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Abstract:We investigated sediment-water heat flux estimation in relation to applications (hydrodynamics simulation, evaporation studies, or
global change effects assessment) in which sediment temperatures are not available because of technical complications (difficulties in install-
ing sensors, for example) or because of methodology used (remote sensing, for example). We used field sediment temperature data measured
every 10 min to 1 m depth at Doñana National Park marshland to obtain sediment thermal properties and to calculate diel sediment-water heat
exchange through Beck’s sequential function specification method. We compare four models for the simulation of sediment-water heat flux
by using surface temperatures. Two models need initial estimated inside sediment temperatures; the other two do not. Influence of estimated
initial temperature profiles depends on the temperature distribution assumption and is significant for three days or fewer at the daily timescale.
A model that does not use initial sediment temperatures provides accurate estimations with low computation time.DOI: 10.1061/(ASCE)HY
.1943-7900.0000434. © 2011 American Society of Civil Engineers.
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Introduction

Interest in the physical modeling of lake and reservoir hydrody-
namics has a long history, with a publishing record traceable to
the 1960s (Raphael 1962; Delay and Seaders 1966; Edinger et al.
1968). Concern for environmental effects of cooling effluents and
reservoirs was at the root of early modeling efforts (Raphael 1962;
Delay and Seaders 1966; Edinger et al. 1974). These first modeling
works generally neglected conduction through the water-sediment
interface because of their small magnitude (Raphael 1962). They
instead centered attention on heat exchange with the atmosphere
(Edinger et al. 1968, 1974). Posterior research such as that by
Brown (1969), Likens and Johnson (1969) and Jobson (1977)
helped to assess the importance of sediment-water heat flux.
Thanks to these and other works, we have learned that heat flux
between water and sediment can have substantial effects on the heat
balance in streams (Brown 1969; Jobson 1977; Sinokrot and Stefan
1993, 1994; Evans et al. 1998) and shallow lakes or reservoirs
(Likens and Johnson 1969; Brutsaert 1982; Tsay et al. 1992)
in annual (Tsay et al. 1992), daily (Jobson 1977; Sinokrot and
Stefan 1993), and hourly timescales (Sinokrot and Stefan 1994).

In wetlands, observers have also noted that heat flux is prominent
in daily timescales (Smith 2002). sediment-water heat flux calcu-
lation is now included in many river and stream water-temperature
models (Shen and Chiang 1984; Kim and Chapra 1997; Siviglia
and Toro 2009) and lake hydrodynamics models (Tsay et al.
1992; Fang and Stefan 1996). Although the first 1D lake hydrody-
namics models that included sediment-water heat flux did not con-
sider it for all layers (Tsay et al. 1992), posterior developments
calculated heat flux for all the layers of the water mass (Fang
and Stefan 1996).

Sediment-water heat exchange can take place by different
processes (conduction, convection, and advection), although it is
usually calculated as a conduction process by using the heat con-
duction equation (Brutsaert 1982; Hondzo and Stefan 1994; Fang
and Stefan 1998)

∂Tb

∂t ¼ αb
∂2Tb

∂z2 ð1Þ

in which Tbðz; tÞ = riverbed temperature at depth z at time t, and
αb = sediment thermal diffusivity

αb ¼ kb=ρbCb ð2Þ
in which kb = sediment thermal conductivity, ρb = sediment density,
Cb = volumetric heat capacity of the sediment. Eq. (1), with the
necessary boundary conditions, can be solved numerically by finite
differences (Sinokrot and Stefan 1993, 1994; Kim and Chapra
1997; Fang and Stefan 1998) or analytically. Analytical solutions
used in water temperature models include the semi-infinite solid or
homogeneous slab with an unsteady-state heat flux (Jobson 1977).
It is far more common to consider a simplified sinusoidal surface
flux (Brutsaert 1982; Tsay et al. 1992; Kim and Chapra 1997),
although no analysis on the consequences of this simplification
has been published.

Many solutions to the partial differential problem of Eq. (1)
depend on boundary conditions, which often must be estimated.
Given the difficulties in measuring sediment temperatures in water
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bodies, sediment temperatures at different depths usually are lack-
ing, and only the surface boundary condition, i.e., the temperature
measured at the sediment surface or the water temperature, is avail-
able, because of the difficulty in installing temperature probes in
great rivers and deep lakes or reservoirs. To overcome this problem,
Jobson (1977) considered the initial condition a constant temper-
ature profile. Fang and Stefan (1998) instead studied sediment tem-
perature at 10 m, relating it to Secchi depth and lake geometry.
Other options for confronting the problem consist of using theoreti-
cal solutions that do not require initial sediment temperatures, such
as the sinusoidal surface heat flux. However, neither a comparison
between different methods of estimating sediment-water heat flux
nor the influence of different initial boundary conditions on heat
flux estimations have been studied.

