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s u m m a r y

Understanding the temperature dynamics of rivers is critical for their management and for ecological and
biogeochemical aquatic processes. In proglacial rivers, there is typically a paucity of thermal observations
which in turn limits the understanding of these sensitive and evolving environments. Here we collected
ground-based thermal images, with approximately meter resolution and imaged every half hour for 24 h,
of a proglacial river and 2 km2 of its floodplain and interpret the observations using a numerical energy
balance model. The images revealed the longitudinal thermal pattern of the Urbach River in Switzerland –
there was gradual cooling in the upstream half of the study section and then warming in the remaining
downstream portion. This pattern persisted through the diurnal warming and cooling cycle. The spatio-
temporal thermal pattern was explained by a model that included distributed thermal inputs of cooler
water in the upstream half coming from alluvial fans and warmer water in the downstream half running
off steep cliffs that warm snowmelt. The warm inputs from the cliffs were confirmed by the thermal
imaging. These data and the associated modeling illustrated that distributed inflows can overwhelm
the influence of atmospheric fluxes, and that their knowledge is critical for understanding stream tem-
peratures. The combination of modeling and detailed time-lapse thermal imaging allowed for identifica-
tion and quantification of processes critical to in-stream temperature dynamics in a proglacial river.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction and background

River temperature is a master variable for many aquatic pro-
cesses. It mediates the ecological and biogeochemical functions
of rivers (Caissie, 2006; Poole and Berman, 2001; Webb et al.,
2008) and also determines the suitability of river water for certain
human exploits such as power generation (van Vliet et al., 2012).
Thus, a thorough understanding of thermal energy budgets of riv-
ers is necessary for their management and for determining their
susceptibility to and mitigation of climate change effects (e.g.,
Hari et al., 2006; Isaak et al., 2012 and van Vliet et al., 2011).

In spite of the increasing recognition of the inherent value of
studying river thermal dynamics as an end in itself, it is still a
relatively understudied aspect of fluvial environments (Webb
et al., 2008). But, recent technological developments have opened
a window into more detailed temperature measurements which
has led the way to deeper process understanding. Fiber-optic dis-
tributed temperature sensing, for example, has allowed for acquir-
ing practically complete temperature records along longitudinal
transects of rivers (e.g., Selker et al., 2006 and Tyler et al., 2009),
while thermal infrared remote-sensing has illustrated the degree
of thermal heterogeneity in rivers and floodplains, especially those
at or near glaciers or other cold environments (e.g., Cardenas et al.,
2011 and Tonolla et al., 2010). Moreover, recent studies that inte-
grate novel measurement techniques with comprehensive hydro-
logic and energy balance models have resulted in much needed
insight on the spatio-temporal dynamics of river and river corridor
temperatures (e.g., Bingham et al., 2012; Carrivick et al., 2012;
Loheide and Gorelick, 2006 and Westhoff et al., 2007).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2014.09.079&domain=pdf
http://dx.doi.org/10.1016/j.jhydrol.2014.09.079
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http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol
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Fig. 1. Location of the site (inset map of Switzerland with star) and aerial photo of
the watershed. The yellow outline delineates the Urbach River watershed and red
box denotes coverage of the aerial photo in Fig. 2a. Aerial photo taken from Google
Earth. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Some studies have used thermal imaging to qualitatively and
quantitatively analyze river hydraulics. Cardenas et al. (2011) used
airborne and ground-based images for multi-scale characterization
of thermal discharge into a river in Yellowstone National Park.
Later, techniques developed for particle image velocimetry were
applied to high-frequency thermal images to analyze turbulent
mixing processes between a jet of hot spring water entering a cold
creek (Andrews et al., 2011). A similar approach has been applied
to large rivers in order to quantify velocity distributions (Puleo
et al., 2012). Some studies have actively used heat as a tracer by
introducing warm water into surface water bodies and then
conducting time-lapse imaging of the thermal plume to quantify
transport behavior (Schuetz et al., 2012). Others have used mass
and energy balance models based on thermal images of rivers to
estimate groundwater flux (Schuetz and Weiler, 2011). Thus,
recent technological developments have enabled detailed thermal
studies.

