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Abstract 21 

Stream temperatures in urban watersheds are influenced to a high degree by   22 

anthropogenic impacts related to changes in landscape, stream channel morphology, and climate.  23 

These impacts can occur at small time and length scales, hence require analytical tools that 24 

consider the influence of the hydrologic regime, energy fluxes, topography, channel morphology, 25 

and near-stream vegetation distribution.  Here we describe a modeling system that integrates the 26 

Distributed Hydrologic Soil Vegetation Model, DHSVM, with the semi-Lagrangian stream 27 

temperature model RBM, which has the capability to simulate the hydrology and water 28 

temperature of urban streams at high time and space resolutions, as well as a representation of the 29 

effects of riparian shading on stream energetics. We demonstrate the modeling system through 30 

application to the Mercer Creek watershed, a small urban catchment near Bellevue, Washington. 31 

The results suggest that the model is able both to produce realistic streamflow predictions at fine 32 

temporal and spatial scales, and to provide spatially distributed water temperature predictions that 33 

are consistent with observations throughout a complex stream network. We use the modeling 34 

construct to characterize impacts of land use change and near-stream vegetation change on stream 35 

temperature throughout the Mercer Creek system. We then explore the sensitivity of stream 36 

temperature to land use changes and modifications in vegetation along the riparian corridor.  37 
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1 Introduction 38 

Stream temperature is a primary indicator of the physical, chemical, and biological 39 

health of aquatic ecosystems. Long-term changes in stream temperature typically are 40 

driven by anthropogenic impacts on climate, landscape, and stream channel morphology. 41 

More specifically, stream temperature is predominantly controlled by a suite of factors 42 

including the hydrologic regime, surface energy fluxes, topography, channel morphology, 43 

and near-stream vegetation and its spatial distribution (Story et al., 2003).  44 

Heat storage capacity, along with a stream’s response to thermal energy inputs and 45 

the influence of headwater temperatures are a function of stream velocity and water depth, 46 

which are determined by the spatial and temporal variations in the hydrologic regime. 47 

Additionally, surface and subsurface runoff moving through stream networks contribute to 48 

stream temperature variations, depending on the volume of the source water and the 49 

temperature difference between source and receiving stream segments (Webb and Zhang, 50 

1997; Ficklin et al., 2012). Variability in topography (elevation, slope and orientation), 51 

channel morphology (width, depth, slope and orientation), along with bankside vegetation 52 

characteristics affect the stream surface area available for solar heating and in turn control 53 

the in-stream energy and water balances.  54 

Compared with large rivers, these physical control factors generally result in more 55 

rapid transient response and greater diurnal variations for stream temperatures in small 56 

(and especially urban) streams (Brown, 1969; Hockey et al. 1982). However, it is often the 57 

case, particularly in small urban catchments, that long-term, high frequency water 58 

temperature observations are not available (Nelson and Palmer, 2007; Webb et al., 2008).  59 

Due to the important role that stream temperature plays in ecosystem function at 60 

many levels, a great deal of research has been devoted to developing models for predicting 61 
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water temperature in streams and rivers. Mathematical process models based on the 62 

thermal energy budget have been developed that conceptualize river systems as a network 63 

of line segments or control volumes such as HEATSOURCE (Boyd and Kasper, 2003), 64 

CEQUAL-W2 (Cole and Buchak, 1995), QUAL2K (Chapra et al., 2008) and SNTEMP 65 

(Theurer et al., 1984). More recently, spatially distributed models have been developed for 66 

large-scale, grid-based systems (Yearsley, 2012; Beek et al., 2012; Wu et al., 2012). 67 

However, limited attention has been given to the impacts of urban environments on water 68 

temperature or to developing spatially distributed water quality models for watershed 69 

analysis at small time and space scales. Examples of research efforts relevant to urban 70 

environments and/or small-scale stream segments include models of forested 71 

environments (Chen et al., 1998; Sridhar et al., 2004) and mountain streams (Runkel and 72 

Chapra, 1993). LeBlanc et al. (1997), Nelson and Palmer (2007), Van Buren et al. (2000) 73 

and Herb et al. (2008) modeled thermal pollution in urban environments. These efforts 74 

have provided valuable insights into the impacts of climate change, land use and urban 75 

development on stream temperatures.  However, they are not well-suited to assessing the 76 

impacts of extreme events at catchment and watershed scales.  This type of assessment 77 

requires the ability to perform high-resolution analyses in space and time. Stream thermal 78 

behavior along water courses in response to meteorological, hydrological and land use 79 

variability generally is highly variable spatially and heterogeneous particularly under 80 

conditions of low discharge and strong heating (Webb et al., 2008). Stated otherwise, 81 

stream thermal variability is controlled not only by spatial variability in meteorological 82 

and hydrological factors, but also by the detailed spatial structure of stream networks 83 

(Brown, 1969). Because streamflow measurements are taken at stream gauges which 84 
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represent points along a river network, spatially continuous hydrological measurements 85 

rarely exist. Consequently, stream temperature models that rely on streamflow 86 

measurements as hydrological inputs have inherent limitations in revealing spatial patterns 87 

of stream temperature. As such, an integrated hydrologic/stream-temperature modeling 88 

system that accounts for spatial variability in the controlling factors is desirable to predict 89 

spatially and temporally continuous temperatures for small streams.  90 

A number of previous studies have developed and assessed coupled hydrological 91 

and stream temperature models for applications at different spatial extent. Boyd and 92 

Kasper (2003) developed the Heat Source model which contains a one-dimensional 93 

hydrological model based on the Saint Venant equation and a reach-scale temperature 94 

model. Chen et al. (1998) linked the SHADE program with Hydrologic Simulation 95 

Program-Fortran (HSPF) to simulate the dynamic effect of riparian vegetation shading on 96 

watershed-scale stream temperature. Krause et al. (2004) combined the reach-scale steady 97 

state Stream Network Temperature Model SNTEMP with HSPF (SNTEMP-HSPF) to 98 

investigate urbanization impacts on temperature in small streams. Ficklin et al. (2012) 99 

developed a stream temperature model within the Soil and Water Assessment Tool 100 

