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1.0 – Introduction and Purpose 

 Water temperature is of critical importance to stream ecosystems because elevated 

temperatures not only influence organic matter decomposition (Poole and Berman, 2001), 

nutrient cycling (Poole and Berman, 2001) and oxygen-carrying capacity of water (Helms et al., 

2009; Kramer, 1987) but also have the potential to adversely affect aquatic organisms that have 

specific temperature ranges in which they live (Hester and Doyle, 2011; Wang et al., 2000; and 

Krause et al., 2004). In urban areas, heated impervious surfaces can produce temperature surges 

in streams during storm events (Nelson and Palmer, 2007). The purpose of this study was to 

investigate urban stream temperature response to storm events in one of the many urban 

landscapes located in the Piedmont of North Carolina (NC). Specifically, the study determined 

which hydrometeorological characteristics were the most significant drivers of the magnitude and 

duration of urban stream water temperature change. Stream discharge and temperature data were 

collected from September 2010 to July 2011 at seven streams within three highly urbanized 

basins in the City of Winston-Salem (City), NC.  

 Preliminary analysis of temperature responses revealed that storm events influence on the 

magnitude and duration of stream temperature surges based on thermal energy inputs generated 

from heated impervious surfaces. Given impervious surfaces are often the dominant characteristic 

of an urban landscape, they have the ability to gain high surface temperatures (Thompson et al., 

2008) and transfer thermal energy to create heated runoff (Herb et al., 2008), which is the 

dominant source water for these urban streams (Smith and Lavis, 1975). The high temporal 

recording of temperature in this study provided a unique opportunity to investigate stream 

temperature response dynamics to individual storm events throughout the year and to gain an 

understanding of temperature response variability within and among urban streams on a seasonal 

basis. 
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2.0 – Literature Review 
 

Urbanization is second only to agriculture as a major cause of stream impairment in the 

United States (Paul and Meyer, 2001). With 82 percent of the United States population living in 

urban areas as of 2008 and urban population growth projected to reach 90 percent by 2050 (UN 

Population Division, 2010), urban areas occupy a large land footprint and will continue to 

expand. Along with this expansion, land-clearing and the construction of impervious surfaces will 

continue, with consequences for streams. It has been well documented that streams are adversely 

influenced as they flow through urban landscapes (Paul and Meyer, 2001; Meyer et al., 2005). A 

major characteristic of urban landscapes is high amount of impervious surfaces (e.g., roads, roof-

tops, and parking lots) (Leopold, 1968), which have the potential to influence infiltration rates 

and surface runoff (Subehi et al., 2009; Subehi et al., 2010).  

Urban storm-water collection systems concentrate runoff into smooth, straight storm 

drain conduits thereby increasing velocity and erosional power of the water when it reaches the 

stream channel. Urban streams adjust their morphology to better accommodate the increased 

discharges associated with impervious surface runoff (Booth, 1991; Pizzuto et al., 2000). This 

adjustment often results in channelization and involves scouring, incision, and the subsequent 

enlargement of the stream channel cross-section (Booth, 1990; Leopold, 1968; Trimble, 1997). 

Undercutting of banks resulting from increased number of bankfull/sub-bankfull flows can result 

in the deposition of sediment downstream (Booth, 2004; Bernhardt and Palmer, 2007; Wolman, 

1967). This leads to the degradation and elimination of natural channel geomorphology and 

processes (e.g. bends, riffles, runs, pools, varied flows) (Pizzuto et al. 2000), and results in 

decreased habitat diversity (Walsh, 2005). Urban land clearing and channelization can lead to a 

loss of riparian vegetation, which provides shading and habitat, filters sediments, improves 

stream bank stability, reduces nutrient loads, attenuates peak flows, and reduces stream 

temperature (Paul and Meyer, 2001).  
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The addition of water with elevated temperatures from point and non-point-source (NPS) 

pollution may be widespread and chronic in an urban environment. Thermal pollution is most 

often attributed to heated municipal and industrial discharges (e.g., coolant by power plants for 

the generation of electricity, industrial manufacturers, etc.), but the process of watershed 

development also affects stream water temperature. The primary effects of thermal pollution 

include (1) direct thermal shock to aquatic biota (Wang et al., 2000; and Krause et al., 2004); (2) 

decreased oxygen-carrying capacity of water (Helms et al., 2009); and (3) decreased biodiversity 

in local community composition due to redistribution of organisms and invasion by new 

thermally tolerant species (Wang et al., 2000; and Krause et al., 2004). The ecological effects of 

stream temperature changes are attributed to the high heat capacity of water, (i.e., it absorbs 

thermal energy with only small changes in temperature), therefore most aquatic organisms have 

certain processes (e.g., metabolic, protein synthesis, and enzyme) that operate in only narrow 

temperature ranges as pointed out by Subehi et al. (2010). Changes in water temperature also 

influence rates of organic matter decomposition and nutrient cycling (Poole and Berman, 2001). 

Understanding how urban landscapes contribute to in-stream temperature response to storm 

events is dependent upon: (1) the energy budget of streams, (2) urban watershed surface and 

subsurface flow mechanisms and (3) urban stream temperature response to storm events. Each of 

these concepts is discussed in greater detail in the subsequent sections. 

2.1 - Stream Energy Budgets 
 

Stream temperature is a reflection of the combined influence of both atmospheric and 

hydrological factors operating through a heat balance and is important in understanding in-stream 

temperature dynamics (Smith and Lavis, 1975; Moore et al., 2005). Stream water temperature is 

influenced by a number of processes (Poole and Berman, 2001; Caissie, 2006; Webb et al., 2008) 

and varies both spatially (Caissie, 2006; Moore et al., 2005)(Figure 1) and temporally (Brown and 

Hannah, 2007; Hannah et al., 2008; Hannah et al., 2004; Hebert et al., 2011; Webb and Crisp, 

2006). As a parcel of water flows through a stream reach, its temperature will change as a 
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function of energy balance exchanges (Moore et al. 2005) with the primary energy input to a 

stream being solar radiation (Hannah et al., 2008). Subsequently, water temperature, like air 

temperature, demonstrates cycles on a seasonal (Hannah et al. 2008), monthly and daily basis 

(Caissie, 2006; Hebert et al., 2011; Webb and Crisp, 2006).  

