian meadows connected by constrained subreaches with narrow valley floors 

(Clair and Fields, 2004; Crown and Butcher, 2010; Hunt and Stepleton, 2004). The 

bedrock geology of the MFJD is predominantly Columbia River Basalt Group and 

felsic volcanic and volcaniclastics of the John Day Group (Hunt and Stepleton, 2004). 

Nineteen tributaries enter the study section and drain an area of 827 km
2
 (Fig. 3-1). 

The elevation of the streambed along the study section decreases from 1,245 m to 

1,035 m. The upper elevations of the MFJDôs drainage basin receive an annual 

average of 1,270 mm of precipitation, with less than 10% falling during the hottest 

months of July and August. 
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The natural riparian vegetation of the MFJD includes black hawthorn (Crataegus 

douglasii), woodôs rose (Rosa woodsii), cottonwood (Populus balsamifera), and 

mountain alder (Alnus incana). It is also common to find sedge (Carex spp.) in some 

portions of the valley as well as ponderosa pine (Pinus ponderosa) on south-facing 

hillslopes and various conifers such as Douglas fir (Pseudotsuga menziesii) on north-

facing hillslopes (Grant, 1994). Regional surveys report a wide range of canopy 

densities and tree height for current stands. Beschta and Ripple (2005) reported that 

some of the native tree species, especially cottonwood and aspen (Populus 

tremuloides), are mostly absent in the riparian forested areas in the MFJD and 

attributed the lack of native forest to historical anthropogenic activities. Later surveys 

by Wells (2006) and Przeszlowska and Wondzell (2009, unpublished data) reported 

that stands of ponderosa pine might exceed 40 m in height with 90% canopy density 

and cottonwood could reach 30 m in height with 80% canopy density. 

 

A mix of anthropogenic activities between the late 1800s and early 1900s, such as 

gold mining, grazing, railway construction, dredging, and logging, altered riparian 

vegetation and channel morphology in the MFJD. In the 1860s, gold mining activities 

disturbed streambed gravels and reduced the riparian vegetation (Grant, 1994). 

Beginning in the 1880s, sheep became a major source of income for the region and 

consequently grazing areas expanded. Constructing a railroad along the mainstem of 

the MFJD and its major tributaries in the early 1900s improved timber transportation 

and expanded logging operations. The streamôs route was also channelized and forced 

to the sides of the valley floor along some sections of the MFJD (Beschta and Ripple, 

2005; Clair and Fields, 2004; Grant, 1994; Wissmar et al., 1994). In turn, it has been 

estimated that the study section of the MFJD lost about 50% of the tree cover (Grant, 

1994). Constructing the railroad and channel dredging activities during the first half 

of the 1900s limited the meandering of the active channel across the valley floor. 

These anthropogenic changes, particularly the loss of riparian vegetation, led to 

increasing stream temperatures in the MFJD and numerous watersheds across the 
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Pacific Northwest (Groom et al., 2011; Johnson and Jones, 2000; Mellina et al., 2002; 

Pollock et al., 2009). 

 

Rearing and spawning habitats in the John Day River are important for cold-water 

fish species, in particular for steelhead (Oncorhynchus myskiss) and spring Chinook 

salmon (Oncorhynchus tshawytscha) because they are among the last natural wild run 

of salmonid species in the Columbia River Basin. The John Day River enters the 

Columbia River upstream the Bonneville dam, which is the first downstream most 

dam. There have been no dams built along the John Day River and it has no fish 

hatcheries. The MFJD is listed as water quality limited under section 303(d) of the 

Federal Clean Water Act because it does not meet Oregonôs water temperature 

standards. Restoration projects in the MFJD basin focus on improving aquatic habitat 

and aim to mitigate the effects of climate change on stream temperature. Current 

projects in the MFJD are actively replanting native trees along riparian areas and 

modifying the channel to its historical meanders. 

Modeling Framework: Parameterized and Calibrated Models - Heat Source 

 

I used the software Heat Source version 8.04 (Boyd and Kasper, 2003; Boyd, 1996) 

for the stream temperature simulations. The Oregon Department of Environmental 

Quality (ODEQ) maintains and distributes Heat Source 

(http://www.deq.state.or/wq.tmdls/tools.htm). Heat Source simulates stream 

temperature using a finite-difference algorithm that calculates changes to the streamôs 

heat budget from physically-based measurements: boundary conditions, atmospheric 

conditions, channel structure, and spatially distributed land-cover. Boundary 

conditions consist of a time-series data of flow and water temperature at the upstream 

boundary of the simulated stream section as well as for all entry points of tributaries 

and groundwater sources along the stream reach. Heat Source calculates flow, 

average velocity, and the top width and average depth of the wetted channel for the 

entire length of the simulated stream section by using the data of boundary conditions 

http://www.deq.state.or/wq.tmdls/tools.htm
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and channel morphology. The atmospheric data contains air temperature, humidity, 

cloud cover, and wind speed. 

