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Abstract. Reaching thermal comfort conditions of animals is essential to improve well-being and
to obtain good productive performance. For that reason, farmers require tools to monitor the
microclimatic situation inside the barn. Black Globe-Humidity Index (BGHI) acts as a producer
management tool, assisting in the management of the thermal environment and in decision
making how protect animals from heat stress. The objective of this work was to develop a
mathematical model to estimate the black globe temperature starting from air temperature,
relative humidity and air velocity. To reach this goal, data of air temperature and humidity were
collected, with the aid of recording sensors. The black globe temperature was measured with a
black copper globe thermometer and the air velocity was monitored with a hot wire anemometer.
Data were analysed using a regression model to predict the black globe temperature as a function
of the other variables monitored. The model was evaluated, based on the significance of the
regression and the regression parameters, and the coefficient of determination (R?). The model
proved to be adequate for the estimation of the black globe temperature with R? = 0.9166 and the
regression and its parameters being significant (p < 0.05). The percentage error of the model was
low (approximately 2.2%). In conclusion, a high relation between the data estimated by the model
with the data obtained by the standard black globe thermometer was demonstrated.

Key words: thermal comfort, black globe temperature, black globe-humidity index, animal
housing.

INTRODUCTION

The animal breeding system in the intensive form is increasing, because the food
demand of the world population has grown significantly. Therefore, this breeding system
stands out and attracts investments, since it presents high productivity when well
operated (FAOSTAT, 2015). The climatic variations influence the animal metabolism
and consequently can compromise the performance, affecting the profitability of the
productive activity. In a breeding system, the animals should remain within their range
of thermoneutrality and environmental thermal comfort conditions should be reached
(Baéta & Souza, 2010), to avoid that climatic conditions can negatively influence
production and well-being.
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The four major environmental factors that influence effective temperature are: dry-
bulb temperature, humidity, radiation and air movement.

Thermal comfort can be evaluated by means of thermal comfort indexes that
integrate two or more microclimatic elements. A variety of indexes are used to predict
comfort or discomfort of environmental conditions and then estimate the degree of heat
stress affecting the animals (Herbut et al., 2018). Generally, the two environmental
parameters considered have been air temperature and relative humidity. The most
common index is the Temperature-Humidity Index (THI), which uses the dry-bulb
temperature (Tdb) and the wet bulb temperature (Twb) to estimate the magnitude of heat
stress (Thom, 1959).

The THI was studied by several researchers (Ingraham et al., 1979; Buffington et
al., 1981; Gaughan et al., 2008) and used to evaluate the thermal comfort of animals of
different species (Campos et al., 2001; Klosowski et al., 2002; Turco et al., 2008;
Gantner et al., 2011; Herbut & Angrecka 2012). Because of the differences in sensitivity
to ambient temperature and amount of moisture in the air among species, a range of
equations for calculation of THI with different weightings of dry-bulb temperature (Tdb)
and air moisture have been proposed.

The general equation to calculate THI can be expressed by the following equation
(CIGR, 2006):

THI=aTdb + bTwb + ¢ (1)

where Tdb is the dry-bulb temperature, Twb is the wet-bulb temperature, a, b, ¢ are
constants depending on species.

Dikmen & Hansen (2009) compared eight different THI indices to verify if rectal
temperature of Holstein cows is related to THI and other environmental parameters. In
particular two of the eight indexes showed a very high correlation with Tdb. As
conclusion, for the authors, at a practical level, the predictive value of THI is only
slightly better than Tdb alone and Tdb is nearly as good a predictor of rectal temperature
of lactating Holsteins in a subtropical environment as THI.

Oliveira et al. (2017) argue that the evaluation of thermal comfort through the
indexes is an important tool to help producers in the choice of thermal solutions inside a
building.

Another important index used to evaluate the thermal environment and the stress
conditions of the animals is based on the black globe temperature. In literature the index
based on the black globe temperature is called black globe and humidity (BGHI) or wet-
bulb globe temperature (WBGT). In any case, the index requires measuring the black
globe temperature, using a black globe thermometer, a device consisting of a thin copper
sphere (usually 0.15 m diameter), black painted with a temperature sensor in the centre.
The black metal ball absorbs radiant heat, and raises the temperature inside. It gives
indirect information about the contribution of radiation and wind speed (°C).

The WBGT is very popular due to its simplicity and ease of use in industry, sports
and other areas to indicate the heat stress level for humans and animals (Brake & Bates,
2002; Dimiceli e al., 2011; Golbabaei et al., 2014; Vatani et al., 2015).

