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ABSTRACT
Daily water temperature was simulated at a regional scale during the summer period using a simpliﬁed model based on the equilibrium temperature concept. The factors considered were heat exchanges at the water/atmosphere interface and groundwater inputs. The selected study
area was the Loire River basin (110 000 km2), which displays contrasted meteorological, hydrological and geomorphological features. To
capture the intra-basin variability of relevant physical factors driving the hydrological and thermal response of the system, the modelling approach combined a semi-distributed hydrological model, simulating the daily discharge at the outlet of 68 subwatersheds (drainage area between 100 and 3700 km2), and a thermal model, simulating the average daily water temperature for each Strahler order in each subwatershed.
Simulations at 67 measurement stations revealed a median root mean square error (RMSE) of 1.9°C in summer between 2000 and 2006.
Water temperature at stations located more than 100 km from their headwater was adequately simulated (median RMSE < 1.5°C; 0.5°
C < median biases < 0.5°C). However, performance for rivers closer to their source varied because of the averaging of geomorphological
and hydrological features across all the tributaries with the same Strahler order in a subwatershed, which tended to mask the speciﬁc features
of the tributaries. In particular, this increased the difﬁculty of simulating the thermal response of groundwater-fed rivers during the hot spells
of 2003. This modelling by coupling subwatershed and Strahler order for temperature simulations is less time-consuming and has proven to
be extremely consistent for large rivers, where the addition of streambed inputs is adequate to describe the effect of groundwater inputs on
their thermal regime. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION
River temperature is a major water quality parameter Most
aquatic species have a speciﬁc range of water temperature
that they can tolerate (Caissie, 2006), and a rise in temperature can affect the distribution of aquatic species (Tissot
and Souchon, 2010). Many studies in river ecology use
the air temperature as a proxy for the stream temperature
to study the distribution of aquatic species given that water
temperature records are often not available for all sampling
sites (Tisseuil et al., 2012). Both temperature metrics are
generally highly correlated (Buisson et al., 2008; Durance
and Ormerod, 2009), but air temperatures may be a poor
surrogate for stream temperatures in headwater reaches
(Caissie, 2006). The river temperature modelling at a large
catchment scale could help to overcome these inaccuracies
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and may constitute an important data source, which could
be very useful for ecological studies.
River temperature is inﬂuenced by natural factors including atmospheric conditions, topography, riverine vegetation,
river ﬂow and heat ﬂuxes at the riverbed/water interface
(Caissie, 2006; Hannah et al., 2008; Webb et al., 2008)
and by anthropogenic factors such as man-made levees
(Bartholow et al., 2004), reservoirs (Poirel et al., 2009),
warm-water input from wastewater (Kinouchi et al., 2007)
and/or power plants (Bonnet et al., 2000) and forest clearing
(Moore et al., 2005). Many modelling approaches have been
implemented to describe the thermal regime of rivers divided into those that are data oriented, either statistical
(Ducharne, 2008; Webb et al., 2003) or stochastic (Caissie
et al., 2005), and those that are physically based. The physically based approach consists of solving the heat budget
equation (Ouellet et al., 2014a; St-Hilaire et al., 2003) and
can be complex as it can include all relevant heat ﬂuxes at
both the water surface and sediment/water interface (Herb
and Stefan, 2011), and some models have been linked to hydrological models (van Vliet et al., 2013). It is therefore
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particularly suitable for climate change impact studies
(Bustillo et al., 2014; van Vliet et al., 2013).
However, because of the amount and the complexity of
data required, one-dimensional or two-dimensional deterministic thermal models are generally restricted to singlesegment rivers or to small catchments (Carrivick et al.,
2012; Loinaz et al., 2013; Ouellet et al., 2014b). To overcome these difﬁculties, several authors have proposed a simpliﬁed thermal model using the equilibrium temperature
concept developed by Edinger et al. (1968); this is recognized to be an efﬁcient way of simulating river temperature
at the point scale (Bustillo et al., 2014; Caissie et al., 2005;
Herb and Stefan, 2011). Most of these models are based on a
classic heat budget equation accounting for ﬁve heat ﬂuxes:
net solar radiation, incoming long-wave atmospheric radiation, emitted long-wave radiation, air–water convection
and evaporation/condensation (Bogan et al., 2003; Bustillo
et al., 2014; Caissie et al., 2005). One model based on the
equilibrium temperature concept, looking only at exchanges
at the air–water interface, has shown excellent performance
on the 250 km of the Middle Loire (Bustillo et al., 2014).
However, groundwater–river exchanges may play an important role in the thermal regime of rivers, with major ecological implications (Hannah et al., 2004).
The main objective of this work is to assess the capacity
of a simpliﬁed local thermal model, using the equilibrium
temperature concept, to simulate the stream temperature of
all tributaries contained in the Loire River Basin
(110 000 km2), which displays contrasted meteorological,
hydrological and geomorphological features. The model
takes into account six heat ﬂuxes, including heat exchanges
at the groundwater–river interface, based on the modiﬁed
equilibrium temperature model that was successfully implemented by Herb and Stefan (2011) to estimate the thermal
regime of cold-water stream reaches fed by groundwater.
Modelling all 52 000 reaches forming the drainage network
of the Loire River would be too costly in time needed for
calculation. In that sense, our approach lies on the concept
of stream order, used by Billen et al. (1994) in the
RIVERSTRAHLER river quality model, which provides a
generalized description of the morphology of drainage networks and which is less time-consuming. The evaluation
was performed in summer (July–August) at 67 river temperature measurement stations. The daily discharge is simulated
by a semi-distributed hydrological model at the outlet of 68
homogeneous subwatersheds (ranging from 100 to
3700 km2) and constitutes an input data. For each Strahler
order in a subwatershed, we applied the thermal model to
the average reach, using geomorphological, meteorological
and hydrological features averaged across all reaches with
this Strahler order.
Thermal simulations considered forcing conditions by
Strahler order and subwatershed and ignored advective
Copyright © 2015 John Wiley & Sons, Ltd.