The local thermal regime of high-altitude and high-latitude
environments are particularly susceptible to effects of global
warming (Hari et al., 2006; Parry et al., 2007; Uhlmann et al.,
2012), primarily due to altered snow and snowmelt regimes but
also due to prevalent glacier recession. Understanding the thermal
regimes of these environments is perhaps even more imperative
compared to low-lying and tropical areas. The path forward neces-
sarily entails detailed observations and comprehensive process-
based models. In fact, many observational temperature studies
were conducted in rivers, large and small, in cold and alpine envi-
ronments (Arscott et al., 2001; Brown and Hannah, 2008; Cadbury
et al., 2008; Cozzetto et al., 2006; Tonolla et al., 2010; Uehlinger
et al., 2003). Still, few have used energy balance models to inter-
pret observations. Carrivick et al. (2012) recently implemented a
coupled hydrodynamic and energy balance model for a braided
Arctic river and found that thermal heterogeneity is primarily
driven by hydrodynamic complexity which in turn is due to river
geomorphology. Magnusson et al. (2012) used a comprehensive
energy balance model to explain that relatively pronounced warm-
ing of a proglacial river even across a small distance is, not surpris-
ingly, due to solar forcing. They also suggested that warm tributary
runoff was warmed up by the surrounding rocks, but did not offer
further details regarding this process as it was not their study
focus. The main outcome of this study was not that solar radiation
is unimportant, but that other less obvious factors also play an
important role in the stream’s energy balance. For example, the
study showed that the hydraulic geometry of the channel has a
large influence on the energy balance of the proglacial stream at
the Damma glacier in Switzerland. Nevertheless, aquatic energy
balance models when used in conjunction with and for interpret-
ing observations are: (1) necessary for understanding key pro-
cesses driving in-stream temperature dynamics, and (2) require
more research in order to analyze potentially complex yet still
understudied factors in the energy balance models, e.g., groundwa-
ter exchange, hyporheic exchange, and other sources of runoff or
thermal loads. Here, we sought to understand the thermal dynam-
ics of a proglacial river through detailed thermal imaging and
interpretation of images using a comprehensive energy balance
model that considers distributed inflows from different sources
in addition to surface and other key heat fluxes.
2. Study site description

We studied the Urbach River in the Canton of Bern, Switzerland
(coordinates 46�4005300N, 8�1202300E, see Fig. 1). The Urbach River
originates from the Gauli glacier, which is about 6 km upstream
of our site, and occupies a confined floodplain/valley (Sandey
floodplain) with dimensions of around 3.4 km long and 0.6 km
wide (Fig. 1). The Urbach River enters the Sandey floodplain
through a narrow canyon in the south, flows north through the
floodplain, and leaves the floodplain downstream through another
canyon. Less than a kilometer downstream from the canyon, the
Urbach River joins the Aare River at the town of Innertkirchen. In
between the narrow exit and entry points, the floodplain is broad
and defines a sedimentary basin that hosts heterogeneous glacio-
fluvial and alluvial fan deposits ranging from sand to boulder size.
The western border of the floodplain is defined by the impressive
cliffs of Engelhoerner, a limestone massif that rises to >1 km above
the Sandey floodplain; the floodplain has an average elevation of
850 m a.s.l. The central part of the Urbach River, which we focused
on, abuts these cliffs which in some places have vertical faces up to
1.6 km tall. At its central portion, the Urbach River varies from
7–15 m wide and has a depth of 0.5–1.0 m under typical flow
conditions. The area annually receives 1614 mm of precipitation
(average for 1980–2009). Mean annual air temperature is 6.4 �C
(average for 1960–2000). For further details of the study site refer
to Doering et al. (2012) and Robinson and Doering (2013). The
study was conducted in August 2011 when discharge was low;
no storms occurred during the study period.
3. Methods

3.1. River discharge and atmospheric data

River discharge was taken from a monitoring station at 638 m
a.s.l. about 600 m downstream of the study area that is operated
and maintained by the Kraftwerke Oberhasli AG. Air temperature,
humidity, and wind speed were manually measured during each
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imaging session (described below) using a handheld weather sta-
tion (Kestrel 3000 pocket weather station). Hourly solar radiation
was taken from a monitoring site situated at the Grimsel Dam
which is 15 km southeast of the study site; this is the closest solar
radiation station available.

3.2. Temperature imaging and monitoring

River temperature was measured and monitored in-situ by a
logging probe (Vemco Minilog 0.1 �C resolution; 0.2 �C accuracy)
placed in the stream; direct measurements by logging probes or
handheld thermistors are referred to here as ‘kinetic’ temperatures.
The location of this probe is labeled P in Fig. 2a and c.

