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Changes in natural stream temperature levels can be detrimental to the health of aquatic ecosystems.
Water use and land management directly affect the distribution of diffuse heat sources and thermal loads
to streams, while riparian vegetation and geomorphology play a critical role in how thermal loads are
buffered. In many areas, groundwater flow is a significant contribution to river flow, particularly during
low flows and therefore has a strong influence on stream temperature levels and dynamics. However,
previous stream temperature models do not properly simulate how surface water–groundwater dynam-
ics affect stream temperature. A coupled surface water–groundwater and temperature model has there-
fore been developed to quantify the impacts of land management and water use on stream flow and
temperatures. The model is applied to the simulation of stream temperature levels in a spring-fed stream,
the Silver Creek Basin in Idaho, where stream temperature affects the populations of fish and other aqua-
tic organisms. The model calibration highlights the importance of spatially distributed flow dynamics in
the catchment to accurately predict stream temperatures. The results also show the value of including
temperature data in an integrated flow model calibration because temperature data provide additional
constraints on the flow sources and volumes. Simulations show that a reduction of 10% in the groundwa-
ter flow to the Silver Creek Basin can cause average and maximum temperature increases in Silver Creek
over 0.3 �C and 1.5 �C, respectively. In spring-fed systems like Silver Creek, it is clearly not feasible to sep-
arate river habitat restoration from upstream catchment and groundwater management.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction simulation of stream water temperature in a catchment is an
Watershed management to optimize the health of the freshwa-
ter biotic community is becoming increasingly recognized as a nec-
essary concept for achieving sustainability (Haper et al., 2008).
Ecohydrology is a relatively new discipline within water manage-
ment, which studies the functional interrelations between hydrol-
ogy and biota at the catchment scale (Zalewski, 2000). Thus, the
development of integrated ecohydrologic tools that can effectively
relate the physical environment to measures of ecological status,
and be applied at the catchment scale, is one of the most important
challenges for the water resources community.

Temperature is a critical factor in defining the distribution of
stream ecosystems and in determining the metabolic rates of
organisms and their ability to interact with other species (Allan
and Castillo, 2007). High stream temperatures can cause impaired
growth and increased predation rates in certain aquatic species
(Roth et al., 2010). Moreover, water temperature is the most
important factor in fish reproduction (Fujimoto et al., 2008). Tem-
perature serves as an indicator of water quality and ecosystem sta-
tus, particularly fish habitat suitability. Therefore, the accurate
important goal in the context of ecohydrology.
Previous modeling work on heat loads in rivers was motivated

by the impact of thermal loads from power plants (Butz et al.,
1974; Jackman and Yotsukura, 1977; Kinzelbach, 1981; Poulin
and Hubert, 1982). However, in many catchments heat loads to
streams are dominated by diffuse sources rather than point
sources. Thermal loads from diffuse sources may come from urban
or agriculture runoff, and can be influenced by changes in natural
drainage patterns and geomorphology, as well as changes in water
use, land use, and vegetation. This study is focused on the impact of
diffuse heat loads rather than heat point sources.

Stream temperature variations can be influenced by watershed
management, such as surface and groundwater use, land use and
vegetation management; often these catchment parameters are
interrelated (Boyd and Kasper, 2003). Solar radiation is the most
important source of heat to rivers during most of the year (Beschta,
1997; Boyd and Kasper, 2003). Removal of vegetation can signifi-
cantly increase stream temperatures by increasing incoming radi-
ation (Roth et al., 2010) as well as accelerate bank erosion, which
can widen the stream channel. Increasing surface area and decreas-
ing channel depth due to sediment accumulation, change river
morphology, an important factor that affects stream temperatures
(Klein et al., 2007). Water depth and flow volume influence the
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thermal inertia of the water body, which affects the amplitude of
diurnal variations and the time lag to reach equilibrium tempera-
ture (Gu et al., 1998; Webb et al., 2003). The surface area of the
stream affects the amount of heat exchange with the atmosphere
and the time it takes to change the temperature of the water, given
a certain heat flux (Larson and Larson, 1996). In addition, the sur-
face area or the width of the channel affects the fraction of shade
from stream bank vegetation or topography that covers a stream
segment (Chen et al., 1998).

The flow regime in a channel has a direct impact on the thermal
response of the stream. Several studies have quantified the rela-
tionship between flow and temperature (Shanley and Peters,
1988; Sinokrot and Gulliver, 2000; Webb et al., 2003). Sinokrot
and Gulliver (2000) showed that increases in flow lead to a reduc-
tion in the amplitude of the diurnal temperature variation and crit-
ically high temperatures are more frequently exceeded under
lower flows. Additionally, it is important to evaluate not only the
amount of flow, but also the flow source. In rivers where a signif-
icant portion of the flow comes from groundwater, decreases in
water table can cause temperature changes, especially in low flow
periods. Conversely, areas that receive large amounts of runoff
from higher temperature sources, such as surface drains, can con-
tribute to high thermal loads downstream.

The spatial distribution of temperature along a river can be an
indicator of the spatial variability in stream habitat conditions. Riv-
er restoration efforts often focus on improving the bank vegetation
and the geomorphology of the river, but river habitat conditions
are also influenced by the catchment hydrology (Wissmar and Bes-
chta, 1998). For example, changes in land use or water manage-
ment (such as channelization, artificial ponding, and water
diversions) can directly affect the thermal regime of a tributary,
which can in turn deliver a high thermal load to the main stream.
The simulation of water temperature in an integrated surface–
groundwater hydrologic system makes it possible to assess the dis-
tribution of thermal loads in a catchment, which is a key step in
understanding the impact of land use management on stream
ecology.

Numerous types of stream temperature models have been
developed over the past few decades; these can be broadly clas-
sified as regression, stochastic, and deterministic models (Cassie,
2006). Deterministic models have an advantage in that they can
be applied at multiple scales (Cassie, 2006), but most impor-
tantly, they can be applied to evaluate management scenarios.
For example, a regression model is only valid if the management
boundary conditions are unchanged and therefore they cannot
be used to simulate the effects of different management
strategies.

Several deterministic models that couple stream hydrodynam-
ics to heat transport have been developed in recent decades (Sinok-
rot and Stephan, 1993; Kim and Chapra, 1997; Younus et al., 2000;
Boyd and Kasper, 2003). These models solve the one-dimensional
Saint Venant equations for flow and the advection–dispersion
equation for heat transport. An important source/sink term in
these stream temperature models is the atmospheric heat ex-
change. Some models also include the sediment heat flux by con-
duction. However, most of the applications of these models have
been limited to the stream scale and include groundwater flow
represented as a fixed lateral inflow in one direction. Heat ex-
change by groundwater advection can be more important than
conduction, if groundwater fluxes are large enough (Constantz,
2008). Moreover, Bogan et al. (2003) suggest that groundwater in-
flows can explain deviations in the relationship between stream
temperature and stream equilibrium temperature with the
atmosphere. Thus, a potentially important component of the heat
balance for some river systems is neglected by such stream
temperature models.
In many regions, groundwater flow controls the hydrologic re-
gime of a river and thus, linking the temperature model to inte-
grated surface water–groundwater models becomes important.
An integrated model can simulate the dynamic two-way exchange
(gains and losses) between surface water and groundwater so that
the spatial variability and dynamics of stream hydrology can be
better represented. Moreover, an integrated model can quantify
the impact of surface and groundwater abstraction in a catchment
more explicitly and thus directly and dynamically link the changes
in management practices to stream temperature changes. Finally, a
valuable aspect of linking a temperature model to an integrated
catchment-scale surface water–groundwater model is the strong
relationship between the volume and source of flow and tempera-
ture. This means that temperature data provide strong constraints
on the flow sources and volumes and thus decrease model
uncertainty.

