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Elevated in-stream temperature has led to a surge in the
occurrence of parasitic intrusion proliferative kidney disease
and has resulted in fish kills throughout Switzerland’s waterways.
Data from distributed temperature sensing (DTS) in-stream
measurements for three cloud-free days in August 2007 over
a 1260 m stretch of the Boiron de Morges River in southwest
Switzerland were used to calibrate and validate a physically
based one-dimensional stream temperature model. Stream
temperature response to three distinct riparian conditions were
then modeled: open, in-stream reeds, and forest cover.
Simulation predicted a mean peak stream temperature increase
of 0.7 °C if current vegetation was removed, an increase of
0.1 °C if dense reeds covered the entire stream reach, and a
decrease of 1.2 °C if a mature riparian forest covered the entire
reach. Understanding that full vegetation canopy cover is the
optimal riparian management option for limiting stream
temperature, in-stream reeds, which require no riparian setaside and grow very quickly, appear to provide substantial thermal
control, potentially useful for land-use management.

Introduction
Land-use management practices have long been shown to
play a prominent role in maintaining appropriate in-stream
temperatures for aquatic species (1-3). Fish habitat has
undergone degradation from direct anthropogenic and
climate change effects (4). This has threatened many fish
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populations, requiring adaptive water resource management
policies that provide adequate habitat for the survival of native
fish. Cold water aquatic species, such as salmonids, have
shown high mortality rates when stream temperature
thresholds are exceeded, primarily due to impaired growth
and increased predation rates (5-9). Therefore, a quantitative
understanding of stream temperature response to management practices is vitally needed.
Solar radiation is often the most significant physical
control on stream temperature that is amenable to management and land-use practices (9-13). An increase in riparian
vegetation reduces solar radiation absorbed by the water,
lowering maximum water temperatures. Due to the possibility
of reducing the loss of longwave radiation at night, the effect
of vegetation on, and the biological implications of, minimum
stream temperature response is less straightforward (14, 15).
However, diurnal fluctuations are important to the natural
system, leading us to conclude that maxima as well as minima
are relevant to habitat health. Riparian vegetation loss can
increase other processes that play a role in heat exchange
between the atmosphere and water surface, for example, by
increasing wind speed and decreasing relative humidity
(10, 16, 17). The lack of vegetation presence correlates with
an increase in land surface temperature, which may impact
local near-stream air mass transfer (18). Recent research on
the effects of riparian vegetation on stream temperature
alterations from solar radiation loading have focused, in part,
on shading effects (10, 19, 20). Johnson (10) suggested that
shading can have a muting effect on diurnal stream temperatures. Larson and Larson (19) concluded that the ability
of a stream to resist temperature increases depends largely
on the volume of water in the stream and the proximity of
the vegetation to the stream, that is, the capacity to protect
the exposed stream area from solar radiation. While intuitively
reasonable, these prescriptions are largely qualitative and of
limited use in rational selection between competing management options.
In this paper we modeled temperature response behavior
of a segment of the Boiron de Morges River in southwest
Switzerland to various riparian vegetation covers. We employed a physically based, one-dimensional temperature
model coupled with distributed temperature sensing (DTS)
technology and integrated on-site environmental measurement stations to validate the model outputs. Using these
techniques, we attempt to answer three fundamental restoration questions regarding in-stream temperature: (1) What
are the most advantageous sets of riparian land use management practices to achieve design goals, specifically peak
in-stream temperatures? (2) What are the expected impacts
of a selected set of restorative actions, that is, riparian
vegetation cover type? (3) Are predictive models using
integrated meteorological measurements and DTS as validation techniques a useful approach to accurately assess stream
restoration project success?

