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This article develops a mathematical model for determining the annual cycle of air temperature inside
traditional underground wine cellars in the Spanish region of ‘‘Ribera del Duero’’, known because of the
quality of its wines. It modiﬁes the sinusoidal analytical model for soil temperature calculation. Results
obtained when contrasting the proposed model with experimental data of three subterranean wine
cellars for 2 years are satisfactory. The RMSE is below 1 8C and the index of agreement is above 0.96 for the
three cellars. When using the average of experimental data corresponding to the 2 years’ time, results
improve noticeably: the RMSE decreases by more than 30% and the mean d reaches 0.99. This model
should be a useful tool for designing underground wine cellars making the most of soil energy
advantages.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Nowadays numerous resources are used in building air
conditioning for products and food preservation. Wine is a
particular case, since temperature conditions during aging and
maturation processes are decisive for its ﬁnal quality. It is
advisable that wine temperature values remain under 18 8C
during the aging process and that no brusque temperature changes
occur. Therefore, wine has been traditionally aged in subterranean
cellars where soil thermal inertia produces thermal stability which
provides wine with its particular characteristics. During the last
century there has been a tendency to build aerial buildings for
cellars, investing economic resources in thermal ﬁtting-out of
facilities. Given the energy crisis, the fossil fuels depletion problem
and the increase in energy prices, it is necessary to design
bioclimatic buildings reducing energy consumption. Recent
construction of large subterranean or buried cellars in Spain is
an example for the economic feasibility and for the advantages this
type of buildings provide. Some authors have studied the
advantages of subterranean buildings. Martı́n and Canas [1] stress
the advantages of subterranean cellars compared to the aerial ones
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by calculating energy saving. Al-Temeemi and Harris [2] analyze
the advantages and disadvantages of the earth-sheltered scheme.
Prior research in estimating the internal temperature of
subterranean buildings is scarce. Given the enormous inﬂuence
that the earth has with regard to the internal conditions of
subterranean buildings some authors have studied the possibility
of applying mathematical models to calculate the ground
temperature in order to estimate the wall temperature and air
temperature of the subterranean buildings. To this effect, Labs [3]
suggests a simpliﬁed one-dimensional sinusoidal equation that
describes soil temperature ﬂuctuations according to depth. It is
based on the harmonic wave of the surface heat ﬂow. This model
has provided valid soil temperature results in the comparisons
with experimental data from several regions around the world [3–
5]. Nevertheless, when this equation is applied to estimate the
temperature ﬁeld surrounding earth-sheltered buildings the
results obtained show that the temperature of the outside face
of the uninsulated basement wall exhibits large departures from
the undisturbed temperature due to the heat exchange between
the building and its enveloping soil. Other authors [6,7] propose
Labs equation to predict long-term subterranean temperatures as
input for computer models to estimate the heat transfer through a
subsurface wall at varying depths. Martin and Canas [8] carried out
a ﬁrst estimation study for determining air temperature inside
underground wine cellars by applying the formula proposed by
Labs [3] and suggesting different hypothesis to calculate one of its
variables. Nevertheless, obtained results had some limitations,
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such as a period of experimental data below 2 months per cellar
or a very low average index of agreement (0.36), in the best
scenario.
Other authors have studied the thermal behaviour of earthcovered buildings using computer models and realising corresponding simulations during brief time periods. In this manner,
Grindley and Hutchinson [9] study the thermal behaviours of an
earthship in New Mexico. Using a computer model predicts the
mean radiant temperatures to within 1.2 8C of the measured data
during 3 days. Wang and Liu [10] studies the thermal environment of
the courtyard style cave dwelling during 3 days. The model used is
derived from a set of equations of heat balance amongst the courtyard
air, cave rooms air and envelop surfaces. The predictions for the
temperatures in the cave rooms are slightly different from the
measured values, offering only the variation of the average daily air
temperature.
In case of underground wine cellars, inner temperature is highly
conditioned by soil proﬁle temperature, given poor ventilation and
depth conditions. However, the mathematical models used to
calculate the ground temperature when strictly applied produce
different results from the experimental values given that they do
not take into account the distortion that is caused by the building
itself. In order to calculate inner temperature in underground wine
cellars, we have started from the equation proposed by Labs [3],
modifying it and suggesting a different calculation for some of its
variables, which allows us to correct distortion caused by the cellar
and the air inside it.
2. Geographical aspects and description of subterranean cellars
2.1. Location, climate and soil
The cellars of study are located in Morcuera, a village in the
Spanish province of Soria (Zone 30, X 482115, Y 4590728) at a
height of 1060 m. This area is located in the far eastern part of the
Ribera del Duero region and is typical for a mild Mediterranean
climate featuring more than 2400 sunlight hours a year. Its main
characteristic is continentality. Annual average temperature is
10.6 8C, ranging from 9.2 to 11.8 8C depending on the year. Average
highest and lowest recorded temperatures are 16.7 and 4.6 8C,
respectively. July is the warmest month with 20.0 8C on average
and January the coldest with an average of 2.9 8C. Annual absolute
highest and lowest temperatures are 37.6 and 14 8C, respectively.
Climatology of the Ribera del Duero region is known for a low
pluviometry, featuring annual average precipitation records