If enough sediment temperature information is available, one
can calculate sediment-water heat exchange by integrating sedi-
ment temperature profiles and determining its rate of change (Tsay
et al. 1992; Hondzo and Stefan 1994; Fang and Stefan 1998)

Hb ¼ �ρbCb
∂
∂t

Z ∞
0

Tbðz; tÞdz ð3Þ

Hb is positive when sediment loses heat toward the water and neg-
ative when heat transfer from the water to the sediment. In spite of
the simplicity of Eq. (3), sediment-water heat exchange calculation
from measured sediment temperature is a severely ill-posed prob-
lem because of the sensibility of the solution of the inverse problem
to measurement noise (Beck and Woodbury 1998). Diverse solu-
tions to the 1D inverse heat conduction problem (IHCP) have been
developed (Beck et al. 1996; Taler 1996; Ji et al. 1997; Beck and
Woodbury 1998; Shenefelt et al. 2002). Notwithstanding the wide
research in solving IHCPs, this methodology has scarcely been
applied to water temperature modeling, with the exception of the
work of Hondzo and Stefan (1994).

Apart from lake hydrodynamicsmodeling, calculating sediment-
heat flux in water bodies can have hydrological applications,
such as the calculation of evaporation by the heat balance method
(Brutsaert 1982) or the estimation of groundwater flow (Silliman
et al. 1995). Also, hyporheic temperatures influence life cycles
and metabolic rates of benthic communities and fish egg develop-
ment (Shepherd et al. 1986; Evans and Petts 1997; Malcolm
et al. 2002; Smith 2002). As a result, given the concern for global
change consequences, which include reduced precipitation,
higher temperatures, and higher evapotranspiration in the Iberian
Peninsula (Moreno 2005), sediment-water heat flux simulation
can interest those in water resources management and in estimat-
ing climate change ecological effects. Of special interest would
be developing accurate ways to estimate sediment-water heat flux
from water temperatures in relation to remote sensing and global
change applications, in which sediment temperatures are usually
unknown (Holmes et al. 2008).

In this paper, sediment temperature is measured every 10 min at
different depths between the surface and 1 m deep at Doñana
National Park marshland. We use Beck’s sequential function speci-
fication method (SFSM) to calculate sediment-water heat flux from
sediment temperatures, to overcome the important measurement
noise from water temperature variation caused by the short time
step. We estimate sediment-water heat exchange from surface tem-
perature by using different models on the daily timescale: (1) the
general theoretical solution of the heat conduction equation and
estimated-depth varying temperature profile, (2) the same general
solution and constant estimated initial temperature profile, (3) the
solution of the heat conduction equation, assuming the surface sedi-
ment temperature to be a time-dependent harmonic function, and
(4) the solution of the heat conduction equation for a sinusoidal

surface temperature. The last two cases do not require an initial
profile. We compare here the results obtained with the different
models.

Study Area and Instrumentation

We undertook this study in the marshland of Doñana National Park
in southwest Spain, in the Guadalquivir River estuary. The park
measures 54,252 ha, of which 27,000 ha are marshland. This is
one of the most important wetlands in the Iberian Peninsula. To
inform management decisions, we conducted some research in
course to apply a numerical hydrodynamic model to Doñana
wetland (Dolz et al. 2005; Bladé and Gómez 2006) using remote
sensing (Marti-Cardona et al. 2010) and hydrometeorological data.
Since autumn 2004, our research group has used measuring stations
within Doñana National Park to collect meteorological, water tem-
perature, and water level data (Fig. 1). At some of these stations, we
also installed Campbell Pt100 thermistors (precision 0.1°C) to mea-
sure sediment temperature. We installed double probes at different
depths (0.01, 0.25, 0.5, 0.75, 1.00 m) in the sediment. We measured
temperature every 1 min and saved the mean every 10 min in
Campbell dataloggers. The data were periodically downloaded
by modem.

In this paper, data from two stations are used: Lucio del
Lobo (Universal Transverse Mercator [UTM] coordinates 29 N x ¼
736346 y ¼ 4106237) from December 5, 2004 to April 23, 2005,
and Lucio de Vetalengua (UTM 29N x ¼ 733189 y ¼ 4089572)
from October 18, 2006 to July 16, 2007. In both cases, the marshes
were flooded throughout the study period (Fig. 2). The marshes
usually begin to flood between October and November, depending
on precipitation and inflows (García and Marín 2005). From
February to March, the marshes attain equilibrium between inflows
and evapotranspiration. The area subsequently dries when evapo-
transpiration increases and precipitation diminishes. During the
summer, the marshes are dry.

