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Abstract

Heat stress is one of the main factors limiting the efficiency and sustainability of dairy pro-
duction in tropical and subtropical regions, impairing animal welfare, as well as productive
and reproductive performance. Among mitigation technologies, evaporative cooling stands
out as a widely adopted strategy in intensive production systems. However, there are still
no consolidated metrics capable of quantifying, in a comparative and regionalized manner,
the theoretical potential for using this technique under different climatic conditions. In this
context, the objective of this study was to develop an innovative modeling-based metric
to estimate the potential for evaporative cooling based on thermal environment indices
and heat transfer principles. Sixteen-year time series of hourly meteorological data from
three Brazilian municipalities located in major dairy-producing regions [Uberlândia (MG),
Luziânia (GO), and Uruguaiana (RS)], encompassing representative tropical and subtropical
conditions, were used to calculate the Temperature–Humidity Index (THI) and to develop
the metric termed Radiant Heat Load Reduction under Evaporative Cooling (∆RHL). Based
on the results obtained, THI values were found to frequently exceed the thermal comfort
thresholds between September and April, corresponding to the warmest period of the year
in Brazil. However, the relationship between the intensity of heat stress and the theoretical
potential for evaporative cooling varied significantly among the locations, indicating that
the potential efficiency of evaporative cooling is strongly dependent on regional climatic
conditions and is more consistent in subtropical environments. It is concluded that the
proposed metric constitutes an innovative tool for the spatial and temporal quantification
of the potential efficiency of evaporative cooling, with applicability in decision support and
in the planning of thermal mitigation strategies in intensive dairy production systems.
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1. Introduction
Intensive dairy production is highly sensitive to thermal conditions, with heat stress

being one of the main limiting factors affecting the productive performance, reproductive
efficiency, and welfare of high-yielding dairy cows, particularly in tropical and subtropical
regions [1,2]. Under these conditions, the combination of high air temperatures, intense
solar radiation, and elevated levels of relative humidity impairs the dissipation of metabolic
heat produced by the animals, resulting in physiological and behavioral changes that in-
clude reduced dry matter intake, decreased milk production, and impaired reproductive
efficiency [3–7]. This scenario has intensified in the context of climate change, characterized
by rising global average temperatures and by the increasing frequency and intensity of
extreme events, such as heat waves, which represent a growing challenge for the sustain-
ability of intensive dairy production systems [8,9]. Moreover, when high temperatures
occur simultaneously with elevated levels of relative humidity, heat dissipation through
evaporative pathways becomes limited, compromising the animals’ thermoregulatory
mechanisms and exacerbating the effects of heat stress [2,10].

Given the increasing occurrence of heat stress in intensive dairy systems, environmen-
tal cooling technologies have been extensively investigated to mitigate its effects [11,12].
Among these strategies, evaporative cooling, often combined with mechanical ventila-
tion, has been shown to significantly improve physiological and productive responses in
dairy cows, including reductions in respiratory rate, decreases in body temperature, and
increases in milk yield [13–17]. However, the performance of evaporative cooling methods
is directly influenced by the psychrometric characteristics of the ambient air, particularly by
the difference between dry-bulb and wet-bulb air temperatures, as well as by the Radiant
Heat Load incident on the animals [18].

In general, thermal environment cooling in animal housing facilities can be achieved
through two complementary principles: direct body cooling of the animals and evaporative
cooling of the air. Direct body cooling is based on the controlled sprinkling of water onto
the animals’ body surface, promoting the transfer of latent heat from the animal’s body to
the water applied to its skin and hair through the evaporation process [19–21]. This method
is widely recognized as highly efficient when associated with mechanical ventilation, which
is responsible for removing the water vapor formed and reestablishing the drying gradient
necessary for the continuity of the process [22,23]. Animal wetting should be carried out
only in management areas, such as the feed alley and the holding area prior to milking,
in order to avoid increasing bedding moisture and/or wetting resting areas, which could
consequently compromise hygienic conditions [24,25].