(SWAT). All these models conceptualize river systems as a network of line segments and 101 

are designed to simulate the temperatures of specific and natural stream segments 102 

(Yearsley, 2012). Also, both HSPF and SWAT are semi-distributed hydrologic models, 103 

which employ lumped parameterizations within each catchment or hydrologic response 104 

unit (HRU). As a result, they have limitations in capturing spatial heterogeneity in land 105 

cover and land use and thus are not well suited for high-resolution analyses of small 106 

streams.  107 
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In this study, we describe a grid-based modeling system that couples the three-108 

dimensional fully distributed hydrological model DHSVM (Wigmosta et al., 1994) and the 109 

spatially distributed stream temperature model RBM (Yearsley, 2009), referred to as 110 

DHSVM-RBM, to provide dynamic stream temperature simulations of small urban stream 111 

temperature dynamics. DHSVM is particularly well suited to coupling with stream 112 

temperature models because (1) it simulates the full water and energy balances at each 113 

grid cell that is spatially and hydrologically linked with other grid cells through a detailed 114 

channel (and subsurface) flow network. Hence it provides spatially distributed water and 115 

energy inputs to the stream temperature model; (2) it uses gridded climate observations as 116 

forcings, making it a viable option to extend the application scale of the coupled model to 117 

large river systems; (3) RBM uses a grid-based modeling approach that can be readily 118 

coupled with DHSVM for modeling stream temperature at small scales.  119 

The grid-based modeling system we describe simulates stream temperatures at 120 

hydrologically and spatially linked nodes that aggregate hydrologic and thermal properties 121 

in each cell rather than the temperatures of specific stream segments (Yearsley, 2012). The 122 

fine-scale spatial variations and patterns in stream temperature that are simulated can be 123 

used to infer underlying processes and locate hotspots in a management context. The 124 

modeling system allows comprehensive analysis of the temperatures of small stream that 125 

reflect physical parameters of the stream environment including, contributing landscape 126 

characteristic, surface and sub-surface hydrology, channel morphology, stream geometry, 127 

bed properties and near-stream vegetation features. For application to small streams, we 128 

have enhanced the DHSVM-RBM model by inclusion of a riparian shading module. We 129 

give particular attention to the effect of landscape alterations and riparian vegetation 130 
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shading on stream temperature. The integrated hydrology and stream temperature 131 

modeling system explicitly represents both overland surface and subsurface hydrology as 132 

well as in-stream heat and mass transfer processes related to stream temperature dynamics. 133 

Therefore, historical and future landscape changes at varying degrees resulting from 134 

human activities or management practices can be incorporated in the model readily, and 135 

we use this capability to evaluate implications of alternative streamside vegetation 136 

scenarios in a small urban watershed, Mercer Creek, WA.  137 

The modeling framework allows us to address the following scientific questions: 138 

1) Under current land use and climate condition, what is the effect on stream 139 

temperature of current riparian shading in the Mercer Creek watershed? 140 

2) How sensitive is stream temperature to riparian vegetation characteristics 141 

including tree height, bank to canopy distance, LAI and buffer width? 142 

3) What has been the effect of land use change and induced changes in streamflow 143 

to stream temperature in the Mercer Creek watershed?  144 

4) What are the implications of alternative streamside vegetation scenarios for 145 

stream temperature in Mercer Creek? 146 

In order to answer these questions, we carried out a set of experiments using the 147 

modeling framework with multiple land cover and riparian shadings scenarios over the 148 

Mercer Creek urban watershed, in the greater Seattle, Washington area. The next section 149 

describes the coupled modeling framework with the riparian shading enhancement, the 150 

study site and model set up. The third section addresses the first and second scientific 151 

questions while the fourth section presents the experimental design and results to address 152 

the third and fourth questions.  153 
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2 Model development  154 

The DHSVM-RBM modeling system integrates the stream temperature model RBM 155 

with the spatially distributed hydrologic model DHSVM to provide dynamic predictions 156 

of stream temperature at a high spatial resolution, with a particular interest in small and 157 

medium sized urbanized catchments. We describe the model components briefly below. 158 

2.1. The DHSVM hydrology model 159 

 DHSVM (Wigmosta et al., 1994) is a physically-based, fully distributed time-160 

continuous hydrological model that mostly has been applied to mountainous watersheds at 161 

a high spatial resolution (30 meters to hundreds of meters) to simulate surface and 162 

subsurface runoff at sub-daily time steps. Cuo et al. (2008) modified DHSVM and applied 163 

it to watersheds with a mix of natural and urbanized landscapes, and Cuo et al. (2009; 164 

2010) applied the model to explore the effects of historic and projected climate and land 165 

cover change on the hydrology of the Puget Sound drainage basin, Washington. DHSVM 166 

operates on a collection of spatially linked grid cells, each of which employs full water 167 

and energy balance solutions. It has been extensively applied in numerous studies on 168 

different aspect of hydrology, for example, mountain hydrology (Leung and Wigmosta, 169 

1999; Bowling and Lettenmaier, 2001; Whitaker et al., 2002), urban hydrology under 170 

conditions of climate and land cover change (Cuo et al., 2009, 2011), and sediment 171 

transport (Doten et al., 2006; Lanini et al., 2009). The input into DHSVM includes sub-172 

daily precipitation, temperature, wind speed, relative humidity, downward shortwave and 173 

longwave radiation (both of which typically are indexed to the daily temperature and 174 

temperature range using algorithms described by Bohn et al. (2013), and wind speed. The 175 

DHSVM module that spatially disaggregates point-based meteorological inputs to the 176 
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model’s fine spatial grid explicitly represents the effects of topography on incident and 177 

reflected solar radiation. 178 

2.2 The RBM stream temperature model 179 

The RBM stream temperature model uses concepts developed in a basin-wide 180 

assessment of water temperatures in the Columbia and Snake river systems (Yearsley, 181 