Some blanks exist in the Lucio del Lobo data series because
of instrumentation breakdowns. The sensors installed at 0.5 m
malfunctioned shortly after installation and could not be replaced
during the study period. Fig. 3 shows the air temperature measured
at Lucio del Lobo and Lucio de Vetalengua stations.

Methods

We calculated sediment-water heat exchange from the measured
sediment temperature data, applying Beck’s SFSM (Beck et al.
1985, 1996; Beck and Woodbury 1998) to solve the IHCP. We then
used four different mathematical models based on theoretical
solutions to the heat conduction equation, in addition to different
initial and boundary conditions, to estimate the same heat flux.
We implemented the models in Matlab 7.0 (R14) (MathWorks,
Natick, MA) using predetermined sediment thermal properties
and compared results obtained with the different models.

Heat Exchange Calculation

Beck’s SFSM is a simple, computationally efficient sequential
method that uses sediment temperature sensitivities and future
sediment temperature measurements to calculate heat flux (Beck
et al. 1985, 1996; Beck and Woodbury 1998). In brief, the method
minimizes the sum of square errors function for the R future mea-
surements to obtain the expression of heat flux at time tM
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HbðtMÞ ¼
P

R
i¼1

�
T̂Mþi�1 �

P
M�1
k¼1 HbðtkÞΔφM�kþi�1 � T0

�
φiP

R
i¼1 φ2

i

ð4Þ
in which heat flux HbðtMÞ is assumed to be constant from time tM�1
to tMþR�1, T̂ i ¼ T̂ðz; tiÞ = estimated temperature at depth z, and
time ti, T0 ¼ Tðz; 0Þ = initial measured temperature at depth z; φi ¼
φðz; tiÞ are sensitivity coefficients of sediment temperature to heat
flux at depth z and time ti, and

Δφi ¼ φiþ1 � φi ð5Þ
We used R ¼ 3 future measurements to avoid errors derived from
using future times (Beck et al. 1985). Beck’s method allows the

calculation of heat flux by using sediment temperatures at any sin-
gle depth inside the sediment, but also from two or more sediment
temperature signals measured at different depths. We applied the
method only to the surface sensor to obtain the sediment-water heat
flux, because when applied to deeper sensors the method became
unstable. Beck’s method stability depends on the temporal discre-
tization and the number of future measurements used (R). One may
obtain stability by increasing R or by decreasing the discretization
(Liu 1996). Because we took measurements every 10 min, we could
not reduce the discretization. Then, daily heat waves needed several
hours to attain 0.25 m depth. Consequently, for such a small dis-
cretization, we would have needed to increase R considerably, with
a significant associated error increment.

Fig. 1. Doñana National Park marshland and measuring stations; elevation color scale and site elevation at each station
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Fig. 2. Mean daily water level at Lucio del Lobo (hydrologic year
2004–2005) and Lucio de Vetalengua (hydrologic year 2006–2007)
stations
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Fig. 3. Mean daily air temperature at Lucio del Lobo (hydrologic year
2004–2005) and Lucio de Vetalengua (hydrologic year 2006–2007)
stations from October 1–July 31
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Heat Exchange Simulation

The theoretical solutions from which we derived the models are
the general solution of the heat conduction equation for a homo-
geneous semi-infinite solid, and the solution for the same type of
solid when surface temperature is a harmonic function of time or
can be expressed as a time-dependent Fourier series. Carslaw and
Jaeger (1959) included both solutions. We smoothed sediment tem-
peratures given as input for the models with a 1 h moving average
to filter out part of the measurement noise.

Models M1 and M2
We obtained Models M1 and M2 from the general solution of the
heat conduction equation for a semi-infinite solid (Carslaw and
Jaeger 1959) using a different initial condition for each model.
Models M1 and M2 differ in their initial condition f ðzÞ. In model
M1, the initial condition is the expected temperature profile if the
surface temperature has a sinusoidal behavior along the year

f 1ðzÞ ¼ Tb;y þ Cye�ηyz cosðωyt � ηyzþ eyÞ ð6Þ

in which ωy ¼ 2π=1 year, ηy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωy=2αb

p
, and making t ¼ 0. One

can estimate the mean local groundwater temperature, Tb;y, from
mean annual air temperature (Todd 1980; Fang and Stefan
1998) and we assigned a value of 19.09°C to it for both stations.
We estimated the annual surface temperature amplitude Cy (9.78°C
at Lucio del Lobo and 6.86°C at Lucio de Vetalengua) and phase ey
(2.58 at Lucio del Lobo and 3.07 at Lucio de Vetalengua) by
least squares using the experimental data for z ¼ 0. The estimated
initial profile was a rather rough guess at Lucio del Lobo, with a
correlation coefficient of 0.37 and mean error of 1.31°C, but more
accurate for Lucio de Vetalengua station, with a correlation coef-
ficient of 0.89 and mean error of –0.48°C. In model M2, we as-
sumed initial temperature to be constant in the entire profile and
equal to surface initial temperature

f 2ðzÞ ¼ Tbð0; 0Þ ð7Þ

When no sediment temperature data are available, this is often the
only initial condition hypothesis that one can take into account
(e.g., Jobson 1977).