In this study, we dynamically couple an integrated surface
water–groundwater model to a surface water heat transport mod-
el. The flow model simulates 3-dimensional and spatially distrib-
uted hydrological processes and it dynamically exchanges flows
between surface water and groundwater. The temperature model
includes the atmospheric heat balance terms and surface water–
groundwater heat exchange flux by both conduction and
advection. Although the model has the capability of simulating
groundwater temperature we assume a uniform groundwater tem-
perature for the case study presented, primarily due to a lack of
sufficient calibration data to parameterize a heat transport model
for the groundwater compartment. This modeling approach pro-
vides a complete description of the processes that affect stream
temperature and can be used to evaluate stream temperature im-
pacts of climate change, land use, and water use changes at the
catchment scale.

The capabilities of the modeling approach are illustrated using
the Silver Creek case study. The Silver Creek system is a high-pro-
file aquatic ecosystem, located in Idaho, USA. Ecosystem services
(e.g., fishing, bird-watching, canoeing, water quality conservation,
water supply, wetland buffer areas, etc.) in Silver Creek are highly
dependent on surface water–groundwater dynamics. The Silver
Creek Preserve managed by The Nature Conservancy hosts over
8000 visitors a year from every US state and 33 countries. Eco-
nomic studies have shown that the Preserve contributes over
3 million US dollars to the local economy each year. The impact
of surface and groundwater use in the catchment can be observed
in the Silver Creek flow and temperature, which have affected the
populations of fish and other aquatic organisms in this ecosystem.
For example, fish kills in 1992 coincided with drought period and
high temperatures (Wetzstein et al., 2000). This problem is exacer-
bated by increased water use. Thus, catchment managers are look-
ing for solutions to achieve ecosystem sustainability.
2. Methodology

In this section, a description of the flow model components fol-
lowed by the temperature model components is presented. The
general modeling chart (Fig. 1) shows the hydrologic processes in-
cluded in the model. The dashed gray line delineates the compart-
ments that exchange both flow and heat in either one or two
directions. The specific model inputs and data used for the case
study and model calibration approach are described in Sections 3
and 4.
2.1. Flow modeling

The MIKE SHE code was chosen for this study because it has
been widely used for integrated surface water–groundwater



Fig. 1. Model flow chart.
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models (Refsgaard et al., 2010; Graham and Butts, 2006) and be-
cause it is possible to link the hydrodynamics to water quality pro-
cesses. MIKE SHE is a physically based and spatially distributed
modeling tool for simulating the main processes of the hydrologi-
cal cycle. Simulated hydrologic processes include snowmelt, inter-
ception, overland flow, infiltration into soils, evapotranspiration
from vegetation and subsurface flow in the saturated and unsatu-
rated zones (Refsgaard and Storm, 1995). MIKE SHE can be dynam-
ically coupled to MIKE 11, a one-dimensional surface water model
that simulates fully dynamic channel flows and control structures
(Thompson et al., 2004; Butts et al., 2004).

The main MIKE SHE and MIKE 11 components included in the
model are listed below. The equations that describe these pro-
cesses are found in DHI (2009a) and DHI (2009b).

1. Precipitation and snow: the model uses daily input time series
data of precipitation and air temperature to calculate rainfall
and snowmelt, respectively. Snow dynamics are calculated
using a degree-day method (also known as temperature-index
method) in which the rate of melting increases as the air tem-
perature increases (Hock, 2003).

2. Unsaturated zone (UZ) and evapotranspiration (ET): the model
calculates actual evapotranspiration, infiltration rate, and mois-
ture content of the soils. A relatively simple water balance
method (Yan and Smith, 1994) was chosen because it is compu-
tationally efficient and more appropriate at the regional scale
than the more complex Richards equation approach. The
method assumes that all water stored in the root zone is avail-
able for transpiration and calculates the average moisture con-
tent based on the depth of the water table and the storage
capacity of the soil.

3. The saturated zone (SZ): the model uses a finite difference solu-
tion to the 3-dimensional Darcy equation for aquifer flow. The
SZ module can be spatially discretized vertically and horizon-
tally according to the required complexity. A drainage option
is part of the SZ module. Drainage flow occurs when the water
table is above a specified elevation. The flow is directly routed
to the nearest river or canal in the model at a specified rate.

4. The irrigation module distributes water to crop cells (irrigation
command areas) from both the canals and the groundwater
according to crop water demand and water availability in the
specified sources. The irrigation water is added to the precipita-
tion component, simulating sprinkler irrigation.
5. The MIKE 11 surface water flow model uses a finite difference
approach to solve the one-dimensional dynamic wave Saint
Venant equations. It calculates water levels and discharges for
alternating points along the length of the streams. It also has
different types of operating and non-operating control struc-
tures (weirs, culverts, gates, and pumps). Exchange flows
between the groundwater in MIKE SHE and the MIKE 11
streams occur in the direction of the head gradient and are con-
trolled by specified leakage coefficients for the streambeds.

6. The NAM model in MIKE 11 (Nielsen and Hansen, 1973) is a
lumped parameter, catchment-based rainfall–runoff module
that routes water from defined catchments to the MIKE 11 riv-
ers. This module can be used to simulate runoff from mountain
catchments that are not included in the MIKE SHE model
domain.

2.2. Surface water heat transport modeling

Stream temperature is typically modeled one-dimensionally
along the channel longitudinal axis. This is justified by the fact that
water temperature in rivers is usually (when there are no point
sources) relatively uniform with depth and only small changes
are observed in the transverse direction (Cassie, 2006). The conser-
vation of heat in a one-dimensional vertically and laterally well-
mixed open channel is described by Gu et al. (1998) as,

@T
@t
¼ 1

A
@ðQTÞ
@x

þ @

@x
D
@T
@x

� �
þ HATM þ HSED

dqCp
ð1Þ

where T is the average water temperature in a channel cross-section
(�C); Q the flow (m3/s); A the cross-sectional area (m2); D the longi-
tudinal dispersion coefficient (m2/s); HATM the net rate of heat ex-
change between water and atmosphere, HSED the net rate of heat
exchange between water and sediment bed (J/s m2); d the water
depth (m); q the density of water (kg/m3); Cp the specific heat of
water (J/kg K); t the time (s); and x is the longitudinal distance in
the channel (m).

Eq. (1) is analogous to the advection–dispersion equation for
the conservation of mass and can be solved using the MIKE 11
Advection–Dispersion (AD) module. MIKE 11 AD solves the one-
dimensional advection–dispersion equation numerically using an
implicit finite difference scheme (DHI, 2009b). The AD module is
dynamically coupled with the Hydrodynamic Module (HD) in MIKE
11, which in turn is dynamically coupled to the MIKE SHE
flow model. Thus, flows and temperatures can be modeled
simultaneously.

The first two terms of the right hand side of Eq. (1) represent the
rate of change of temperature due to advection and dispersion pro-
cesses. The last term represents heat sources and sinks, which are
dependent on numerous processes that vary in space and time (de-
scribed in the following section). Some of these processes are
dependent on hydrodynamic variables (such as discharge, surface
area, and water depth) and some are dependent on the calculated
water temperature. Thus, the source/sink term is nonlinear and is
calculated using a process equation solver called ECO Lab.