2009) and in a grid-based approach intended for application to large river systems 182 

(Yearsley, 2012; van Vliet et al., 2012) (see Supplementary Section). The computational 183 

framework utilizes an Eulerian-Lagrangian particle tracking scheme, which is highly 184 

accurate in advection-dominated hydraulic regimes and is inherently stable at large time 185 

steps (Manson et al, 2001).  The modeling scheme assumes that freshwater systems are 186 

well-mixed vertically and laterally. Upstream boundary temperatures are estimated using 187 

the method of Mohseni et al. (1998) when no observations are available. The temperature 188 

of the subsurface water entering a stream segment is approximated by the average annual 189 

air temperature. The water depth and velocity in each stream segment are required to 190 

obtain solutions to the semi-Lagrangian thermal energy budget (Sinokrot and Stefan, 191 

1993). We estimated these hydraulic parameters using stage-discharge rating curves 192 

derived from monitoring data and relationships described in Chapra (1997) and Leopold 193 

and Maddock (1953). 194 

The input data required by RBM include: incoming and outgoing flow to and from 195 

each stream segment, downward shortwave and longwave radiation to the channel 196 

segment, and air temperature, actual vapor pressure, and wind speed over the channel 197 

segment. 198 
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2.3. Coupling of DHSVM with RBM  199 

DHSVM and RBM are coupled in a one-way fashion. DHSVM simulates the energy 200 

budget and water balance of each grid cell. A stream network is created in DHSVM based 201 

on the DEM map using algorithms described in Wigmosta and Perkins (2001) to define 202 

the flow direction and connectivity between channel segments en route to the basin outlet. 203 

The extent of the stream network is defined via a specified support area (the area that 204 

drains to upstream terminus of each tributary). Streamflow in each channel segment is 205 

generated by channel interception of surface and subsurface runoff from the grid cells 206 

through which the segment passes. We modified DHSVM so that it aggregates the heat-207 

budget variables required by RBM in all grid cells that intercept a given stream segment 208 

using a weighted average based on the length of intercepting stream channel segment.  209 

Topographic effects on shortwave radiation are represented internally in DHSVM.  210 

We use the same algorithms to represent solar radiation incident on a channel segment 211 

(both direct and diffuse) as related to stream topographic factors (slope and aspect), and 212 

solar geometry (altitude and azimuth). First, DHSVM partitions the downward solar 213 

radiation into direct and diffuse beams (see supplementary material). Next, DHSVM takes 214 

grid elevation, date and time, location of each stream segment as input to calculate the 215 

adjusted beam radiation (I
’
direct) as affected by topographic shading:  216 

 
' [sin cos cos( ) cos sin ]direct direct sunI I α ϕ β θ α ϕ= × − +

 Eq. 1 217 

where α is slope, β is aspect, θsun is solar azimuth angle, indicating the angle of the 218 

position of the sun relative to true north, and φ is solar altitude. A sky view factor based 219 

method is applied to compute the topographic shading effect on diffuse solar radiation:  220 

 
'

1diffuse diffuseI I f= ×
  Eq. 2 221 
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where f1 represents the sky view (ranging from 0 to 1 with a value of 1 indicating a full 222 

sky view) obstructed by stream topography. The sky view factor is derived using the 223 

method of Rich et al. (1994).  224 

2.4. Riparian vegetation shading effect  225 

To provide RBM with sub-daily input energy budget variables, we developed a new 226 

algorithm within DHSVM to take into account the riparian vegetation shading effect on 227 

downward solar radiation for channel segment. Downward solar radiation is first 228 

partitioned into direct and diffuse beam radiation (see supplemental material). Given 229 

riparian vegetation buffers with varying characteristics and stream reaches with different 230 

geometries, direct beam radiation can reach the stream through two pathways as illustrated 231 

in Fig. 1b: (1) radiation directly reaching the stream without attenuation, labeled I1, and 232 

(2) radiation transmitted through a vegetative buffer of width Wbuffer (labeled I2). Both I1 233 

and I2 depend on the shadow length cast from the buffer canopy on the stream surface. 234 

The method we use to account for the effect of riparian vegetation is adapted from Chen et 235 

al. (1998) and Sridhar et al. (2004). 236 

Shadow length of the buffer canopy is estimated as a function of solar altitude (φ) 237 

and azimuth (θsun), and stream azimuth (θstream) in addition to vegetation height (Fig. 1a):  238 

 

sin( )
( )

tan

sun stream
tree bankX H H

θ θ
ϕ
−

= + ×
 Eq. 3 239 

where Htree is vegetation height, and Hbank  is bank height. Shadow length is compared with 240 

stream width (Wstream) and distance from canopy to bank (Ds). The average path length, 241 

λavg, through the buffer for direct beam radiation depends on whether the stream is fully, 242 

partially or not shaded.  Assuming the bank height, Hbank, is negligible and I3 is zero, the 243 

average path length is estimated as the average of the path lengths associated with the 244 
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direct beams I1 and I2 in Figure 1.   The path distances of the direct beam radiation 245 

components, I1 and I2 are determined as one of six different conditions (Table 1), where 246 

the horizontal path distances, ∆1 and ∆2 of each of the direct bean radiation components, I1 247 

and I2 are given by 248 

 1

sin( )
( ) ( )

tan

sun stream
tree bank bank streamH H H W

θ θ
ϕ
−

∆ = + × − +  Eq. 4       249 

 2

sin( )
( )

tan

sun stream
tree bank streamH H W

θ θ
ϕ
−

∆ = + × −  Eq. 5 250 

If the stream is shaded, the effective shading width Xeff is estimated using Beer's law (Oke, 251 

1978; Monteith and Unsworth, 1990; DeWalle, 2010):  252 

 
( ) (1 )avgL

eff sX X D e
λ−= − × −

  Eq. 6 253 

where �, the extinction coefficient, is estimated as a function of leaf area index (LAI), and 254 