Materials and Methods
Site Description, Data Collection, and Model Explanation.
Located in the southwest of Switzerland, the Boiron de
Morges River is a 14-km stream fed from the Jura Mountains
draining into Lake Geneva. Much of the upper stream channel
has been straightened and modified as a result of the extensive
history of agricultural presence in the region. The Boiron
watershed includes 132 active farms cultivating a total of
1959 ha. Cereals, corn, oleaginous plants, and wine grapes
are the primary crops of the region (21). Due to the intensive
agricultural land use and the proximity to this important
10.1021/es902654f
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TABLE 1. Calibrated Values of Df and θvts for the Three Land
Use Types along the Studied Stretch of the Boiron River

FIGURE 1. Study reach with predominant vegetation cover type
shown. (A) Open section, 0-340 m, (B) reed section, 340-860
m, and (C) forest section, 860-1260 m.
lake, this watershed has been the focus of recent environmental research (22-24), including a large-scale 5-year
multidisciplinary effort that specifically addressed the decline
in fish catch within Switzerland’s waterways (25).
Stream temperatures have been shown to have significant
effect on fish populations within the Boiron. Many rivers in
Switzerland have experienced a 1.5-2 °C increase in maximum annual water temperatures over the last 20 years, partly
due to riparian zones lacking adequate solar radiation
buffering capacity, the effect of hydroelectric power stations,
and sewage treatment effluent (26). Temperature increases
also have increased the occurrence of stream parasites and
pathogens that adversely affect fish populations. Sustained
in-stream temperatures greater than 15 °C are associated
with proliferative kidney disease (PKD) in trout species,
caused by the parasite Tetracapsuloides bryosalmonae (27).
During a 3-day period from August 11 to 13, 2007, a 1260 m
reach was chosen as our study site on the basis of the presence
of both threatened fish species and three distinct vegetation
cover types that span the range of possible stream-side
treatments under consideration (Figure 1). Additionally, in
August the stream is subject to peak ambient air temperatures
and this is when the stream experiences its highest in-stream
temperatures of the year, thus allowing us to evaluate
vegetation cover effects on stream temperature with greater
confidence. At the upstream stream measurement boundary
from 0 to 340 m, the stream channel was open water with
scattered shrub vegetation along the banks. From 340 to 860 m
there was significant in-stream reed growth but without
significant bank vegetation. The 860-1260 m section was
covered by a mature deciduous forest. These sections are
referred to as open, reeds, and forest. The open and reed
sections had small concrete segments embedded within the
substrate, estimated to cover a third of the exposed streambed. These blocks contribute to the thermal conductivity
of the soil and are taken into account in the energy balance
equations. Stream flow during the study period was 82.5 L/s,
with slight fluctuations due to irrigation pumping. The stream
cross-section is trapezoidal with stream channel width
ranging from 2.10 to 3.75 m with a mean of 3.07 m, with

distance (m)

land use

depth (m)

Df

θvts

0-160
160-240
240-340
340-840
840-1260

open
open
reeds (few)
reeds (dense)
forest

0.2
0.35-0.45
0.45-0.55
0.50-0.65
0.4-0.5

0.40
0.35
0.30
0.18
0.15

1
1
0.925
0.9
0.975

mean water depths for the open, reeds, and forest sections
of 0.29, 0.58, and 0.47 m, respectively.
In-stream temperature measurements were taken by a
DTS instrument (Agilent N4386A) set to 1.5 m spatial
resolution with a trace taken every 10 min with a duplex
multimode 50/125 BRUsteel fiber optic cable (Brugg Cables)
placed on the bottom of the center of the stream (see refs
28and 29 for more details about DTS methods).
Meteorological data representative for the different sections of the investigated stretch of the Boiron de Morges
River was obtained via an integrated wireless sensor network
array, SensorScope technology (sensorscope.epfl.ch). At six
locations over the course of the experiment, SensorScope
stations were deployed near the stream, each measuring solar
radiation, ambient air and surface temperature, relative
humidity, wind speed, and wind direction at 2-min intervals
at a height of 2 m.
An energy balance approach model, after Westhoff et al.
(30), is used to simulate the temperature in the stream. The
model takes into account the following fluxes: solar radiation,
longwave radiation, streambed conduction, latent heat
(evaporation), and sensible heat (convection). Longwave
radiation includes atmospheric radiation and radiation
emitted from the water column, land surface, and vegetation.
The turbulent fluxes are found by use of the Penman-Monteith
equation (31) and subsequently the Bowen ratio. Heat energy
transfer between the water and the riverbed is driven by
temperature differences between the water and the substrate
layer. This is a layer located between the water and the deeper
alluvium and is influenced by energy fluxes. Heat conduction
is computed with the assumption that the river bed is
saturated.
The SensorScope stations provided measurements of the
necessary environmental inputs to the model. The model
was calibrated by optimizing the parameters Dfo, θvts, and Ts
by a root-mean-squares error analysis against the observed
DTS output. The parameters represent the total amount of
incoming shortwave radiation available at the water surface
(Dfo), the view to sky coefficient (θvts), and the temperature
of the deeper alluvium (Ts), which we assume is constant at
a depth of 0.2 m. Ts was taken to be the same for the whole
stream (9 °C), while θvts differs for each combination of stream
conditions, and Dfo was assumed to vary with land use and
water depth. This resulted in five different sets of parameters
representing different combinations of land use and water
depth, which are present in the stream (Table 1).
Df is determined by use of a Beer’s law exponential
extinction equation and varies with water depth. The solar
radiation intensity reaching the streambed decreases exponentially with the measured stream depth profiles as follows:
Df ) Dfoe-Rd