ECO Lab calculates the rate of change of any type of state vari-
able given any number of related variables, processes, and forcings
(DHI, 2009c). ECO Lab acts as a post-processor of the AD module for
every time step. The numerical approach is a split operation
scheme where in a given simulation time step, the AD module first
transports the temperature solving Eq. (2a), then ECO Lab updates
the temperature value by calculating Eq. (2b), which includes all
the heat source/sink processes. ECO Lab treats the temperature gi-
ven by the AD module as a constant, and a new updated value is
then used in the next AD time step. ECO Lab does an explicit
time-integration of the state variable using either an Euler or
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Runge–Kutta integration method. Through testing of the numerical
solution against analytical solutions a fixed 1-min time step was
determined to be appropriate for the HD and AD calculations
(see Appendix A: Runkel, 1996; Lowney, 2000). However, the
ECO Lab equations can be calculated at a lower frequency to save
computational time. After some testing to ensure the stability of
the output, a 30-min time step was chosen for the heat balance cal-
culations in ECO Lab.

Tiþ1=2 ¼
1
A
@ðQTiþ1Þ

@x
þ @

@x
D
@Tiþ1

@x

� �� �
Dt þ Ti ð2aÞ
Tiþ1 ¼
HnetðTiÞ

dqCp

� �
Dt þ Tiþ1=2 ð2bÞ

where i is the time step and Hnet is the net heat transfer (J/s m2) =
HATM + HSED from Eq. (1).
2.3. Heat balance processes

A diagram of the heat balance processes included in the temper-
ature model is shown in Fig. 2. Atmospheric heat fluxes include net
shortwave solar radiation (HS), net atmospheric longwave radia-
tion (HA), longwave radiation from water (HBR), conductive heat
transfer (HC), and evaporative heat transfer (HE) (Thomann and
Mueller, 1987). The net heat flux between the stream and the sed-
iment bed (HGW) is the sum of conduction and advection. Heat from
runoff sources is also included. Each of these processes is described
below.
2.3.1. Net solar radiation
Solar radiation is the incoming energy from the sun transmitted

through short-wavelength electromagnetic waves. It is considered
the most important source of heat into streams (Boyd and Kasper,
2003). The amount of radiation that reaches the water column de-
pends on: (1) the position of the sun, (2) atmospheric scattering
and adsorption, (3) reflection, and (4) shading (Chapra, 1997). To
estimate the amount of solar radiation that reaches a stream seg-
ment, the measured solar radiation is reduced by the reflection
from the stream (or albedo) and shading. In order to do this, the
global solar radiation must first be separated into the direct beam
and diffuse components as the albedo and the shading effects re-
duce these components differently (Chen et al., 1998). Diffuse solar
radiation reaches the stream from all directions through vegetation
openings (Boyd and Kasper, 2003). The shading effects on direct
beam radiation depend on the topographic and vegetation angles
in relation to a stream segment and the stream segment geometry
(Chen et al., 1998).
Fig. 2. Conceptual diagram of the heat exchange processes.
Eq. (3) is used to calculate the amount of solar radiation in the
model (Chen et al., 1998).

HS ¼ Sf ð1� albedoÞHdir þ hvts0:91Hdiff ð3Þ

where HS is the net solar radiation (W/m2); Hdir the direct beam
solar radiation (measured global solar radiation �measured dif-
fused solar radiation) (W/m2); Hdiff the measured diffuse solar
radiation (W/m2); and Sf is the shading factor (–), given by Eq.
(4) (Chen et al., 1998); albedo is the surface albedo of the
water (–), from Boyd and Kasper (2003); hvts the sky openness
(–), from Chen et al. (1998); and 0.91 = 1 �water reflection of dif-
fuse radiation, assumed to be a constant value of 9% (Sellers,
1965).

Sf ¼ 1� Vshd=Swid ð4Þ

where Vshd is the effective shade width by vegetation (m), which is a
function of the position of the sun, stream orientation, vegetation
height, density, and distance from stream and Swid is the stream seg-
ment width (m). The procedure to calculate Sf was based on Chen
et al., 1998.

2.3.2. Net atmospheric radiation
Atmospheric radiation is the energy emitted by Earth objects

and atmospheric gasses in the infrared part of the electromagnetic
spectrum. Eq. (5) was used in the model to describe atmospheric
radiation (Chapra, 1997).

HA ¼ rðTair þ 273Þ4ðaLW þ bLW
ffiffiffiffiffiffiffi
eair
p

Þð1� RLÞ ð5Þ

where HA is the atmospheric radiation (W/m2); r the Stefan–Boltz-
mann constant (5.67 � 10�8 W/m2 K4); Tair the temperature of the
air (�C); aLW and bLW the empirical constants (–) (Viswanadham
and Ramanadham, 1970); eair the air vapor pressure (mbar); and
RL is the reflection coefficient (–). Air vapor pressure eair (mbar) is
given by the following equation:

eair ¼ Rh 6:1275 � exp
17:27Tair

237:3þ Tair

� �� �
ð6Þ

where Rh is the relative humidity (%).

2.3.3. Water radiation
Longwave back-radiation from the water is calculated by the

following equation:

HBR ¼ �rðTsw þ 273Þ4 ð7Þ

where HBR is the back radiation (W/m2); e the emissivity of the
water (–); r the Stefan–Boltzmann constant (5.67 � 10�8 W/
m2 K4); and Tsw is the temperature of the water (�C).

2.3.4. Latent heat flux
Latent heat flux is the amount of energy that is used to convert

water from the liquid phase to the gas phase during the
evaporation process and it is calculated by the Penman equation
(8) (Penman, 1948):

HE ¼ fwind � ðes � eairÞ ð8Þ

where HE is the evaporation heat loss (W/m2); fwind the wind func-
tion (W/m2 mbar); eair is given by (6); and es is the saturated water
vapor (mbar), calculated by the following equation:

es ¼ 6:1275 � exp
17:27Tsw

237:3þ Tsw

� �
ð9Þ

The wind function is calculated using the following equation
(Penman, 1948):

fwind ¼Wað1þWb � UÞ ð10Þ
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where fwind is the wind function (MJ/m2 day kPa); U the wind speed
(m/s) measured at 2 m above the surface; and Wa and Wb are the
empirical parameters for the wind function (MJ/m2 day kPa and s/
m, respectively).

2.3.5. Sensible heat flux
Sensible heat flux occurs due to the temperature difference be-

tween the water and air at the air–water interface. It represents the
transfer of heat from molecule to molecule from the temperature
gradient (conduction) and by the mass movement of the fluids
(convection) (Chapra, 1997). Molecular diffusion is small compared
to turbulent diffusion, thus sensible heat transport is mainly
caused by turbulent diffusion in the atmospheric surface layer
(Arya, 2001). The sensible heat flux is calculated by the following
equation:

Hc ¼ c1 � fwind � ðTsw � TairÞ ð11Þ

where Hc is the sensible heat flux by conduction and convection (W/
m2); c1 the Bowen coefficient (mbar/K); fwind the wind function; Tsw

the temperature of the water (�C); and Tair is the temperature of the
air (�C).