Assuming the initial and boundary conditions are

Tbðz; 0Þ ¼ f ðzÞ Tbð0; tÞ ¼ gðtÞ ð8Þ

in which f ðzÞ = sediment initial temperature and gðtÞ = sediment
surface temperature (which is equal to the water temperature), the
general solution of the heat conduction equation for a homo-
geneous solid is

Tbðz; tÞ ¼ 2=
ffiffiffi
π

p Z ∞
z=ð2 ffiffiffiffiffi

αbt
p Þ

gðt � z2=4αbμ2Þe�μ2
dμ

þ 1=2
ffiffiffiffiffiffiffiffiffiffi
παbt

p Z ∞
0

f ðλÞ
h
e�

ðz�λÞ2
4αbt � e�

ðzþλÞ2
4αbt

i
dλ ð9Þ

where the parameters μ and λ are integration variables. This
method allows sediment temperature to be calculated according
to depth and time.

Once we know sediment temperature, we obtain sediment-water
heat exchange through numerical integration of Eq. (3) down to a
given depth L. The integration depth depends on the duration of the
heat flux. For diurnal water temperature variation, the sensitive bed
thickness is only 0.25–0.30 m (Jobson 1977; Hondzo and Stefan
1994), and for a heat flux of 1 wk, the sensitive thickness is 0.80 m
(Hondzo and Stefan 1994). For the seasonal timescale, heat storage
does not penetrate significantly below 6 m (Hondzo et al. 1991),
and a depth of 10 m has also been used (Fang and Stefan 1996,
1998). In this paper, we made calculations for integration depths
of 6 and 10 m, and we observed no significant difference. We
present results for L ¼ 10 m only. Assuming the initial boundary
condition implies the possibility of a significant difference in the
actual initial temperature. Consequently, at the beginning of the
study period the estimated heat flux is not reliable, and as the sim-
ulation time advances, the estimated values converge to the real
values. If estimated initial temperatures differ importantly from
actual initial temperatures, the time of convergence can be very
long (Fang and Stefan 1998). In our case, calculations showed that
after three days the error of the heat flux estimations stabilized
(Fig. 4). Therefore, when Hb is calculated using model M1 or M2
for a given time period, the calculations were initiated three days
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Fig. 4. Estimation error of Models M1 and M2 in a 10-day period (November 24, 2006–December 3, 2006) at Lucio de Vetalengua station
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beforehand. Afterward, we used only the values corresponding to
the period of interest.

Model M3
Model M3 uses the solution of the heat conduction equation for a
semi-infinite solid when the surface temperature is a harmonic
function of time (Carslaw and Jaeger 1959). In particular, model
M3 uses the simplest case, which consists of assuming that the sur-
face temperature has a daily sinusoidal behavior such as

Tbð0; tÞ ¼ Tb;d þ Cd cosðωdt þ edÞ ð10Þ

in which Cd, ωd, and ed = amplitude, angular frequency, and phase
of the sinusoidal surface temperature, respectively, and Tb;d is the
mean daily temperature at the surface. We can then express the
sediment temperature in the steady state as

Tbðz; tÞ ¼ Tb;d þ Cde�ηdz cosðωdt � ηdzþ edÞ ð11Þ

in which ωd ¼ 2π=1day, ηd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωd=2αb

p
. Thus, from Eqs. (3)

and (11), the sediment-water heat exchange is

Hb ¼ �ρbCb
∂
∂t

Z ∞
0

Tbðz; tÞdz ¼ CdCb
ffiffiffiffiffiffiffiffi
ωαb

p
sinðωt þ ε� π=4Þ

ð12Þ

Furthermore, making t ¼ 0 in Eq. (11) obtains an initial condi-
tion of the f 1 kind [Eq. (6)].

Moreover, deriving Eq. (11) for z ¼ 0, we obtain the surface
temperature variation as

∂Tb

∂t
����
z¼0

¼ �Cdωd sinðωdt þ edÞ ð13Þ

Considering that in our case the period = 1 day, a n=4 rad phase
difference = 3 h. Thus, from Eqs. (12) and (13), we can write the
relation between Hb and the temperature variation at the surface as

Hb ¼ �ρbCb

ffiffiffiffiffi
αb

ωd

r ∂Tbðz; t � δÞ
∂t

����
z¼0

ð14Þ

with δ ¼ 3 hours. Although one could estimate Tb in Eq. (14) by
fitting Eq. (11) by least squares, in this paper we assumed measured
surface sediment temperature to be approximately sinusoidal, and
we substituted directly in Eq. (14). One of the most notable char-
acteristics of this method is that an initial condition is not necessary.