Lavg is average path length of a sunbeam through vegetation buffer. If the buffer canopy 255 

overhangs stream surface, the effective width of stream surface shaded by overhanging 256 

canopy is approximated using the method described in Chen et al. (1998). Finally, the net 257 

beam radiation reaching the stream surface is computed as: 258 

 

'' ' 1
eff

direct direct

stream

X
I I

W

 
= × − 

    Eq. 7 259 

where I''direct is adjusted direct radiation by topographic shading. The net diffuse solar 260 

radiation under riparian vegetation buffer is estimated as a function of the sky view factor 261 

adjusted by riparian vegetation buffer if vegetation shade angle (VSA) is greater than 262 

topographic shade angle (TSA), as shown in Fig. 1b: 263 

 
( )'

2 1 2diffuse diffuse diffuseI I f I VSA= × = × − ×
 264 
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1tan tree bank

s

H H
VSA

D

− +
=

  Eq. 8 265 

where f2 represents the view to sky obstructed by riparian vegetation on both sides of the 266 

bank.  267 

2.5. Site description and model set up 268 

Mercer Creek, most of the drainage area of which is in the City of Bellevue, 269 

Washington, discharges to the Mercer Slough, which eventually drains into Lake 270 

Washington (Fig. 2). It has a drainage area of approximately 31 km
2
, with elevations 271 

ranging from 16 to 326 m. The basin’s soils are comprised of 77% hydrological soil group 272 

(HSG) C group and 21% of HSG B group, both of which are high runoff potential soil 273 

types (SCS, 1986). According to 1990 ‒ 2012 meteorological records from the Seattle 274 

Tacoma International Airport (Sea-Tac) station (112.8 meters, 47
°
27'N, 122

°
19'W), which 275 

is about 20 km to SW of the centroid of Mercer Creek, the mean annual precipitation is 276 

slightly less than 100 cm, the mean annual maximum temperature is about 34
°
C and the 277 

average minimum temperature is about -6
°
C. Due to urbanization, the Mercer Creek basin 278 

has undergone a dramatic landscape alteration over the last century from largely forested 279 

to highly urbanized. In 1883, mixed and deciduous forests accounted for nearly 96% of 280 

the entire basin with no urban area, whereas the proportion of urbanized area rose up to 281 

approximately 82% in 2007, comprised mainly of single-family and multi-family 282 

residential areas (Fig. 3; Table 2).  283 

To implement grid-based flow simulations in DHSVM, the basin was subdivided 284 

into 71820 grid cells of 30m, each of which was characterized by a suite of parameters 285 

associated with topography, soil and vegetation attributes. The spatially linked stream 286 

segments comprising the stream network were created based on a digital elevation model 287 
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(DEM) within DHSVM (Fig. 4). Daily records including precipitation, maximum and 288 

minimum temperature at the Sea-Tac weather station were obtained from archives of the 289 

National Climate Data Center (NCDC), which were then interpolated into hourly gridded 290 

precipitation, temperature, downward shortwave and longwave radiation, and wind 291 

speeds. Streamflow has been monitored by U.S. Geological Survey (USGS) station 292 

12120000 (47°36'11''N, 122°10'47''W) at the Mercer Creek outlet since 1945. At the same 293 

location, stream temperatures were measured once a month from 1977 through 2008. 294 

From June 2012 on, temperatures observations were taken at 15-minute intervals at an 295 

upstream location (47°37'3''N, 122°9'49''W) corresponding to Seg-37 in Fig. 4.  296 

3. Model validation and effect of riparian shading on stream temperature 297 

3.1 Model evaluation 298 

To evaluate DHSVM-RBM, the model-generated hydrological and temperature 299 

predictions were compared with observations at the Mercer Creek outlet. The model run 300 

was for the period 2004 through 2012, using 2007 land cover. We employed three 301 

statistical criteria to evaluate hydrologic predictions at daily time scale and temperature 302 

predictions at the hourly scale, including the Nash-Sutcliffe coefficient (Nash and 303 

Sutcliffe, 1970), the modified coefficient of determination using the regression gradient 304 

(adjusted R
2
) following the method in Krause et al. (2005), and the root mean square error 305 

(RMSE). For the first two criteria, a value of 1 indicates a perfect match between model 306 

predictions and observations.  307 

Hydrologic evaluation 308 

The results suggest that DHSVM streamflow predictions match observations fairly 309 

well at the daily scale (Fig. 5). The Nash-Sutcliffe coefficient over the entire simulation 310 
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period is 0.93, while the adjusted R
2
 is 0.87. Summary statistics are also reported for the 311 

1
st
, 2

nd
 and 3

rd
 quartiles of the flow distribution in Table 3. The lowest streamflow quartile, 312 

often corresponding to the highest stream temperature, is reproduced with Nash–Sutcliffe 313 

efficiency 0.72, and adjusted R
2
 is 0.68.  314 

Stream temperature evaluation 315 

The parameters associated with riparian vegetation were calibrated using stream 316 

temperature observations. The calibrated parameters used to represent the existing riparian 317 

vegetation include the vegetation height (10m), the buffer width (5m), the LAI (5), and the 318 

distance from bank to canopy (0.01m). These parameters were also used to represent the 319 

reference condition in the riparian vegetation parameter sensitivity tests. The stream 320 

temperature predictions were then compared with observations taken at two locations 321 

along Mercer Creek. Fig. 6a shows a scatterplot of instantaneous temperature predictions 322 

against 119 temperature observations collected once a month at discrete points in time at 323 

the outlet Seg-51. The agreement between observations and predictions is indicated by a 324 