We collected a mosaic consisting of �30 individual thermal
images of the Urbach River-Sandey floodplain at approximately
30 min intervals (43 mosaic images over 24 h). Ground-based ther-
mal imaging was conducted from the western flank of the flood-
plain (see camera location in Fig. 2a) that gave a broad view of
the entire central floodplain and the river. Thermal images were
taken with a FLIR Systems SC640 camera, with a spectral range
of 7.5–13 lm corresponding to the thermal infrared (TIR) band.
The camera has a focal plane array uncooled microbolometer
detector, commonly used within thermal cameras, with
640 � 480 pixels. The lens used for thermal imaging has a
24� � 18� field-of-view (8 mm) with a minimum focal length of
0.3 m. The FLIR camera has an accuracy of ±2.0 �C over its full range
●P

100 m
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Fig. 2. (a) Aerial photo of the site (its boundary is denoted by the red box in Fig. 1), (b) rec
in (a)), and (c) grayscale thermal infrared image. All panels show locations of pixels in the
temperature probe (P) with approximately co-located thermal image pixels. Flow is from
from the thermal image. (For interpretation of the references to color in this figure lege
of �40 to 500 �C or ±2% of the reading, and has a thermal sensitiv-
ity of <0.08 �C. The maximum range spanned by the images col-
lected in this study was �20 �C, which translates to an accuracy
of ±<0.5 �C. The TIR-based temperatures are referred to as ‘radiant’
temperatures.

The thermal images were corrected for the emissivity of water
(assumed as 0.96; this emissivity is also similar to that of the sur-
rounding limestone and thus the emissivity of the images were
held spatially constant), atmospheric attenuation assuming the
half-width of the floodplain of 600 m as the distance of the targets
to the camera and using recorded relative humidity, and reflected
radiation assuming a radiation source with a temperature equal to
that of the air. The correction procedure is outlined in Cardenas
et al. (2011) and is implemented automatically using accompany-
ing software from FLIR (Researcher Pro).

The processing of the TIR images and other spatial information
was implemented in either the mathematical analysis software
Matlab or ArcMap geographic information system (GIS) software.
The individual thermal images were converted to grayscale bit-
maps then stitched together using Microsoft Image Composite Edi-
tor. The images were then co-registered using the registration and
transformation tools in the Imaging Toolbox of Matlab. The images
were transformed with a third-order polynomial using about 30
control points. The resulting co-registered mosaic images typically
have around 700 � 3900 pixels (e.g., Fig. 2c). The viewing angle
was oblique, but based on the dimensions of the field-of-view,
●
camera

reated scene from the thermal imaging point (indicated by camera and orange circle
thermal images used in the analysis (yellow circles); (a) shows location of in-stream
right to left. Numbers denote locations wherefrom temperature values are extracted
nd, the reader is referred to the web version of this article.)
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the nominal pixel resolution is 0.9 � 1.5 m; the actual resolution
may be much smaller or higher than this depending on angle
and distance from the camera. The resolution is higher within
the study reach which is closer to the camera.

3.3. Spatial analysis to extract temperature pixel locations and channel
information for modeling

While ground-based thermal imaging allows for rapid collec-
tion of time-lapse images, it has the disadvantage of collecting
oblique images which are difficult to rectify and co-register with
other spatial information. However, if taken from the same vantage
point, the thermal images can still be co-registered with each
other, as implemented above. With this in mind, we developed a
three-dimensional model of the study area based on available
0.5 m resolution aerial photos, 2 m resolution digital terrain model
(DTM), and 2 m resolution digital surface model (DSM). The DTM
allowed for the extraction and delineation of hydrologic features
(i.e., the stream network, center paths of the stream channel, and
surface inflows) that, otherwise, are difficult to distinguish in aerial
images.

Automatic extraction of stream networks is commonly based on
interpretation of morphologic patterns captured in DTM models.
We applied the D8 algorithm (O’Callaghan and Mark, 1984) imple-
mented in most of the current GIS platforms. The method involves
three steps: (1) removing sinks or depressions induced by DEM
errors; (2) tracing water flow for each cell in the direction with
the steepest downward slope (flow direction); and (3) counting
cumulative convergent flows (flow accumulation) for every cell
in the DTM (Martz and Garbrecht, 1992; Tarboton, 1997; Jones,
2002). The stream network, resulting from the D8 analysis, was
iteratively refined to visually match the observed river segments
based on both the aerial and thermal images. The final result is
the blue plane (Fig. 2b) from which channel widths and depths
were extracted.

To overcome the problem of rectifying oblique images, we
designed an empirical method to assign spatial frameworks to
images distorted by perspective effects: DSM-derived virtual per-
spectives. The aerial photos and stream polylines were draped on
the DSM. Based on the location of the thermal infrared camera,
the original perspectives from this location were virtually recre-
ated using ArcGIS-ArcScene. These virtual 3D perspectives were
fully georeferenced, allowing for identification of matching geo-
graphic locations between the set of oblique thermal images and
the 3D model. The thermal pixels were then located in the mosaic
and the coordinates were extracted from the corresponding DTM.
This procedure allowed extraction of distances between tempera-
ture pixels in the longitudinal downstream direction.