processes that determine the upstream–downstream propagation of thermal signals. The testing period covered 7 years
(2000–2006), during which time the Loire basin experienced a severe drought and very hot spells in August
2003. We assessed for what type of rivers the thermal model
performed efﬁciently and where upstream conditions could
be ignored. The adequacy of averaging the geomorphological and hydrological features at the Strahler order scale is
discussed with regard to the thermal simulation performance, focusing particularly on river temperature in
groundwater-fed streams during the hot spells of 2003.

STUDY SITE
The Loire River (Strahler order 8), the largest river in
France, is 1020 km long and drains a 110 000-km2 catchment area characterized by varied climate (oceanic and continental) and lithology (granites and basalts, sedimentary
rocks, and granites and schist). The basin can be divided
into three main areas (Figure 1a).
Area 1, mainly composed of granites, is a mountainous region with an average altitude of 800 m. The average slope of
rivers in this area (12.4 m km1) is substantially higher than
in areas 2 and 3 (3 and 4 m km1, respectively) (Table I). In
headwater catchments (Strahler order ≤ 3), the average slope
of streams is ﬁve times greater than those in areas 2 and 3.
Above Strahler order 6, average slope is similar in all areas.
The major part of rivers in the basin has a pluvial regime,
but several rivers located in area 1 have a pluvio-storm regime above 1500 m. Summer-speciﬁc ﬂows, taken from
the French HYDRO database (www.hydro.eaufrance.fr),
have the same order of magnitude in each area, ranging from
4.2 L s1 km2 in area 1 to 2.5 L s1 km2 in area 3. However, looking at the ratio between the mean summer ﬂow
and the mean annual ﬂow (QJA/QYear), we can see that the
summer ﬂow represents approximately 40% of the mean annual ﬂow in area 2 but only 27% in area 1 and 20% in area 3
(Table I). This is consistent with the fact that area 2, composed of sedimentary rocks, beneﬁts more from groundwater supplies in summer. This is even clearer for small
rivers (Strahler order ≤ 3), in which the ratio is 50%, compared with 20% in other areas. The mean air temperature
in summer, taken from the SAFRAN dataset, ranges from
18.2°C in the mountainous area to 20.5°C in lowland areas.
Stream shading is characterized by a vegetation cover indicator provided by the database of Valette et al. (2012).
Rivers located in areas 1 and 2 have similar vegetation
cover, 75% on average, for all Strahler orders, compared
with only 35% in area 3 (Table I). However, for the smallest
rivers (Strahler order ≤ 3), the mountainous area 1 has the
greatest vegetation cover (~70%), compared with 65% in
area 2 and 46% in area 3.
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Figure 1. Map location of the 68 subwatersheds in the Loire River basin showing the main lithological areas and location of water temperature

monitoring stations (a) and the delineation of the subwatersheds showing altitude and the location of hydrometric stations (b)

heat budget equation of the water body can be expressed
as follows:

MODEL AND DATASETS
Equilibrium temperature concept
The thermal model is based on the heat balance approach
and derived from the equilibrium temperature concept
(Edinger et al., 1968), with two central variables, namely,
the equilibrium temperature (Te) and the heat exchange coefﬁcient (Ke). The equilibrium temperature (Te) is deﬁned
as the water temperature (Tw) at which the net rate of heat
exchange at the limits of the water body, including the
groundwater heat inﬂow, is zero. The thermal exchange coefﬁcient (Ke) is the rate at which the water temperature responds to heat exchange processes (W m2 K1).
Assuming that the river water is well mixed thermally, the

∂T w
∑H i ðt Þ
¼
∂t
ρw Cpw D

(1)

∑ H i ¼ H ns þ H la  H lw þ H c  H e þ H g

(2)

i

where ∑Hi is the net heat ﬂux (W m2), ρw is the water
density (1000 kg m3), Cpw is the speciﬁc heat of the water (4181 J kg1 K1) and D is the mean river depth (m),
which varies over time, like all heat ﬂuxes (W m2); Hns

Table I. River characteristics by lithological area (1: granites and basalts; 2: sedimentary rocks; and 3: granites and schists) and Strahler order.
Summer-speciﬁc ﬂow QsJA (July–August) and ratio between mean summer ﬂow QJA (July–August) and mean annual ﬂow QYear are
calculated for the period 1974–2006. Averaged vegetation cover on both sides of rivers with a buffer of 10 m is determined by remote sensing
Order
Area
Slope (m km1)
QsJA (L s1 km2) (hydrometric station available)
Ratio QJA/QYear (%)
Vegetation cover (%)

Copyright © 2015 John Wiley & Sons, Ltd.