Model M4
Model M4 is based on the same theoretical solution as model M3,
but it takes into account the more complex case of expressing the
surface temperature as a Fourier series

Tbð0; tÞ ¼ Tb;d þ
XN
n¼1

Cn cosðnωf t þ enÞ ð15Þ

in which N = number of harmonics and

ωf ¼ 2π=P ð16Þ

= fundamental frequency, with P = length of time of the data
segment. Cn and en = amplitude and phase of the nth harmonic,
respectively. We made N = 24 times the number of days of the
period of interest, so that the maximum frequency we used was
1:0 h�1. We calculated Hb as

HbðtÞ ¼ ρbCb

XN
n¼1

Cn
ffiffiffiffiffiffiffiffiffiffiffiffi
nωfαb

p
sinðnωf t þ en � π=4Þ ð17Þ

Cn and en can be expressed as

Cn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
n þ B2

n

q
ð18Þ

en ¼ tan�1ð�Bn=AnÞ ð19Þ
with

An ¼
2
M

XM
i¼1

Tbð0; tiÞ cos
2πni
M

ð20Þ

Bn ¼
2
M

XM
i¼1

Tbð0; tiÞ sin
2πni
M

ð21Þ

in which M = total number of measurements in the period P.
We calculated Fourier coefficients for each week in the study

period. However, an overshoot of the Fourier series occurring
at discontinuity points, known as Gibbs phenomenon (Braun
2008), often appeared at both extremes of the series of interest.
To overcome this problem, we added the previous and subsequent
days to the series of interest to fit the Fourier series. Consequently,
because the period of interest was 1 week, the data series used for
the calculations was 9 days. At the end of the process, we took only
the data corresponding to the period of interest and discarded the
extremes. Mean values of the Fourier parameters Cn and en appear
in Fig. 5. Agreement between measured sediment surface temper-
atures and temperatures estimated by Fourier series was very high,
with mean square errors of the order of 10�3°C2 and correlation
coefficients of 0.999.

Thermal Properties

In aquatic ecosystems, thermal diffusivity αb can take values be-
tween 0.12 and 1:27 × 10�6 m2s�1 (Fang and Stefan 1998). In this
study, we determined αb from the solution to the heat conduction
equation for a sinusoidal surface temperature. Temperature fluctu-
ations travel at a rate of

ffiffiffiffiffiffiffiffiffiffiffi
2αbω

p
(Carslaw and Jaeger 1959). We

fitted Eq. (11) for the different depths z by least squares to the mea-
sured surface temperature using all measurements for each day of
the study period and for both stations. We selected the days with a
better fit (r > 0:98). For these days, we calculated the time required
for the maximum daily temperature to reach 0.25 m depth. We used
this value to calculate αb for each of the selected days. At Lucio del
Lobo, 16 of 106 cases fulfilled the chosen conditions. The thermal
diffusivity at this station showed a value of 3:28 × 10�7 m2s�1

(95% confidence interval of 2:92� 3:63 × 10�7 m2s�1). At Lucio
de Vetalengua, we met conditions on 38 of 270 cases. The esti-
mated value was slightly lower: 2:07 × 10�7 m2s�1 (95% confi-
dence interval of 2:02� 2:12 × 10�7 m2s�1).

The sediment-heat capacity, ρbCb, of lakes and rivers lies in
the range 1:4� 3:8 × 106 J°C�1m�3, depending on their composi-
tion (Hondzo and Stefan 1994; Fang and Stefan 1998). Moreover,
several authors (Likens and Johnson 1969; Jobson 1977; Tsay et al.
1992; Silliman et al. 1995; Kim and Chapra 1997; Fang and Stefan
1998) have used values between 2:0� 4:2 × 106 J°C�7m�3 in
their models to estimate sediment-water heat exchange, although
the most frequently used values are approximately 2:0� 2:5×
106 J°C�1m�3.