(1)

where Df is the fraction of incoming shortwave radiation
that penetrates the water column and goes to heating the
substrate depending on the vegetation cover type as determined by the calibration procedure, R is the extinction
coefficient where a mean value for water was used (0.05 m-1)
(32), and d is stream depth (meters). In this study R is
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considered a constant that reflects the water’s ability to absorb
and diffuse light, for example, turbidity of the stream.
The Df and θvts parameters appear in the following energy
balance equations:
SWd ) (1 - Df)[DsRsw + (1 - Ds)SRm]

(2)

SRb ) Df[DsRsw + (1 - Ds)SRm]

(3)

LWR1 ) ε(1 - θvts)εσ(Tair)4

(4)

where SWd is defined as the amount of incoming shortwave
radiation that goes to heating the stream, Ds is a constant
(dimensionless) set at 0.95, representing the fraction of
sunlight that is directed to the stream, Rsw is the incoming
direct beam solar radiation, corrected for shadow effects
(watts per square meter), and SRm is measured solar radiation
from SensorScope (watts per square meter). SRb is the
substrate conduction (watts per square meter) and is defined
as the amount of incoming shortwave radiation that reaches
the streambed, LWRl is the longwave radiation (watts per
square meter) contributed to the stream by vegetation, ε is
the emissivity (dimensionless) set at 0.96, and σ is the
Stephan-Boltzmann constant (5.67 × 10-8 W m-2 K-4).
Temperature of the canopy is assumed to equal the measured
air temperature.
The influence of the concrete block at the bottom of the
stream is expressed in thermal conductivity of the riverbed
(Ks). Ks is a weighted average of Ksed, Kw, and Kc:
Ks ) [Ksed(1 - η) + Kwη)](1 - Bd) + KcBd

(5)

where Ksed, Kw, and Kc are the thermal conductivity (watts
per meter per degree Celsius) of the sediment, the water,
and the concrete layer, respectively. Soil porosity η (dimensionless) is set at 0.3, and Bd is the relative distribution
(dimensionless) of Kc and determines the concrete portion
in the Ks term. The concrete blocks within the bottom of the
stream are reflected in the Ks term and play an important
role in the soil energy flux, especially in the shallow part of
the stream where the velocity is higher and no sediments
cover the concrete, leaving the concrete exposed to solar
radiation heating. We estimated an initial Bd value of 0.50
that is velocity-dependent; that is, in the high-velocity
portion of the stream there is no sediment covering the
concrete and therefore the relative distribution of concrete
to sediment is 0.50. This value is based on in-field
observations of the concrete area relative to sediment in
the riverbed. Total bed conduction is defined as the
cumulative effect of thermal heating of the stream by the
volumetric thermal conductivity of the substrate conduction layer (Ks) and the amount of solar radiation available
for substrate conduction (SRb).
Observed DTS data were used to calibrate and validate
the energy balance stream temperature model and as
upstream boundary conditions for each section. Once a
suitable calibration was found by a parameter sensitivity
analysis, we ran three simulations to explore the impact of
vegetation on stream temperature, using an identical temporal resolution as the calibrated model: (1) open, where all
reeds and trees were removed; (2) reeds, where the entire
stream was simulated as being fully vegetated with in-stream
reeds; and (3) forest, wherein the entire stream was assumed
to be under a closed-canopy forest. The open scenario was
simulated by using the meteorological inputs, that is, air
temperature, and the calibrated model parameters found
within the 0-340 m section in the calibrated model, which
were then applied to the entire reach length. The reeds
scenario used the values found in the 340-860 m section of
2074
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the reach, while the forest scenario used the values found
within the 860-1260 m reach (Table 1).
In the dense reeds part of the calibrated model, the
observed velocity of the propagation of heat downstream
during the diurnal cycle is faster than the velocity of the
water itself. To account for this effect, we assumed a smaller
effective cross-sectional area due to the dense reeds, which
results in a higher stream velocity. A reduction of 10% in the
cross-sectional area appeared to be sufficient to explain the
higher heat wave velocity.