Seventy-four locations on the thermal images were chosen
along the nominal center of the channel (Fig. 2) for further analysis.
Rather than setting constant-distance intervals, location of points
followed a visibility criteria. Consequently, poorly visible zones—
where the line of sight between camera and stream channel was
blocked by surrounding objects—were ignored to prevent potential
pixel contamination. We set areas of influence, or buffer areas,
around every location of interest in the thermal images. These
areas were shaped as almost-circular polygons, and the size was
optimized so that pixel contamination from outside the channel
was minimized. Each polygon included 160–165 pixels. Buffer
areas allowed the extraction of temperatures for pixels distributed
within each polygon, and area or zonal statistics for those pixel dis-
tributions were estimated using ArcMap; thereby, instead of ana-
lyzing single-pixel temperatures, statistical parameters of entire
buffer areas allowed a more thorough analysis. The minimum tem-
perature within each buffer area, for the full set of thermal images
from one time, is what we report and analyzed because the river is
always the coldest entity within the field-of-view. Any other
sources of emission, including exposed bars, banks and vegetation
would elevate the water temperature.

3.4. River energy balance and hydraulic model

The energy balance model we used for the stream included the
common radiative and water dependent air-water surface fluxes,
friction with the bed surface, an additional longwave radiation
term from the surrounding environment to account for the influ-
ence of Engelhoerner’s imposing cliffs, and bed conduction. The
model longitudinally discretizes the stream into a series of con-
nected reaches (defined by nodes) representing control volumes,
with the advection process from one control volume to the next
modeled with the kinematic wave formulation below (Chapra,
1997):

@Q
@x
þ abQb�1 @Q

@t
¼ q ð1Þ

a ¼ nB2=3ffiffiffiffiffi
So
p

 !3=5

ð2Þ

where Q = volumetric flow rates (m3 s�1), b = 3/5, q = lateral inflow
rates per unit length (m3 s�1 m�1), n = Manning’s roughness coeffi-
cient, B = channel width (m), and So = bottom slope of channel.

We defined nodes corresponding to the locations of the thermal
image pixels (Fig. 2). Where the thermal image pixels were not
equally spaced, additional nodes were inserted to refine the model
resulting in 73 model reaches. The model assumes that each reach
is completely mixed and allows for non-uniform hydraulics
between each control volume. Under these assumptions, separate,
but coupled energy balance equations can be written for the water
column and the bed sediment. The energy balance equation for the
stream water is:

@ðAcTÞ
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¼ � @ðQTÞ
@x
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The energy balance equation for two stream bed layers is:

Vsed
dTsed

dt
¼ ased

T � Tsed

Ysed

� �
As þ ased

Tgr � Tsed

Ygr

� �
As ð4Þ

In the above equations, T = temperature (�C), Ac = cross sectional
area (m2), q = density of water (kg m�3), Cp = specific heat capacity
of water (J kg�1 �C�1), qsed = density of the sediment (kg m�3),
Cp,sed = heat capacity of the sediment (J kg�1 �C�1), ased = coefficient
of thermal diffusivity of the sediment (m2 s�1), Y = depth or
thickness (m), V = volume (m3). The subscripts l, sed and gr specify
distributed lateral inflows, sediments below the channel, and the
deeper ground layer, respectively. The total water heat flux (Jw) is
defined as:

Jw ¼ Jsw þ Jan þ Jf þ Jrk � ðJbr þ Jc þ JeÞ ð5Þ

where Jsw = net shortwave radiation (W m�2), Jan = atmospheric
longwave radiation (W m�2), Jf = friction as defined in Theurer
et al. (1984), Jrk = longwave radiation (W m�2) emitted by the sur-
roundings, rocks and the hillslopes in this case, estimated via the
Stefan–Bolzmann equation (as in Jan and with the appropriate cor-
rection for atmospheric attenuation and surface reflection) based
on the rock temperature Trock, Jbr = longwave (back) radiation from
the water (W m�2), Jc = conduction and convection from the air-
water interface (W m�2), and Je = latent heat flux (W m�2). Typical
formulations for Jan, Jbr, Jc, and Je are detailed in Chapra (1997).

The Jan was calculated following:

Jan ¼ f vrT4
airðAc þ 0:031

ffiffiffiffiffiffiffi
eair
p

Þð1� RlÞ ð6Þ
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where eair is the air vapor pressure (calculated from air temperature
Tair and relative humidity following Chapra (1997), r is the Stefan-
Bolzmann constant, Ac is a coefficient set at 0.6, and Rl is the reflec-
tion coefficient set at 0.3; fv is the sky view factor that was calcu-
lated following Moore et al. (2014). We calculated an fv of 0.84 for
a transverse section in the middle of the study reach and applied
it to the entire study domain. The longwave radiation from the cliffs
and hillslopes were calculated following:
Jrk ¼ ð1� f vÞerockrðTrock þ 273:2Þ4ðAþ 0:031
ffiffiffiffiffiffiffi
eair
p

Þð1� RlÞ ð7Þ
where erock is the rock emissivity (0.97); note that Trock values were
appropriately scaled to the emissivity of 0.96 that was applied to
the thermal images.