ranging from 450 to 650 mm (29% in winter, 28% in spring, 27%
in autumn and 16% in summer).
Soils have their origin in tertiary sediments constituted by
lenticular layers of loamy sands or clay, featuring alternative
chalky layers, marls and calcareous concretions.
2.2. General description of subterranean cellars
Traditional cellars of Morcuera are normally made up of a cave
or cellar that is dug under the ground level and a canyon or
entrance tunnel ending in an outer façade. Sometimes a previous
room dividing the canyon from the outer part can be found (see
Fig. 1).
The entrance façade is normally made of stone covered by
materials from the excavation. The door is made of wood and
features open ventilation holes facing north for a better inner air
renovation. The canyon is a narrow corridor featuring less than 1m long and 2-m high. Sometimes it has niches on the sides for
storing small barrels or tools. The canyon leads to a cave or cellar
where the aging process of wine has traditionally taken place. They
are normally placed at a depth between 1 and 6 m, existing both
linear and branched distributions. Walls in cellars do not tend to
have coatings, but just the excavated soil itself. Sometimes one or
more ventilation chimneys called zarceras featuring a 50–100-cm
diameter can be found. Their main function is CO2 ventilation
during the wine fermentation process. A more detailed description
of the characteristics and topologies of traditional cellars can be
found in Pardo and Guerrero [11].
2.3. Cellars of study
The three cellars are located in a cellar area on the outskirts of
the village, in a quite ﬂat ground (Fig. 2):
 Cellar no. 1: ‘‘Morc1’’
This cellar is located in the centre of the cellar area. It has a
main cave and a secondary one and it was refurbished a little
before starting the study. Canyon length amounts to almost 9 m
and has a 228 slope. It is reinforced with stonework. The main
room of the cave has been coated with bricks. It has an area of
around 6 m2 and an average height of 1.9 m. Cellar ceiling is 3.1m deep on average with regard to the surface (Fig. 3).
 Cellar no. 2: ‘‘Morc2’’
This cellar is located near Morc1. It also has a branched
distribution with two rooms. The 6.5-m long canyon is reinforced

Fig. 1. Cross-section of a typical traditional underground wine cellar.
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Fig. 2. General view of the cellar area in Morcuera.

with stone rendering and has a 308 slope. It has two small rooms
without coating featuring uncovered soil walls (Fig. 4).
 Cellar no. 3: ‘‘Morc3’’
This cellar is located on the far north-eastern part of the cellar
area. It is also north facing. It has a linear layout with a cave of
around 12 m2 and a more than 7-m long canyon featuring a 318
slope (Fig. 5).