Nash-Sutcliffe efficiency of 0.93 and modified R
2
 of 0.85. The main discrepancies occur 325 

during winter when the model tends to over-predict the temperatures. This may be 326 

attributable to the model assumptions of constant inflow groundwater temperature (10°C) 327 

and/or stream bed temperature (10°C). Fig. 6b compares the predicted and observed mean 328 

diurnal stream temperatures at an upstream reach Seg-37 (observations were aggregated 329 

from 15-minute monitoring records). The figure shows a good match between the 330 

observations and simulations except that the model tends to under-estimate the 331 

temperatures in October and November, which correspond to cold air temperatures and 332 

high flows. Model results were further evaluated by comparing predicted and observed 333 
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quartiles of the streamflow distribution (Table 4). The statistical indices suggest a fairly 334 

good agreement between the simulations and observations for all flow quartiles. For the 335 

lowest streamflow quartile which represents the critical period characterized by low flows 336 

and often high temperatures during summer, the Nash-Sutcliffe and modified R
2
 are 0.9.  337 

3.2 Riparian shading  338 

The effectiveness of riparian shading is controlled primarily by the relationship 339 

between solar and channel geometry in addition to riparian vegetation characteristics. 340 

Presumably, sensitivities of riparian vegetation parameters, such as average tree height, 341 

bank to canopy distance, LAI, and buffer width could vary with different channel 342 

geometries and/or solar distributions. Here we fixed the solar geometry by performing 343 

parameter sensitivity test on the stream temperature at noon of July 29th of Year 2009 344 

when the air temperature was at a record high of 39°C. Hence the solar altitude and 345 

azimuth are constant 0.96 and 3.3 (in radians), respectively. A sensitivity coefficient was 346 

then computed as the ratio of the change in the outputs of interest to the change in a 347 

particular parameter compared to a reference or current condition, while the other 348 

parameters were held constant (Krieger et al., 1977). To better represent channel 349 

geometries in the creek, we selected six main tributaries including the outlet segment seg-350 

51 with varying widths (6‒9m) and orientations (40°‒ 180°). Sensitivity coefficients 351 

were computed for each. A segment index that combines the channel geometry relative to 352 

the solar geometry (Eq. 9) was used to characterize each selected segment (Table 5). Two 353 

outputs used in the sensitivity tests are: effective shading density �eff computed as 354 

effective shading width (Xeff) divided by Wstream, and stream temperature at noon of July 355 

29, 2009. 356 
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sin( )sun stream

stream

index
W

θ θ−
=

  Eq. 9 357 

The tested parameters and sensitivity analysis results are presented in Fig. 9 and 358 

Table 6. The results indicated that the sensitivity of all parameters are positively correlated 359 

with the channel segment index. In another word, for all parameters, the effective shading 360 

density (�eff) shows the greatest magnitude of change in response to parameter changes for 361 

the channel segment with a highest index. An increase in tree height from 0‒30 m 362 

increases �eff by 2%‒3% per unit tree height; compared with the baseline temperature 363 

given tree height of 10 m, stream temperature is decreased by about 0.6‒1.9°C across all 364 

tested segments if tree height is increased to 30 m. Tree height greater than 30 m, 365 

however, has minimal effects (around 0.01°C per unit tree height) on stream temperatures. 366 

Across all segments, increasing vegetation buffer width from 0‒6 m leads to an increase 367 

of �eff by 2%‒10% per unit width; compared with the baseline temperature given width of 368 

5 m, a decrease in width to 2 m raises stream temperature by 0.4‒1°C. Increasing buffer 369 

width over 6 m has almost no effect on stream temperature for all segments. The 370 

sensitivity test on LAI indicates a nearly linear relationship between �eff and LAI. 371 

Increasing LAI from zero (no canopy coverage) to 12 (very dense canopy coverage) 372 

results in an increase of �eff by 1%‒6% per unit LAI; compared with baseline temperature 373 

for LAI of 5. The stream temperature reduction ranges from 0.8‒1.5°C if LAI is increased 374 

to 12. Bank to canopy distance is negatively correlated with �eff and stream temperature. 375 

When the canopy was moved closer to the bank from 6‒0 m), �eff was reduced by 1%‒376 

6% per unit distance and the temperature was reduced by 1.4‒2.2°C.  377 
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4. Coupling land use and riparian vegetation scenarios 378 

We constructed a pre-development land use scenario using the 1883 land cover map, 379 

the earliest time for which we could obtain credible land cover data (Alberti et al. 2004).  380 

We constructed a post-development scenario using 2007 land cover data. Both land cover 381 

data sets were obtained from the University of Washington’s Center of Ecology. In 1883, 382 

the Mercer Creek basin was almost completely covered by dense stands of large evergreen 383 

trees, primarily Douglas fir. Accordingly, the characteristics of the riparian vegetation in 384 

1883, translated into model input, are represented by tree height of 62 m, buffer width of 385 

50 m, LAI of 9 (Thomas and Winner, 2000), and bank to canopy distance of 0.01 m. 386 

Between 1883 and 2007, about 82% of forested land had been converted to urban areas. 387 

The riparian vegetation in 2007 is characterized by vegetation height 10 m, buffer width 5 388 

m, and LAI 5, characteristic of a temperate zone mixed stand of evergreen and deciduous 389 

trees (Asner et al, 2003). These parameter estimates and an assumed distance from bank to 390 

canopy of 0.01 m, comprised the parameter set for model calibration in section 3.1. In 391 

order to quantify the impact on stream temperature, particularly during summer low flow 392 

periods, offered by changes in riparian shading and land use, we conducted experiments 393 

based on four combined scenarios with different land cover and riparian shading 394 

conditions: 395 

(1) DHSVM-RBM using 2007 land use and 2007 riparian vegetation (the baseline); 396 

(2) DHSVM-RBM using 2007 land use and 1883 riparian vegetation; 397 

(3) DHSVM-RBM using 1883 land use and 2007 riparian vegetation; 398 

(4) DHSVM-RBM using 1883 land use and 1883 riparian vegetation (pristine 399 

conditions).  400 
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For all scenarios, DHSVM-RBM was forced with the same historical meteorological 401 

forcings (2004-2009), and identical parameters for the hydrologic and stream temperature 402 

models (an implicit assumption is that riparian vegetation does not affect streamflow 403 

pattern to any substantial extent). By comparing the stream temperature responses of 404 

scenarios (1) and (2), and  (3) paired with (4), we focus on the impact of riparian 405 

vegetation in 2007 relative to 1883 with no change of streamflow patterns given the same 406 

land use scenario. Comparing (1) with (3), we focus on the effect of land use alteration on 407 

streamflows, and its consequent effect coupled with more current 2007 riparian vegetation 408 

scenario on stream temperature. Stated otherwise, we evaluate the efficiency of the current 409 

riparian shading relative to land cover change over the last century on changes in stream 410 

temperature. Likewise, comparison of scenarios (2) and (4) allows evaluation of the 411 

optimal level of mitigation on stream temperature change due to land use change effect 412 