2.3.6. Groundwater heat flux
Groundwater temperature is not simulated in the model; in-

stead it is an input to the model based on shallow groundwater
temperature measurements and it is assumed to be spatially uni-
form. The following method was developed to simulate surface
water–groundwater heat exchanges through a sediment bed from
conduction and advection processes.

We use the general equation for groundwater heat flux in the
vertical direction (Domenico and Schwartz, 1998) to estimate the
heat flux through the sediment bed:

Hz ¼ �KT
@T
@z
þ qTCw ð12Þ

where Hz is the heat flux in the vertical direction (W/m2); T the tem-
perature of the upper layer of the aquifer (�C); q the vertical Darcy
flow velocity (in the z direction) = fluid velocity � porosity (m/s); KT

the thermal conductivity of the bulk streambed sediments (W/m K);
Cw the heat capacity of water (J/m3 K); and z is the depth (m). The
first term of the right side of the equation describes the heat flux
by conduction (Fourier’s Law), which depends of the thermal gradi-
ent. The second term describes the heat flux by advection, which
depends on the groundwater flow velocity.

In order to solve for Hz in Eq. (12) and find @T
@z and T, we solve the

steady state one-dimensional groundwater heat transport equa-
tion given by the following equation (Bredehoeft and Papadopulos,
1965):

KT
@2T
@z2 � qCw

@T
@z
¼ 0 ð13Þ

where T is the temperature of the upper layer of the aquifer (�C); q
the groundwater flux (m/s); KT the thermal conductivity of the bulk
streambed sediments (W/m K); Cw the heat capacity for water
(water density � specific heat) (J/m3 K); z the depth (m); and t is
the time (s). The solution of Eq. (13) under steady state conditions
was derived by Bredehoeft and Papadopulos (1965) for boundary
conditions T = Tsw at z = 0 and T = Ta at z = L.

ðT � TswÞ
ðTa � TswÞ

¼
½expðbz

L Þ � 1�
½expðbÞ � 1� ð14Þ

where T is the temperature at depth z below the stream (�C); L the
length of the sediment bed; Tsw the temperature at the top of aqui-
fer (assumed to be the stream temperature); Ta the temperature of
the aquifer (assumed to be constant below depth L); b = CwqL/KT (–);
and z is the depth (positive downward).

Using Eq. (14) we can solve for T, take the derivative dT/dz, and
substitute into Eq. (12) given that we know Tsw (stream tempera-
ture) and Ta (aquifer temperature). The resulting groundwater heat
flux Eq. (15) is:

HGW ¼ qCw
ðTsw � TaÞ

expðCwqL
KT
Þ � 1

 !
þ Tsw

" #
ð15Þ

where Tsw is the stream temperature and Ta is the aquifer
temperature.

The validity of the steady state assumption was tested against a
transient numerical model (see Appendix B). The test shows that
errors are significant during periods of low heat flux and low dur-
ing periods of higher heat flux. The performance of the steady-state
approximation is therefore appropriate for this regional-scale
study.

2.3.7. Drainage heat flux
There are few studies that deal with the heat contribution of

agricultural runoff, but it has been shown that water temperature
in agricultural fields can be much higher than in nearby streams
(Fujimoto et al., 2008). Heat flux from agriculture is estimated by
Eq. (16) assuming that the field temperatures are in equilibrium
with the atmosphere. The equilibrium temperature is the water
temperature at which the sum of all heat fluxes is zero (Bogan
et al., 2003). The water equilibrium temperature was calculated
using the time series climate data to calculate the atmospheric
heat balance terms: HS, HA, HBR, HC, and HE. Since the last three
terms are water temperature dependent and the equation is non-
linear, a Newton–Raphson numerical method (Chapra and Canale,
1998) was used to solve for the water temperature. For solar radi-
ation, the measured global radiation data was used. The equilib-
rium temperature was calculated at an hourly time step and then
averaged to daily time steps because the hourly calculation is likely
to be more dynamic than the water temperature due to the ther-
mal inertia of the water (Bogan et al., 2003). Heat input from agri-
cultural runoff was then computed with the following equation:

Hd ¼ Q dTeq
qCp

A
ð16Þ

where Hd is the heat flux from agricultural runoff (W/m2); Qd the
drainage flow, calculated by MIKE SHE (m3/s); Teq the equilibrium
temperature (K); q the density of water (kg/m3); Cp the specific heat
of water (J/kg K); and A is the surface area of the stream segment
(m2).

3. Study site description

Silver Creek is a spring-fed system abundant in wildlife and an
important trout habitat in the United States (Wetzstein et al.,
2000). Intensive water use and land use management have contrib-
uted to lower flows and increased sediment loads and tempera-
tures, which are threatening the aquatic ecology of Silver Creek
(Gillilan, 2007; Ecosystem Sciences Foundation, 2011). Silver Creek
is located in south-central Idaho and is part of the Snake River Ba-
sin (Fig. 3). The source of water to Silver Creek is an alluvial aquifer
that links two surface water basins, the Big Wood River Basin
(BWRB) and the Little Wood River Basin. Silver Creek is a tributary
of the Little Wood River, but the Big Wood River (BWR) and its
diversion canals recharge the aquifer that feeds the Silver Creek Ba-
sin (SCB). The Big Wood River-Silver Creek aquifer system under-
lies a triangular valley, the Wood River Valley, surrounded by
mountains on all sides. These are part of the Rocky Mountains
and have elevations up to 4000 meters above mean sea level



Fig. 3. Study area, Wood River Valley and Silver Creek Basin.
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(mamsl). Several mountain canyons are the source of water to the
BWR, which flows towards the southwest part of the Wood River
Valley. Silver Creek is formed by springs in the south-central part
of the valley and exits the valley at the southeast corner.

This study focuses on the Lower Wood River Valley, south of the
city of Hailey. It is an area of approximately 231 km2 with eleva-
tions ranging from 1400 to 1700 mamsl. The northern boundary
of the study area was chosen to coincide with the location of a
USGS flow gage on the BWR with long-term continuous measure-
ments. Flow to the BWR comes from 25 tributary canyons, most of
which are located north of the study area (Bartolino, 2009). These
tributaries can be perennial or ephemeral, but most streams flow
only in response to precipitation or snowmelt, and some water
reaches the BWR by subsurface flow (Bartolino, 2009).

Surface and subsurface flows from the northern BWRB enter the
lower valley at Hailey; some of the BWR flow is diverted by a sys-
tem of irrigation canals, some is lost to the aquifer system by seep-
age, and the rest leaves the valley in the southwest corner.

The Wood River Valley aquifer system includes unconfined and
confined aquifers comprised primarily of the fluvial and glacial sed-
iments of the Quaternary period (Skinner et al., 2007). The valley is
filled to depths of as much as 150 m with a sequence of interbedded
clay, silt, sand, and gravel (Moreland, 1977). Groundwater flow is
unconfined in the northern areas of the valley. The transmissivity
decreases towards the south due to fine sediment layers beginning
at the center of the valley and increasing in thickness to the south
forming a confining unit. The groundwater flow direction is split into
the southeast and southwest areas of the valley where some of it dis-
charges as springs. In the southeast corner, the Snake River Basalt
forms a deep unconfined aquifer with high transmissivities.