One can estimate sediment-heat capacity using the volume
fractions of the different sediment components (Brutsaert 1982;
Hondzo and Stefan 1994)
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ρbCb ¼ ρmθmCm þ ρcθcCc þ ρwθwCw þ ρaθaCa ð22Þ

in which ρ� = density, θ� = volume fraction, and C� = volumetric
heat capacity of the sediment (b) and of its components: mineral
(m), organic matter (c), water (w), air (a). In aquatic ecosystems,
the sediment is usually saturated. Then Eq. (22) can be simplified,
giving

ρbCb ¼ ρmθmCm þ ρcθcCc þ ρwθwCw ð23Þ

Doñana marshland sediment mainly contains fine silt, clay, and
sand (Ruiz et al. 2004; Reina et al. 2006). The organic matter con-
tent in the sediment is about 5% of dry weight in nonvegetated
zones and about 6–8% in areas covered by macrophytes (Reina
et al. 2006). Water content in marsh sediments was observed to

be between 50 and 200% of the dry weight, depending on draining
conditions and the consolidation degree of the sediment (Crooks
et al. 2002). The heat capacities of the main components of Doñana
National Park marshland are 4:166 × 106J°C�1m�3 for water,
1:212 × 106J°C�1m�3 for sand, 1:285 × 106J°C�1m�3 for clay,
and 2:504 × 106 J°C�1m�3 for organic matter (Brutsaert 1982;
Incropera and DeWitt 1996). Taking into account the range in varia-
tion of water content in marsh soils found by Crooks et al. (2002),
the organic matter content observed by Reina et al. (2006), and the
fact that the heat capacities of sand and clay are very similar, we can
deduce from Eq. (23) that sediment-heat capacity in Doñana
National Park should be between 2:2� 3:2 × 106J°C�1m�3. In this
paper, we use the mean value of this range, which is 2:7×
106 J°C�1m�3.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Frequency (d-1)
C

n (
ºC

)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
-2

-1

0

1

2

3

Frequency (d-1)

e n (
ra

d)

El Lobo
Vetalengua

Fig. 5. Fourier coefficients for Lucio del Lobo and Lucio de Vetalengua stations (Doñana National Park); mean of all weeks studied

Fig. 6. Sediment temperature at different depths, Lucio del Lobo (Doñana National Park), December 5, 2004–April 23, 2005

1140 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / OCTOBER 2011

 J. Hydraul. Eng., 2011, 137(10): 1135-1147 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

v 
Po

lit
ec

 C
at

al
un

ya
 o

n 
06

/2
6/

20
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Goodness of Fit

We assessed the goodness of fit of the models according to the
mean square error (MSE) and the correlation coefficient (r) of
the mean daily heat flux estimations in relation to the heat flux
calculated by applying Beck’s SFSM. We interpolated linearly
the temperature between the measurement points.

Results

Measured Temperature

The soil temperature at the surface is equal to the water tempera-
ture. The daily variations of temperature weaken quickly with
depth, whereas the variations at longer periods are visible even
to a depth of 1 m, although they have a lower amplitude and a

certain delay (Fig. 6). The sediment temperature at the surface
at Lucio del Lobo station varied between 6 and 19°C in the study
period, whereas at 1 m depth, it varied between 13 and 19°C. The
mean daily range of temperature at the surface was about 2°C
(Fig. 7), although on December 29, 2004, the daily range reached
5°C because of a significant increase in air temperature. At 0.25 m,
the mean range was 0.4°C, whereas at 0.75 and 1.0 m the range
only reached 0.1–0.2°C, which was little more than the precision
of the temperature probe.

The measurements we took at Lucio de Vetalengua station from
October 18, 2006 to July 16, 2007 showed similar characteristics
(Fig. 8). The sediment temperature at the surface decreased begin-
ning in October. In January 2007, it began to increase and remained
at values between 6°C at the end of January and 31°C in July.
At greater depths, the temperature followed the same trend, but
the thermal amplitude was weaker and had a delay that increased

0

1

2

3

4

5

6

09-11-04 29-11-04 19-12-04 08-01-05 28-01-05 17-02-05 09-03-05 29-03-05 18-04-05 08-05-05

D
ai

ly
 t

em
p

er
at

u
re

 r
an

g
e 

(º
C

)

Date

1.00m 0.75 m 0.25 m 0.01m

Fig. 7. Daily range of sediment temperature at different depths, Lucio del Lobo (Doñana National Park), December 5, 2004–April 23, 2005; gaps
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with depth. At 1 m, the temperature remained between approxi-
mately 14–24°C. The range of variation of the surface temperature
fluctuated throughout the study period (Fig. 9). In October 2006,
it was approximately 2.5°C, and it decreased to approximately 1°C
at the end of the year. In April 2007 it rose to values of approx-
imately 2.5°C. From April until mid-June 2007, the mean daily
range decreased. Finally, near the end of the study period, the range
of daily temperature variation increased notably because of the
low water level (Fig. 2) and high incoming solar radiation. At
0.25m, the mean daily range was 0.3°C; at greater depths it was
approximately 0.1°C.