Poole and Berman (2001) and Caissie (2006) point out the exchange of stream system 

heat energy occurs through a combination of energy and mass transfer processes of (1) solar 

radiation (Es), (2) longwave radiation (El), (3) evaporation (Ee), (4) convection (Ecv), (5) stream 

bed conduction (Ecd) and (6) groundwater exchange (Eg). The primary source of heat energy 

entering a stream is provided by solar radiation (Hebert et al., 2011; Hannah et al., 2008). 

Secondary sources of heat energy occur through longwave radiation, convection, stream bed 

conduction, and groundwater exchange (Hebert et al., 2011; Hannah et al., 2008). Processes that 

dissipate heat energy from a stream are evaporation and back radiation (e.g., longwave radiation 

emitted from the stream) (Hebert et al., 2011; Hannah et al., 2008, Webb and Zhang, 1997). Table 

1 and Figure 1 provide an overview of the dominant processes. To account for energy entering, 

leaving and being stored in the stream it is possible to derive a simple energy balance equation 

(Equation 1) as follows: 

 
Stream Water Stored Energy = Es ± El ± Ee + Ecd + Ecv + Eg (Equation 1) 

 
 

Several physical characteristics of the stream system (e.g., canopy cover, channel width, 

channel depth) have the potential to significantly affect the energy balance of a stream and thus, 

the temperature (Caissie, 2006; Poole and Berman, 2001). This may be particularly evident in 

urban landscapes where a loss of stream canopy cover provided by riparian vegetation can result 

in increased daily and seasonal in-stream temperatures due to exposure to large amounts of solar 

radiation (Edington, 1965; Johnson, 2004; Moore et al., 2005). In addition, wider and shallower 

urban streams are susceptible to increases in temperature due to canopy gaps (Moore et al., 2005) 

and low baseflow conditions. Less energy is required to heat a smaller volume of water and 
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results in the accumulation of more energy per unit volume during heating periods; water with 

more energy has a higher temperature (Poole and Berman, 2001): 

 
Water temperature ∝ heat energy/water volume (Equation 2) 

 
 

Referencing Equation 2 it can be determined that water temperature is inversely 

proportional to water volume. Given this relationship, it is evident that a greater amount of heat 

energy would need to be added to or removed from a large amount of water to see any change in 

a streams thermal environment (Moore et al., 2005). Use of substitution (Equation 3) in the above 

equation illustrates can show how water temperature of a stream is proportional to heat load (e.g. 

the amount of heat energy introduced to a stream) and inversely proportional to stream discharge 

(Poole and Berman, 2001): 

 
Water temperature ∝ heat load/discharge (Equation 3) 

 
 

The relationship exemplified in Equation 3 was evident in the research by Smith and 

Lavis (1975) who studied the influence of air temperature and stream discharge on mean, 

maximum and minimum stream water temperatures. In doing so, they discovered that as 

discharge increased, the thermal capacity of the stream increased as well and became less 

responsive to changes in air temperature. A multiple regression analysis showed water 

temperature was inversely related to discharge for catchments that ranged in size from 2.1 to 601 

km2 (Webb et al., 2003). Stream water velocity can also have a significant effect on water 

temperatures. Increased velocity reduces travel time for a parcel of stream water to pass through a 

given reach and be exposed to energy balance exchanges (Brown et al., 1985; Moore et al., 2005; 

Smith and Lavis, 1975).  

In an urban landscape, the effects of decreased discharge can cause a low-order stream 

(Figure 2) to be greatly influenced by a single dominant water source (Smith and Lavis, 1975), 

which may warm rapidly as stormwater runoff generated from impervious surfaces enters the 
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stream. For example, a thermal pollution modeling study of streams responding to runoff from 

paved surfaces showed greater change in temperature response when higher runoff temperatures 

entered streams with lower discharge and that in-stream temperature approached the temperature 

of heated runoff (Herb et al., 2008). 

2.2 - Urban Watershed Flow Mechanisms 
 

Stream flow and water temperature at any point within a given reach are the result of 

upstream interactions in response to precipitation inducing various surface and subsurface flow 

mechanisms (Brown and Hannah, 2007).  For a given amount and intensity of rainfall, the runoff 

mechanisms operating during a particular event determine the magnitude and timing of 

streamflow response. Three general mechanisms that contribute to streamflow are infiltration 

excess overland flow (e.g., Horton overland flow, HOF), sub-surface storm flow (SSF), and 

saturation overland flow (SOF). Urban streams will receive a disproportionate amount of flow 

through HOF compared to forested streams, which generally receive flow by SSF and SOF. The 

difference in streamflow generation mechanism leads to pronounced differences in hydrographs 

(Figure 3). Due to a predominance of impervious surfaces in urban landscapes, precipitation that 

would normally infiltrate into soil flows over impervious surfaces as HOF runoff, urban storm-

water collection systems concentrate runoff into smooth, straight storm drain conduits and leads 

to high peak discharges when it reaches the stream channel (Leopold, 1968). Increased 

urbanization translates to increased storm runoff frequencies compared to pre-development 

conditions (Booth, 1991). High discharges generated by HOF enter urban streams quickly 

through storm drain conduits with little lag time between peak rainfall and peak flow. 

Additionally, urbanization generally results in greater magnitude of peak discharge and generally 

decreased groundwater contributions to baseflow (Rose et al., 2001; O’Driscoll et al., 2011).  

2.3 - Urban Stream Temperature Response to Storm Events 
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Stream temperature surges in urban landscapes (Nelson and Palmer, 2007) can be largely 

attributed to impervious surfaces absorbing and storing thermal energy (Herb et al., 2008; 

Thompson et al., 2008). These surfaces become hotter than natural surfaces due to low albedos 

and a lack of shading by vegetation. During and following a storm event, the thermal energy 

stored in an impervious surface is transferred to the runoff. The effect on the receiving stream is 

governed by the precipitation temperature and the amount of thermal energy gained by runoff 

when coming in contact with heated impervious surfaces (Herb et al., 2008).  In a study in 2008, 

Herb et al. showed that the highest thermal impacts to streams were observed during events with 

large amounts of precipitation associated with a high dew point temperature and or a moderate 

amount of precipitation associated with high surface temperatures (Herb et al., 2008).   