Results and Discussion
To evaluate stream temperature response to riparian vegetation cover, we calculated four summary statistics related to
temperature extremes: mean peak, mean minimum, absolute
maximum, and absolute minimum. We examined the modeled temperature differences using these metrics for the three
vegetation cover types.
Mean peak temperatures were calculated from a 2-h time
period, 2:30-4:30 p.m. for mean maximum and 4:30-6:30
a.m. for mean minimum. Spatially, the mean temperatures
were calculated at the downstream boundary of the stream
for each scenario. The rationale was that, at the downstream
boundary, the mean peak in-stream temperature should be
an indicator of the stream temperature response to the
integrated upstream influences on the stream. The presence
of endangered fish species directly downstream from this
section of the Boiron de Morges River also makes this a
preferred choice. Absolute temperature maxima are relevant
because some freshwater biota are susceptible to changes in
average temperature, while others are limited by a maximum
temperature threshold. Mean minimum temperatures can
expose effects of substrate on stream temperatures and
subsurface mixing.
The control simulation, that is, calibrated model output,
provided an output that corresponded well to observed DTS
measurements, resulting in a RMSE of 0.21 °C (Figure 2).
Mean stream velocities varied from 0.076 m/s for the open
and forest scenarios to 0.072 m/s for the reeds, resulting in
hydraulic residence times of 4.6-4.9 h, respectively. Results
from the various vegetation cover simulations reinforced
expectations that a forest canopy cover reduces peak
temperatures while an open system corresponds to increases
in peak temperatures. The forest scenario provided a
reduction of 1.2 °C and the open scenario a 0.7 °C increase
of peak temperatures (Figure 3). The simulated reeds scenario
predicted a 0.1 °C increase in mean maximum stream
temperature compared to the calibrated model simulation.
The reeds provided 32% of the decrease in peak temperatures
seen between open and forest simulations (Table 4). These
results indicate that in-stream reeds have a significant
capacity to limit the stream’s maximum temperature.
Minimum stream temperatures were unaffected by the three
riparian vegetation scenarios tested. The entire range of
simulations shows differences in minimum temperature
of less than 0.3 °C, with the forest simulation having the
lowest night-time temperature and reeds the highest (Table
4). The lack of vegetation cover in the open scenario leads
to radiative cooling from reducing the amount of longwave
radiation into the stream and allows slightly higher
evaporation rates.
Consideration of the solar radiation energy balance
affecting the stream is useful in understanding these results
(Table 3). Surface-emitted longwave radiation and atmospheric longwave radiation loads are not altered in any
considerable way for each of our simulations and, in general,
cancel each other out. Differences in substrate conduction
are explained by Df distribution in eq 3. Relative differences
in the evaporative flux between simulations relate to the

FIGURE 2. (A) DTS observed temperature over the length of the stream and the duration of the experiment and (B) control simulation
temperature over the same time frame. The visible temperature striations on August 13 are a result of upstream pumping. The color
bar represents temperature in degrees Celsius.
total radiation load and the gradient of relative humidity,
and therefore, we see the highest evaporation within the
open scenario and the least within the forest scenario. Direct

incoming solar radiation and land cover longwave radiation
are the driving components in the energy balance, which
cause the temperature differences in these simulations. For
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FIGURE 3. Modeled stream temperature outputs at the downstream boundary of each vegetation cover scenario relative to the
calibrated model simulation including the three sections of different vegetation type.