The discharge was taken from a gaging station at the down-
stream end of the floodplain. Discharge varied from 0.79 to
1.57 m3 s�1 with an average of 1.165 m3 s�1 over the study period.
This discharge was input into the model as a transient boundary
condition at the topmost node. The Manning roughness coefficient
was 0.038 (Oppliger, 2012) and the slope was 0.021 for all reaches
based on the DTM. The channel widths were also determined
through the GIS analysis described above (Section 3.3) and were
kept static by assuming a rectangular channel. The bulk thermal
properties of the saturated sediment were set to Cp,sed = 1506 -
J kg�1 �C�1, qsed = 1400 kg m�3, and ased = 1.26 � 10�6 m2 s�1 and
the bed sediments influencing the stream were assumed to be
20 cm thick.

The inputs for the energy balance model are presented in Fig. 3.
The upstream boundary of the model is the uppermost point or the
first yellow circle in Fig. 2 (also chosen as x = 0 m and labeled as
point 1), which coincides with the section of the thermal image
analyzed in detail. Thus, the temperature boundary conditions
are the radiant temperatures observed at this point, interpolated
in time.

Eqs. (1), (3) and (4) were numerically solved using Euler’s
method with a time step of 2 seconds. Two model scenarios were
considered: a base model with no distributed inflows and a model
with distributed inflows based on observed stream or riparian tem-
peratures. As discussed below, the latter was necessary in order for
model predictions to more closely replicate the observed radiant
temperatures. When inflows were prescribed within the domain,
the inflow was subtracted from the discharge prescribed at the
upstream boundary.
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Fig. 3. River discharge (Q), temperatures, and solar radiation (Jsn) used as inputs to
the energy balance model. The discharge and stream temperature are imposed at
the uppermost reach. The rock temperature (Trock) is used for calculating longwave
radiation from the surrounding cliffs and hillslopes.
4. Results

4.1. Comparison of direct measurements with thermal infrared pixels

The kinetic temperature monitored by the temperature probe at
P (Fig. 4) agreed well with the radiant temperatures extracted from
the corresponding thermal pixel roughly at the same location
(Fig. 2). The difference between the kinetic and radiant tempera-
ture was mostly within 0.1 �C, which is the precision of the tem-
perature probe; the average absolute difference over 24 h was
0.08 �C.

The temperature probe at P was located close to the bank and
placed at the sediment-water interface. The comparison pixel
was close to the bank, but far enough away to avoid pixel contam-
ination; note that the location chosen from the thermal image was
close to P but was only visible through a gap in between trees
(Fig. 2c). Since radiant temperatures only detect the skin tempera-
ture (typically the uppermost 0.1 mm of the water surface), the
strong agreement between kinetic temperatures (taken at the
bed and close to the bank) and radiant temperatures (skin temper-
ature at the center of the channel) point to a vertically and well-
mixed river, at least at location P. Thus, we expect that thermal
imaging provides accurate results at the upstream temperature
sites where there was a clearer line of sight to the river and where
dozens of pixels span the river.
4.2. Thermal infrared images and longitudinal in-stream temperatures

The diel response of the Sandey floodplain to shortwave radia-
tion was pronounced and easily captured in the TIR images (Fig. 5).
As expected, the floodplain warmed during the day and cooled in
the evening to early morning. The temperatures remained more
or less the same from midnight to 8 AM, with coolest temperatures
observed around 6 AM. Warmest temperatures typically occurred
between 1 PM and 4 PM.

Across the diel cycle, there was persistent cooling of the
upstream section of the study reach, up to a distance of �0.5 km
(Fig. 6a). Note that in between the nodes (represented as dots at
the top of Fig. 6), which indicate the longitudinal distance of the
temperature pixel locations (shown in Fig. 2), the temperatures
were linearly interpolated. Shortwave radiation should be warm-
ing the river during the day, but this was not observed. The cooling
across the upstream reach persisted through 24 h. To highlight and
differentiate these patterns further, we calculated the thermal gra-
dients between points 1 and 35 (upstream part) and points 35 and
74 (downstream part); the downstream temperature gradient
remained negative and ranged from �3.7 to �1.0 �C/km (Fig. 7).