Evaporative cooling of the air, in turn, aims to reduce air temperature through the
conversion of sensible heat into latent heat as water evaporates with the airflow [18,26].
The air-cooling process can be implemented either directly, via water misting necessarily
associated with positive-pressure ventilation, or indirectly, through systems based on
wetted cellulose pads coupled with negative-pressure ventilation, which are suitable for
fully enclosed facilities [24,27]. In both cases, efficiency depends on the ventilation rate
and on the psychrometric difference between the incoming air and saturated air, such that
the lower the initial relative humidity of the air, the greater the cooling potential [22,28]. It
should be noted that in hot and humid environments the cooling effect is limited, as the air
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is already close to saturation, thereby restricting evaporation and the performance of the
cooling system [24,29].

The cooling principles described above highlight the importance of adopting engineer-
ing approaches that jointly consider local psychrometric conditions, ventilation regimes,
and incident radiation in order to achieve improved outcomes [18,21]. It should be em-
phasized that, in all cases, the use of mechanical ventilation is mandatory, not only to
promote evaporation and reduce temperature, but also to ensure adequate air quality and
to improve animal thermal comfort [30].

Several studies have already described the guiding principles and efficiency of evap-
orative cooling systems, but decision-making regarding where and when to apply these
methods, at either the farm or regional scale, still lacks practical indicators that integrate
local psychrometric conditions, including air temperature, relative humidity, air movement,
and solar radiation [21]. These conditions can be evaluated using consolidated thermal
comfort indices, such as the Temperature–Humidity Index (THI), the Black Globe Humidity
Index (BGHI), and the Radiant Heat Load (RHL), which represent the combined effects of
the climatic elements with the greatest influence on thermal comfort [31,32]. Nevertheless,
the direct application of these indices may not reflect the actual potential for evaporative
cooling use, particularly when air psychrometric characteristics and incident solar radiation
differ substantially. Therefore, there remains a lack of metrics and studies capable of quan-
tifying, in an integrated manner, the theoretical potential for evaporative cooling use across
different locations and periods of the year. It is inferred that the development of this type of
metric can be achieved through modern computational tools, enabling the identification of
climatic patterns and the modeling of the potential use of evaporative cooling techniques
based on meteorological time series and thermal environment indices [33,34].

Despite advances in knowledge regarding cooling strategies applied to animal pro-
duction, there are still no indicators capable of dynamically integrating local psychrometric
conditions and incident solar radiation, factors that play a decisive role in the efficiency of
evaporative cooling processes. In this context, the objective of this study was to develop
and applied an new metric, termed Radiant Heat Load Reduction under Evaporative
Cooling (∆RHL), capable of quantifying the theoretical potential for reducing radiant
heat load associated with the application of evaporative cooling systems under different
psychrometric conditions.

The proposed metric was conceived through the integration of thermal environment
variables, air psychrometric parameters, and heat transfer principles involved in evapo-
ration processes and heat exchange between the environment and the animals. Unlike
approaches based exclusively on heat stress indices (THI, BGHI, etc.), ∆RHL allows the
explicit representation of the physical potential for thermal mitigation provided by evap-
orative cooling, estimating the magnitude of the reduction in radiant heat load incident
on the animals that can be achieved as a function of prevailing environmental conditions.
This approach enables an integrated assessment of both the intensity of heat stress and
the capacity of the environment to favor evaporative heat dissipation processes, making it
possible to identify scenarios in which high levels of heat stress occur under psychrometric
conditions that are unfavorable to the efficiency of evaporative cooling. Based on this
framework, the hypothesis of this study is that the integration of psychrometric parameters
and thermal environment indicators through the ∆RHL metric allows the identification of
spatial and temporal differences in the potential application of evaporative cooling that
are not captured by the thermal indices traditionally used in the evaluation of heat stress
in dairy cattle. Consequently, it is expected that the results of this study will contribute
to expanding the analytical scope of the tools used in the evaluation of the thermal envi-
ronment in animal production systems, providing a quantitative approach for estimating
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the potential efficiency of evaporative cooling strategies. In this way, the study seeks to
contribute to advances in engineering applied to animal thermal comfort and to the devel-
opment of adaptive and sustainable solutions for environmental management in intensive
dairy production systems under different climatic contexts.

2. Materials and Methods
The methodological approach adopted in this study integrates psychrometric prin-

ciples and heat transfer mechanisms to formulate a metric capable of quantifying the
theoretical potential for evaporative cooling under different climatic conditions. To achieve
the proposed objective, this section was organized into four subsections: thermal indices
that support the formulation of the metric; the formulation of the Radiant Heat Load
Reduction under Evaporative Cooling metric; the selection of locations and data sources;
and computational implementation and data processing.