(i.e. change in flow) provided by 1883 riparian shading.   413 

4.1 Land use change effect on streamflow 414 

The comparison of streamflow between pre- (1883) and post-development (2007) 415 

land use scenarios suggests that an increase in urbanized area leads to higher mean 416 

monthly flows with greater inter-monthly variability over the entire simulation period (Fig 417 

7). The streamflow increase under post-development conditions can be explained by the 418 

82% forest loss that contributes to high mass losses through evapotranspiration (ET) in 419 

summer, and reduced soil moisture storage from reduced infiltration as a result of 420 

increased impervious areas. This is consistent with the findings of Cuo et al. (2009) for a 421 

different (but similarly urbanized) catchment in the same region and is also similar to 422 

analyses on the effect of clear cutting forest in the Pacific Northwest region using 423 
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DHSVM (VanShaar et al. 2002, Bowling et al. 2000, Storck et al. 1998). At the daily time 424 

scale, both peak flows and baseflows during summer increase post-development (Figure 425 

8). The average summer baseflow is 0.07m
3
/s for pre-development and 0.16m

3
/s for post-426 

development. The increase in summer baseflow can be explained by significantly reduced 427 

ET loss that more than compensates for reduced infiltration caused by the increase in 428 

impervious surfaces. In summary, relative to the pre-development scenario, total ET is 429 

reduced by 77% post-development while the total outflow increases by 132% in the post-430 

development scenario.  431 

4.2 Stream temperature response to coupled scenarios  432 

The stream temperature response to the four sets of coupled land use and riparian 433 

vegetation scenarios, as illustrated above, was compared in terms of average peak 434 

temperature. For each year from 2004 through 2009, the average peak temperature was 435 

computed as the mean value of the ten highest daily maximum temperatures over the year 436 

(Table 7).With identical streamflow characteristics given the post-development land cover 437 

but different riparian vegetation scenarios, the comparison between scenario (1) and (2) 438 

shows that, compared with the 2007 riparian vegetation scenario, the riparian shading 439 

provided by large trees in dense stands over a wide buffer in the 1883 riparian scenario 440 

was able to decrease the overall average peak stream by about 4°C. Comparisons between 441 

scenarios (3) and (4) yield essentially the same result: the 1883 riparian scenario leads to a 442 

decrease of 4°C in overall peak stream temperature when the streamflow patterns of both 443 

scenarios are controlled by the 1883 land use scenario. Although scenarios (1) and (3) 444 

both have the 2007 riparian shading scenario, they differ in the basin land use scenarios 445 

and resulting streamflow characteristics. However, comparison between scenarios (1) and 446 
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(3) indicates almost no effect of streamflow change or land use change on average peak 447 

stream temperature; it is nearly identical to the results of comparisons between scenarios 448 

(2) and (4). Finally, comparing scenarios (2) and (3) indicates the same magnitude of 449 

mean peak temperature reduction (about 4°C) as in the scenario with identical streamflow 450 

characteristics but different riparian vegetation conditions, e.g. scenario (1) vs. (2), and 451 

scenario (3) vs. (4).  452 

We further compared the effect of the four scenarios on three additional 453 

temperatures indicators: annual average temperature, average daily temperature and daily 454 

temperature variability during summer months (Table 8). The results suggest that land use 455 

change from 1883 to 2007, when coupled with the same riparian shading scenario (either 456 

1883 or 2007), has minimal effect on all three temperature indicators. Compared to the 457 

2007 riparian scenario, the 1883 riparian shading with post-development flows results in a 458 

decrease in average annual stream temperature of 0.7°C, an average summer daily 459 

temperature decrease of 1.1°C, and a reduction in daily temperature variability during the 460 

summer months of 0.3‒0.4°C. 461 

5. Discussion 462 

We examined the coupled effect of urbanization and riparian vegetation buffers on 463 

stream temperature in a rapidly urbanizing catchment and evaluated their relative 464 

importance to stream temperature change. With about 82% of forest land converted to 465 

urban areas in the pre- to post-development land use transition, both peak flows and 466 

baseflow increased throughout the year. However, we found that changes in flow 467 

characteristics had minimal effect on peak stream temperatures, under the same riparian 468 

vegetation scenario. In contrast, average peak stream temperature generally decreased by 469 
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about 4°C when current riparian vegetation was replaced by pre-development riparian 470 

vegetation. On one hand, as a result of a greater summer baseflow in the post-development 471 

land use scenario, stream temperatures tended to be less responsive to energy input. On 472 

the other hand, the downward solar radiation plays such an important role in the thermal 473 

energy budget that the impact of increased streamflow was overcome by the reduction of 474 

downward solar radiation due to the amount of shading provided by the riparian 475 

vegetation buffer for both 2007 and 1883 conditions. In other words, the riparian shading 476 

offered by vegetation buffers overrides the land use change effect on stream temperature. 477 