Sediment-Water Heat Exchange

Fig. 10 shows the mean daily value ofHb and the daily maxima and
minima from December 5, 2004, to April 23, 2005, at Lucio del
Lobo. Fig. 11 shows the same variables at Lucio de Vetalengua
from October 18, 2006, to July 16, 2007. The mean daily sediment-
water heat exchange generally was low, and in absolute values,

it rarely exceeded 10 W=m2. The mean daily heat exchange was
more than 10 W=m2 for 6% of the study period at Lucio del Lobo
and only 0.4% of the study period at Lucio de Vetalengua. At Lucio
del Lobo, at the end of December 2004, we observed heat loss
from sediment to water with a mean daily value of as much as
�17 W=m2. The cause was a sharp increase in water temperature
of 7°C within three days (Fig. 4). Hb showed a daily cycle varying
between approximately�30 and 30 W=m2 during the day. We ob-
served the maximum Hb values in the morning (0800–1000 h, solar
time) and the minimum values in the afternoon (1600–1800 h, solar
time). At Lucio del Lobo, the minimum values of Hb occasionally
attained �50 W=m2, and the maximum values attained 35 W=m2.
At Lucio de Vetalengua, however, heat flux variability depended on
the time of year. In December and January, Hb varied between �10
and 10 W=m2. At the end of June, however, the thermal range
increased, attaining a daily maximum of 32 W=m2 and a minimum
of �55 W=m2 because of a reduction in the water level.
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Model Behavior

Calculation time of the heat exchange every 10 min during a week
using a program compiled in MATLAB on a Pentium 4, 3.4 GHz
computer was negligible for model M3, was 0.4 s for model M4,
and was approximately 400 s for models M1 and M2. The results of
model behavior appear in Table 1. According to the MSE results,
M2 and M4 were the most accurate models at Lucio del Lobo,
and M1 and M4 were the most accurate at Lucio de Vetalengua.
Model M3 was the least accurate of all cases. As for the correlation
coefficient, Model M4 produced the best results at both stations;
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Fig. 11.Mean daily sediment-water heat exchange (solid line) and daily maxima and minima (broken lines), Lucio de Vetalengua (Doñana National
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Table 1. Mean Square Error (MSE) and Correlation Coefficient of Mean
Daily Hb Estimated Using Different Models in Relation to Measured Heat
Exchange

Lucio del Lobo Lucio de Vetalengua

Models MSE (°C2) r MSE (°C2) r

M1 17.90 0.96 9.03 0.95

M2 9.08 0.97 9.88 0.94

M3 57.39 0.80 28.87 0.81

M4 9.57 0.97 5.78 0.97

JOURNAL OF HYDRAULIC ENGINEERING © ASCE / OCTOBER 2011 / 1143

 J. Hydraul. Eng., 2011, 137(10): 1135-1147 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

v 
Po

lit
ec

 C
at

al
un

ya
 o

n 
06

/2
6/

20
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



Model M2 at Lucio del Lobo was second best, and Model M1 at
Lucio de Vetalengua was third best.

Fig. 12 shows measured and simulated sediment temperature
profiles every 6 h during a full day at Lucio de Vetalengua. The
simulated profiles are similar to approximately 0.30–0.40 m, which
is the active sediment depth. Below this depth, the behavior of
simulated temperature differs among the models; however, given
that daily temperature variations are insignificant, the variations do
not affect heat flux estimations. We cannot determine the active
depth from measured temperatures because of measurement errors,
which make deep temperature measurements vary more than esti-
mations, and because of the great distance between sensors.

The detailed 10 min results (Figs. 13 and 14) show that Models
M1 andM2 provide similar estimations. Model M4 also follows the
measured data quite accurately. Model M3, however, does not pro-
vide good estimations when sharp variations exist in Hb (Fig. 13).
When the thermal behavior is uniform during the study period,
Model M3 results are acceptable (Fig. 14). Fig. 15 compares the
10 min estimations we made using each of the models for the Lucio
del Lobo data. We made the calculations separately for each week
in the study period. Also in Fig. 15, M3 shows the worst perfor-
mance, with the highest dispersion and the lowest slope respect to
Hb calculated with Beck’s SFSM. Errors in estimating sediment-
water heat flux may result from the models’ differing abilities to
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consider the effect of heat flux components for duration longer
than 1 week, especially the annual one.