Springs are formed in the central area of the valley where the
confining units constrain the movement of groundwater. Some of
these springs flow to the west into the Big Wood River and some
form the tributaries that flow southeast to Silver Creek. Spring flow
increases in August through November then decreases through the
winter (Brockway and Kahlown, 1994). The average flow in Silver
Creek is around 4 m3/s. Maximum flow occurs in March or April
due to local snowmelt runoff from surrounding mountains (around
10–12 m3/s) and minimum flow occurs in the summer (around
1.2–2 m3/s) (US Geological Survey, 2010a).
The climate of the Lower Wood River Valley is semi-arid with
low precipitation and high evapotranspiration (Brockway and
Kahlown, 1994). The total annual precipitation is 310–420 mm,
with 60% falling during winter, mostly as snow (Bartolino, 2009).
The coldest and wettest month is January, with average tempera-
tures ranging from �5.8 �C in the southern valley to �6.8 �C at Hai-
ley; the warmest is July (20 �C in the south to 19 �C at Hailey)
(Skinner et al., 2007).

The valley is intensely cultivated (around 60% of the area) and
approximately 80% of the crops area is irrigated (Brockway and
Kahlown, 1994). The growing season typically occurs from May
to September. Approximately half of the irrigation water comes
from diversion canals and half from groundwater pumping. Water
for agriculture is also diverted from the spring-fed creeks and ca-
nals in the south. The canals and ditches carrying water to the
fields significantly contribute to aquifer recharge (Brockway and
Kahlown, 1994).

There have been several groundwater studies of the Wood River
Valley (Moreland, 1977; Brockway and Grover, 1978; Wetzstein
et al., 2000; Bartolino, 2009), but none of the studies have focused
on the river hydrology and its implications for ecological status. An
integrated surface water–groundwater model of the Wood River
Valley is able to provide this type of information.

4. Model application

Silver Creek flow cannot be properly simulated without includ-
ing the BWR dynamics in the lower valley, diversions and seepage
from the irrigation canals, and groundwater flow in the valley. In
order to maximize computational efficiency, the modeling was
performed at two scales: (1) a larger area that includes the entire
Lower Wood River Valley, outlined in black in Fig. 3 and (2) a smal-
ler area that only includes the SCB (of which the northern bound-
ary is the BWRB-SCB surface water divide outlined in blue in
Fig. 3). The flow model was calibrated for the larger area. However,
coupling the temperature model to the flow model increases the
computational time by a factor of 2–3, and modeling the tempera-
ture in the BWRB was not considered necessary; thus, the temper-
ature model was applied only to the SCB. The groundwater flow
along the BWRB–SCB basin divide was extracted from the larger
model and used as a groundwater flux boundary condition for
the SCB model.

4.1. Flow model inputs

The model was built using a cell size of 300 m. The cell size was
chosen after a trial and error process, trading off computational
time, stability of the surface water–groundwater exchange, and
representation of spatial details of the landscape. The model inputs
and the data sources are listed below. The time steps for the flow
time series data inputs were hourly or daily.

1. Precipitation and snow: Daily precipitation and hourly air tem-
perature time series for the simulation period were obtained
from the AgriMet database (US Bureau of Reclamation, 2010).
To calculate snowmelt the degree-day factor used is
2 mm �C�1 d�1 and the melting temperature was set at 0 �C.

2. UZ–ET: ET Idaho, 2010: Daily time series of reference evapo-
transpiration were also obtained from the AgriMet database. A
land use/vegetation map was obtained from the National Land
Cover Dataset (US Geological Survey, 2010b). A total of 16 land
use/vegetation types were included in the model. Time series
for the vegetation parameters required for the actual ET calcu-
lation (crop coefficients, root depths, LAI) were created based on
vegetation and crop cycles from Allen et al. (1998). The crop
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cycles were assumed to be the same for every year of the sim-
ulation. A soil map and soil parameters for each soil type (the
moisture contents at saturation, at field capacity, at wilting
point and the maximum infiltration rates) were obtained from
the Natural Resource Conservation Service Soil Survey database
for Blaine County, Idaho (US Department of Agriculture, 2010).
A total of 58 soil types were included in the model.

3. SZ: The geologic model consists of three layers: the unconfined
aquifer, the confining unit, and the confined aquifer. The thick-
ness of these layers is spatially defined based on borehole data
from the Well Drillers Reports (Idaho Department of Water
Resources, 2010). Due to the complexity of the hydrogeologic
layers in the model area, several geologic interpolation itera-
tions were used during the calibration process. The hydraulic
conductivities for the geologic layers were also varied during
the calibration. The groundwater boundaries are the estimated
subsurface flow at the north following a procedure used by
Bartolino, 2009, a fixed head boundary at the southeast corner
using measured groundwater elevations, and a zero-flow
boundary around the rest of the model boundary.

4. Drainage: Agricultural fields are drained by a system of ditches
that route the water to canals, streams, and recharge ponds.
Agricultural runoff is simulated by the drainage module and
was specified for all the crop cells of the model.

5. Irrigation: Irrigation areas, which correspond to the crop cells in
the model, were grouped according to the source canal that
supplies water to specific areas in the valley. The measured
flows by the Irrigation District 37 Water Master (Water District
37 and 37-M, 1999) were used to specify the amount of water
diverted to the irrigation canals. Some of this diverted water
is lost by seepage to the aquifer; thus, surface water diversions
do not satisfy all of the irrigation demand. Since time series data
of groundwater abstractions are not available, the groundwater
irrigation setup in the model simply supplies the necessary
water when water is not available in the canals. Irrigation
demand was specified based on calculated crop evapotranspira-
tion requirements for each crop type.

6. Surfacewater: The main inputs for the surface water model are a
map of the rivers and canals and cross-sectional data. The river
center lines were based on data from the National Hydrography
Dataset (US Geological Survey, 2010c) and aerial photography.
Cross-sectional data were obtained mainly from a cross-section
survey conducted by The Nature Conservancy in 2010 and aerial
photography. Operating gates and pumps in MIKE 11 were used
to control the irrigation diversions.

7. Rainfall–Runoff: The measured flow at Hailey (US Geological Sur-
vey, 2010b) was specified at the northern surface water bound-
ary. The flow at this location comprises most of the mountain
runoff to the BWR. To simulate runoff from the mountain basins
in the southern valley, the NAM model was linked to the surface
water model. The mountain catchments were delineated using
the StreamStats web tool (US Geological Survey, 2010d).

4.2. Temperature model inputs

Time series data were entered as forcings for the heat balance
equations. These data were obtained from the Picabo weather station
located approximately 150 m south of Silver Creek at an elevation of
1494 mamsl (US Bureau of Reclamation, 2010). The following hourly
time series were inputs to atmospheric heat exchange module:

� Global solar radiation.
� Diffuse solar radiation.
� Air temperature.
� Relative humidity.
� Wind speed.
The stream orientation was calculated for all the streams in the
model using the TTools routines for ArcGIS (Boyd and Kasper,
2003), using a stream segment discretization of 500 m. The vegeta-
tion parameters (height, width, and density) needed for shading
calculations (Eq. (4)) were estimated using the land cover map.
For this case, the topographic shade angles were neglected since
the topography near the streams is relatively flat. Other constant
parameters for the heat balance equations were obtained from lit-
erature sources or model calibration (Appendix C). (Appendix C:
TNC, 2011; Hill, 1998).

Continuous groundwater measurements taken for 1 year as part
of this study show that deep groundwater temperature is fairly
constant throughout the year, but also that there is a seasonal var-
iability in shallow groundwater temperature (�1 m from the sur-
face). Since shallow groundwater interacts directly with surface
water, a time series of groundwater temperature was generated
based on the 1-year measurement of shallow groundwater.