The Black Globe Humidity Index (BGHI) integrates dry-bulb temperature,
humidity, net radiation, and air movement into a single value. BGHI is created by
inserting the black globe temperature (instead of the dry-bulb temperature) in the THI
equation.
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The BGHI is a very precise indicator of the thermal comfort of the animal in
comparison to the THI, in conditions of the external environment presenting high solar
radiation or air velocity (Buffington et al., 1981). Consequently, BGHI is a more accurate
indicator of animal comfort and production than the THI under heat-stressing
environmental conditions when animals are exposed to incident solar radiation. Under
conditions of little or moderate thermal radiation levels, BGHI and THI are about equally
as effective as indicators of animal comfort.

The BGHI has some limitations. To calculate the index it is necessary to have the
black globe temperature. However, the black globe temperature sensor can be costly and,
to obtain an appropriate value of black globe temperature, it could be necessary to get
measurements in different locations (Yanagi, 2006). So, a long time is required to
measure the black globe temperature.

The BGHI can find several applications in animal housing. Collier et al. (2011)
found that the effects of radiant heat load can be evaluated using the BGHI, developed
by Buffington et al. (1981). Oliveira (1980) developed a model to estimate BGHI using
data referred to edification (dimensions and thermal conductivity of the buildings
materials) and climate (temperature, relative humidity, wind velocity, atmospheric
pressure, and solar radiation). In this model, the incident overall solar radiation on the
surface of the roof was estimated by the overall solar radiation measured by instruments
and corrected to the surface of the roof.

Yanagi et al. (2011) developed a computer model to predict the black globe
humidity index (BGHI) to simulate different resultant conditions in designing poultry
buildings. The simulated BGHI values were compared to experimental measurements,
obtained in a poultry facility at Vicosa (MG, Brazil), giving a mean deviation of 1.31%.
The model was then used to predict BGHI values as affected by roof slopes and column
heights.

Some studies have been carried out to solve the problem related to the acquisition
of data concerning the black globe temperature. Although this temperature is one of the
most common variables used for assessing heat stress, usually it is not reported in
meteorological data. Turco et al. (2008) derived equations to estimate the black globe
temperature based on meteorological data creating a statistical model.

Dimiceli et al. (2011) obtained a formula to estimate the black globe temperature
using readily available data collected by the Weather Service. Recently Hajizadeh et al.
(2017) carried out a study in Iran to develop a model to estimate the black globe
temperature based on meteorological measurements, in order to calculate the
occupational heat stress index in outdoor workplaces.

The aim of this work was to develop a mathematical model to estimate the black
globe temperature (Tyn) starting from air temperature (Ta), relative humidity (RH) and
air velocity (Var), which are easier to obtain.

MATERIALS AND METHODS

Data Acquisition

The climatic data for the development of the mathematical model of black globe
temperature estimation were collected in the experimental area of the Centre for
Research in Ambience and Engineering of Agroindustrial Systems (AMBIAGRO, lat
20°46°15” long 42°52°21”) belonging to the Federal University of Vigosa.
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Data were collected for three consecutive days at one hour intervals. The air
temperature and relative humidity data were collected with the aid of recording sensors
(Onset Computer Corp, model Hobo, U12-013; temperature range: -20 °C to 70 °C,
accuracy + 0.35 °C; humidity range: 5% to 95% RH, accuracy: + 2.5%, USA). The black
globe temperature was measured by a temperature probe housed inside a black copper
globe (Homis Control and Instrumentation, model TGD — 1,000; temperature range:
0 °C to 50 °C with accuracy + 0.6 °C, Brazil) and the air velocity was monitored with a
hot wire anemometer (SKILL-TEC, model sktafg-01; air velocity 0.4 a 30 ms™,
accuracy 0.1 m s’!, Brazil).

Statistical analysis

The data collected were analysed using a multiple linear regression model:

Yi = Bo + B1Xj1 + B2Xiz + B3Xiz + & (2)

where Y;— response in the ith test; Bo, B1, B2 and B3 — parameters of the model; Xii, Xi
and X3 — values of predictor variables in the ith test; €; — error term.

The black globe temperature was then estimated as a function of the variables
collected (air temperature — Tar, relative humidity — RH, air velocity — Var) and their
interaction. The evaluation of the model was performed, based on the significance of the
regression and its parameters, as well as the coefficient of determination (R?).

Validation of the model

To wvalidate the proposed model of black globe temperature prediction, the
estimated data were compared through correlation analysis with black globe temperature
data measured with the help of a standard black globe thermometer.