In forested watersheds, stream temperature is typically mediated by groundwater 

recharge and riparian shading. In urban watersheds, the construction of impervious surfaces often 

limits the amount of infiltration into the subsurface and subsequently reduces groundwater 

contributions to baseflow. Consequently, urban streams may exhibit lower baseflow discharge 

and warmer temperatures (Walsh, 2005). This is particularly important for low-order streams 

during low flows in summer when warm baseflow, attributed to low thermal capacity and 

increased evaporative heat flux (Webb and Zhang, 1997; Johnson, 2004), receives stormwater 

inflows of elevated temperatures. Nelson and Palmer’s study (2007) of empirical relationships 

relating watershed imperviousness to coldwater stream temperatures discovered temperature 

surges associated with summer storm surface runoff. Conversely, surface runoff in non-urban 

alpine regions showed a decrease in temperature following storm events (Brown and Hannah, 

2007). However, infrequent temperature surges were identified that were a result of short 

duration/low magnitude, low-intensity precipitation events and low peak discharges (Brown and 

Hannah, 2007). High temperature runoff enters streams and results in stream temperature surges, 

which can be particularly pronounced during the warmer summer months (Nelson and Palmer, 

2007). A hydro-thermal modeling study conducted by Thompson et al. (2008) to assess the 
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impact of urban development on the temperature of surface runoff simulated surface temperatures 

for pavements and vegetated surfaces for individual storm events. Asphalt and concrete pavement 

resulted in the highest surface temperatures while vegetated surfaces exhibited the lowest 

(Thompson et al., 2008).  

3.0 - Hypotheses 
 

This research focused on understanding how geomorphic and hydrometeorological 

parameters influence urban stream thermal response during storm events. Based on results from 

previous studies on stream temperature dynamics (e.g., Anderson et al., 2011, Brown and 

Hannah, 2007; Hannah et al. 2008; Herbert et al., 2008; Johnson, 2004; Nelson and Palmer, 2007; 

Smith and Lavis, 1975; Webb and Zhang, 1997), it is hypothesized that:  

 

1. A significant negative relationship exists between the magnitude of stream water 

temperature change and metrics that include watershed area (WAREA), maximum 

precipitation intensity (PMAX), mean precipitation intensity (PMEAN), precipitation depth 

(PDEPTH), precipitation duration (PDUR), pre-event stream water diurnal temperature range 

(DTR), pre-event baseflow channel depth (SDEPTH), pre-event discharge (QPRE), peak 

stream water discharge (QEVENT), mean pre-event stream water temperature (T5), time to 

peak stream water temperature change (DURPT), and peak stream water temperature 

change event volume (VolEVENT). A significant positive relationship exists between the 

magnitude of stream water temperature change and metrics that include pre-event 

baseflow channel width (SWIDTH), stream water temperature change duration (DURSW), 

pre-event high air temperature (THA), pre-event mean air temperature (TMA), event air 

temperature (TEA), event dew point temperature (TDEW) and peak stream water 

temperature change event thermal load (kJ).  
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Herb et al. (2008) determined the highest change in stream temperature for urban streams 

in Minnesota, USA, was a result of short duration storm events (less than 2 hours). 

Similar results were found in Nelson and Palmer’s 2007 study that discovered changes in 

stream temperature, within urban watersheds of Maryland, USA, were associated with 

storm events on average lasting up to 2 hours and 48 minutes. In addition, Brown and 

Hannah (2007) discovered inverse relationships between alpine stream water temperature 

change and total precipitation amount. In general, short duration, high intensity storms 

are predicted to have the greatest positive impact on stream temperature, particularly 

during the summer when ambient temperatures are greatest.  

 

2. A significant negative relationship exists between the duration of a stream water 

temperature change and watershed area (WAREA), maximum precipitation intensity (PMAX), 

mean precipitation intensity (PMEAN), precipitation depth (PDEPTH), precipitation duration 

(PDUR), pre-event stream water diurnal temperature range (DTR), pre-event baseflow 

channel depth (SDEPTH), pre-event discharge (QPRE), peak stream water discharge 

(QEVENT), mean pre-event stream water temperature (T5), time to peak stream water 

temperature change (DURPT), and peak stream water temperature change event volume 

(VolEVENT). A significant positive relationship exists between the duration of stream water 

temperature change and metrics that include pre-event baseflow channel width (SWIDTH), 

stream water temperature change duration (DURSW), pre-event high air temperature 

(THA), pre-event mean air temperature (TMA), event air temperature (TEA), event dew 

point temperature (TDEW) and peak stream water temperature change event thermal load 

(kJ). 

 

The thermal capacity of stream water is often influenced by discharge and air temperature 

(Cadbury et al., 2008; Smith and Lavis, 1975; and Webb et al., 2003). As Smith and 
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Lavis (1975) demonstrated, the thermal capacity of the stream increases directly with 

discharge and becomes less responsive to changes in air temperature.  However, 

increased flow velocity can reduce travel time for a parcel of stream water to pass 

through a given reach and be exposed to energy balance exchanges (Brown et al., 1985; 

Moore et al., 2005; Smith and Lavis, 1975).  

4.0 - Methods 

4.1 - Study Area 
 
Seven study sites are located in the city of Winston-Salem, North Carolina (Figure 4) in the 

Brushy, Middle Salem and Upper Salem watersheds. Stream cross-sections were surveyed during 

the June-August 2010 using a Trimble Total Station (Figure 5, Table 2, Pictures 1 -7). All three 

watersheds drain from the north to the south and are predominantly urban land cover as defined 

by the U.S. Department of Agriculture (USDA) which includes airports, playgrounds with 

permanent structures, cemeteries, public administration sites, commercial sites, railroad yards, 

construction sites, residences, golf courses, sanitary landfills, industrial sites, sewage treatment 

plants, institutional sites, water control structures and parking lots. Winston-Salem’s central 

downtown forms the geographic core of the county, with residential and commercial development 

radiating out along the main transportation corridors. Winston-Salem is the largest city in Forsyth 

County, the third largest within the Piedmont physiographic region and the fourth largest in the 

state. According to 2010 United States Census Bureau data, the city has a total population of 