1
2
3
1
2
3
1
2
3
1
2
3

1

2

50.0
22.6
10.0
5.2
15.0
7.0
4.0 (11)
3.6 (11)
2.3 (2)
23
48
9
56
66
53
60
45
43

3

4

12.0
6.8
2.8
1.7
3.8
2.4
4.7 (23)
3.8 (16)
2.3 (8)
27
40
15
75
86
69
78
50
48

5

6

3.5
2.8
1.4
1.2
1.4
1.2
4.2 (25)
3.8 (19)
2.5 (11)
30
28
20
83
76
85
82
45
22

7

8

Mean

1.1
1.0
0.8

0.4
0.5
0.4

12.4
3.0
4.0
4.2
3.6
2.5
27
38
19
76
73
35

—
3.0 (12)
2.8 (2)
—
30
28
70
70
84
75
20
10
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is the net solar radiation, Hla is the atmospheric long-wave
radiation, Hlw is the long-wave radiation emitted from the
water surface, He is the evaporative heat ﬂux, Hc is the
convective heat ﬂux exchanged with the atmosphere and
Hg is the groundwater heat inﬂow. Their formulation
(Table II) is taken from Bustillo et al. (2014) for the water
atmosphere ﬂuxes and from Herb and Stefan (2011) for
the groundwater heat ﬂux. The equilibrium temperature
(Te) is the temperature deﬁned when the algebraic sum
of the six heat ﬂuxes is zero (∑Hi = 0). This net heat ﬂux
can be linearized using the concept of equilibrium temperature (Edinger et al., 1968), stating that the net rate of heat
exchange is proportional to the departure from the temperature equilibrium:

∑ H i ¼ K e ðT e  T w Þ

K e ðt Þ ¼ 4εσ ðT w ðt Þ þ 273:15Þ3

ð

þf ðwÞ 0:62 þ 6:11

(4)
17:27237:3

ð237:3 þ T w ðt ÞÞ2


Q g ðt Þ
17:27T w ðt Þ
exp
þ ρw Cpw
237:3 þ T w ðt Þ
A

Þ

where f(w) is the wind function, taken from Brutsaert and
Stricker (1979) (Table II), and Qg/A deﬁnes the seepage
ﬂux (m s1). Next, the Edinger equation (combining
Equations 1 and 3) was applied to compute Ke and Te
for solving the water temperature (Tw) at a daily time step:

(3)

i

T w ð t Þ ¼ T e ðt Þ

In line with Edinger et al. (1968), the heat exchange coefﬁcient Ke was computed at the daily time step with a
theoretical formulation corresponding to the sum of derivatives of heat ﬂuxes with respect to water temperature
(Bustillo et al., 2014), which does not require any calibration and is thus easily applicable at a regional scale:



K e ðt Þ
þ ½T w ðt  Δt Þ  T e ðt Þexp
Δt
ρw Cpw Dðt Þ


(5)

Implementation of the model at a regional scale
The local water temperature simulations were carried out in
two stages (Figure 2). First, the equilibrium temperature (Te)

Table II. Formulations and parameters used to determine heat ﬂuxes occurring at the water/air and water/sediment interfaces (Brutsaert and
Stricker, 1979; Bustillo et al., 2014; Sridhar et al., 2004)
Heat ﬂux (W m2)

Formulations

Parameters

Assumptions

Net solar
radiation (Hns)

Hns = (1  Alb) · Rg · (1  SF)

Alb = 0.06

Long-wave
radiation (Hla)

Hla = εa · σ · (Ta + 273.15)4
× (1 + 0.22 · Cld2.75)

Long-wave emitted
radiation (Hlw)
Convection (Hc)

Hlw = εw · σ · (Tw + 273.15)4

Alb: surface water albedo
Rg: global radiation (W m2)
SF: shading factor
εa: clear sky atmosphere emissivity
σ: Boltzmann constant
Ta: air temperature (°C)
Cld: cloud cover fraction
εw: water emissivity
Tw: water temperature (°C)
B: Bowen’s coefﬁcient
f(w) = aw + b : wind function
w: wind speed at 2 m (m s1)
ea: water vapour pressure in air (mb)
es: saturation vapour pressure
for Tw (mb)
Tg: groundwater temperature (°C)
ρw: density of water (kg m3)
Cpw: speciﬁc heat capacity
(J kg1°K1)
Qg: groundwater ﬂow (m3 s1)
A: exchange area between
groundwater and river (m2)

Hc = B · f(w) · (Ta  Tw)

Evaporation (He)

He = f(w) · (es  ea)

Streambed
inputs (Hg)

Hg = ρwCpw(Qg/A)(Tg  Tw)

Copyright © 2015 John Wiley & Sons, Ltd.

εa = constant
σ = 5.67 × 108 W m2 K4
εw = 0.97
σ = 5.67 × 108 W m2 K4
a = 4 W s m3 mb1
b = 7.4 W m2 mb1
B = 0.62 mb K1
Magnus–Tetens approximation:
es = 6.11 · exp[(17.27 · Tw)/(237.3 + Tw)]
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Figure 2. Principle of the model used to simulate daily water temperature at a regional scale. SW, subwatershed; SO, Strahler order