 

The effective shade is calculated from land-cover data, which consists of tree height 

and canopy density in addition to topographyôs elevation along the streamôs banks 

within a defined distance from the stream channel. The effective shade is the 

percentage of shortwave radiation blocked by topography and land cover and is 

calculated by using the algorithm in the Shade-a-lator routine embedded in Heat 

Source. Shade-a-lator calculates the potential solar radiation (after penetrating the 

atmosphere) from the position of the sun and time of the day. Then, Shade-a-lator 

subtracts the shortwave radiation blocked by topographic features and land-cover 

from the potential shortwave radiation flux. 

 

I obtained the parameterized model of the MFJD prepared by Crown and Butcher 

(2010) for ODEQôs TMDL analysis and extracted the upper 37-km for the base case 

simulation with one modification. ODEQ ran the stream temperature simulation for 

the MFJD at 300 m spatial resolution. The modification was to run the simulation at 

100 m spatial resolution to support detailed analysis of results. Data from the 

calibrated model (Crown and Butcher, 2010) show that flow at the top of the study 

section decreased from 0.39 m
3
s

-1
 in July to 0.15 m

3
s

-1
 in August 2002. During the 

same period, flow of the monitored tributaries varied between 0.17 m
3
s

-1
 and 0.58 

m
3
s

-1
. Stream temperature of the mainstem varied between 9.8 and 28.7 °C and that of 

tributaries varied between 4.5 and 30 °C. The study section included four diversions 

that removed on average 0.03 m
3
s

-1
 from the stream for agricultural use during the 

summer months. Crown and Butcher (2010) also estimated minor groundwater inflow 

between rkm 34.55 and 22.  

Modifying Input Data 

 

Modifying Air Temperature 
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I modified air temperature data in the base case model to represent future conditions 

of warmer air. The modification was based on downscaled climate forecasts that were 

conducted by the Climate Impact Group (CIG) at the University of Washington for 

climate over the current century (Elsner et al., 2010; Mantua et al., 2010; Mote and 

Salathé, 2010). Researchers in CIG downscaled the results of General Circulation 

Models (GCMs) for two greenhouse emission scenarios (A1B and B1) from the 

Fourth Intergovernmental Panel on Climate Change (IPCC, 2007). Both the A1B and 

B1 assume the same population growth rate, but the B1 scenario represents lower 

emissions and cleaner energy technologies than A1B. The CIG group downscaled air 

temperature to a spatial resolution of 1/16° grid with a monthly time series for several 

watersheds in the Pacific Northwest, USA within the greater Columbia River Basin 

(Mantua et al., 2010; Wu et al., 2012). 

 

CIG did not include air temperature projections for a station in the MFJD among 

those reported in the John Day River basin. To derive the projected air temperature 

from the above climate projections, I analyzed projections of air temperature for 10 

watersheds near the MFJD (Appendix A) to calculate the change in average monthly 

air temperatures between the historical data to the projected. In relation to historic 

values, air temperature under the A1B emission scenario would increase 1.9 °C in 

July-August by 2020, 3.2 °C by 2040, and 5.4 °C by 2080; whereas under the B1 

emission scenario, air temperature would increase 1.7 °C by 2020, 2.3 °C by 2040 

and 3.6 °C by 2080. Given the range of these projections, I modified air temperature 

input data for the base case in Heat Source to account for +2 and +4 °C increases in 

average air temperature (Fig. 3-2). Hereafter, the base case air temperature is referred 

to as ñTa0ò, +2 °C air warming is referred to as ñTa2ò, and +4 °C air warming is 

referred to as ñTa4ò.  