229,617 and an area of 283.9 km2. The overall population density is 401 persons per km2 versus a 

statewide average of 75.1 persons per km2 (2010 U.S. Census data). The study area is fairly 

homogeneous with respect to elevation, topography, and climate. North Carolina has four 

seasons: spring (March to May), summer (June to August), autumn (September to November) and 

winter (December to February).  Summer months are generally warm to hot with maximum 

temperatures occasionally reaching 37.7°C (State Climate Office of North Carolina). The average 

daily maximum temperature during the midsummer is often below 32.2°C (State Climate Office 
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of North Carolina) with variable thunderstorms. These thunderstorms can produce intense, short 

duration rain events that are highly localized and often scattered (State Climate Office of North 

Carolina). Winters are cool with lows averaging about 5.4°C (The Southeast Regional Climate 

Center) with the movement of rain-bearing atmospheric depressions being widespread, prolonged 

and fairly gentle (State Climate Office of North Carolina). Average total winter snowfall is about 

64.5 cm (State Climate Office of North Carolina) with only 2.54 cm to 5.1 cm accumulating at 

any given time, and melting within a few days. Average total precipitation is 24.2 cm in the 

winter, 25.3 cm in the spring, 33.5 cm in the summer and 23.2 cm in the autumn (The Southeast 

Regional Climate Center). 

4.2 - Stream Stage, Air and Water Temperature Measurements 
 

Obtaining stream stage and temperature data at regular short time intervals was 

accomplished using deployable level sensor data loggers (Solinst 3001 Levelogger). The accuracy 

of the level and temperature sensors are 0.05% and ± 0.1°C with a range of 10 meters and an 

operating temperature of -20.0°C to 80.0°C. The level-loggers produce a record of the rise and 

fall of the stage with respect to time. The data loggers recorded stream stage data at five minute 

intervals to accurately capture each stream’s stage hydrograph response during a range of 

discharge events. Leveloggers record changes in absolute pressure (water column pressure + 

barometric pressure). Barologgers, installed within the riparian canopy of sites MS2 and US2 and 

at least two meters above the streams, were used to compensate for atmospheric pressure 

fluctuations. Water temperature was recorded every five minutes, and internal clocks were 

synchronized following data being downloaded.   

4.3 - Precipitation Measurements 
 

As discussed by Hebert et al. (2011) meteorological data can often be obtained from a 

meteorological station located at the nearest airport, however, differences may exist between the 

meteorological conditions at the study sites and a given airport. The National Oceanic and 

Atmospheric Administration (NOAA) meteorological station located at Smith Reynolds Airport 
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(International Civil Aviation Code: KINT) records precipitation in one hour intervals, and for the 

purposes of this project it was necessary to obtain precipitation data at higher temporal resolution. 

In addition, the NOAA meteorological station did not accurately reflect precipitation data 

associated with a majority of the storm events that resulted in-stream responses recorded by the 

level-loggers. This study therefore incorporated meteorological data from private weather stations 

located in Forsyth County, and downloaded through the Weather Underground web service 

(Table 3, Figure 6) to capture the variability in precipitation patterns that was lacking in the 

NOAA meteorological station.  

Meteorological stations were selected for analysis based on proximity to the study 

watersheds, completeness of data recorded during the study period, frequency of recorded 

precipitation data, and equipment type. Meteorological data from Buena Vista, Forsyth County 

West, Walkertown, and Western Forsyth County were used in this project. Forsyth County West 

and Western Forsyth County are located approximately 12 km west of downtown, Walkertown is 

located approximately 3 km northeast of downtown, and Buena Vista is located approximately 3 

km northwest of downtown. All meteorological data used for this study was collected with Davis 

Instruments equipment (Table 4) composed of an integrated sensor system powered by solar 

panels with backup lithium ion batteries to ensure the continuous measurement and recording of 

meteorological data. The sensors transmit recorded data to a base console that provides readouts 

and features a data logger function. These consoles interface to a personal computer where stored 

data can be uploaded to web sites such as Weather Underground 

(http://www.wunderground.com).  

Statistical analysis of selected precipitation events was based on the following criteria:  

 
1. Storm size: Identify the largest storm events during each of the four seasons that 

produced an in-stream water level and temperature response to the storm events. The four 

seasons are autumn (September to November), winter (December to February), spring 

(March to May) and summer (June to August).  
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2. Dry antecedent conditions: The event had no precipitation at least five days prior to 

minimize influences of antecedent precipitation on hydrological response. 

 
3. Precipitation uniformity: Visual inspection of historical radar images ensured uniformity 

of precipitation during a given storm event. Weather Underground’s interactive 

WunderMap® application enables users to scroll through historical meteorological data 

(e.g., air temperature, dew point temperature, precipitation duration, precipitation depth, 

and precipitation intensity) and obtain said data at a specified location at a specified date 

and time in history. WunderMap® overlays a Google™ map and for the purposes of this 

study enables the visual inspection of historical radar images during a given storm to 

determine uniformity of coverage over the study area. The radar images provided through 

WunderMap® is made possible through Weather Underground’s NOAAPORT satellite 

dish which obtains NEXRAD radar data continuously from the National Weather Service 

Doppler radars. 

 
4. Consistent depth and duration: Verify that the total amount and duration of precipitation 

from the event was similar across weather stations. For example, determining that a given 

storm event is uniform through out the study area requires precipitation total amounts 

from each of the meteorological stations to be evaluated to ensure recorded data from 

meteorological stations located west of the City (e.g., Forsyth County West and Western 

Forsyth County) were reflective of the data recorded from the station located within the 

City (e.g., Buena Vista) and immediately east of the City (e.g., Walkertown). To address 

spatial variability, an average from all meteorological stations from the onset of 

precipitation was calculated for PDUR, PDEPTH, PMEAN and PMAX.  

 
5. In-stream response: Stage and temperature data were examined to determine whether the 

event produced an in-stream water level and temperature response to the storm events. 
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This assisted in ensuring that the storm events proposed for analysis occurred over the 

entire study area, and that all hydrological instruments were recording data during the 

event.  