There was persistent warming of the downstream section of the
study reach, from a distance of �0.5 km (Fig. 6a). The obvious
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Fig. 4. Comparison of radiant temperatures and the corresponding in-stream
kinetic temperatures at point P in Fig. 2.
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explanation for the warming, at least during the day, is shortwave
radiation. However, one would expect much less warming with
distance downstream in the late evening through early morning,
if any. This is not what was observed; see for example the temper-
ature distribution from 12 AM to 9 AM in Fig. 6. During the day the
warming across the downstream reach was very pronounced, with
the thermal gradient reaching as high as 4.8 �C/km around 11 AM
(Fig. 7). The smallest gradient observed was 1.6 �C/km at around
4 AM.

4.3. Results of energy balance modeling

The base case ignored additional distributed inflows and pre-
dicted fairly spatially uniform temperature that is dominated by
downstream advection of heat and insignificant contributions from
the other heat fluxes included within the model (Fig. 6b). Thus,
additional heat sinks/sources were present that were not captured
in the base case. The root-mean-square error between the radiant
temperatures (Fig. 6a) and the modeled base case temperatures
(Fig. 6b) is 0.70 �C. The modeled reach was generally warming lon-
gitudinally, with gradients varying from �0.23 to 1.45 �C/km
across the entire reach. Thus, a model driven solely by surface, fric-
tion, and bed conduction fluxes is not able to replicate the
observations.

Using the radiant temperature patterns (Fig. 6a) as a guide, i.e.,
the rates of cooling/warming and the relative misfit of the base
model, we imposed distributed cold water inflows at the upstream
half of the reach and warm water inflows at the downstream half
of the reach. Inflows were distributed uniformly and evenly across
the sections where they were prescribed. The upstream distributed
lateral inflow was given a temperature of 6.4 �C which is equal to
annual mean air temperature; a typical method for estimating
groundwater temperature. (Temperature of water from a spring
within the floodplain, but outside of the focus reach, was 7.5 �C.)
The assumption here is that the inflows represent groundwater
flowing from the hillslopes into the river. There are numerous trib-
utaries in the hillslopes which are comprised of fans and tallus
deposits in the upstream portion of the focus reach (denoted by
red lines in Fig. 2). Unfortunately, we do not have reliable temper-
ature measurements of water in these tributaries and we were not
able to verify how many had water (except for the one entering the
channel downstream of point 10 in Fig. 2). Thus, we assume that
these tributaries are groundwater supported or in thermal equilib-
rium with groundwater since these are flowing over very porous
and permeable deposits which would otherwise just let any sur-
face runoff infiltrate.

The imposed distributed cold inflows amounted to 15% of the
total mean discharge from x = 189 to 585 m. All distributed lateral
inflow values were kept steady in time, but since stream discharge
varied in time, the relative inflow contributions also varied. The
spatial limits of this section receiving inflow correspond to model
nodes and radiant temperature pixels (points 10 through 48,
respectively, in Fig. 2). Distributed warm water inflow, with a dis-
charge amounting to 20% of the mean discharge, was imposed from
x = 585 to 1017 m (until the end of the focus reach). The warm
inflow is due to snowmelt flowing as sheet and discrete flow over
the relative warm limestone faces of Engelhoerner. Analysis of an
arbitrarily chosen, but more or less representative, cliff pixel (Trock

in Fig. 2c) shows that its temperature varied from 15.8 to 26.4 �C
(Fig. 3). Thermal images of Engelhoerner clearly showed the flows
and captured their warming (Fig. 8); the darker areas in Fig. 8a
(visual picture) are wet areas with sheet flow. The inflow temper-
ature would vary with the rock temperature; but for simplicity and
limited data to constrain this, we imposed a constant inflow tem-
perature of 20 �C.

Based on the scenario assumptions, use of even coarse distrib-
uted inflows agreed much better with the radiant temperature
observations (Figs. 6 and 9). The root-mean-square error between
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the radiant temperatures and the modeled inflow case tempera-
tures is 0.40 �C. The base model without any distributed inflows
clearly led to warmer predicted temperatures, and the discrepancy
between modeled and observed radiant temperatures was sub-
stantially reduced by the addition of inflows in the second model
(compare Fig. 9a and b). Temperature time-series at four locations
(points 12 at x = 268 m, 40 at 524 m, 59 at 741 m, and 63 at 806 m;
see Fig. 6) further show the good agreement between observed and
modeled temperatures by the case with distributed inflows
(Fig. 10).
5. Discussion

5.1. The role of inflows on stream energy balance and comparison to
previous studies

Shortwave radiation expectedly drives the temporal dynamics
of stream temperature and warms/cools the river by as much as
4 �C over a diurnal cycle. However, it is clear that the Urbach River
within the study reach receives cold inflow in the upstream 500 m
and warm inflow in the remaining downstream portion. The base
model whose primary energy transport and exchange processes
are advection and surface/bed fluxes failed to replicate the obser-
vations. Thus, the energy balance of the 1 km long study reach is
significantly affected by distributed inflows. These inflows are nec-
essary in order to reproduce the radiant temperature observations
that represent these effects over both space and time.