 

Modifying Stream Flow 

 

I modified stream flow data according to projected changes to streamflow in the 

Pacific Northwest (Hamlet et al., 2010, 2013; Mote and Salathé, 2010). The CIG 
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estimated that summer stream flow (June to September) could decrease by 30% in 

some Pacific Northwest watersheds by the end of the 21st century (Hamlet et al., 

2010, 2013; Mote and Salathé, 2010). Summer stream flow for the 10 basins adjacent 

to the MFJD may either increase or decrease (Hamlet et al., 2010). Estimates range 

from a 20% increase to a 25% decrease for B1 emissions scenario and from a 27% 

increase to a 25% decrease for A1B emissions scenario (Appendix A). Therefore, I 

modified flow at the upper end of the study section to account for both 30% increase 

and 30% decrease in discharge. Hereafter, 30% increased flow is referred to as ñHQò, 

30% decreased flow is referred to as ñLQò, and the base case is referred to as ñBCQò. 

I did not modify diversions and groundwater inflow. Therefore, flow at the 

downstream end of the study section was 120-125% for HQ and 75-80% for LQ 

relative to the base case flow (Fig. 3-3). 

 

Modifying Riparian Vegetation 

 

I modified riparian vegetation features data to represent three potential scenarios in 

addition to current conditions. Riparian vegetation is an important parameter 

influencing the streamôs heat budget. Tree height and canopy density of riparian 

vegetation alter the magnitude of solar radiation reaching the stream surface. Crown 

and Butcher (2010) generated heterogeneous riparian vegetation data of the base case 

scenario from field surveys conducted in 2002. Heat Source models the effective 

shade from riparian vegetation data that is directly adjacent to the streamôs active 

channel. The longitudinal average of effective shade for the base case was 19% with 

only a few scattered reaches exceeding 50%. In addition to the base case, I modified 

the riparian vegetation in the model to represent three spatially homogeneous 

conditions of effective shade (Fig. 3-4). Low effective shade could represent loss of 

tree stands along the entire 37 km of the study section due to a wildfire with re-

growth of herbaceous vegetation and small shrubs less than or equal to 1 m tall with 

10% canopy density. Medium effective shade could represent a young re-growing 

forest when trees and shrubs have grown to 10 m height and 30% canopy density. 

Maximum effective shade could represent a fully vegetated valley floor with trees 30 
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m tall and 50% canopy density along the entire 37 km of the study section. 

Accounting for topography and stream geometry, I calculated a longitudinal average 

of 7%, 34%, and 79% for low, medium, and high effective shade scenarios, 

respectively (Fig. 3-4). Those modifications do not represent absolute lack of riparian 

vegetation or the tallest and densest riparian forest vegetation that could grow within 

the study section. In fact, all vegetation scenarios I generated currently exist along 

some portions of the study section where native shrub and tree species, such as alder 

(Alnus incana), willow (Salix exigua), ponderosa pine and cottonwood, can grow 

between 1 m to more than 30 m tall and provide canopy density that exceeds 50%. 

 

I ran 36 stream temperature simulations representing all combinations of riparian 

vegetation, air temperature, and stream flow (Tables 1a-1c). I programmed a new 

graphical user interface specific to Heat Source that automatically handles modifying 

input parameters, runs the simulations, and imports relevant output results. I chose 

two sites along the study section for detailed analysis of simulation results: an 

upstream site at rkm 28 and a downstream site at rkm 14. The upstream site is located 

at the lower end of a low-shade 4-km stretch of the river (effective shade is ¢10%). 

There are no large tributaries and no diversions upstream of this site. The downstream 

site is also at the lower end of a low-shade 6-km stretch of the river. 

 

Results of the streamôs temperature and heat budget were compared across the 

different scenarios. I used the 7-day average daily maximum (7DADM) temperature 

along the full length of the study section to compare stream temperature results. The 

7DADM is the maximum value of the 7-day running average of the daily maximum 

stream temperature for each stream segment along the simulated stream section 

(Zwieniecki and Newton, 1999; U.S. EPA, 2003; Pollock et al., 2009). I also analyzed 

the streamôs heat budget on the day that the 7DADM occurred at the selected sites, 

which in all scenarios it was July 14
th
. The 7DADM occurred for most stream length 

occurred on this date. 
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I present heat exchanges as heat flow (Wm
-1

), which is the heat flux (Wm
-2
) 

multiplied by the channelôs width at the water surface (m). This value enables to 

compare heat exchange at locations and times for which width differs. Heat flow can 

be interpreted as energy change in a unit of water per unit distance travelled. 
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Results 

Single Parameter Sensitivity Analysis 

Stream temperature simulations showed that riparian vegetation had a greater 

influence on the 7DADM (Fig. 3-5) than either air temperature or stream flow. The 

7DADM varied in a range of 9.6 °C in response to changing the effective shade alone 

(Fig. 3-5a). With low effective shade conditions, the 7DADM increased by up to 2.3 

°C and with high effective shade conditions, it decreased by up to 7.3 °C in 

comparison to the base case. With 4 °C warmer air, the 7DADM increased by up to 2 

°C (Fig. 3-5b), while with ±30% change in stream flow, the 7DADM varied in a 

range less than 0.8 °C (Fig. 3-5c). 