We performed a series of sensitivity tests to understanding the relationships between 478 

riparian shading and stream temperature. The key findings from the sensitivity analyses 479 

are (1) riparian shading is an effective means of modulating stream temperatures. In the 480 

case of Mercer Creek, riparian vegetation buffers with tree heights of 30 m, buffer widths 481 

of 8 m, canopy to bank distance of 0.01 m and LAI of 9 (e.g. Douglas fir), could make a 482 

marked reduction in stream temperature (by about 3°C) compared to  current (baseline) 483 

conditions at the Mercer Creek mouth (seg-51). Given that the average peak stream 484 

temperature for pre-development land use and riparian scenarios (1883‒1883) was 485 

approximately 4°C lower than the current scenario (2007-2007) at seg-51, it is reasonable 486 

to conclude that an efficient riparian buffer design could restore the stream temperature to 487 

its “pristine state” as illustrated in pre-development land use and riparian vegetation 488 

conditions; (2) The effective range of riparian vegetation parameters showed a strong 489 

correlation with the channel segment index that represents channel geometry (consisting 490 

of channel orientation and width) relative to solar geometry; and the effectiveness of 491 

riparian shading is correlated with the segment index. As a result, the index can be used as 492 
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a basis for determining appropriate and efficient riparian buffer system for a particular 493 

stream.  494 

Owing to the grid-based spatial inputs and routing scheme of DHSVM, DHSVM-495 

RBM is able to derive spatially continuous thermal maps throughout a complex stream 496 

network. This is important because stream temperature is notably variable along stream 497 

gradients (Fig. 10). As spatial variability is inherent to climate and land use change, it is 498 

necessary to incorporate spatial variability in future stream temperature scenario modeling 499 

to better understanding the basin-wide spatial correlation between stream temperature and 500 

landscape/climate change. Climate change scenarios on stream temperature are not 501 

discussed in this study because we focus on simulating hydrology and water temperature 502 

in small urban catchments with a high resolution in time and space. As we extend model 503 

applications to regional scale river systems, such as the Puget Sound basin, downscaled 504 

climate change scenarios along with land use change scenarios will need to be applied to 505 

examine the climate and land use change effect on regional scale stream temperature. 506 

6. Conclusions 507 

Our grid-based modeling system dynamically couples the spatially distributed 508 

hydrologic model and the RBM stream temperature model. It facilitates characterization 509 

of the impacts of climate, landscape, and near-stream vegetation changes on stream 510 

temperature, and allows modeling of long-term spatially distributed water temperature 511 

throughout complex stream networks. Comparisons between simulated and observed 512 

streamflow and stream temperature indicate that the model is able to (1) produce 513 

reasonable streamflow predictions at fine temporal and spatial scales; (2) provide spatially 514 

distributed water temperature predictions that mostly agree with observations throughout 515 
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complex stream network, and (3) characterize impacts of land use change and near-stream 516 

vegetation change on stream temperature at local and regional scales in urban 517 

environments.  518 

As applied to the small Mercer Creek urban watershed in the Greater Seattle area, 519 

our results show that notwithstanding general warming due to climate change over the last 520 

century, which has resulted in somewhat warmer stream temperatures (Schindler et al. 521 

1996), there have been concurrent increases in low flows due to urbanization and 522 

deforestation, which more or less offset the effects of a warmer climate. On the other 523 

hand, loss of riparian vegetation has had a much larger impact in increasing stream 524 

temperature and annual maximum stream temperature (around 4°C), which could be 525 

mostly reversed by restoring riparian vegetation in a fairly narrow corridor – a finding that 526 

has important implications for vegetation management in the riparian corridor. Our 527 

findings also emphasize the necessity of representing riparian shading in assessing the 528 

impacts of climate and land cover change on urban streams. 529 
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Table 1.  Conditions determining average path length of direct beam radiation through the 

riparian vegetation buffer. Wbuffer is vegetation buffer width, Φsolar is defined as: 

cos(φ)∗|sin(θsu  - θst)|. Other symbols are defined in Eqs. (5‒7) and Figure 1. The conditions 

use standard C language notation (&& - and, || - or, <= less than or equal to, >= equal to 

or greater than) 

Case Description Condition Average Path, Lavg 

1 No shade ∆1 = < 0 && ∆2<=0.0  0.0 

2 Partial shade, sun 

above buffer canopy 
∆1<=0.0 && ∆2<=Wbuffer 0.5* ∆2/Φsolar 

3 Partial shade, sun 

below buffer canopy 
∆1<=0.0 && ∆2>Wbuffer 0.5* Wbuffer /Φsolar 

4 Full shade, sun above 

buffer canopy 
∆1>0.0 && ∆2<=Wbuffer 0.5*( ∆1+ ∆2)/Φsolar 

5 Full shade, sun 

partially below buffer 

canopy 
∆1<=Wbuffer  && ∆2>Wbuffer 0.5*( ∆1+ Wbuffer)/Φsolar 

6 Full shade, sun 

entirely below buffer 

canopy 
∆1>Wbuffer && ∆2>Wbuffer Wbuffer /Φsolar 
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Table 2 Summary of land cover characteristics in 1883 and 2007 in the Mercer Creek  

Land Use 
Percentage 

1883 2007 

Dense Urban 0.0% 24.1% 

Light-Medium Urban 0.0% 58.2% 

Grass/Crops/Shrubs 0.0% 3.9% 

Mixed/Deciduous Forests 95.9% 6.7% 

Coniferous Forests 0.0% 5.6% 

Wetlands 0.0% 0.5% 

Water 4.1% 1.0% 
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Table 3 Summary of model performance in streamflow predictions, 2004 ‒ 2012 

Streamflow 
Obs. Avg.     

(m
3
/s) 

Nash-Sutcliffe Modified R
2
 

RMSE        

(m
3
/s) 

1st Quartile 0.18 0.72 0.68 0.017 

2nd Quartile 0.29 0.66 0.61 0.027 

3rd Quartile  1.03 0.91 0.89 0.44 
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Table 4 Summary of model performance in mean daily temperature predictions 

Streamflow 
Obs. Avg.     