The distributed inflows support relatively large longitudinal
temperature gradients of �3.7 to �1.0 �C/km in the upstream por-
tion and 1.6–4.8 �C/km in the downstream portion that persisted
through an entire daily cycle. The magnitude of these gradients are
much higher than the 0.6 �C/km found by Cadbury et al. (2008) in
a proglacial river in New Zealand and similar to larger to those in
one reach studied by Magnusson et al. (2012) of 1.5–2.0 �C/km.
However, gradients of around 0.6 �C/km were also observed by
Magnusson et al. (2012). The warming pattern in the downstream
portion of our study reach is larger than what solar radiation can
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produce; this is qualitatively similar to the observations in
Magnusson et al. (2012) (see their Fig. 4). And as in this study, they
attributed this so-called residual heating to exchanges or interac-
tions of the river with groundwater and tributaries.

Based on the pronounced thermal heterogeneity which they
observed, Magnusson et al. (2012) concluded that conventional
methods for studying thermal dynamics may not be applicable in
proglacial rivers. In our case, we employed time-lapse ground-
based thermal imaging, a non-conventional approach, and energy
balance modeling in tandem to identify the influences of and
extent of distributed inflows. Magnusson et al. (2012) did not
explicitly consider the additional inputs due to interactions with
groundwater but presented groundwater hydraulic head gradients
to support this. Moreover, while Magnusson et al. (2012)
(a)

(c)
15

Fig. 8. Thermal and visual images of Engelhoerner showing places with warming snowm
in images are denoted by the inset box.
postulated that some tributary water entering their river must
have warmed over the rocks comprising the hillslopes, we defini-
tively mapped this process occurring over warm vertical rock faces.

Westhoff et al. (2007) studied the energy balance and thermal
regime of the Maisbich River in Luxembourg whose discharge is
much smaller than the Urbach River’s. This allowed them to use
fiber optic distributed temperature sensing to completely map
the longitudinal temperature distribution (every 1 m for �600 m)
which was used to constrain an energy balance model. Their model
considered additional inputs from groundwater, both diffuse and
discrete which led to jumps in temperature. The extensive temper-
ature observations made identification and quantification of these
inputs possible. Our study approach is similar to theirs; the main
difference lies in the method applied for collection of distributed
temperatures, i.e., fiber-optic cables versus thermal imaging. Each
method obviously has pros and cons, but in our case, the thermal
imaging was critical since it allowed us to document typically
ignored but potentially common sources of heat in proglacial
alpine rivers, e.g., the sheet flow on the cliffs and rock radiation.
Thermal imaging also allows for temperature data collection in
environments with potentially highly variable flows and challeng-
ing accessibility.
5.2. Limitations and implications

Our approach highlights some important limitations. While the
high-resolution thermal images were critical for providing a
detailed picture of stream temperature dynamics, some of the
observations may still be prone to error. Although the agreement
between kinetic and radiant temperatures in areas with a clear line
of sight and with sufficient resolution approaches that of the pre-
cision of the thermistors used, errant readings cannot be avoided
due to pixel contamination due to poor resolution and reflected
radiation.
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elt runoff and close-up image of an area with waterfalls; the location of the zoomed
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Nonetheless, it is important to keep in mind the limitations of
thermal imaging. Torgersen et al. (2001) and Handcock et al.
(2006) have outlined the challenges of TIR-based mapping of river
temperature. Torgersen et al. (2001) pointed out the potential
errors introduced by reflected longwave radiation, including from
clouds, which the camera still detects even when conducting nadir
airborne imaging. In ground-based imaging, radiation from nearby
objects may be reflected depending on viewing angle in relation to
other objects surrounding the target. For example, Handcock et al.
(2006) showed that trees on river banks appear on images of the
river (see their Fig. 7). Thus, in our images that have a viewing
angle that is amenable to receiving reflected radiation, this could
be an issue. Moreover, Handcock et al. (2006) showed that in order
to get accurate radiant temperatures, >3 pixels spanning the river
width are necessary. In fact, they showed that even with >3 pixels
representing the river, errors average around 2% of in-stream
temperature. The errors increase to 13% and 45% when there are
1–3 pixels representing the stream and when a fraction of a pixel
represents the river, respectively. The areas we focused on in
Fig. 2, which were analyzed using zonal statistics tools in ArcMap,
included more than 160 pixels clearly within the stream. We also
chose an area nominally at the center of the river to limit pixel con-
tamination and reflection from the banks.