TABLE 2. Model Parameter Values for Each Land Use Scenario

Df
θvts

open

reeds

forest

0.34-0.35
1

0.17-0.18
0.9

0.15
0.975

example, the reeds scenario shows significantly higher land
cover longwave radiation compared to the forest and open
simulations. This is due to the differences in air temperature
for each simulation and the θvts parameter (eq 4). While the
θvts parameter varies little over the various scenarios (Table
2), it has a profound impact on in-stream temperatures,
enforcing the notion that solar radiation is a first-order control
to stream heating.
The mean peak air temperature, as measured by the
SensorScope meteorological stations, for each section provided a 1.57 °C increase between the open and forest scenarios

(Table 4) during our study period. The implication is that
mature forest cover has influence on various microclimate
forcings that drive the energy balance, such as wind speeds,
humidity, and air temperature. Surface-emitted longwave
(outgoing) and atmospheric longwave (incoming) fluxes
essentially offset each other in all scenarios, leaving direct
incoming solar radiation to account for 89-100% of total
radiation load into the stream. This makes it the most
significant term within the energy balance and subsequently
the term that provides the most in-stream temperature
change (Table 3). Solar radiation differences between simulations are also explained due to the Df coefficient used for
the reed and forest scenarios in eq 2. Df is smaller in the
forest than in the part with minimal reed cover. This is
explained by the greater depth of water in the forest portion,
as observed in the field. The relatively high θvts in the forest
compared to the reeds section is explained by the distance
between the vegetation and the water, which is far greater

TABLE 3. Average Energy Balance Components at the Boiron River for Each Land Use Scenarioa
energy, W m-2
calibrated model

open

reeds

forest

129.33
21.60
-373.50
367.16
-3.25
-29.83
25.27
136.78

273.65
0
-377.85
371.25
-0.44
-50.25
34.28
250.65

163.29
39.43
-373.37
368.35
-3.55
-38.20
30.51
196.46

43.23
9.70
-367.31
361.62
-7.14
-12.51
12.14
39.73

direct incoming solar radiation (SWd)
land cover longwave radiation (LWRl)
surface emitted longwave radiation (LWs)
atmospheric longwave radiation (LWatm)
bed conduction (COND)
latent heat flux
sensible heat flux
total
a

2076

For an afternoon period (2:30-4:30 p.m.) on August 11-13, 2007.

9

ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 6, 2010

TABLE 4. Stream Temperatures and Maximum Mean Air
Temperature for Each Land Use Scenario over the Identical
3-Day Period in August 2007a
stream temperature, °C

DTS observed
calibrated
model
Open
Reeds
Forest

(3)

(4)

max

min

mean
max

mean
min

mean max
air temp, °C

15.72
15.84

12.25
12.27

14.85
14.86

12.87
12.76

21.71
21.71

17.62
16.59
14.33

12.15
12.39
12.08

15.58
14.95
13.62

12.68
12.81
12.67

22.21
21.81
20.64

(5)
(6)

(7)

a

Mean max is computed as the average temperature
during the two peak hours (2:30-4:30 p.m.) and mean min
is the average temperature during the two coolest hours
(4:30-6:30 a.m.).

in the forest than within the reed section, and by the density
of the reed cover.
DTS proved to be a useful and accurate method for
stream temperature model validation. Extrapolating point
measurements of stream temperatures can lead to misrepresentation of the stream temperature dynamics by
assuming linear regression and not accounting for discrete
changes within the stream profile. Precise stream temperature measurements in the continuum allowed for more
robust model outcomes.
The influence of vegetation shading on peak high temperatures was shown to be appreciable and well captured in
numerical simulations. Solar radiation was demonstrated to
be a first-order control on stream temperatures for this
stream, while outgoing longwave radiation from vegetation
had a measurable effect. While mature forest canopy is the
land-use management option that provided the greatest
control of peak temperatures, in-stream reeds were shown
to exhibit lower maximum stream temperatures than the
open scenario and are potentially an interesting interim
solution for stream temperature buffering. There are many
non-temperature-related considerations in the choice of
reeds versus forestsfor instance, the effect on fish habitat,
the oxygen budget, and nutrient balance of the streamsthat
would require careful attention as well. A common practice
within this region in Switzerland is to remove in-stream
vegetation, including reeds, which we predict increases
stream temperature and may have other deleterious consequences on the habitat. Simple cessation of the dredging
of reeds within the stream channel, what Kauffman et al.
(33) call passive restoration, could greatly mitigate anthropogenic degradation if effects on sediment load, oxygen levels,
and in-stream habitat are considered.
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