 

The effective shade had greater influence on the streamôs heat budget than air 

temperature or stream flow (Fig. 3-6). Heat input from shortwave radiation decreased 

during the daytime by 3,600 Wm
-1

 with high effective shade conditions and by 2,000 

Wm
-1

 with medium effective shade at the downstream site (Fig. 3-6a). However, heat 

dissipation increase at night low effective shade (Fig. 3-6b). The effect of changing 

effective shade was greater during the daytime than nighttime (Fig. 3-6a and Fig. 3-

6b). Heat dissipation increased with low effective shade mainly due to modifying 

both the net longwave radiation and the convective heat leading to higher 7DADM 

than the base case. Conversely, heat input decreased with high effective shade mainly 

due to blocking shortwave radiation (Fig. 3-5c). Furthermore, the effective shade 

remained the greatest factor during the day compared to air temperature or stream 

flow (Fig. 3-5c). Over the diel cycle at the selected site, the net heat input decreased 

and net heat dissipation increased as effective shade was higher than the base case.  

 

Stream flow had a minor influence on the overall heat budget relative to either air 

temperature or riparian vegetation (Fig. 3-6). Changing the flow influenced all 

components of the streamôs heat budget, especially shortwave radiation and 

evaporation. In LQ scenario, the stream gained less heat from shortwave radiation 

during the day (Fig. 3-6a) and dissipated less heat in evaporation and longwave 
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radiation during the nighttime (Fig. 3-6b) in comparison with base case scenario. In 

HQ scenario, the stream gained more heat from shortwave radiation during the day 

(Fig. 3-6a) and dissipated more heat in evaporation and longwave radiation during the 

nighttime (Fig. 3-6b) in comparison with base case scenario. As a result, reduced flow 

decreased the net heat dissipation while increased flow increased the net heat 

dissipation relative to the base case conditions (Fig. 3-6c). However, the daily 

maximum stream temperature was affected by heat budget of the day, in which LQ 

scenario decreased heat gain by 9% and HQ scenario decreased the heat gain by 6%. 

 

Increasing air temperature, Ta2 or Ta4, increased heat gain by convection and 

reduced heat dissipation by longwave radiation relative to the base case (Ta0). 

Warmer air increased the daytime net heat gain mainly due to reduced heat 

dissipation in longwave radiation (Fig. 3-6a). However, warmer air also increased 

daytime evaporative heat. The effect of warmer air was also apparent in nighttime 

heat budget; the net nighttime heat dissipation decreased due to decreased dissipation 

in longwave radiation and increased heat gain in convection (Fig. 3-6b). As a result, 

increasing air temperature shifted the streamôs daily net heat from heat dissipation to 

a heat gain. 

The Combined Influence of Modifying Multiple Parameters 

The combined influence of modifying multiple parameters stream temperature and 

heat budget differed from the influence of a single parameter on. The greatest 

increase in 7DADM occurred in a scenario that combined 4 °C warmer air (Ta4), low 

flow (LQ), and low effective shade. Under these conditions, the 7DADM increased 

by up to 2.8 °C, compared to 2.1 °C increase under low effective shade alone. 

Conversely, the greatest reduction in 7DADM was under conditions of high effective 

shade, low flow (LQ), and no change in air temperature (Ta0). Under these 

conditions, the 7DADM decreased by up to 7.9 °C compared to 7.3 °C reduction 

under high effective shade alone. Furthermore, the results showed that increasing the 

effective shade mitigated the combined influence of high air temperature and low 
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flow conditions and reduced the 7DADM for the entire length of the study section 

compared to the base case (Fig. 3-7). 