The shortwave radiation was taken from a nearby site and was
not corrected for topographic shading. Thus, the radiation received
at the study site is likely less since the Grimsel site is more exposed
than the floodplain. This further highlights the importance of the
cause for warming of the Urbach River since the maximum likely
shortwave radiation was already considered in the model, and
even this was not sufficient to explain the warming patterns. Fur-
thermore, the sheet flow over Engelhoerner may follow a more
spatially and temporally complex discharge and thermal regime
due to diel forcing. The model did not consider this added
complexity.

Our results suggest that even in the relatively short study
reach, pronounced longitudinal thermal variations occur due to
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distributed inflows. This result highlights the significant amount of
data required to understand key heat sources and sinks within
complex hydrologic systems. While the over-all warming followed
a diel cycle due to shortwave radiation, the Urbach River’s thermal
regime was strongly impacted by local inflows. In this case, cold
inflows affected the upstream section and the warm sheet flow
over the cliffs warmed up the mid-section. This led to a strong gra-
dient between the two portions of the river. To our knowledge, this
is the first time that river warming has been attributed to this type
of input. This input may also be occurring in similar alpine and pro-
glacial rivers with many surrounding bare rocks. What seems
counter-intuitive here is that the sheet flow actually represents
snowmelt, which would typically be interpreted as a driver for
cooling not heating. Of course, the thermal images showed that
energy was extracted from the rocks over which the cold snowmelt
flows. This mechanism would have been difficult to pin down if it
was not for the thermal imaging.

The goal of this study was not to precisely quantify the inflows
but to identify which processes are relevant and to constrain these.
Thus, we followed a parsimonious modeling approach. While more
could be done in terms of further adjusting parameters, e.g., inflow
discharge and temperatures, and potentially their spatial distribu-
tion, in order for the model results to better fit the observations, it
is clear that the temperature observations can only be replicated
with cold inflows in the upstream reaches and warm inflows in
the downstream reaches.

Based on measurements of vertical hydraulic head gradients
using shallow in-stream piezometers, the study reach is a losing
river (gradients are negative). This may seem inconsistent with
our model assumption that the river is mainly receiving surface
and groundwater inputs, primarily in the upstream reaches for
the latter. We postulate that the river may be a flow-through
system where groundwater enters from the hillslopes but then
this may infiltrate into the bed. However, we do not have measure-
ments to verify this. This would also require a more complex
mapping or modeling of three-dimensional and multi-scale
groundwater flow paths. In any case, our attempts to model
losing conditions did not lead to appreciable effects on stream
temperatures (results not shown here).
The multi-scale thermal heterogeneity of the fluvial corridor we
studied was driven by many factors. Since temperature is a key
variable for many ecological and biogeochemical processes, both
the patterns and processes producing them need to be well-under-
stood and characterized. This is critical not only for basic knowl-
edge but also for predicting the impacts of climate change on
fluvial systems. For example, since the discharge and temperature
of the snowmelt from the cliffs may be sensitive to warming air
temperature, its contribution needs to be better characterized, par-
ticularly in the coming decades. Any temperature perturbations
from the headwaters, such as the Urbach River, would also clearly
propagate down the river network, which makes understanding
energy budgets at the local scale, such as this study, all the more
critical.
6. Summary and conclusions

We studied the thermal dynamics of an alpine proglacial river
through a combination of high-resolution and high-frequency
ground-based thermal imaging of the Urbach River and the sur-
rounding Sandey floodplain with energy balance modeling that
allows for dynamic hydraulic processes. The images clearly showed
that the Urbach River cooled down and then warmed up over a
short distance. At the upper half portion of the study reach, cold
distributed inflows from the hillslopes were needed in the energy
balance model in order to match the observed temperatures. At the
remaining downstream portion, warm inflows were necessary.
These warm inflows are sheet and discrete flows of snowmelt that
have been warmed as they flow over rock cliffs. This complexity of
inflows led to pronounced thermal gradients between the two sec-
tions of the river. Thus, a thorough understanding of river thermal
dynamics necessitates a combination of detailed measurements,
made possible by thermal imaging in this case, supported by
energy balance models that illustrate the influences of other more
predictable heat fluxes. The energy balance model allowed for test-
ing the cause of the cooling/warming patterns, but postulating or
identification of additional sources/sinks of heat was possible
because of the thermal imaging not only of the river but, perhaps
critically, also its surrounding environment. Thus, the two
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approaches used together led to a more complete picture of the
thermal dynamics of the Urbach River. This combined approach
should ideally be used where pronounced thermal heterogeneity
and gradients are likely and where process-based understanding
is critical, such as when quantifying impacts due to anthropogenic
pressures or climate change and when predicting temperature-
sensitive ecological and biogeochemical processes.
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