(Equation 3), the coefﬁcient of heat exchange (Ke)
(Equation 4) and the river depth (Equation 7) were calculated
at a daily time step and for each subwatershed × Strahler
order couple, hereafter called SW–SO (stage 1 in Figure 2).
Second, the daily water temperature was computed using
Equation 5. The Loire basin was subdivided into 68
subwatersheds (Figure 1b), with drainage areas ranging from
100 to 3700 km2. Within each subwatershed, the maximum
Strahler order varies between 5 and 8.
Meteorological forcing variables
Daily meteorological forcing data were taken from the
SAFRAN dataset (Quintana-Seguí et al., 2008; Vidal
et al., 2010), which was produced by Météo-France with
an 8-km resolution for the period 1970–2007 at an hourly
time step for the following near-surface parameters: air temperature (Ta, 2 m above ground level, °C), speciﬁc humidity
(Q, 2 m above ground level, kg kg1), snowfall (S, mm s1),
rainfall (R, mm s1), wind velocity (W, 10 m above ground
level, m s1), global radiation (Rg, W m2) and atmospheric
radiation (Ra, W m2). The wind velocity, measured 10 m
above ground level, was extrapolated at a height of 2 m
using a logarithmic wind proﬁle, yielding U2/U10 =
(2/10)0.11 = 0.837, with 0.11 corresponding to the surface
roughness of arable land (Zhang et al., 2004). Daily meteorological forcing data were spatially averaged for each
subwatershed.
Geomorphological and vegetation data
The main characteristics (length and slope) of the drainage
network were extracted from the CARTHAGE (Thematic
Copyright © 2015 John Wiley & Sons, Ltd.

cartography of the water agency and the French Ministry
of Environment) database and the BD ALTI® 25-m resolution DTM dataset (IGN Paris, France). These characteristics
were averaged for each SW–SO. Therefore, all river reaches
with identical SO in an SW were assumed to share the same
morphological features. River length was used to determine
the exchange area between the river and the groundwater (A)
for the calculation of the heat ﬂux Hg, and the river slope
was used to determine river depth (Equation 7) and width
(Equation 6).
The river width (B) and depth (D) were determined at a daily
time step using the ESTIMKART application, which takes into
account the mean and daily ﬂows of the reaches (Lamouroux
et al., 2010), assuming a rectangular cross section:
B ðt Þ ¼ a d Q

Dðt Þ ¼ cd Q

bd 

Qðt ÞQ

fd

b

Qðt ÞQ

f

(6)

(7)

where Q is the mean ﬂow (m3 s1), Q is the daily ﬂow (m3 s1),
and b, f, ad, bd, Cd and fd are coefﬁcients and exponents, depending on river slope, watershed area and Strahler order.
These parameters share common properties worldwide
(Knighton, 1998; Lamouroux and Capra, 2002), and we used
the formulations proposed by Lamouroux et al. (2010). River
width was used to determine the exchange area (A) between
the river and the groundwater for the calculation of the sixth
heat ﬂux (Table II), and river depth was included in the water
temperature equation (Equation 5). The mean river width calculated using Equation 6 was compared with the width measured
River Res. Applic. (2015)
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by aerial photography at 67 thermal measurement stations. The
river width calculated is close to observations, the difference being less than 15%.
A shading factor (SF), corresponding to a coefﬁcient of
reduction of the overall incident radiation (Hns), was determined from the database of Valette et al. (2012), which
gives the averaged vegetation cover (%) determined by remote sensing on both sides of the rivers with a buffer of
10 m. The vegetation cover was averaged for each SW–SO
and weighted linearly by a coefﬁcient linked to the Strahler
order, ranging from zero for a Strahler order 1 to one for a
Strahler order 8, to account for the inﬂuence of river width
on shading area. The shading factor is included in the net solar radiation equation (Table II).
Hydrological forcing variables
The daily mean discharge values (m3 s1) were determined
by the semi-distributed hydrological model EROS
(Ecoulement dans une Rivière Organisée en Sous-bassins)
(Thiéry, 1988; Thiéry and Moutzopoulos, 1995) at the outlet
of the 68 subwatersheds, designed to be as homogeneous as
possible with respect to land use and geology (Bustillo
et al., 2014) (Figure 1b). Modelling the rainfall/discharge relationships entailed four to six lumped parameters (soil capacity, recession times, etc.) for each subwatershed. Runoff was
assumed to be evenly distributed over each subwatershed,
meaning that speciﬁc discharge, expressed in millimetres per
day, is the same for all tributaries, whatever their Strahler order, provided they are located within the same subwatershed.
Daily ﬂows simulated at the outlet of a subwatershed were
then redistributed in each SW–SO according to their drainage
area. Simulations of daily mean discharge were performed
over the period 1971–2007, using the meteorological forcing
from the SAFRAN database. EROS was validated over the
1974–1999 period at 44 hydrometric stations of the 68 located
at the outlet of subwatersheds with more than 20 years of time
series (median drainage area: 3800 km2; SO > 5) (Figure 1b).
To test the performance of the hydrological model at medium
and low ﬂows, Nash criteria were calculated on the square
roots of the discharge (C2) and the logarithms of the discharges (C3), providing a better assessment of performance
in the low-ﬂow period. Performance was good at the 44
hydrometric stations used for calibration with the C2 criterion
between 0.84 and 0.87 and the C3 criterion between 0.77 and
0.95 in 75% of the subwatersheds during the low-water period
(July–August), which is of particular interest for this study.
However, they tend to be slightly overestimated at several
stations, which can be explained by the fact that the
hydrological model does not include water withdrawals for
agriculture. This overestimation is greatest for speciﬁc ﬂows
higher than 4 l s1 km2 and can reach 40%. Looking at 87
intermediate stations (median drainage area: 320 km2) located
Copyright © 2015 John Wiley & Sons, Ltd.