2.4. Analysis of temperature inside cellars
Two ONSET models of temperature and humidity data loggers
have been used for monitoring inner temperature in cellars.
(a) HOBO1 Pro Temperature/Relative Humidity data logger: ‘‘HPV1’’
It has an internal sensor of type thermistor. These are its
characteristics:
 Range: 30 8C to +50 8C.
 Accuracy: 0.2 8C to +21 8C.
 Resolution: 0.02 8C to +21 8C.
 Response time: 34 min, typically with quiet air.
(b) HOBO1 Pro V12 Temperature/Relative Humidity data logger:
‘‘HP-V2’’
This model is an upgrade of the previous model, although
the type of sensor and characteristics are similar:






Range: 40 8C to +70 8C.
Accuracy: 0.2 8C over 0–50 8C.
Resolution: 0.02 8C to +25 8C.
Response time: 15 min (90% with airﬂow 1 m2/s).

The aim of the monitoring process is to know the actual
evolution experienced by air temperature inside the cellar. Before
starting the monitoring process, some previous temperature and
relative humidity measurements were taken inside the cave of the
subterranean cellars. It could be observed that hygrothermal
conditions were very stable and presented small variations both in
space and time.
In order to determine the daily average temperature of air
inside the cellars during the 2 years’ time monitoring process, dataloggers were placed in the centre of the cave of each cellar, at an
intermediate height. A measurement interval of 15 min was set
taking sensor’s response time and inner relative stability into
consideration.
An HP-V1 data-logger was installed in Morc1 until November
2006. Then, a new HP-V1 was placed beside it to check its proper
operation. At the beginning of 2007 three more new HP-V2 dataloggers were installed. Two HP-V1 data-loggers were installed
from the beginning in Morc2 and at the beginning of 2007 three
more new HP-V2 were placed. In Morc3 there was only an HP-V1
sensor monitoring temperature until the beginning of 2007, when
three new HP-V3 were installed.

Fig. 3. Elevation and section of Morc1.
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Fig. 4. Elevation and section of Morc2.

During these 2 years more than half a million air temperature
data have been taken among the three cellars. When comparing
records of the different sensors it can be noticed that the average
difference among all of them is around 0.2 8C for each cellar.
Taking sensor accuracy and uncertainty of air measurement
into consideration, this value is not important. Hence the data of

the former sensor have been taken as representative for each
cellar.
Once the daily, weekly and monthly average values of
variations recorded by the representative sensors for each cellar
have been examined, some conclusions about thermal stability
inside the cave can be drawn.

Fig. 5. Elevation and section of Morc3.
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Table 1
Daily, weekly and monthly average values of air temperature variations inside the
cellars of study
Cellar

Variation (8C) (absolute maximum  absolute minimum)
Daily

Weekly

Monthly

Morc1
Morc2
Morc3

0.2
0.7
0.2

0.7
1.6
0.7

2.3
3.4
2.1

Data from Table 1 show that the cellars are thermally very
stable, featuring a daily average variation below 1 8C. In Morc1 and
Morc3 same patterns can be observed, whereas in Morc2 more
variations can be noticed.
Based on these data, the daily average for each cellar was
calculated. These values will be used to assess the error of the
mathematical model.
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where T(x,t) is the soil temperature at a depth x and time t (8C), Tm
the average soil temperature (8C), As the thermal wave amplitude
(8C), x the depth (m), t the day of year (in days, where t = 0 at
midnight of 31st December), t0, the phase constant (days), and a is
the apparent thermal diffusivity (m2/day).
Average temperature of a soil proﬁle with a depth (a  b) can be
determined by integrating equation (1) with regard to depth and
dividing by the height of the proﬁle (b  a). After making
trigonometric simpliﬁcations, the following equation results:
"
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pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
being r ¼ p=365a the logarithmic decrement, a the depth of
cellar ceiling (m) and b the depth of cellar ﬂoor (m).
In the case of Morcuera, the parameters of the equation are
calculated in the following manner:

3. Mathematical model
3.1. Model proposed by Labs [3]
According to Labs, soil temperature variation is basically
sinusoidal, since it is directly or indirectly directed by the solar
surface heat ﬂow. It can be estimated on the basis of the following

 Tm: since the ground temperature is not available, it can be
estimated as the annual mean air temperature. Therefore

Fig. 6. Labs equation and experimental air temperatures inside Morc1 in 2006 and 2007.