Discussion and Conclusions

Sediment Temperature Measuring Depth

The depth of sediment affected by a given heat pulse depends on
the heat flux duration and the thermal properties of the sediment.
For the daily timescale, we have shown in this paper (Fig. 12)
that daily temperature variations cannot be appreciated below
0.30–0.40 m, in accordance with daily active sediment depths of
0.25 m and 0.30 m obtained by Jobson (1977) and Hondzo and
Stefan (1994), respectively. Given certain sediment thermal diffu-
sivity αb, it is possible to predict the depth of the heat flux active
sediment layer through sensitivity analysis (Hondzo and Stefan
1994). For a sinusoidal surface heat flux, Brutsaert (1982) notes
that one can obtain a rough estimation of the penetration of the
temperature wave from the exponential term in Eqs. (6) and (11);
he states that 95% of daily temperature variation is damped at depth
zd ¼ 3=ηd for the daily component of the heat flux, and at zy ¼
3=ηy for the annual component. For the estimated thermal diffusiv-
ities, we would have zd ¼ 0:28 m and zy ¼ 5:44 m at Lucio del
Lobo, and zd ¼ 0:23 m and zy ¼ 4:32 m at Lucio de Vetalengua.
The calculated zy explains why the depth of integration of Eq. (3)
L ¼ 6 m in Models M1 and M2 produced results almost identical
to L ¼ 10 m. Sediment temperature can be considered constant
with time below 6 m.

Influence of Initial Condition

The particular characteristics of aquatic ecosystems often make it
difficult to install the probes to measure sediment temperature.
Consequently, an initial profile of the sediment temperature is often

unavailable. To solve this problem, Jobson (1977) assumed that the
initial temperature was constant with depth—the same assumption
made in Model M2. If the study period is long enough, from a
certain point onward, the effect of the initial conditions actually
disappears and estimations improve. For this reason, in methods
M1 andM2, calculations began three days before the weekly period
for which we would calculate the sediment-water heat exchange.
When one compares the results obtained with methods M1 and
M2 with those obtained from M4 and Beck’s SFSM, one sees that
they are similar. It seems clear, however, that method M1 requires
more time for the initial effect to disappear. We may find the cause
in the fact that initial sediment temperature estimation in this case is
somewhat coarse and the overall difference of estimated and mea-
sured temperatures is higher.

Sediment-Water Heat Flux Calculation from Surface
Sediment Temperature

A way to solve the problem of absent sediment temperature mea-
surements is by using a model to calculate Hb that does not require
an initial condition and only uses the surface sediment or water
temperature. In this paper, we propose two methods to this end:
M3 and M4. They are based on the theoretical solution of the heat
conduction equation for a semi-infinite solid when the surface tem-
perature has a sinusoidal behavior or can be expressed as a Fourier
series, respectively. Model M3 is a simplification of Model M4; it
assumes that most temperature variation at the surface is sinusoidal
with a daily period and that the mean daily heat flux = 0. It has the
advantage of allowing computation of sediment-water heat ex-
change when little water temperature data are available. For exam-
ple, one can make an approximate computation of Hb estimating
Tb;d and Cd in Eq. (10) with the average daily temperature and daily
temperature range, respectively. When natural sediment approaches
such behavior, the model results are reasonably accurate (Fig. 14).

Fig. 15. 10-min simulated heat flux versus measured heat flux, Lucio de Vetalengua (Doñana National Park), October 18, 2006–July 16, 2007
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However, when temperature variations exist at longer periods, or
when daily heat flux differs significantly from null heat flux,
the corresponding components of heat flux are not taken into
account by the model, and simulation results are less accurate
(Fig. 13). In fact, an important drawback of this method is its
inability to detect the influence of the annual component or passing
fronts on heat flux.

Instead, Model M4 can simulate heat pulses of durations as long
as 1 week, providing very good results that are comparable to those
of Model M2, although these results have a lower computational
cost (only 0.4 s used by Model M4 compared to 400 s used by
Model M2 for the calculation of heat flux during 1 week). Ideally,
in precise heat flux calculations, one should use as much harmonics
as necessary to fit Eq. (15) to measured surface temperature with
the desired precision. However, if surface sediment temperature
or water temperature is not available, one can realize a simplified
calculation with chosen harmonics. By analyzing Fig. 5, one can
deduce that at the weekly timescale, the most influential compo-
nents are daily (1d�1) and half-daily (2d�1). We can easily estimate
daily amplitudes as one-half of the daily surface temperature range,
whereas we can consider half-daily amplitudes constant, with mean
values of approximately 0.15–0.16°C at our study sites. Also,
several methods estimate mean daily and weekly water tempera-
tures from air temperatures or weather data (Caissie et al. 1998;
Mohseni et al. 1998; Erickson and Stefan 2000; Bogan et al.
2003). Other models allow the estimation of maximum daily water
temperatures (Caissie et al. 2001) from air temperatures. One can
obtain an approximate value of daily amplitude from the difference
between maximum and average daily temperatures. Additionally,
an annual component might be added to the series of Eq. (15)
(Kothandaraman 1971).
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