inside the subwatersheds and not at their outlet, the C3 criterion is higher than 0.7 in 40 stations. However, the performance is more contrasted, especially for stations located on
small rivers (SO < 3) where the relative bias of simulated
ﬂows can reach ±60%.
To account for the inﬂuence of groundwater inputs on the
thermal response of river reaches, we chose to add a sixth
heat term (Hg), expressed in watts per square metre and corresponding to heat ﬂux from streambed inputs (Herb and
Stefan, 2011; Sridhar et al., 2004) and computed by
SW–SO (Table II). The exchange area between the river
and groundwater (A) corresponding to river length multiplied by wetted perimeter (m2). The fraction of stream ﬂow
due to groundwater inputs was determined with base ﬂow
separation techniques based on the method of the Institute
of Hydrology (1980) to obtain Qg (m3 s1). Because few
techniques are available to estimate groundwater inﬂow
temperature, Tg was estimated by averaging the air temperature of the 365 days preceding the observation according to
Todd (1980). Heat transfer from the stream to the streambed
sediment by conduction was ignored.
Water temperature data
The validation data consisted of daily mean river temperatures, computed from observed hourly data surveys performed at 67 stations (median drainage area = 350 km2)
managed by the Ofﬁce National de l’Eau et des Milieux
Aquatiques, mainly in summer between 2000 and 2006.
These stations are not evenly distributed across the Loire
basin (Figure 1a): 45 are in area 2, but only 10 in area 1 and
12 in area 3. They include all Strahler orders, although stations
are principally located on medium-sized rivers with a Strahler
order of 4 or 5 (38 stations). We can note that the highest mean
summer temperatures are observed on large rivers such as the
Loire and their main tributaries, where the mean water temperature in summer was over 21.5°C in 2000–2006. This period
was marked by a severe drought in summer 2003 (1 in
50 years) and a hot spell (Moatar and Gailhard, 2006) with
an increase of 3.2°C in the mean summer air temperature
(Ta) compared with the 1974–2006 summer mean.

RESULTS
Multi-year evaluation. The model faithfully represents the
water temperature observed at 67 measurement stations in
summer between 2000 and 2006. The mean standard
deviation of errors is 1°C and less than 0.5°C for ﬁve
stations (Table III). The mean root mean square error
(RMSE) is 2°C (Figure 3a). Biases (Tsim – Tobs) are small
and range from 1°C to 1°C for 43 stations (65% of
stations), as shown in Figure 3b. The model was most
River Res. Applic. (2015)
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Table III. Air and water temperatures in summer (July–August) 2000–2006; average, minimum and maximum water temperatures observed
(Tw-obs); average and maximum air temperatures (Ta); speciﬁc ﬂow in summer (QsJA); and inter-summer performance of simulations at 67
measurement stations

Tw-obs mean (°C)
Tw-obs max (°C)
Tw-obs min (°C)
Ta (°C)
Ta-max (°C)
QsJA (L s km2)
Bias (Tw-sim  Tw-obs)
Standard deviation of errors
Root mean square error (°C)

2000

2001

2002

2003

2004

2005

2006

2000–2006

1974–2006

18.0
21.9
13.9
18.4
23.1
4.1
0.0
1.0
1.6

18.9
22.7
11.0
19.4
24.2
5.1
0.3
1.1
1.5

17.4
21.8
11.9
18.2
22.6
2.9
0.7
1.2
2.1

19.6
25.3
11.6
22.1
27.7
2.1
0.7
1.3
2.4

17.9
22.4
10.9
19
23.5
3.6
0.6
1.1
2.1

18.0
22.3
9.1
19.2
24.2
1.9
0.6
1.2
2.1

19.0
23.8
10.7
20.3
25.1
2.0
0.5
1.2
2.2

18.4
22.9
11.3
19.7
24.3
3.1
0.5
1.2
2.0

18.9
25.6
3.5

accurate for large rivers (Strahler orders 7 and 8), with
biases ranging from 0.5°C to 0.5°C and a median RMSE
of less than 1°C (large white circle; Figure 3a). For small
streams with Strahler order equal to or less than 3,
performance varied widely, with an average bias of 1.4°C
and an average RMSE of 2.4°C, while RMSE was less
than 1.5°C at ﬁve stations (small white and grey circle)
and higher than 2.5°C at ﬁve stations (small black circle;
Figure 3a). The average performance is improved as the
distance from the source increased; for 16 stations located
more than 100 km from their source (drainage
area > 1000 km2), the average standard deviation of errors
was 0.8°C, compared with 1.3°C for the others (Figure 3c).

Inter-annual variability. The best performance for all
stations was obtained in summer 2000 (RMSE = 1.6°C)
and 2001 (RMSE = 1.5°C) with a bias close to zero
(Table III). Average air and water temperatures for those
2 years were similar to the inter-summer mean (Ta = 19.7°C
and Tw = 18.4°C, respectively), and their speciﬁc ﬂows
were slightly higher than the inter-annual mean. In 2004,
2005 and 2006, the performance was similar
(RMSE = 2.1°C; bias = 0.6°C), and the average air
temperature was close to the pluri-summer mean
(Ta = 19.7°C). Summer was colder in 2002 (Ta = 18.2°C),
but the performance was of the same order of magnitude
as in 2004, 2005 and 2006.