Fig. 7. Labs equation and experimental air temperatures inside Morc2 in 2006 and 2007.
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Tm = 10.6 8C by using data from a 30 years’ series of the nearest
observatory in Soria [12].
As: annual surface amplitude of soil surface has been calculated
based on temperature amplitude of air outside the cellar
(As = 12.1 8C).
a: an apparent thermal diffusivity has been considered for the
model, a = 0.0985 m2/day (11.4  107 m2/s) according to
Hepbasli et al. [13] and taking the type of soil found on the
surface and the cellar’s depth into consideration (soil texture—
gravel: 20%; sand: 25%; ﬁnes:55%; USCS classiﬁcation:
ML-OL).
t0: According to Labs, the theoretical value for the phase constant
is 34.6 days.
Depth: a and b assume the corresponding values for each
cellar.

Calculated values according to Eq. (2) have been contrasted
with experimental data for the years 2006 and 2007 (Figs. 6–8).
Goodness of model is analyzed by means of two statistical values,
according to Willmott’s [14] and Cicota et al.’s [15] suggestions:
RMSE as estimator of the error (root mean square error); d (index
of agreement) to evaluate how much the model describes the
reality. Obtained results are shown in Table 2. The Annual
average RMSE for the three cellars is 2.3 8C, and the index of
agreement 0.8.

Table 2
Statistical indexes of comparison between Labs equation and experimental data
Cellar

RMSE

d

Morc1
Morc2
Morc3

2.18
2.55
2.28

0.82
0.78
0.80

3.2. Modiﬁcation of the model proposed by Labs [3]
Eq. (1) has been modiﬁed by different authors for estimating
soil temperature. Among these modiﬁcations, the introduction of
an experimental coefﬁcient correcting average soil temperature
with regard to average air temperature [4], a coefﬁcient correcting
surface width according to superﬁcial vegetation [4] and
considering width as a variable function [16] are to be highlighted.
In case of studying inner air temperature in the underground
wine cellar, Eq. (1) can be modiﬁed to correct the distortion caused
by the building itself and its inner air mass, adapting average
temperature, phase lag and depth:
 Thanks to experimental data, it has been proved that annual
average temperature inside the cellar is below annual average
temperature of air outside it. This can be owed to the joint effect
of ventilation and soil inﬂuence. Therefore, a coefﬁcient k has

Fig. 8. Labs equation and experimental air temperatures inside Morc3 in 2006 and 2007.

Fig. 9. Analytic and experimental air temperatures inside Morc1 in 2006 and 2007.

F.R. Mazarron, I. Canas / Energy and Buildings 40 (2008) 1931–1940

been introduced in the formula for correcting this average
temperature (Tm  k).
 In case of using this model for predicting temperature inside an
underground wine cellar, ventilation effect inside the cellar and
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distortion caused in the adjacent soil are to be taken into
consideration. Inner air temperature diminishes in winter
below soil temperature without distortion until reaching its
minimum on the date when outer temperature is above inner

Fig. 10. Analytic and experimental air temperatures inside Morc2 in 2006 and 2007.

Fig. 11. Analytic and experimental air temperatures inside Morc3 in 2006 and 2007.

Fig. 12. Experimental air temperatures inside Morc1 in 2006 and 2007.
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temperature. This causes a curve displacement. It means that
it is necessary to introduce a new term t 00 in the equation
instead of t0 in order to neutralize the ﬁnal term of the equation
the day when outer temperature exceeds inner temperature
(tmin inside):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x 365
0
t0 ¼ tmin inside 
2 pa
 In the original model proposed by Labs x corresponds to
the depth from soil surface. Traditional subterranean cellars
are normally small and low. Furthermore, they tend to be
buried at a great depth. Given these characteristics, temperature variation according to depth can be assumed as linear
in the proﬁle and inner temperature can be calculated
considering x0 as the depth of proﬁle average height
[a + (b  a)/2].
Therefore, the adapted equation for temperature determination
inside underground wine cellars is as follows:
T ðx;tÞ ¼ ðT m  kÞ
x0

 As e
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"

p=365a cos 2p

365

t

t 00

x0

2

rﬃﬃﬃﬃﬃﬃﬃﬃﬃ!#
365

pa

:

(3)

Table 3
Statistical indexes of comparison between analytical model and experimental data
Cellar