There are no temperature boundaries specified in the tempera-
ture model, except for the calculated equilibrium temperature
which is specified for the runoff flow and the groundwater temper-
ature linked to the groundwater flow. Thus, the temperature model
is completely driven by the transport and heat balance processes
described above.
4.3. Model calibration

In order to evaluate the model performance under different cli-
mate conditions, the flow model was calibrated for the period
2003–2009. In terms of the ecological implications, the periods of
greater concern are during low flow and high temperatures in Sil-
ver Creek. Thus, the calibration of the flow model was mostly fo-
cused on minimizing the error in the Silver Creek flow, specially
the low summer flow. Nevertheless, accuracy of the flow volumes
in the BWR, the Silver Creek tributaries, and of groundwater eleva-
tions were also taken into account as part of the calibration
process.

The main objective of the calibration was that the distribution
of water in the valley is properly represented. That is, the irrigation
application, crop evapotranspiration, canal seepage, and spring dis-
charge should be within a reasonable volume range compared to
the data available and to previous studies of the area. Some work
was also invested in reducing potential sources of numerical errors
that occur in the dynamics of surface water–groundwater ex-
change. For example, ensuring consistency in the interpolated
topography of MIKE SHE and the more detailed topography in
MIKE 11. Interpolation of the geology is another critical part of
the model. The depth of the confining unit in the southern part
of the valley has a significant impact on both groundwater levels
and Silver Creek flow. Because of the complexity of the geology,
the interpolation into the three groundwater model layers can vary
greatly and it should be carefully interpreted. During the calibra-
tion process, the borehole data were carefully examined, compared
to previous geologic studies of the valley, and re-interpolated
several times. Finally, a set of semi-automatic calibration runs
was performed varying hydraulic conductivities and leakage
coefficients.

A sensitivity analysis and calibration of the atmospheric heat
balance parameters and the stream roughness coefficient were
performed for a surface water model of Silver Creek using the mea-
sured flow and temperature of the tributaries as boundary condi-
tions (Appendix C: Hill, 1998). The final values used for the flow
and temperature model parameters are shown in Table 1.

The Nature Conservancy (TNC) owns and manages a preserve
that includes approximately 4 km of Silver Creek and some
portions of its tributaries (Fig. 3). TNC has measured flow and



Table 2
Flow calibration statistics.

Location ME (m3/s) RMSE (m3/s) R (–)

Silver Creek �0.13 0.71 0.78
BWR �0.95 2.78 0.99
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temperature in five locations (T1–T5 in Fig. 3) during the summer
months since 2005. In addition, there is a gage station operated by
the USGS that measures water levels and temperature every
15 min. The USGS converts water level measurements to flow by
using rating curves (Kennedy, 1984). The stability of the rating
curve is checked by taking flow measurements in the field at var-
iable frequencies that can range from weeks to months, but it is
usually done on a monthly basis (US Geological Survey, 2010a).

The statistics used to compare the model results against ob-
served data during the calibration process were the mean error
(ME), and root mean square error (RMSE), and the correlation coef-
ficient (R) (DHI, 2009a).
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5. Results

5.1. Calibration

The flow calibration statistics for the simulation period
(2003–2009) at the Silver Creek and BWR USGS gage stations are
shown in Table 2. The Silver Creek station is located downstream
of the tributaries and major points of diversions (Fig. 3) and the
BWR station is located at the southwest outlet of the model area.
The BWR flow matches the observed data quite accurately, which
means that the volume of water taken out by seepage losses and
diversions in the river is well represented. The simulated flow in Sil-
ver Creek at the USGS station follows the trends of the measured
flow most of the time. The largest errors occur during the
spring high flow periods, during which the model underestimates
the peaks.
Table 1
Model parameters.

Model component Parameter symbola

Solar radiation Albedo
Atmospheric radiation Empirical constant (aLW)
Atmospheric radiation Empirical constant (bLW)
Atmospheric radiation Reflection coefficient (RL)
Water back radiation Emissivity of water (e)
Atmospheric/water back rad. Stefan–Boltzmann constant (r)
Evaporation/sensible heat Wind function constant (Wa)
Evaporation/sensible heat Wind function constant (Wb)
Sensible heat Bowen coefficient (c1)
Groundwater heat Thermal conductivity (KT)
Groundwater heat Sediment bed depth (L)
Heat flux term Water density (q)
Heat flux term Specific heat of water (Cp)
Surface water heat transport Dispersion coefficient (D)
Surface water flow Manning’s (n)
Sw–gw flow exchange Leakage coefficient
Groundwater flow Khd L1
Groundwater flow Kh L2
Groundwater flow Kh L3
Agricultural runoff Drainage time constant

a Refer to Eqs. (1), (2a), (2b), (3)–(15).
b Initial values and non-calibrated values obtained from various literature sources.
c Time varying based on solar zenith angle.
d Horizontal hydraulic conductivities for groundwater model layers L1 (unconfined a

ductivities are the same as the horizontal except for L3 which is a factor of 10 less than
The distribution of tributary flows in the SCB is particularly
important for the temperature model because the different condi-
tions of the tributaries can lead to different temperatures in Silver
Creek. For example, tributaries may be exposed to different
amounts of shading, have different flow regimes and receive flow
from different sources (groundwater vs. agricultural runoff). A
comparison of the flow distribution calculated from measured data
vs. that predicted by the model is shown in Table 3. According to
model results, 48% of the Silver Creek flow comes from Grove Creek
and 52% comes from Stalker Creek and Loving Creek; the measured
flow indicates that 44% comes from Grove Creek and 56% of the
flow comes from Stalker Creek and Loving Creek. As discussed fur-
ther below, this difference could potentially lead to colder simu-
lated temperatures in Silver Creek because Grove Creek is a
colder system than both Stalker Creek and Loving Creek.

The simulation period for the temperature model is shorter
than that for the flow model (April 2007–September 2009) because
of the availability of some of the model input and calibration data.
In general, the simulated temperature matches the trends of the
measured temperature at the USGS Picabo station (Fig. 4). The
mean error for the period of 2007–2009 is 1.1 �C, the RMSE is
1.7 �C, and the correlation coefficient is 0.98. The high correlation
coefficient indicates that the dynamics are well represented, i.e.,
the timing of the peaks and lows matches very closely with the
measured data. The simulated temperature error is smaller during
periods when simulated flow errors are smaller, such as in the
summer months of 2008 (Fig. 5).
5.2. Groundwater flow and stream temperature

According to the simulated water balance, the flow through the
BWRB–SCB divide accounts for 79% of the SCB inflow, the rest
Calibratedb Final value (unit)

No Time varyingc (–)
Yes 0.7 (–)
Yes 0.065 (–)
Yes 0.03 (–)
Yes 0.95 (–)
No 5.67 � 10�8 (W/m2 K4)
Yes 6.43 (MJ/m2/day/kPa)
Yes 0.536 (s/m)
Yes 0.63 (mbar/K)
No 1.65 (W/m/�C)
No 1 (m)
No 998 (kg/m3)
No 4182 (J/kg/�C)
Yes 10 (m2/s)
Yes 0.09 (s/m1/3)
Yes 1 � 10�6–1 � 10�5 (1/s)
Yes 0.001–0.03 (m/s)
Yes 1 � 10�8 (m/s)
No 0.001 (m/s)
No 1 � 10�7 (1/s)

quifer), L2 (confining unit), and L3 (confined aquifer). The vertical hydraulic con-
the horizontal conductivity (0.0001 m/s).