 

The combined influence of modifying multiple parameters was also apparent on the 

streamôs heat budget. I show four potential scenarios of the different effective shade 

conditions (base case, low, medium, and high) all under 4 °C warmer air and low 

stream flow (Fig. 3-8). With base case riparian vegetation or low effective shade, low 

flow conditions caused the stream to gain less heat in shortwave radiation during 

daytime, than the base case conditions (Fig. 3-8a). The stream also dissipated less 

heat in longwave radiation and convective heat because of warmer air. Under the 

same conditions of low flow and warmer air, the stream dissipated less heat during 

the nighttime (Fig. 3-8b) than the base case conditions. Over the course of a full day 

and with low effective shade, the influence of warmer air and low flow shifted the 

streamôs net heat from heat dissipation state to heat gain state. With increasing 

effective shade along the study section, the streamôs net heat decreased despite warm 

air and low flow conditions. Under high effective shade conditions, heat input from 

shortwave radiation declined during the daytime (Fig. 3-7a) leading to a lower net 

heat over the course of full day. As a result, high effective shade was able to offset 

the influence of warm air and low flow conditions (Fig. 3-8c). 

 

The influence of stream flow on the 7DADM varied with changing effective shade 

(Fig. 3-9a). HQ decreased the 7DADM and LQ increased the 7DADM under 

conditions of low effective shade conditions, but differences in 7DADM caused by 

changing flow are small. As effective shade increased and reached about 45%, results 

showed that changing flow had no effect on 7DADM. However, LQ decreased the 

7DADM and HQ increased the 7DADM under conditions of high effective shade. 

 

The influence of changing air temperature on the 7DADM varied negligibly under 

different effective shade conditions (Fig. 3-9b). Heat input in longwave radiation and 
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convective heat increased as air temperature increased regardless of the influence of 

effective shade on the streamôs heat budget. 

Discussion 

 

This study defined the range of stream temperature sensitivity to the combined effect 

of changing riparian vegetation, air temperature, and stream flow. Stream temperature 

was greatly sensitive to changes in riparian vegetation and moderately sensitive to 

changes in air temperature, while it was the least sensitive to changes in streamflow. 

Riparian vegetation has a greater influence on MFJD stream temperature than air 

temperature or stream flow. Results shown in this study are similar to several studies 

suggesting that increasing the effective shade (e.g., replanting tall and dense riparian 

vegetation) causes stream temperature maxima to decline (Cristea and Janisch, 2007; 

Groom et al., 2011; Johnson, 2004; Lee et al., 2012; Zwieniecki and Newton, 1999). 

Increasing the effective shade along the 37 km of this study section decreased heat 

input from shortwave radiation to the stream and caused stream temperature maxima 

to decline by 9.6 °C in comparison with low effective shade conditions. Johnson 

(2004) found that shading a 200 m stream section decreased the maximum water 

temperature by 1 °C in comparison with the same section being unshaded. Zwieniecki 

and Newton (1999) also reported that average stream temperature increased by almost 

1.1 °C due to harvest of the riparian vegetation along 180 m of the stream. 

 

High effective shade offset the influence of warmer air on stream temperature. 

Simulation results showed that stream temperature increased with increasing air 

temperature. Where predictions estimate that air temperature will increase by 3-5 °C 

throughout the 21st century (Mantua et al., 2010; Mote and Salathé, 2010), warmer 

air would increase stream temperatures by 1-2 °C (Mohseni et al., 1999; Pilgrim et 

al., 1998; Webb et al., 2003). The addition of heat input to the stream via convective 

heat and the reduction of heat dissipation via evaporative heat were mitigated by the 

reduction of heat input from shortwave radiation leading to decreased 7DADM. Trees 

at age of 10-15, on average, reach the maturity level to provide the desired shading 
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effect. Thus, restoring riparian vegetation needs to take place well in advance to 

mitigate the influence of future changes in air temperature. 

 

Stream flow had a small influence on MFJDôs stream temperature and depended on 

effective shade conditions. With low-to-medium effective shade, increasing 

streamflow slightly decreased the 7DADM in most scenarios, so heat input from 

either shortwave radiation or convection was diluted in a greater water volume. With 

high effective shade, increasing streamflow increased the 7DADM. HQ conditions 

increased flow velocity and reduced travel time in the channel. Reduced travel time 

allows less time for heat exchange with the environment. With low effective shade, 

this normally generates less heat gain and, therefore, lower increase in temperature 

than LQ. Conversely, HQ with high effective shade generates less heat dissipation 

and lower reduction in temperature than LQ. 

 

We modified input parameters in a uniform pattern (spatially and temporally) to 

estimate the streamôs temperature responsiveness to a changing environment. 