RMSE

d

Morc1
Morc2
Morc3

0.85
0.77
0.93

0.97
0.98
0.96

3.3. Equation for subterranean cellars in Morcuera
Parameters of Eq. (3) can be calculated as follows:
 Tm: annual average temperature inside the three cellars is around
9.1 8C. Therefore, coefﬁcient k = 1.5 8C (10.6–1.5).
 As = 12.1 8C.
 a = 0.0985 m2/day (11.4  107 m2/s).
 t 00 : temperature outside the cellars exceeds temperature inside
the cellars in Morcuera by 2nd March (61 days). Taking into
account that the three cellars are placed at an average depth
around 4.1 m, the value of cosine’s ﬁnal term is 70 days. Hence, t 00
will be 9 days (61–70).
 Depth x0 : average depth corresponding to average height of the
cellar is 4.1 m, 4.1 and 4.3 for Morc1, Morc2 and Morc3,
respectively.

Fig. 13. Experimental air temperatures inside Morc2 in 2006 and 2007.

Fig. 14. Experimental air temperatures inside Morc3 in 2006 and 2007.
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As a result, the resulting equation for the speciﬁc case of the
subterranean cellars in Morcuera is as follows:


2p
0
T ðx;tÞ ¼ 9:1  12:1 e0:2956x cos
ðt þ 9  0:1478x0 Þ
(4)
365

3.4. Error adopting x as the proﬁle average depth
Adapting Eq. (3) to air temperature estimation in subterranean
cellars, the following equation results:
b





T̄ðab;tÞ
"
#
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ!

As
2p
x 365

pﬃﬃﬃ exr cos
 45:6 
t  t 00 
¼ ðT m  kÞ þ

2 pa
365
ðb  aÞr 2
a

(5)
In order to estimate the scope of the mistake made when
assuming temperature variation with depth in the proﬁle as
linear, the RMSE has been calculated using Eq. (3) instead of
Eq. (5). RMSE values are 0.07, 0.08 and 0.05 8C for M1, M2 and
M3, respectively. Bearing in mind that the accuracy of the sensor
used to obtain experimental values is 0.2 8C, simpliﬁcation can
be accepted and Eq. (3) can be used to determine inner
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temperature and to study it with regard to experimental
temperature.
4. Results and discussions
Air temperature inside the three described cellars has been
estimated according to Eq. (3), taking values of x0 for Morc1, Morc2
and Morc3 into consideration. Calculated values according to this
model have been contrasted with experimental data for the years
2006 and 2007 (Figs. 9–11).
Obtained results are shown in Table 3.
Results are much better that ones obtained with Labs
equations and are acceptable for the estimation of inner
conditions for wine aging. Average RMSE for the three cellars is
below 0.9 8C featuring an index of agreement above 0.96. Morc3
has the worst results of the three cellars, with larger differences
during the hottest months.
However, it is worth mentioning that temperature differences
outside the cellars between 2006 and 2007 are signiﬁcant, since
during the ﬁrst months of 2007 abnormally high temperatures
were recorded. This has notable repercussions inside the cellars.
Comparing inner temperatures of 2006 with those of 2007, RMSE
values of 1.25, 1.24 and 1.14 8C are obtained for Morc1, Morc2 and
Morc3, respectively (Figs. 12–14). For that reason the model has
been assessed with the average of experimental data of 2006 and

Fig. 15. Analytic and experimental air temperatures inside Morc1 (2006–2007 average values).

Fig. 16. Analytic and experimental air temperatures inside Morc2 (2006–2007 average values)
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Fig. 17. Analytic and experimental air temperatures inside Morc3 (2006–2007 average values).

Table 4
Statistical indexes of comparison between analytical model and experimental data
(2006–2007 average values)
Cellar

RMSE

d

Morc1
Morc2
Morc3

0.57
0.46
0.74

0.99
0.99
0.98
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obtained with Labs equations (RMSE = 2.3 8C and d = 0.8). This
model should be a useful tool for designing underground wine
cellars making the most of soil energy advantages.
When comparing the three cellars studied, it can be noticed
that Morc3 has a different pattern featuring a greater wave
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studies are needed to contrast the proposed model in other
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