2.1. Thermal Indices That Support the Formulation of the Metric

The potential use of evaporative cooling methods for mitigating heat stress in intensive
dairy housing facilities was analyzed under different microclimatic scenarios, based both on
consolidated thermal comfort indices and on the physical principles of latent heat transfer.
The Temperature–Humidity Index (THI) was used to quantify the combined effects of
air temperature and relative humidity on the animal thermal balance [31]. The classical
formulation proposed by Yousef [35], and widely applied in subsequent studies [36–38],
was employed for the calculation of THI:

THI = 0.81 × Tdb +

[
RH(Tdb − 14.40)

100

]
+ 46.40 (1)

where the following definitions are used:
Tdb is the dry-bulb air temperature, ◦C;
RH is the relative humidity of the air, %.
According to Hahn [37], the THI ranges originally proposed for lactating cows are

as follows: THI ≤ 74—normal; 75 ≤ THI ≤ 78—alert; 79 ≤ THI ≤ 83—danger; and
THI ≥ 84—emergency. However, results from more recent studies have indicated that cows
with high genetic potential for milk production (>30 kg·day−1), whose thermoregulatory
mechanisms and energy balance are more sensitive to heat, exhibit adverse physiological
and reproductive responses at THI values around 68 [39–43]. For this reason, and adopting
a conservative approach aimed at protecting high-producing cows, a THI value of 68 was
considered in this study as the threshold for the onset of heat stress, which may serve as a
practical reference for the preventive activation of evaporative cooling systems.

To evaluate the effect of solar radiation on the thermal environment, black globe
temperature (Tbg, in ◦C) was employed, a fundamental variable for representing the
interaction between radiative and convective fluxes that influence the thermal balance of
the environment [44,45]. As automatic weather stations do not directly measure Tbg, this
variable was estimated using an empirical model described by Abreu et al. [46], which has
been widely applied in subsequent studies under tropical/subtropical conditions [47–49].

Tbg = 0.456 + 1.0335 × Tdb (2)

Equation (2) was empirically calibrated for tropical climate conditions, achieving a
high correlation (R2 > 0.98) between dry-bulb and black globe temperatures, which confirms
its suitability for indirect estimates in locations where direct measurement of Tbg is not
available [46]. Based on the estimated Tbg values, the Radiant Heat Load (RHL, in W·m−2)
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was calculated, a parameter used to characterize the intensity of incident radiation and its
contribution to the thermal balance of the environment. For the calculation of RHL, the
Mean Radiant Temperature (MRT, in K) was first determined, as described in Equation (3),
followed by the calculation of RHL itself, according to Equation (4) [50]:

MRT = 100

[
2.51 ×√

vair ×
(

Tbg − Tdb

)
+

(Tbg

100

)4
]1/4

(3)

RHL = σ MRT4 (4)

where the following definitions are used:
vair is the air velocity, m·s−1;
Tbg is the black globe temperature, K;
σ is the Stefan–Boltzmann constant (5.67·10−8 W·m−2·K−4).
The determination of RHL was applied to quantify the total radiative load incident on

the animals, constituting an essential parameter for estimating the potential mitigation of
radiant heat gain provided by evaporative cooling systems.

2.2. Formulation of the Radiant Heat Load Reduction Under Evaporative Cooling Metric

In the initial stage of formulating the proposed metric, two theoretical state points were
defined, which are necessary for quantifying the theoretical capacity for RHL reduction
through evaporative cooling. These state points represent the environmental conditions
before and during the use of evaporative cooling, and the characteristics of and changes in
the state points and animal comfort are illustrated in Figure 1.

 
Figure 1. Schematic representation of the transition from an initial heat stress condition to a simu-
lated final condition, when the evaporative cooling process is applied and enables improvement of
the environment.

State point 1 represents the initial conditions, without the use of evaporative cooling
methods and under heat stress conditions (Figure 1). For this state point, the Initial Radiant
Heat Load (RHLIn) was calculated based on Equations (3) and (4), using Tdb, Tbg, and vair

data. After calculating RHLIn, the subsequent step was to determine the RHL for state
point 2, termed the Simulated Radiant Heat Load (RHLSim), which simulates the use of
water sprinkling in association with forced ventilation, aiming to reduce the animal’s body
temperature and/or the air temperature.