Uniform modifications are not the most accurate representation of a natural 

environment (Diabat et al., 2012; Gooseff et al., 2005). For example, recent studies 

reported non-uniform changes of air temperature over the diurnal cycle (Alexander et 

al., 2006; Morak et al., 2011). Warmer daytime and warmer nighttime conditions 

differ in their impact on stream temperature both from each other and from uniform 

warming (Diabat et al., 2012; Gooseff et al., 2005). Similarly, spatially homogenous 

riparian vegetation is possible, but unlikely. An expansive wildfire can remove most 

of the riparian vegetation of an entire basin. Replanting riparian vegetation, however, 

has not usually been accomplished over an entire basin. 

 

Uncertainties in simulation results are constituted in three major components: 

boundary conditions of upstream input and tributaries, inflow from groundwater, and 

hyporheic flow. In this study, stream discharge was modified without modifying 

water temperature of the boundary conditions. Water temperature of the boundary 
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conditions is also subject to increase because of air warming (Erickson and Stefan, 

2000; Mohseni et al., 1998, 1999). To test this uncertainty factor, I simulated stream 

temperature for the study section and modified water temperature of the boundary 

conditions using the air-water regression equation in Mohseni et al. (1999) and 

Erickson and Stefan (2000). Results of the test simulation indicated that temperature 

of the boundary conditions had minor effect on the 7DADM along the study section. 

However, I did not examine the influence of changing either groundwater inflow or 

temperature on stream temperature. Hyporheic flow could create local conditions of 

thermal refugia especially during the summer (Arrigoni et al., 2008; Ebersole et al., 

2003). The percentage of heat exchange through the hyporheic zone increases as 

stream discharge decreases (Wondzell, 2012). Stream discharge along this study 

section during the summer ranged between 0.3 to 1 m
3
s

-1
. Using regression 

correlation presented in Wondzell (2012), the hyporheic flow in the existing channel 

is estimated to range between 1.3 and 0.47% per 100 m stream length, which lead to 

the conclusion that hyporheic flow remains a negligible factor to influence stream 

temperature even when stream discharge fluctuate between +30% and -30%. 

 

Results of this study may be applicable to similar watersheds where restoration 

projects aim to mitigate the impacts of warming climate on small stream temperature. 

In comparing the effectiveness to mitigate the influence of increasing air temperature 

by restoring riparian vegetation or restoring in-stream flow, the benefits from 

restoring riparian vegetation far exceed those from restoring stream flow. 
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 Conclusions 

 

Stream temperature simulations for the study section of the MFJD showed that 

riparian vegetation had greater influence on stream temperature than air temperature 

or stream flow. Results also showed that change in stream flow was the least 

influential. The study suggests that restoring riparian vegetation where the stream is 

poorly shaded has the potential to offset the influence of increasing air temperature. 

Any change in riparian vegetation that increases the effective shade along the study 

section will probably lead to a decreased in the maxima of summer stream 

temperatures in the MFJD. Warmer air increased the streamôs 7DADM in a ratio 

close to 2:1.5. The influence of warmer air remained constant regardless of effective 

shade. Lastly, stream flow had a minor influence on stream temperature and did not 

mitigate the effect of warmer air. However, the influence of stream flow depended on 

effective shade conditions: high flow decreased 7DADM under low effective shade 

and increased 7DADM under high effective shade. The analysis is one of few studies 

that tested the cumulative influence of changing multiple parameters on stream 

temperature. The range of temperature responses shown in the study provides useful 

guidance for watershed managers in improving forest management practices. 
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Table  3-1: Modifications applied to the input data. 

a) Air Temperature 

Name 
Change in Air Temperature 

(ȹ °C) 

Ta0 0 

Ta2 +2 

Ta4 +4 

 

b) Stream Flow 

Name Change in 

Flow 

(ȹ %) 

BCQ 0 

HQ -30 

LQ +30 

 

c) Effective shade 

Name Tree Height 

(m) 

Canopy 

Density  

(%) 

Average Effective 

Shade (%) 

Base Case Effective 

Shade 

various various 19 

Low Effective Shade 1 10 7 

Medium Effective 

Shade 

10 30 34 

Maximum Effective 

Shade 

30 50 79 
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Figure  3-1: Map of the state of Oregon, USA showing the John Day River basin (small map) and the basin of the study site (large 

map). 






















































































































