 
Twelve storm events met the dry antecedent conditions criteria (e.g., no storm event at 

least 5 days prior) and were selected for further analysis resulting in an average of three storms 

per season. However, five additional storm events that did not meet the dry antecedent conditions 

criteria were added to more broadly analyze the largest storm events that occurred within the 

project time frame and determine the strength of the constructed statistical model with and 

without these events. In total, 17 storm events, from an initial set of 86 recorded events, were 

selected for further analysis (Figure 7). A majority of the storm events proposed for analysis are 

in fact the largest average precipitation total amount recorded among the four meteorological 

stations referenced (Table 5, Table 6).  

 
4.4 - Discharge Measurements 
 

Stage-discharge curves were constructed by indirect (i.e. Manning’s Equation) and direct 

methods (i.e. manual discharge measurement via velocity-area method over a range of 

discharges) at established stream gauging cross-sections. Of most importance was choosing a 

cross-section that was stable and with minimal backwater effects. During twice monthly 

maintenance visits, locations and depths of the sensors were measured to verify cross-section 

stability. 

Stream discharge was measured directly using the velocity-area wading method 

(Dingman, 2008; Hershey, 1985) at each surveyed cross-section where level data sensors were 

installed. This method lends itself to be very practical during baseflow conditions. During the 

preliminary stages of the project it was determined that stormwater runoff enters streams in the 

City’s highly urbanized basins very rapidly and contributes to an immediate hydrologic response 

with high and short-lived peaks. In-stream SIGMA 900 Max velocity/level probes were installed 
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in the thalwegs at the surveyed cross-sections to obtain velocity and level data at five minute 

intervals at the low-order streams sites (B3, MS2, MS3, and US2). Measured velocities were used 

together with surveyed cross sectional areas to calculate discharge for three to four storm events 

for each site to characterize the stage-discharge relationship. 

Manning’s equation was applied to indirectly calculate the high discharge values for the 

higher order stream sites (B1, MS1, and US1); lower discharges were measured manually using 

the velocity-area method. Because of limited high flow events, upper end measurements of a 

stage-discharge curve often are lacking, which requires extrapolation to cover the full range of 

discharges. This is necessary for design purposes when estimating extreme discharges (Herschy, 

1985). Caution should be taken into account when the stage-discharge function is extrapolated 

beyond the range of gauged discharges without consideration of cross-section geometry. 

However, where the cross-section is stable, a simple method is to extend the stage-discharge 

curve for given stage values beyond the stage values that have been measured. This strategy in 

tandem with the indirect method of Manning’s Equation was implemented when developing the 

stage-discharge curves for outlets B1, MS1, and US1 to reduce uncertainties related to 

extrapolation. Manning’s Equation was parameterized using geometric data collected at stable 

cross-sections during surveying. This indirect method was implemented in determining peak 

discharges for the outlets where use of the Sigma 900 Max velocity-level probes were not deemed 

appropriate due to the large cross-sections associated with the subject outlets.  

Manning’s Equation is an empirical equation in which values of constants and exponents 

have been derived from experimental data (Dingman, 2008). According to Manning’s Equation, 

discharge is a function of the channel roughness (n), cross sectional area (A); the hydraulic radius 

(Rh
2/3), and the slope of the energy gradient (S). When metric units are used and the hydraulic 

radius, cross-sectional area, roughness coefficient and slope are known, discharge can be 

calculated directly (Equation 4). 

Q = (1/n)ARh
2/3S1/2 (Equation 4) 
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The indirect estimation of discharge through the use of the Manning’s Equation requires 

an evaluation of the roughness characteristics (i.e. referenced as the n coefficient) of the channel.  

Manning’s n is an estimation of channel roughness or the effects of friction on the movement of 

water derived from a visual assessment of the shape and character of a stream channel. Variation 

in this variable can significantly affect discharge estimates. Manning’s n-values are often selected  

using published tables (i.e., Table 9.6 in Dingman, 2008). However, whenever possible it is best 

to directly determine Manning’s roughness coefficient using field measurements of discharge and 

channel characteristics. This is accomplished using recorded cross-section and longitudinal 

profile survey data of a given reach, as well as recorded wading rod discharge measurements; 

(Equation 5). 

n = (1/Q)ARh
2/3S1/2 (Equation 5)  

4.5 – Metrics 
 
Table 7 provides a overview of the study metrics with associated symbols and definitions. 
 
4.5.1 - Pre-Event Stream Water Temperature and Pre-Event DTR 
 

When determining stream temperature changes influenced by storm events, the average 

stream water temperature five days preceding an event (T5) is calculated to characterize pre-storm 

meteorological influences (e.g., solar radiation, air temperature, etc.). The magnitude of peak 

stream water temperature change (ΔT) is quantified by taking the difference between peak water 

temperature recorded during a given storm event T5. The duration of stream water temperature 

change (DURsw) is calculated by taking the difference between the time of ΔT and when the 

stream water temperature returned to within the pre-event stream water temperature mean 

standard deviation. The mean standard deviation is calculated from a pooled dataset. Specifically, 

the standard deviation for each hour of a 24 hr period (e.g., 12 AM, 1 AM, 2AM, etc.) is 

calculated for each of the five days prior to the day of ΔT in response to a storm event. In turn, 

the mean is calculated from the pooled values determined over the five day time span (Figure 8). 

The time required to reach ΔT after the onset of hydrograph response (DURpt) is calculated by 
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subtracting the time at ΔT from the time at which the hydrograph showed increasing discharge 

following the onset of precipitation. Pre-event stream water diurnal temperature range (DTR) is 

defined as the difference between the mean minimum stream water temperature calculated over 

five days preceding a storm event and the mean maximum stream water temperature calculated 

over five days preceding a storm event. The pre-event mean, minimum and maximum stream 

water temperature is calculated from a pooled dataset similar to the mean standard deviation.  

This was achieved by first determining the mean stream water temperature for each hour of a 24 

hr period over the five days prior to the day of ΔT in response to a storm event. Following the 

mean temperature for each hour over five days the pre-event mean, minimum and maximum 

stream water temperature is then calculated from the pooled dataset. 