RESULTS AND DISCUSSION

The resulting equation, which allows to estimate the black globe temperature from
the monitored environmental variables and their respective interactions, corresponds to:

Tgn =4,068 +0.993 x Tar — 0.754 x UR - 0.0737 x Var 3)

The model presented in Eq.3 is satisfactory for estimating the black globe
temperature in the study environment, based on the variables monitored, presenting a
coefficient of determination R = 0.9166, showing that 91.66% of the dependent variable
(Tgn) can be explained by the generated model.

Turco et al. (2008) defined a model to estimate the black globe temperature for
outdoor workplaces based on meteorological data and to be able to measure heat stress
indices. However, they found serious problems in calculating the index based on
meteorological data, due to the lack of measurements of the black globe temperature by
weather stations in most countries.

Abreu et al. (2011), proposed an equation to estimate the black globe temperature
in protected environments taking into account only the air velocity, and obtained results
similar to results of the present study.

Hajizadeh et al. (2017) carried out a study giving similar results. The authors found
a significant relationship between the black globe temperature and air temperature, solar
radiation and relative humidity. The model obtained was proposed to estimate the black
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globe temperature in a hot and dry environment and considered useful in assessing
occupational heat stress in outdoor workplaces.
In present study, during the

validation of the model, we observed 35 -
a strong correlation between the data R
collected with the black globe 30 -
thermometer and the data estimated ,\“_’/
by equation 3, as shown in Fig. 1. 2 o5 Black Globe

The correlation coefficient o Temperature
between measured values and values EZO e Black Globe
estimated by the generated model is At Temperature
0.9730. ) estimated

@ 15 : .
The model presented an average 15 20 05 30 35

error of 0.02%, which shows

reliability in the given data. This Black Globe Temperature (°C)

result corroborates with Coelho et al.,

2013, who studied the prediction with Figure 1. Correlation between the data collected
the use of alternative materials and and estimated by the proposed model.

found high reliability.

CONCLUSIONS

Thermal comfort conditions of animals inside a barn are essential to improve well-
being and to obtain good productive performance. Black Globe-Humidity Index (BGHI)
acts as a producer management tool for farmers to monitor the microclimatic situation
inside the barn, assisting them in the management of the thermal environment and in
decision making how to protect animals from heat stress.

In the present study, a high relation between the data estimated by the model with
the data obtained by the standard black globe thermometer was demonstrated.

The mathematical model, based on air temperature, relative humidity and air
velocity as environmental variables, is satisfactory for estimating the temperature value
of the black globe thermometer, and it becomes an aid tool in the decision-making of the
producers to identify and ensure animal thermal comfort.

ACKNOWLEDGEMENTS. To FAPEMIG, CNPq, CAPES, Federal University of Vigosa and
University of Florence.

REFERENCES

Abreu, P.G.De., Abreu, V.M.N., Franciscon, L., Coldebella, A. & Amaral, A.G. do. 2011.
Estimation of Black Globe Temperature from Dry Bulb Temperature. Engenharia na
Agricultura 19(6), 557-563 (in Portuguese).

Baéta, F.C. & Souza, C.F. 2010. Environment in Rural Buildings: Animal Comfort. 2* Ed. UFV,
Vigosa — M@, 269 pp. (in Portuguese).

Brake, R. & Bates, G. 2002. A valid method for comparing rational and empirical heat stress
indices. Ann. Occup. Hyg. 46(2), 165—-174.

904



Buffington, D.E., Collazo.-Arocho, A., Canton, G.H., Pitt, D., Thatcher, W.W. & Collier, R.J.
1981. Black-Globe-Humidity Index (BGHI) as comfort equations for dairy cows. Trans.
ASAE 24(3), 711-714.

Campos, A.T., Pires, M.F.A., Verneque, R.S., Campos, A.T. & Campos, D.S. 2001. Prognosis of
decline in milk production as a function of the climate for the region of Goiania, GO. In
Mattos, W.R.S, Faria, V.P., Silva, S.C., Nussio, L.G. & Moura, J.C (eds): Reunido Anual
da Sociedade Brasileira de Zootecnia. Piracicaba, FEALQ, pp. 11-13 (in Portuguese).

CIGR. 2006. Animal housing in hot climates: a multidisciplinary view. Workshop CIGR 11
Section, Campinas, Brazil, published Research Centre Bygholm, Horsens, Denmark,
105 pp.

Cocelho, R.B., Paula, M.O., Ramirez, M.A., Caetano, S.P. & Vieira, D.F.D. 2013. Study of
alternative materials used in the manufacture of a black globe thermometer used to calculate
ITGU and CTR. Engenharia na Agricultura 21(6), 597—604 (in Portuguese).