Figure 3. Thermal model performance at 67 measurement stations during the summer period between 2000 and 2006: (a) spatial distribution
of root mean square error (RMSE), (b) biases (Tsim  Tobs) and (c) standard deviation of errors as a function of the distance from headwater
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The most poorly simulated summer was 2003, with
overestimated water temperature (bias = 0.7°C) and an
RMSE of 2.4°C. The average maximum daily temperature
of air (Ta-max) observed at 67 sites was 2.1°C higher than
the 1974–2006 summer mean, and the average speciﬁc ﬂow
was 1 L s1 km2 lower than the inter-summer mean
(Table III). Despite this exceptional heat wave, the observed
water temperature only increased by 1.2°C compared with
the inter-summer mean. In fact, air warming was relatively
homogeneous for all the sites, ranging from +2.5°C to +4°
C, while the average water temperature variation was more
contrasted (between 1°C and +4°C).
Sensitivity of the model. In this thermal model, several
parameters, including groundwater ﬂow (Qg), river depth
(D) and the shading factor (SF), remain difﬁcult to
quantify at the scale of a large regional watershed. To
overcome these difﬁculties, we used empirical formulae as
described in the ﬁrst section of this paper. Here, we will

examine the inﬂuence of these parameters on water
temperature simulation.
The shading factor (ranging from 0 to 1) was included in
the net solar radiation equation (Table II) and was used in
the calculation of the equilibrium temperature (Te). At the
67 measurement stations, increasing the shading factor by
50% lowered the average simulated water temperature by
4°C (Figure 4a) and tended to slightly decrease daily ﬂuctuation of water temperature by 1.5°C (Figure 4d). Conversely, a 50% drop in the shading factor led to a 3°C rise
in water temperature and a 1°C increase in the amplitude
of water temperature ﬂuctuation. The variation of the shading factor led to similar temperature changes in all the stations, which could be explained by the heterogeneous
distribution of validation stations across the Loire basin.
This was the most inﬂuential parameter in terms of temperature calculation (Figure 4g).
Groundwater ﬂow (m3 s1) was included in the streambed
input equation constituting the sixth heat ﬂux used to

Figure 4. Model sensitivity: distribution of mean river temperature differences and water temperature variability with changes in shading

factor (SF) (a, d), groundwater ﬂow (Qg) (b, e) and river depth (D) (c, f) at the 67 stations (whiskers) in summer 2000–2006. Example of
temperature variations induced by changes in SF (g), Gw (h) and D (i) ranging from 50% (dashed grey line) to +50% (solid grey line) in
a medium-sized river inﬂuenced by groundwater inputs (order 5; drainage area 750 km2) compared with daily temperature simulated by
the reference model (described in the Model and Datasets section) in summer 2001 (solid black line)
Copyright © 2015 John Wiley & Sons, Ltd.

River Res. Applic. (2015)
DOI: 10.1002/rra

RIVER TEMPERATURE MODELLING BY STRAHLER ORDER

compute the heat budget (Table II). With a 50% increase in
groundwater ﬂow, the water temperature drops by 0.4°C
during the summer period. Conversely, if the groundwater
ﬂow decreases by 50%, the water temperature rises by 0.4°
C (Figure 4b). Groundwater ﬂow has a buffering effect on
the thermal regime of rivers, and a 50% increase can reduce
the amplitude of water temperature ﬂuctuation by 0.3°C. In
summer, streambed inputs contribute to approximately 10%
of the heat loss of the water body, which explains the low
impact of changes in groundwater ﬂow on the simulated water temperature. This value is similar to other studies
(Hannah et al., 2008; Hebert et al., 2011). The most important temperature changes occurred for stations located in
area 2, which beneﬁt from a higher groundwater supply in
summer. In a medium-sized river (Strahler order 5; drainage
area 750 km2) strongly inﬂuenced by groundwater ﬂow,
changes in temperature greater than 0.8°C may be observed
(Figure 4h).
River depth (D) (Equation 2) was used in Equation 5 to
calculate the water temperature and is one driver of the thermal inertia of the system. Its effect on mean summer temperature is very low (Figure 4f). However, a 50% increase in
river depth led to an increase in thermal inertia, reducing
the variability of the simulated daily temperature by 0.3°C
(Figure 4i) at the 67 measurement stations. Conversely, a reduction of the river depth provoked a 0.3°C increase in the
amplitude of variation of daily water temperature. Like for
the shading factor, the variation of the river depth led to similar temperature changes in all the stations.

DISCUSSION
The model performance on large rivers is close to the RMSE
value of 0.82°C calculated on the Loire River (Bustillo
et al., 2014) but varied widely on small rivers close to their
headwater. Mohseni and Stefan (1999) showed that after a
long travel time, that is, a long distance from the headwater,

the memory of the upstream temperature is lost, and weather
is the main factor driving water temperature. For shorter
travel times, local factors, including upstream water temperature and weather, determine the water temperature. When
the station is very close to the headwater, that is, when the
travel time is very short, the weather effect is small. Upstream water temperature may thus be colder (groundwater
in summer and snowmelt) than the equilibrium water temperature determined by weather and local parameters. In this
section, the importance of including geomorphological features, hydrological forcing variables and streambed inputs
in the calculation of water temperature is discussed in relation to the thermal simulation performance.
Inﬂuence of geomorphological features
The thermal model is based on a simplifying assumption regarding the geomorphological features of rivers. In each
SW–SO, we used the mean of the corresponding local
values of river slope (S), river length (L) and shading factor
(SF). Consequently, local geomorphological characteristics
and riparian vegetation tended to be overlooked.
These parameters (S, L and SF) are assumed to be similar
in rivers with the same Strahler order within a given
subwatershed, giving rise to potential uncertainty regarding
the water temperature simulation due to the heterogeneity
of these features. To assess the magnitude of this uncertainty, we examined extreme values (minimum and maximum) of these three types of geomorphological feature for
each instrumented SW–SO (67 stations) with the aim of estimating the potentially highest and lowest water temperatures. Two examples of this corresponding uncertainty
range are displayed (Figure 5, grey area) around the water
temperature simulated by the model (Tw-sim).
In these two rivers, with Strahler orders 7 and 4, the observed temperatures (Tw-obs) fall within the uncertainty area
corresponding to geomorphological features variation. This
suggests that averaging the geomorphological features has