Table 3
Average contribution of tributaries to Silver Creek flow.a

Tributary Simulated flow (%) Measured flow (%)

Stalker Creekb 37 34
Grove Creek 48 44
Loving Creek 15 22

a Flow simulated at the USGS Picabo station.
b Includes Buhler Drain, Patton Creek, Chaney Creek, and Mud Creek.

Fig. 4. Simulated vs. measured average daily stream temperature and flow in Silver
Creek (at USGS Picabo St.).

Fig. 5. Simulated vs. measured hourly stream temperature in Silver Creek during
the summer of 2008 (at USGS Picabo St.).
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comes from mountain catchments and precipitation. There is no
direct surface water connection between the BWRB and the SCB;
all of the inflow to the SCB from the BWRB is through groundwater
flow. This groundwater flow comes to the surface water as springs
in the north of the basin which feed the Silver Creek tributaries.
Currently, about 25% of the inflow to the valley is used for irriga-
tion. As the water demand for irrigation increases in combination
with increasing urban developments, the system is becoming
increasingly stressed which results in higher potential impacts to
the ecology of Silver Creek. The relationship between groundwater
flow across the BWR and SCB divide and the stream temperature in
Silver Creek was tested by reducing this flow by 10% four times.
Each simulation was run for a period of 3 years. Fig. 6 shows the
change in average and maximum stream temperatures as a result
of reducing the groundwater flow. Each 10% reduction caused on
average a 0.3 m3/s reduction in the Silver Creek flow, which causes
a 0.3 �C increase in the average temperatures from late spring to
early fall (May–September) and 1.5 �C increase in the maximum
temperatures.
5.3. Spatial distribution of solar radiation

As previously mentioned, solar radiation is the most important
atmospheric heat input during most of the year. The amount of so-
lar radiation varies in space and time due to several factors dis-
cussed above. Although the spatial variation of solar radiation
changes during the day, in areas that are well shaded solar radia-
tion remains consistently lower than areas without shade. During
the peak hours of the warmest day of the simulation period solar
radiation varies from less than 100 to over 900 W/m2 (Fig. 7) and
the cumulative daily solar heat input varies from 7 MJ/m2 to
646 MJ/m2.

The shading potential not only depends on the type of stream
vegetation, but also on the width of the stream. Even if the same
type of vegetation was specified for all locations in the model,
there would still be a spatial variation of solar radiation throughout
the basin, mainly due to stream geometry; i.e., the potential shad-
ing effect is higher at narrower cross-sections.
5.4. Spatial distribution of heat sources and temperature

The spatial distribution of temperature in the streams is mostly
a function of the flow volume, the flow source, and the amount of
solar radiation. The fraction of the total heat input for each of the
incoming heat components for each of the Silver Creek tributaries
was calculated for each day for the year 2008 (Fig. 8). The incoming
heat components are: solar, atmospheric, groundwater, and drain-
age runoff. For the calculation of total atmospheric heat input, the
sensible heat was added to the atmospheric heat at the times when
it is a heat gain to the stream (i.e., when the temperature of the air
is higher than the water temperature). Fig. 8 also shows the per-
centage of the total flow each tributary contributes to the total
flow in Silver Creek and the daily average temperature in the
stream. The results reveal that in addition to the volume of flow,
the source of heat and flow determines the stream temperature
signal. Buhler Drain and Patton Creek have high summer tempera-
tures (>20 �C) due to low flow volume, mostly from agricultural
runoff, and high solar radiation. Thompson Creek also has low flow
volume (2% contribution), but the flow is almost exclusively
spring-fed, thus the temperatures are much lower and have low
seasonal variations. Moreover, all the streams for which ground-
water heat is a larger fraction of the heat input, have much lower
and stable temperatures (Cain, Grove, Thompson, and Wilson
creeks). Chaney Creek and Mud Creek have similar heat source
fractions, but Chaney Creek has a lower flow volume; thus, it has
higher temperatures due to lower thermal capacity. Finally, Love
Creek has the second largest flow, but most of it is fed by drainage
runoff; thus, it has high temperatures and a large seasonal
variation.

The average heat input per unit volume for the Silver Creek flow
sources was calculated for each month of 2008 (Fig. 9). The values
(in units of mega-joules/m3) were calculated using the following
equation:

H
Q
¼ qCpT ð21Þ

where Q is the flow from the tributary to Silver Creek and T is the
water temperature at the mouth of the tributary. From the heat bal-
ance equation (QT = Q1T1 + Q2T2 + � � � + QnTn), flow input with lower
temperatures than that of the receiving body will lower the temper-
ature of the stream. Grove Creek has the highest heat input because
it contributes the largest amount of flow. However, the heat contri-
bution per volume is greatest from agriculture runoff and lowest
from Grove Creek in the summer months because the runoff tem-
perature is assumed to be in equilibrium with the atmosphere,



Fig. 7. Stream vegetation and simulated solar radiation on 29 June 2008.

a b

Fig. 6. Stream flow and temperature resulting from decreasing groundwater flow from the BWR to the SCB. Plot a – average stream temperatures during the months of May–
September. Plot b – maximum stream temperatures. x1 = calibrated groundwater flow; x2 = gw1-10% of gw1; x3 = gw2-10%gw2; x4 = gw3-10%gw3; x5 = gw4-10%gw4.
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whereas Grove Creek is a spring fed system and its temperatures are
closer to the colder groundwater temperatures.

Fig. 10 shows the simulated temperatures for all the streams in
the SCB for the hour of the warmest water temperatures in Silver
Creek (June 29th, 2008 16:00). Buhler Drain and Stalker Creek
are the warmest tributaries. Patton Creek and Cain Creek are colder
tributaries but contribute relatively less flow to Stalker Creek.
Grove Creek with large spring flows reduces the temperatures
and the large diurnal oscillations observed at Stalker Creek at the
headwaters of Silver Creek. Loving Creek gets warmer as it flows
toward Silver Creek possibly because of the irrigation diversions
by the Gillihan Ditch and higher exposure to solar radiation. The
downstream areas of Silver Creek also get warmer due to irrigation
diversions and some large open water areas (Fig. 7).
6. Discussion

The BWRB contributes 79% of the inflow to the SCB, solely
through the aquifer system. The contribution to the groundwater
flow comes from river and canal seepage and regional groundwater
flow. Thus, it is necessary to understand the hydrology of the Wood
River Valley to be able to simulate the flow and temperature of Sil-
ver Creek. Furthermore, the water management of the BWRB has a
large influence on the habitat conditions in the SCB.

The flow model calibration involved improvements to the dis-
tribution of the water balance components in the valley, minimiz-
ing numerical errors, and optimizing surface water and
groundwater parameters. The calibration statistics for a 7-year
period (2003–2009) result in a mean error of 0.13 m3/s and a cor-
relation coefficient of 0.78 in the flow at Silver Creek. The average
percent difference between simulated and measured flows during
that time period is 15%. However, flow measurements errors could
be up to 20% under certain conditions (Saucer and Meyer, 1992).
Water balance components have been compared to the available
data from other studies and are within reasonable ranges (Bartoli-
no, 2009; Wetzstein et al., 2000).