(°C) 
Nash-Sutcliffe Modified R

2
 

RMSE        

 (°C) 

1st Quartile 15.28 0.9 0.89 0.36 

2nd Quartile 14.57 0.93 0.9 0.46 

3rd Quartile  11.64 0.94 0.94 0.78 
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Table 5 Selected channel segments for parameter sensitivity test 

Stream Id 
length 

(m) 

stream 

width      

(m) 

stream 

azimuth 

(degree) 

stream 

azimuth 

(radian) 

index 

33 14.4 6 45 0.8 0.136 

36 13.5 9 42.5 0.7 0.088 

37 22.3 6 123.7 2.2 0.12 

40 11.6 6 160.9 2.8 0.026 

51 24.5 9 95.2 1.7 0.1 

64 3.9 6 180 3.1 0.029 
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Table 6 Stream temperature change from parameter sensitivity tests   

Parameters 

Stream Temperature Change (°C) 

seg-33 

(*0.136) 

seg-37 

(*0.12) 
seg-51 
(*0.1) 

seg-36 

(*0.088) 

seg-64 

(*0.029) 

seg-40 

(*0.026) 

Baseline:                    

 

(1) Tree 

Height 

(10)  

                 

(2) Bank 

to 

Canopy 

Dist. 

(0.01)  

 

(3) LAI 

(5)            

 

(4)  

Buffer 

Width 

(5) 

Tree 

Height   

(m)      

5 0.8 1.2 1.2 0.9 1.1 0.7 

20 -1.1 -1.0 -1.6 -0.5 -0.6 -0.7 

30 -1.9 -1.2 -1.8 -0.6 -0.7 -1.1 

40 -2.1 -1.4 -1.9 -0.7 -0.8 -1.3 

50 -2.2 -1.7 -2.0 -0.8 -0.9 -1.4 

60 -2.4 -1.7 -2.0 -0.9 -1.0 -1.5 

Bank 

to 

Canopy 

Dist.       

(m)      

1 0.6 0.6 0.4 0.3 0.3 0.4 

2 0.8 1.1 0.8 0.6 0.9 0.6 

3 1.1 1.4 1.2 1.0 1.3 0.8 

4 1.3 1.6 1.6 1.3 1.7 1.1 

5 1.5 1.9 1.9 1.7 2.0 1.3 

6 1.6 2.1 2.1 1.9 2.2 1.4 

LAI 

0 1.4 2.1 1.9 1.8 2.1 1.3 

3 0.6 0.9 0.9 0.8 0.9 0.6 

6 -0.2 -0.4 -0.4 -0.3 -0.4 -0.2 

9 -0.6 -1.0 -1.0 -0.8 -0.9 -0.6 

12 -0.8 -1.5 -1.5 -1.2 -1.3 -0.9 

Buffer 

Width       

(m) 

2 0.4 0.8 1.0 0.8 0.9 0.4 

4 0.1 0.1 0.3 0.2 0.2 0.1 

6 0.0 -0.1 -0.2 -0.1 -0.2 -0.1 

8 -0.1 -0.3 -0.5 -0.3 -0.2 -0.3 

10 -0.1 -0.4 -0.6 -0.4 -0.3 -0.3 

Note: The temperature change is computed as the difference between the stream temperature of 

the baseline condition and stream temperature resulting from riparian vegetation parameter 

change. * indicates the index of channel segments. The segment IDs are sorted in a descending 

order based on their index.  
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 Table 7 Summary of annual mean peak stream temperatures from 2004‒2009 

under different scenarios   

Avg. Peak 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 

2007-2007 2007-1883 1883-2007 1883-1883 

2004 21.43 17.20 21.48 17.17 

2005 21.18 17.00 21.29 16.95 

2006 21.63 17.41 21.67 17.38 

2007 20.97 16.66 21.01 16.64 

2008 21.12 17.12 21.17 17.08 

2009 21.95 17.83 22.04 17.79 

Overall 

avg. 
21.38 17.20 21.44 17.17 
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 Table 8 Summary of annual mean peak stream temperatures from 2004‒2009 

under different scenarios   

  

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

2007-2007 2007-1883 1883-2007 1883-1883 

Annual Avg. Temp. 10.76 10.05 10.78 10.05 

Summer Daily             

Avg. Temp. 
15.13 14.05 15.11 14 

Summer Daily Temp. 

stdev 
1.61 1.26 1.59 1.24 

 

Page 37 of 47

http://mc.manuscriptcentral.com/hyp

Hydrological Processes

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

Fig. 1 Schematic of riparian vegetation shading over stream surface. (A) A 3-D view, in 

which θsu is solar azimuth, θst is stream azimuth, and φ is solar altitude. (B) A cross-

sectional view, in which I1 represents the length of the stream segment that receives 

direct radiation, I2 is the length of the segment that receives radiation attenuated by the 

canopy, and I3 is fully shaded. VSA is vegetation shade angle and TSA is topographic 

shade angle. Htree and Hbank are vegetation and bank height, as defined in Eq. 5�6, 

respectively. Ds is canopy to bank distance, as defined in Eq. 7 
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Fig. 2 The Mercer Creek watershed near Bellevue, Washington  
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Fig. 3 Mercer Creek land cover maps in Year 1883 and 2007 under the same land cover 

classification scheme 
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Fig. 4 Mercer Creek stream network labelled with segment IDs 
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Fig. 5 Comparison between predicted and observed daily hydrographs, 2004 � 2012 at 

the Mercer Creek outlet 
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Fig. 6 (A) Instantaneous temperature predictions against observations at the Mercer 

Creek outlet (Seg-51); (B) mean diurnal daily observation against prediction at an 

upstream reach of Mercer Creek (Seg-37). In each figure, the observed hydrograph is 

shown in the lower graph.  
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Fig. 7 Comparison of monthly mean streamflow between pre- (1883) and post-

development (2007) scenarios 
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Fig. 8 Cumulative distribution function of mean daily summer streamflow from 2004 �

2009 under the pre- (1883) and post-development (2007) scenarios 
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Fig. 9 Sensitivity of effective shading density (y-axis) to riparian vegetation parameters: 

(A) tree height, (B) buffer width, (C) LAI, and (D) bank to canopy distance given six 

selected segments at Mercer Creek. * indicates the index ratio of each segment 
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Fig. 10 Thermal map showing the annual maximum temperature for Mercer Creek. 

Thinner lines represent lower-order stream segment and thicker lines represent higher-

order stream segments 
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