Figure 5. Daily observed and simulated water temperatures for two subwatershed–Strahler order (SO) couples. The grey area represents the
simulation uncertainty linked to the averaging of geomorphological features: (a) the Vienne at Anché (Strahler order 7; 20 300 km2) and
(b) the Cisse at Noizay (station 1) and the Brenne at Chancay (station 2) (Strahler order 4; 350 km2)
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a signiﬁcant impact on the model; nevertheless, local simulations that are biased can be explained, in part, by this assumption. In one SW–SO, there are two measurement
stations (Figure 5b), and we can see that the temperature
simulated using average geomorphological features
(Tw-sim) is closer to the temperature observed at station 2
(bias = 0.4°C; standard deviation of errors = 0.7°C) than at station 1 (bias = 0.9°C; standard deviation of errors = 0.9°C).
However, the temperature curve at station 1 is included in
the uncertainty area, suggesting that the lower performance
observed at this station could be due to geomorphological
forcing variables differing from the mean.
The uncertainty range is greater for temperatures simulated on small rivers close to their headwater. This is particularly apparent on the curve showing the longitudinal
evolution of simulated summer temperatures along the Loire
(Figure 6a). Near the headwaters, the speciﬁc geomorphological features of the Loire are averaged with those of other
streams of Strahler order 1 in the same subwatershed. Because there are more small streams than large rivers in a
subwatershed, the uncertainty area is larger when rivers are
close to their headwater, up to 8°C for Strahler order 1.
The uncertainty range 100 km downstream of the headwater
(Strahler order 6) is only 1°C and remains constant up to the
outlet (900 km), because there are fewer higher-order
streams and thus less variability of geomorphological features. Regarding the monitoring stations located less than
100 km from the headwater, the variability of geomorphological features produces an average uncertainty in simulations of about 3.5°C for 51 stations (Figure 6b). The mean
uncertainty concerning the remaining 16 stations
(distance > 100 km from headwater) is 1°C. The mean observed water temperature in summer for 2000–2006 is still
included in the uncertainty area except for six stations very
close to their headwaters (<30 km) where simulated temperatures are sharply overestimated and cannot be explained
only by the averaging of geomorphological features for each
SW–SO.

Inﬂuence of hydrological forcing
Daily ﬂows, used to determine river depth (Equation 7) and
groundwater ﬂow (Table II), are generally well simulated by
EROS during the summer period at the outlet of 44
subwatersheds, but they tend to be slightly overestimated
or underestimated (reaching ±60%) at most stations. These
inaccuracies lead to overestimated or underestimated river
depth, which plays an important role in the thermal inertia
of rivers. Taking all measurement stations together, a ﬂow
change of ±60% leads to a ±25% change of river depth in
summer (Equation 7). Nevertheless, a ±25% change of river
depth can increase or decrease the standard deviation of the
summer temperature by only 0.3°C (Figure 4) and has a limited effect on the daily water temperature simulated in
summer.
The groundwater ﬂow (Qg) was obtained by base ﬂow
separation techniques (Institute of Hydrology, 1980). The
base ﬂow determined from simulated ﬂows is 25% higher
than the base ﬂow determined from available observed ﬂows
in summer between 1974 and 2006. However, we saw that a
25% increase in base ﬂow induced a decrease of only 0.2°C
in the mean summer temperature.
The inaccuracies of simulated ﬂows have an effect on the
mean temperature and on the variability of daily temperature
and might impair the performance of the model. However,
these impacts are limited, and the overestimation of water
temperature by more than 5°C at the six stations (Figure 6b)
identiﬁed in the previous section, where Tw is clearly outside
the uncertainty range related to the geomorphological heterogeneities, cannot only be explained by the quality of
the daily ﬂow simulation.
Integration of groundwater ﬂow in the model
One of the aims of this work was to study the capacity of the
model to simulate the thermal response of rivers preferentially fed by groundwater in summer. To this end, we focused on the 44 measurement stations located within the

Figure 6. Mean water temperature simulated in summer between 2000 and 2006 as a function of distance from headwater: (a) longitudinal
proﬁle of temperature in the Loire River (geomorphological uncertainty in grey area) and (b) simulated and observed temperatures at 67
measurement stations
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sedimentary basin (Figure 1a; area 2) as they are the ones
most inﬂuenced by groundwater inputs: the ratio observed
between the mean summer ﬂow and the mean annual ﬂow
(QJA/QYear) is 38% on average for all Strahler orders in area
2, compared with only 27% in area 1 and only 19% in area 3
(Table I).
The model simulates the average water temperature in
summer very well, except for the six stations identiﬁed previously, where simulations are vastly overestimated (white
circles; Figure 7a) with a bias of over 2.5°C (dashed line
in Figure 7) and up to 7°C. These sites are close to their
source (ﬁve sites < 20 km; one site 70 km from its source),
and their mean observed water temperature is not included
in the uncertainty range because of the averaging of geomorphological features (Figure 6b). The mean summer discharge observed at these stations represents approximately
55% of the mean annual ﬂow, compared with only 30%
for the other stations (Figure 7d). These rivers are not inﬂuenced by human activities or hydraulic management, so we
can assume that they are largely sustained by groundwater
inputs and that their thermal regime is cooled by the groundwater temperature. This is also suggested by the bias that is
more important at these stations during the hot summer of
2003 (Figure 7c) than the cold summer of 2002 (Figure 7b),
when it reached 11°C on rivers where the water temperature
observed is usually cool (Figure 7c; white circles). Weather
conditions have little inﬂuence on their thermal regime, and
they maintained a relatively cool temperature over the entire
period under study.