In general, the flow model produces fairly reasonable results
and is a suitable tool for water management scenarios at the catch-
ment scale. However, given the complexity of the model, there are



Fig. 8. Simulated fraction of heat sources, temperature, and flow contribution in 2008.

Fig. 9. Monthly average heat input to Silver Creek from flow sources.
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some limitations in the input data, the model setup, and the cali-
bration. Some of the areas in which the model could be improved
are discussed below:

� Water diversions and abstractions are important components of
the water balance. The volume and spatial distribution of water
use has been simplified due to a lack of more detailed data.
� The distribution of flow in the tributaries could be adjusted by

further calibration of the leakage coefficients and by adjusting
the rate and distribution of agricultural runoff. The tributaries
are formed as springs, thus further knowledge of the geology
and calibration of the groundwater model would also impact
the flows in the tributaries.
� Spring runoff flow from mountain catchments tends to be over-
estimated by the model. Large spring cold-water flow is the
likely cause of the low simulated temperatures in the spring.
The rainfall–runoff model that was used to generate mountain
runoff uses the only weather station available for the model
area, which is located in the southern valley. The air tempera-
ture measured at the valley is expected to be somewhat higher
than the air temperature in the mountains; this could cause ear-
lier snow melt than in reality. Correction of the temperature
data for higher elevations should be applied for the rainfall–
runoff model.
� Potential errors in the geometry of the stream can lead to

under- or over-estimated diurnal variations. Thus, more cross-
sectional data are important to improve the temperature model.
� Explicitly modeling the groundwater temperature could

improve the accuracy of the heat exchange between the surface
water and groundwater. For example, we assume that the
groundwater temperature is spatially uniform, but it could
potentially be influenced by the surface water temperature.

The calibration statistics for the temperature model result in a
mean error for the hourly data for the period of 2007–2009 of
1.4 �C, the RMSE is 1.7 �C, and the R is 0.98 at Silver Creek.

The simulation periods with the lowest flow error tend to show
the best performance in the temperature model. However, other
sources of errors are the heat fluxes, stream geometry, flow distri-
bution in the tributaries, and/or numerical errors. From the numer-
ical testing (Appendix A), numerical errors could be more than
0.5 �C in areas of the model where the grid spacing is close to the
maximum dx set for the model (500 m). At the basin scale, these
errors may cancel out and be negligible. However, some grid



Fig. 10. Simulated stream temperatures at the hour of warmest water temperatures in the downstream portions of Silver Creek (June 29th, 2008 16:00).
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refinement may be required in future applications of the model,
particularly in areas of high gradient and flow variability.

The hourly stream temperature plot (Fig. 5) shows some
over-estimation of the diurnal temperature variation, which may
be caused by errors in the geometry of the stream. As previously
mentioned, water depth and surface area affect the thermal inertia
(the ability to conduct and store heat) and hence, the diurnal
amplitude. However, it is also possible that the assumption of
complete mixing in the stream in a cross-section fails in some
areas of the model. The simulated temperature represents a
cross-section averaged temperature, while the temperature data
are taken at a certain depth. If there is incomplete mixing in a given
stream cross-section, this would not be captured by the model.

The model results show that a reduction of the groundwater
flow to the Silver Creek Basin of 10% can cause average and maxi-
mum temperature increases of approximately 0.3 �C and 1.5 �C,
respectively, in Silver Creek.

The local distribution of groundwater flow and agricultural run-
off in the SCB among the tributaries has a strong influence on the
Silver Creek flow and temperature. The relative contribution of
each tributary system is an essential part of the temperature model
and thus, inaccuracies in tributary flows could be a potential
source of the temperature error. In the model, Silver Creek receives
most of the flow from the colder Grove Creek system, as opposed to
the much warmer systems of Stalker Creek or Loving Creek. The
average measured temperatures for lower Stalker Creek, Grove
Creek, and Loving Creek for mid-June to end of August 2009 are
16, 13, and 17 �C, respectively. While temperature measurements
in Grove Creek indicate that it is in fact a colder system than Stalk-
er Creek and Loving Creek, the model is predicting colder temper-
atures and higher flow in Grove Creek than observed. Reducing the
simulated flow in Grove Creek to match the measured data would
increase the temperature in this system that contributes half the
flow to Silver Creek, and thus potentially reduce the temperature
error in Silver Creek substantially. Further flow model calibration
with more focus on these three systems (in particular, the surface
water–groundwater exchange leakage coefficients and drainage
rates) could be the key to improve the temperature results
downstream.

There is a large spatial variability of surface water temperature
throughout the SCB. During the summer peak hours, temperature
spatial variations reach around 15 �C (Fig. 10). This result is valu-
able for understanding the distribution of ecological conditions in
the basin and establishing management priorities. From Fig. 7 it
is evident that there are portions along some of the tributaries
and Silver Creek with low vegetation buffers that receive a large
amount of solar radiation. Thus, there is the potential for riparian
vegetation restoration in many areas along the basin. However,
the width of the stream segments and, to a lesser extent, the
stream orientation in relation to the solar path affects the
capability to receive shade from the vegetation. Thus, these factors
should be evaluated in stream restoration planning using riparian
vegetation.

The spatial distribution of diffuse thermal loads can vary sub-
stantially throughout the basin. When climate conditions are fairly
uniform, as in this case study, the amount of solar radiation and
flow sources and volumes are the main factors that contribute to
the thermal load in the tributaries. The impact of the thermal load
downstream depends on the relative flow contribution. This con-
cept agrees with other studies that have found the importance of
lateral inflow (Westhoff et al., 2007) and groundwater flow contri-
butions (Bogan et al., 2003) in stream temperature models. Water
and land management affects the contribution of the diffuse heat
sources. For the critical summer months of low flow and high tem-
peratures, increased groundwater use leads to lower input of
colder groundwater and increased irrigation leads to higher runoff
with potentially warmer flow. Riparian vegetation changes the
shading capability, while geomorphology affects the capacity to
exchange heat with the atmosphere. The purpose of the model
we have developed is to quantify the impact of such scenarios in
the stream ecosystem.
7. Conclusions

We have developed a simulation tool that relates how land use
and water use affects the temperature distribution in a catchment.
The field of ecohydrology seeks to relate hydrology and biota at the
catchment scale. As one of the main drivers of aquatic ecology,
temperature is a key variable in this context.

A catchment-scale integrated surface water–groundwater flow
and temperature model was developed and calibrated. An inte-
grated approach is necessary to fully understand and accurately
simulate changes in stream temperatures in Silver Creek because
of the strong relationship between groundwater flow and stream
temperatures which is clearly reflected in the model results. More-
over, the local conditions in each of the Silver Creek tributaries and
the distribution of the flow among these tributaries have a great
influence on the flow and temperature in Silver Creek. A combina-
tion of solar radiation, flow volumes, and the source of flow
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influences the temperatures of the tributaries and thus, the tem-
perature of Silver Creek. Therefore, restoration efforts for Silver
Creek have to be evaluated at the catchment-scale and prioritized
according to the relative contribution from the tributaries.

Solar radiation is the most important component of the atmo-
spheric heat balance and one that could be significantly altered
by catchment management. The spatial distribution of solar radia-
tion from the model results shows the potential for restoration in
some areas of the catchment. Other components of the atmo-
spheric heat budget depend on climate conditions, which are as-
sumed to be spatially uniform for this model. Climate change
scenarios could be performed using this model to see how other
atmospheric components could impact stream temperature under
different climatic conditions.
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