Upon reaching state point 2, that is, when the air–water vapor mixture attains the
desired psychrometric characteristics, the system temperature is reduced and is then
referred to as the simulated air temperature (Tdb-Sim, in ◦C), which, in practical terms,
corresponds to the dew point temperature (Tdp, in ◦C). Under these conditions, the cooling
process cannot be defined as isobaric, since water vapor is added to the mixture and air
reaches the Tdp only under isobaric cooling. Nevertheless, although the cooling process is
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not isobaric, the variation in vapor pressure resulting from water addition to the system is
considered infinitesimal when compared with atmospheric pressure [50]. Therefore, even
though the system does not reach the Tdp, the temperature achieved is very close to the
Tdp value.

The Simulated Mean Radiant Temperature (MRTSim) was calculated through an adap-
tation of the equation proposed by Esmay [50]. In this adaptation, T_db was replaced
by T_db-Sim, and a forced ventilation condition was assumed, under which vair was
kept constant and equal to 2.50 m·s−1, in accordance with recommendations for animal
housing facilitie [51–53]. Finally, the simulated black globe temperature (Tbg-Sim, in K) was
calculated using Equation (2), and subsequently, MRTSim was calculated using Equation (5):

MRTSim = 100

[
2.51 ×

√
2.50 ×

(
Tbg-Sim − Tdb-Sim

)
+

(Tbg-Sim

100

)4
]1/4

(5)

where the following definitions are used:
Tdb-Sim is the mean simulated air temperature, K;
Tbg-Sim is the mean simulated black globe temperature, K.
With RHLIn and RHLSim determined, a variable capable of quantifying the reduction

in RHL through the use of evaporative cooling methods was established. This metric was
termed Radiant Heat Load Reduction under Evaporative Cooling (∆RHL) and is defined
according to Equation (6):

∆RHL = RHLIn − RHLSim (6)

where the following definitions are used:
RHLIn is the Initial Radiant Heat Load, W·m−2;
RHLSim is the Simulated Radiant Heat Load, W·m−2.
This metric reflects the theoretical magnitude of the reduction in incident radiative

load achieved through evaporative cooling under different psychrometric conditions, serv-
ing as a quantitative indicator of process effectiveness. This approach is consistent with
studies that explore relationships between environmental conditions and cooling effi-
ciency, such as those by Tejero-González and Franco-Salas [26], Foroushani and Amon [30],
and Berman [45].

2.3. Selection of Locations and Data Sources

To evaluate the potential use of evaporative cooling methods for mitigating heat stress
in intensive dairy production systems in Brazil, sixteen-year hourly time series (1 January
2007 to 31 December 2023) from automatic weather stations operated by the Brazilian
National Institute of Meteorology (INMET) were analyzed. The extracted variables included
dry-bulb air temperature (Tdb, ◦C), dew point temperature (Tdp, ◦C), relative humidity
(RH, %), and air velocity (vair, m·s−1). The data were obtained from the Meteorological
Database for Teaching and Research (BDMEP) of INMET [54]. It should be noted that, since
the data extracted from BDMEP originate from automatic meteorological stations, they do
not fully represent the microclimatic conditions inside actual livestock facilities, as they
do not account for specific heat transfer processes between animals and the environment,
nor for the particularities associated with different building typologies of animal housing
systems. Nevertheless, their use was necessary to enable the analysis of different climatic
conditions (tropical and subtropical), which was one of the objectives of the study.

The stations were selected based on two main criteria: (1) availability of continuous
and consistent hourly data series over the analyzed period; (2) location in municipalities
situated within the main dairy-producing regions of Brazil. Additional details regarding
station selection are described in Section 3.1.
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2.4. Computational Implementation and Data Processing

After extracting the files in .CSV (character-separated values) format from BDMEP,
data processing and filtering were performed. In the initial processing step, a filter was
applied to extract only air velocity (vair) values that represent typical indoor conditions of
facilities used to house dairy cattle. According to the relevant literature, vair in the animal-
occupied zone should be greater than 1.00 m·s−1 in order to ensure efficient cooling [55].
Studies on mechanical ventilation in confinement housing facilities have identified mean
air velocities ranging from 0.90 to 2.50 m·s−1, depending on the configuration [51–53]. For
this reason, a value of 2.50 m·s−1 was adopted as the upper threshold for typical indoor
conditions in dairy cattle confinement facilities, and vair values exceeding this threshold
obtained from external meteorological stations were discarded. The fact is that the vair data
measured at automatic weather stations represent outdoor environmental conditions that
do not necessarily correspond to those found inside dairy cattle housing facilities, given
that automatic weather stations are equipped with meteorological shelters and are typically
located in areas with little or no influence from surrounding structures [56,57].