Collier, R.J., Zimbelman, R.B., Rhoads, R.P., Rhoads, M.L. & Baumgard, L.H. 2011. A Re-
evaluation of the impact of Temperature Humidity Index (THI) and Black Globe Humidity
Index (BGHI) on milk production in high producing dairy cows. In: Western Dairy
Management Conference Proceedings, Reno, NV, USA, pp. 113-126.

Dikmen, S. & Hansen, P.J. 2009. Is the temperature-humidity index the best indicator of heat
stress in lactating dairy cows in a subtropical environment? J. Dairy Science 92, 109-114.

Dimiceli, V.E., Piltz, S.F. & & Amburn, S.A. 2011. Estimation of Black Globe temperature for
calculation of the Wet Bulb Globe Temperature Index. In Ao, S.I., Douglas, C.,
Grundfest, W.S. & Burgstone, J. (eds): Proceedings of the World Congress on Engineering
and Computer Science, October 19-21, San Francisco, CA, USA, paper 1-9.

FAOSTAT. 2015. Statistics Division, Food and Agriculture Organization of the United Nations.
www.fao.org/statistics/en. Accessed 18/10/18.

Gantner, V., Miji¢, P., Kuterovac, K., Soli¢, D. & Gantner, R. 2011. Daily production of dairy
cattle. Mljekarstvo 61(1), 56—63.

Gaughan, J.B., Mader, T.L., Holt, S. & Lisle, A.A. 2008. New heat load index for feedlot cattle.
J. Animal Sci. 86, 226-234.

Golbabaei, F., Hajizadeh, R., Monazzam, M.R. & Dehghan, S.F. 2014. Productivity loss from
occupational exposure to heat stress: a case study. Int. J. Occup. Hyg. 6(3), 143—148.
Hajizadeh, R., Dehghan, S.F., Golbabaei, F., Jafari, S.M. & Karajizadehe, M. 2017. Offering a
model for estimating black globe temperature according to meteorological measurements.

Meteorol. Appl. 24, 303-307.

Herbut, P. & Angrecka, S. 2012. Forming of temperature humidity index (THI) and milk
production of cows in the free-stall barn. Animal Science Papers and Reports 30(4),
363-372.

Herbut, P., Angrecka, S. & Walczak, J. 2018. Environmental parameters to assessing of heat
stress in dairy cattle — a review. International Journal of Biometeorology 62(12),
2089-2097.

Ingraham, R.A.H., Stanley, R.A.W. & Wager, W.I.C. 1979. Seasonal effects of tropical climate
on shade and non shaded cows as measured by rectal temperature, adrenal cortex hormones,
thyroid hormone, and milk production. Am. J. Vet. Res. 40(12), 1792—-1797.

Klosowski, E.S., Campos, A.T., Campos, A.T. & Gasparino, E. 2002. Estimation of decline in
milk production, in the summer, for Maringa-PR. Revista Brasileira de Agrometeorologia
10(2), 283-288 (in Portuguese).

Oliveira, J.L. 1980. Hot Weather Livestock Housing Analysis. Thesis, Michigan State
University: East Lansing, MI. Diss. 120 pp.

Oliveira, Z.B, Bottega, E.L, Knies, A.E, Oliveira, M.B & Souza, I.J. 2017. Bioclimatic zoning
for dairy cows in the State of Rio Grande do Sul. Energ. Agric. 32(3), 221-228
(in Portuguese).

905



Thom, E.C. 1959. The disconfort index. Weatherwise 12, 57-60.

Turco, S.H.N., Silva, T.F. da, Oliveira, G.M. de, Leitdo, M.R., Moura, M.B. de, Pinheiro, C. &
Padilha, C.V.S. 2008. Estimating black globe temperature based on meteorological data. In:
Livestock Environment VIII: Proceedings of the 8" International Symposium, 31 August—4
September, Iguassu Falls, Brazil, 843—848.

Vatani, A., Golbabaei, F., Dehghan, S.F. & Yousefi, A.2015. Applicability of Universal Thermal
Climate Index (UTCI) in occupational heat stress assessment: a case study in brick
industries. Ind. Health 54(1), 14-19.

Yanagi Junior, T. 2006. Technological innovations in animal bioclimatology aimed at increasing
animal production: relation animal welfare X climate.
www.infobibos.com/Artigos/2006 2/ITBA/Index.htm. Accessed 11/10/18 (in Portuguese).

Yanagi Junior, T., Damasceno, G.S., Teixeira, V.H. & Xin, H. 2011. Prediction of Black Globe
Humidity Index in Poultry Buildings. In Stowell, R.R., Bucklin, R. & Bottcher, R.W. (eds):
Livestock Environment VI: Proceedings of the 6™ International Symposium. 21-23 May,
Louisville, Kentucky, USA, 482—489.

906