4.5.2 - Air and Dew Point Temperature 
 

Meteorological data were obtained through the use of the private weather stations located 

in Forsyth County, and downloaded through the Weather Underground web service (Table 3, 

Figure 6), as described above. The TMA is calculated as the average air temperature, at all four 

meteorological stations, over five days preceding a storm event. Similarly, THA is the average 

daily high temperature across four meteorological stations for five days preceding an event. These 

metrics were calculated to characterize pre-storm meteorological influences. The TEVENT and 

TDEW temperature are calculated as the air temperature and dew point temperature recorded at the 

onset of recorded precipitation, as averaged across the four meteorological sites. TDEW is used as a 

surrogate for rainfall temperature (Herb et al, 2008).  From the onset of precipitation, PMEAN, 

PMAX, PDEPTH, and PDUR are calculated as an average from the four meteorological stations. 

4.5.3 - Channel Width and Depth 
 

Stream reach geomorphic characteristics of baseflow SWIDTH and SDEPTH are from cross-

section survey data collected during June-August 2010 using a Trimble Total Station. Cross-

section dimensions were determined to be stable throughout the study period. 

4.5.4 - Pre-Event and Peak Discharge 
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The QPRE is calculated as average baseflow from the stage-discharge record for the five 

days preceding an event. The QEVENT is the discharge associated with the maximum ΔT. 

4.5.5 - Event Thermal load  
 

Event thermal load (kilojoules, kJ) is calculated through Equation 6 using discharge (ΔQ, 

m3/s); water density (ρ, 1,000 kg/m3); stream water temperature (T, °C); water heat capacity 

(J/kg*°C, assumed to be constant at 4,186 J/kg*°C); and time (t, s) (Van Buren et al., 2000). 

kJ = QρT(J/kg*°C)t (Equation 6) 

This equation is applied to determine the differential heat load entering a stream during a storm 

event, which reflects the acute thermal impact of flow components from a watershed during an 

event (Equation 7). The change in time is defined as the time to reach ΔT after the onset of stream 

water hydrograph response (DURpt). 

kJ = ΔQρT(J/kg*°C)DURpt  (Equation 7) 

 
4.5.6 – Event Volume 
  

The event volume (VolEVENT) is calculated as the area under the hydrograph between the 

onset of the hydrograph response to a given storm event and when ΔT is achieved (DURpt). The 

VolEVENT is calculated by summing discharge from each five minute interval volume if Q is in 

m3/s: 

 
VolEVENT = Σ(Qi * DUR) (Equation 8) 

 
4.5.7 – Canopy Coverage 
 
 Densiometer measurements were taken using a spherical densiometer on three dates:  

August 14, 2010, November 2, 2010 and February 1, 2011. 

 
4.5.8 – IDF Curve 
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A rainfall intensity-duration-frequency (IDF) analysis shall be performed based on the 

Greensboro IDF (NCDOT, 2011) website. The Greensboro IDF curve was the published dataset 

in closest proximity to the study sites approximately 40 km east of Winston-Salem. The return 

period for a storm event is related to the probability that a storm of a given size or larger will 

occur in any given year. 

 
4.5.9 – Data Analysis 
 

Determining significant explanatory variables for the response variables of ΔT and 

DURsw shall be determined through the use of pairwise correlation coefficients. Multiple 

regression analysis shall also used to determine the response variables for ΔT and DURsw. The 

form of regression backward regression analysis, in which the variables with the highest p value 

(least significance) are eliminated in a step-wise manner until only variables that remain have p-

values less than the chosen alpha (0.05) and increased the fit model based on R2. Often this 

requires removing the variable in a model that may strongly correlate with another variable. The 

assumption in regression that all observations are independent is not strictly met in this study 

because of nested stream sites and the same meteorological data applied across all sites. However, 

meteorological stations were selected for analysis based on proximity to the study watersheds, 

completeness of data recorded during the study period, and frequency of recorded precipitation 

data, and equipment type. As previously noted in Section 4.3 the NOAA meteorological station 

records precipitation in one hour intervals, and for the purposes of this project it was necessary to 

obtain precipitation data at higher temporal resolution. In addition, the NOAA meteorological 

station did not accurately reflect precipitation data associated with a majority of the storm events 

that resulted in-stream responses recorded by the level-loggers. Even with the violation of the 

independence assumption, the regressions should be useful for identifying the variables with 

predictive value in determining stream temperature response to precipitation. 

7.0 – Concluding Statement 
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 The studies conducted by Nelson and Palmer (2007) and Anderson et al. (2011) 

focused on urban stream water temperature surges during the summer months. This would make 

sense since simulation results indicated that runoff from impervious surfaces is often warmer than 

the precipitation, because of heat conduction from impervious surface to the runoff (Herb et al., 

2008). However, Brown and Hannah (2007) point out there is an overall lack of research that 

focus on the variability in, and response to storm events throughout the year. This research 

provides the opportunity to study the relationships between hydrometeorological metrics and 

temperature responses in seven urban warm-water streams in the Piedmont region of North 

Carolina over multiple seasons; across 17 rain events over 11 months from September 2010 to 

July 2011.  
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Figure 1. A picture representing the numerous energy balance processes that influence the 
temperature of a parcel of water as it flows through a given stream reach.   
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 Figure 2. Stream order in the drainage network is characterized by use of a common ranking 
method called the Horton-Strahler stream ordering approach (Knighton, 1998). A smaller order 
number indicates a smaller order stream and a location closer to the watershed boundary as 
shown in Diagram 1 provided below. You can see that first order streams have no tributaries. A 
second order stream has only first order streams draining to it, and so on. 
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Figure 3. Differences in streamflow generation mechanism lead to pronounced differences in 
hydrographs. Due to a predominance of impervious surfaces in urban landscapes, precipitation 
that would normally infiltrate into soil flows over impervious surfaces as HOF runoff, urban 
storm-water collection systems concentrate runoff into smooth, straight storm drain conduits and 
leads to high peak discharges when it reaches the stream channel (Leopold, 1968), when 
compared to forested streams, which generally receive flow by SSF and SOF.  
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Figure 5. Seven study sites are nested within the Brushy, Middle-Salem and Upper-Salem 
watersheds of the city of Winston-Salem. 
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Figure 6. The four private weather stations are located within the immediate vicinity of Winston-
Salem and offers the greatest opportunity to collect climate data associated with a majority of the 
storm events that resulted in-stream responses recorded by the leveloggers.  
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Figure 7. Parameters set forth to meet dry antecedent conditions (no precipitation five days 
before an event) created a dataset of 17 storm events (highlighted in red) from a list of 86 storm 
events recorded by meteorological stations. Twelve of the 17 storm events, met the 5 day time 
frame parameter. However, 5 additional wet antecedent storm events (precipitation within five 
days of an event) were added in-order to ensure a majority of the large storm events that occurred 
within the project time frame would be incorporated into the analysis and determine the strength 
of the constructed statistical model with and without these events. The 17 storm events occurred 
within the study’s four seasons of Fall (September 2010 to the end of November 2010), Winter 
(December 2010 to the end of February 2011), Spring (March 2011 to the end of May 2011) and 
Summer (June 2011 to the end of July 2011). 
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Figure 8. Example of calculation of stream water temperature change and stream water 
temperature change duration for site MS2. 