The model failed to simulate this particularity, because it
underestimates groundwater cooling, which had a stronger
inﬂuence during the heat wave of 2003, when the Qg/Q ratio
was larger. The groundwater temperature varies over a year
but has a strong inertia, even during heat waves, which led
to regulation of the thermal regime of rivers. In fact, the effect of groundwater inputs on the thermal regime of rivers in
the Loire basin is described adequately by the sixth heat
ﬂux, except for these six stations. For example, in the middle Loire, 650 km from the headwater, Moatar and Gailhard
(2006) observed a cooling of 1.4°C in August between 1980
and 2003, associated with a 10-m3 s1 groundwater inﬂow.
A decrease of 0.8°C, but in July–August, is clearly simulated on the longitudinal proﬁle of the Loire (Figure 6a)
where the river crosses the area composed of sedimentary
rocks and is fed by the Beauce aquifer (area 2). However,
on small rivers, the groundwater ﬂow and the exchange area
between the river and the groundwater (A) are averaged for
each SW–SO. In a real case, two rivers with the same
SW–SO can have a very different groundwater ﬂow or exchange area, and groundwater–river exchanges can be very
complex and have a strong inﬂuence on their thermal regime
(Hannah et al., 2009). Tonina and Bufﬁngton (2009)
showed that the rate and area of groundwater exchanges
vary as a function of the geomorphological features of rivers, which our model can only consider at the SW–SO scale.
The implementation of a thermal model at a ﬁner scale, including a deﬁnition of local geomorphological, hydrological
and groundwater–river exchanges for each reach, could

Figure 7. Simulated temperature as a function of observed temperature in summer 2000–2006 (a), in 2002 (b) and in 2003 (c). Dashed lines
represent biases of ±2.5°C; (d) mean biases as a function of the ratio between the mean summer ﬂow and the mean annual ﬂow (QJA/QYear) in
summer between 2000 and 2006 (white circle: stations where Tw-obs is outside the uncertainty area; black circle: other stations)
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greatly improve the thermal simulation of rivers, particularly
those close to their source and largely fed by groundwater,
as at the six stations described here.
The model is very efﬁcient for rivers with low groundwater supplies and inﬂuenced mainly by weather conditions
during heat waves (Figure 7c), especially those that are most
impacted by warming (Tw > 20°C), and it can offer an appealing way to study the thermal response of rivers to climate change.

CONCLUSION
The main objective of this study was to assess the capacity
of a simpliﬁed physically based model to simulate the spatiotemporal variability of river temperature in summer at a
regional scale (110 000 km2). According to the equilibrium
temperature concept, river temperature is driven by local
forcing conditions, and the upstream–downstream propagation of the thermal signal was not included. General performance at 67 measurement stations was good, with a mean
RMSE of 1.9°C and a median bias of 0.7°C. The main conclusion is that the water temperature at stations located more
than 100 km from their headwater is adequately simulated
(mean RMSE < 1.5°C; 0.5°C < mean biases < 0.5°C).
The good performances observed at these sites show that upstream conditions have a limited inﬂuence on the thermal regime of large rivers, and our discretization for temperature
simulations by SW–SO is relevant for large rivers.
Performance on small rivers is more varied, partly because of the averaging of geomorphological features by
SW–SO. Indeed, there is considerable geomorphological
variability (river slope, river length and riparian vegetation)
for small rivers inside a subwatershed. The uncertainty of
simulations due to geomorphological averaging is greater
on small rivers than on rivers with a high Strahler order
(Figure 5). This averaging of geomorphological features
tends to hide speciﬁc features of rivers and can explain poor
local simulation of water temperature. Furthermore, daily
ﬂows, simulated by the EROS hydrological model, show
good performance at the outlet of 44 subwatersheds in summer, but several intermediate stations are not very well simulated because of the simplifying hypothesis of homogeneous
ﬂow redistribution by SW–SO.
Another conclusion regards the efﬁciency of the integration of a sixth heat ﬂux corresponding to streambed inputs,
as shown in the longitudinal proﬁle of the Loire (Figure 6a),
except at six stations where the simulated temperatures are
considerably overestimated, with mean biases of more than
2.5°C in summer (Figure 7a). These stations, located on
small Strahler order streams, are largely fed by groundwater,
and the difﬁculty in simulating the thermal response of rivers that are fed by groundwater in summer, especially during
Copyright © 2015 John Wiley & Sons, Ltd.

hot spells, seems to be linked to the groundwater ﬂow and
the exchange area between the river and the groundwater
(A), which were averaged for each SW–SO. Like for the
aforementioned geomorphology, the difﬁculty comes from
assuming similar average features at the SW–SO scale.
To overcome these inaccuracies and improve simulations,
a thermal model based on the local geomorphological and
hydrogeological features of each reach should be implemented, and the number of subwatersheds used for the discharge simulation should be increased, so that
heterogeneities in forcing conditions can be described at a
ﬁner scale. A better deﬁnition of the geomorphological and
hydrological features of each reach, together with
groundwater–river exchanges, could help identify rivers
exhibiting a speciﬁc thermal response (low water temperature in summer) and offering favourable habitats or thermal
refuge for cold-water ﬁsh species.
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