 
1. Following the November 30, 2010 storm event, peak stream water temperature (15.5°C) 

occurred at on December 1, 2011 at 3:30 AM at site MS2. 
  

2. The mean temperature at 3:30 AM over 5 days prior to the storm event was 8.5°C. 
 

3. The actual temperature change calculated was 7.0°C by taking the difference between the 
peak stream water temperature (15.5°C) and the mean temperature at 3:30 am over the 
preceding 5 day timeframe (8.5°C). 

 
4. The pre-event pooled mean standard deviation for stream water over 5 days prior to the 

storm event was calculated as ±2.3. 
 

5. The stream water temperature, following peak stream water temperature change (ΔT), 
reached the within the mean standard deviation (±2.3) at 10:10 AM on December 1, 
2011. 

 
6. The duration of the temperature change (6.7 hr) was calculated as a difference in time 

when ΔT occurred (3:30 AM on December 1, 2011) and when the stream water 
temperature returned to within the mean standard deviation of ±2.3 (10:10 AM on 
December 1, 2010). 
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Table 1. Overview of the dominant primary and secondary sources of heat energy entering a 
stream is provided by solar radiation, as described above.  
Heat Energy Processes Description 

Solar Radiation 

Direct or diffuse (e.g., radiation scattered and transmitted through the 
canopy), solar radiation is the primary contributor of heat energy to 
streams (Hannah et al., 2008; Herbert et al., 2011; Moore et al., 
2005). Riparian vegetation may be the most important barrier solar 
radiation encounters before reaching the stream's water surface 
(Johnson, 2004; Webb and Zhang, 1997). Thus, solar radiation is an 
energy process that can be actively managed through management of 
existing riparian vegetation (Johnson, 2004).  

Longwave Radiation 

Longwave radiation is emitted from the surrounding environment 
(e.g., atmosphere, riparian vegetation, and topography) to the stream 
(Hebert et al., 2011; Moore et al., 2005). Stream can emit longwave 
radiation as well (Moore et al., 2005); commonly referred to as back 
radiation which represents a heat energy loss that can cool the stream 
(Hebert et al., 2011). A small amount of incoming longwave 
radiation is reflected as well (Hebert et al., 2011). 

Evaporation (latent 
heat) 

Evaporation is the process by which a substance changes from a 
liquid to a vapor and represents a heat energy loss for a stream 
(Hannah et al., 2008) due to a decrease in the temperature of the 
liquid that remains. This process can be assisted by wind (Moore et 
al., 2005; Webb and Zhang, 1997).  

Convection 

Convection occurs at the air/water interface when air is warmer than 
the water surface, which often occurs in the daytime. In turn, heat 
energy will be transferred to the stream (Hannah et al., 2008; Hebert 
et al., 2011; Johnson, 2004; Moore et al. 2005; Webb and Zhang, 
1997). When air temperature is cooler than the stream, which often 
occurs late at night or early morning, heat energy will be transferred 
from the stream (Hannah et al., 2008; Hebert et al., 2011; Johnson, 
2004; Moore et al., 2005; Webb and Zhang, 1997).  

Stream Bed 
Conduction 

Heat energy exchange between the stream and its bed is driven by a 
temperature difference through the process of conduction (Hannah et 
al., 2008; Hebert et al., 2011; Moore et al., 2005). The heat energy 
that is stored in the stream bed will eventually be released back to the 
water column (Moore et al., 2005). Conductance of the stream bed 
often depends on the composition of bed material (Johnson et al., 
2004; Webb and Zhang, 1997). 

Groundwater 
Exchange 

Groundwater exchange has the potential to affect water temperature 
depending if it is a losing or gaining reach (Hebert et al., 2011; 
Moore et al., 2005; Webb et al., 2008). In some instances, 
temperature of groundwater may be cooler than the stream 
temperature (e.g., summer season vs. winter season). Thus, through 
heat energy exchange seasonal and diurnal stream temperature 
variations can be moderated (Hebert et al., 2011; Moore et al., 2005). 
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Table 2. Study sites located in three of the City of Winston-Salem’s watersheds; Brushy, Middle-
Salem and Upper-Salem. 

Sub-Basin 
Site ID Stream Order 

Sub-Basin 
Area     
(km2) 

Site 
Longitude 
(Decimal 
Degrees) 

Site 
Latitude 
(Decimal 
Degrees) 

Basin 

B-1 4 32.1 N 80.219 W 36.089 Brushy 

B-3 2 4.82 N 80.219 W 36.118 Brushy 

MS-1 4 150 N 80.286 W 36.055 Middle Salem 

MS-2 3 4.58 N 80.286 W 36.057 Middle Salem 

MS-3 3 2.34 N 80.285 W 36.073 Middle Salem 

US-1 4 117 N 80.253 W 36.074 Upper Salem 

US-2 1 1.26 N 80.243 W 36.085 Upper Salem 
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Table 3. Private weather monitoring systems that provided data for this study. Data were 
retrieved through the Weather Underground web service (http://www.wunderground.com).  

Station Name Station ID Hardware 
Weather 
Station 

Software 

Site 
Longitude Site Latitude 

Buena Vista KNCWINST6 
Davis 

Weather 
Monitor II 

Wundeground 
V1.15 N 80.273 W 36.113 

Forsyth 
County, West KNCWINST16 

Davis 
Vantage Pro 

2 
VWS V14.00 N 80.378 W 36.141 

Walkertown KNCWALKE2 Davis 
Vantage Vue VWS V14.01 N 80.153 W 36.182 

Western 
Forsyth 
County 

KNCLEWIS2 
Davis 

Vantage Pro 
2 

VWS V14.02 N 80.411 W 36.093 
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Table 4. Rain gauge, temperature sensor and dew point sensor specifications for Davis Weather 
Monitor II, Davis Vantage Vue and Davis Vantage Pro 2. 

Specifications 

Davis 
Vantage 

Vue and Pro 
2 Rain 
Gauge 

Davis 
Weather 

Monitor II 
Rain 

Gauge 

Davis 
Vantage Vue 

and Pro 2 
Temperature 

Sensor 

Davis 
Weather 

Monitor II 
Temperature 

Sensor 

Davis 
Vantage 
Vue and 

Pro 2 Dew 
Point 

Sensor 

Davis 
Weather 

Monitor II 
Dew Point 

Sensor 

Resolution 0.02 mm 0.25 mm 0.1°C 0.1°C 1°C 1°C 

Operating 
Range 

0.0 mm to 
819.0 mm 
for daily 
total, 0.0 
mm to 

9999.0 mm 
for total 
rainfall 

0.0 mm to 
9999.0 

mm, 0.0 
mm to 

19999.0 
mm 

-20°C to 
+60°C 

-40°C to 
+65°C 

-73°C to 
60°C 

-76°C to 
54°C 

Accuracy 

Between 0.2 
mm and 

50.0 mm per 
hour 

Between 
0.2 mm 

and 
50 mm 

per hour 

±0.5°C ±0.5°C ±2°C ±1.5°C 
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Table 5. A majority of the storm events proposed for analysis are the largest average precipitation 
total amount recorded across the four meteorological stations referenced.  

Season 
Date of Largest Storm Events 

Included in Analysis of 17 
Events 

Precipitation Amount (mm) 

  9/26/10 26.9 
Autumn 9/27/10 22.9 

  10/27/10 95.5 
  11/30/10 22.6 

Winter 01/26/11 11.7 
  02/02/11 7.1 
  03/06/11 32.0 

Spring 03/23/11 20.3 
  05/03/11 18.3 
  06/18/11 8.1 

Summer 06/08/11 28.4 
  07/08/11 27.4 
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Table 6. The month of June 2011 revealed the largest discrepancy between the storm event with 
the largest precipitation total amount recorded and the storm event proposed for analysis. 
Additional discrepancies occurred within September 2010, February 2011 and May 2011 but the 
percent differences are smaller. The large storm events that could not be incorporated into the 
analysis was a result of a lack of uniformity amongst all the subject sites responding to the events 
through an in-stream water level and temperature response. 

Season Date of Largest Storm Events 
Within the 86 Events Recorded Precipitation Amount (mm) 

  9/26/10 26.9 
Autumn 9/30/10 40.9 

  10/27/10 95.5 
  11/30/10 22.6 

Winter 2/25/11 13.3 
  2/28/11 18.7 
  3/6/11 32.0 

Spring 3/23/11 20.3 
  4/16/11 21.5 
  6/27/11 28.5 

Summer 6/28/11 18.7 
  7/4/11 30.2 
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Table 7. Study metrics with associated symbols and definitions. 
Explanatory Variables Symbol Definition 

Watershed Area (km2) WAREA 
Obtained through GIS and reflects 
a site’s drainage area. 

Max Precipitation Intensity (mm/hr) PMAX 

Obtained through the web service 
and calculated as an average from 
all meteorological stations. 

Mean Precipitation Intensity (mm/hr) PMEAN 
Obtained through the web service 
and calculated as an average from 
all meteorological stations. 

Precipitation Depth (mm) PDEPTH 

Obtained through the web service 
and calculated as an average from 
all meteorological stations. 

Precipitation Duration (hr) PDUR 

Obtained through the web service 
and calculated as an average from 
all meteorological stations. 

Mean Pre-Event Stream Water 
Temperature (°C) T5 

The mean pre-event stream water 
temperature calculated over 5 days 
prior to the storm event. 

Pre-Event Stream Water Diurnal 
Temperature Range DTR 

Difference between the mean 
minimum and maximum stream 
water temperature over five days 
preceding a storm event  

Pre-Event Wet Channel Width (m) SWIDTH 

Baseflow channel width obtained 
using recorded cross-section 
survey data. 

Pre-Event Wet Channel Depth (m) SDEPTH 

Baseflow channel depth obtained 
using recorded cross-section 
survey data. 

Pre-Event Discharge (m3/s) QPRE 

Calculated as average baseflow 
from constructed stage-discharge 
curves. 

Event Discharge (m3/s) QEVENT 
Calculated from constructed stage-
discharge curves. 

Peak Stream Water Temperature Change 
(°C) ΔT 

Quantified by taking the difference 
between peak water temperature 
recorded during a given storm 
event and the mean pre-event water 
temperature calculated (T5) over 5 
days prior to the day of a given 
storm event. 

Stream Water Temperature Change 
Duration (hr) DURSW 

Calculated by taking the difference 
between the time when peak 
temperature was recorded and 
when the stream water temperature 
reaches within the pre-event mean 
standard deviation. 

Time to Peak Stream Water Temperature 
Change (hr) DURPT 

Calculated by taking the difference 
between the time when peak 
temperature was recorded and 
when the stream water temperature 
reaches peak temperature change. 

Pre-Event High Air Temperature (°C) THA 

Daily high air temperature 
calculated as an average from all 
meteorological stations over 5 days 
prior to a storm event. 
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Explanatory Variables Symbol Definition 

Pre-Event Mean Air Temperature (°C) TMA 

Daily air temperature calculated as 
an average from all meteorological 
stations over 5 days prior to a 
storm event. 

Event Air Temperature (°C) TEA 

Air temperature calculated as an 
average from all meteorological 
stations from the onset of 
precipitation. 

Event Dew Point Temperature (°C) TDEW 

Dew point temperature calculated 
as an average from all 
meteorological stations from the 
onset of precipitation. 

Event Thermal Load (kJ) kJ 
Reflects the acute thermal impact 
of flow components from a 
watershed (Equation 7). 

Event Volume (m2) VolEVENT 

Calculated as the volume of water 
from the onset of hydrograph 
response to peak stream water 
temperature. 
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