Regarding the upper threshold of vair established in this study (2.50 m·s−1), it should
be noted that it is consistent with the values recommended in the literature. Studies indicate
that, in intensive systems specialized in dairy production, vair values close to 2.50 m·s−1

help ensure the removal of gases and pollutants and, depending on the prevailing Tdb

and RH conditions, favor heat exchange through evaporation and convection [51–53,58].
However, it is important to note that MRT and, consequently, RHL, are sensitive to vari-
ations in this variable, and may present lower values under reduced vair conditions and,
conversely, higher values when vair exceeds the adopted threshold. Another important
aspect that should be mentioned refers to the definition of the Tdb-Sim variable, which,
although conceptually distinct from Tdp, presents numerical equivalence, as supported
by psychrometric principles. Therefore, in the evaporative cooling process, the minimum
temperature reached does not correspond exactly to the Tdp, but rather to the wet-bulb
temperature. However, the differences resulting from this approximation, in terms of
variation in the total pressure of the system, are negligible and do not compromise the
consistency of the analyses performed [50].

In the second processing stage, a code was developed to filter daily data corresponding
only to the period from 10:00 a.m. to 6:00 p.m., from which daily and monthly mean values,
along with standard deviations, were obtained for the variables Tdb, Tdp, RH, and vair, as
well as calculated values for the indices of interest. This filtering was performed considering
that this time interval corresponds to the period with the highest incidence of elevated Tdb

values and, therefore, to the period in which animals are more susceptible to heat stress,
making the use of evaporative cooling methods more likely [59,60].

Thermal environment indices (THI, BGHI, RHL, etc.) are commonly used to assess
the thermal conditions to which animals are exposed, but analyses can be conducted at
different temporal scales (hourly, daily, monthly, seasonal, etc.). In this study, hourly values
of the extracted variables were used to calculate daily (THIDaily), monthly (THIMonthly,
∆RHLMonthly), and seasonal (THISeason, ∆RHLSeason) mean values of THI and ∆RHL. There-
fore, based on the hourly data and the index values calculated for the 16-year time series,
it was possible to conduct a critical analysis of the magnitudes obtained using statistical
tables and temporal distribution diagrams.

All data processing procedures and calculations of indices and metrics were performed
using RStudio software, version 4.5.1 [61]. The procedures included data import, filtering,
temporal aggregation, and visualization, as well as the calculation of THI and ∆RHL,
using the packages dplyr, version 1.2.0 [62], ggplot2, version 4.0.2 [63], lubridate, version
1.9.5 [64], psych, version 2.6.1. [65], readr, version 2.2.0 [66], and tidyr, version 1.3.2 [67].
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3. Results and Discussion
In this study, the metric Radiant Heat Load Reduction under Evaporative Cooling

(∆RHL) was developed and applied to evaluate the potential use of evaporative cooling
methods as a strategy for mitigating heat stress in different locations in Brazil. For the
sequential presentation and discussion of the results obtained, this section was organized
into four subsections: the selection and climatic characterization of locations with different
thermal conditions; the assessment of thermal conditions using the Temperature–Humidity
Index; the evaluation of the theoretical potential for the use of evaporative cooling systems
in intensive dairy cattle housing; and limitations and perspectives for future studies.

3.1. Selection and Climatic Characterization of Locations with Different Thermal Conditions

For the application of the metric proposed in this study, three municipalities located
in strategic regions for Brazilian dairy cattle production were selected, representing the
Southeast, South, and Midwest regions: Uberlândia, in the state of Minas Gerais (MG);
Uruguaiana, in the state of Rio Grande do Sul (RS); and Luziânia, in the state of Goiás
(GO). The selection of these locations considered, in an integrated manner, the economic
relevance of regional dairy production and the representativeness of different climatic
regimes, allowing the evaluation of evaporative cooling potential under contrasting thermal
conditions typical of intensive dairy systems in tropical and subtropical regions. Figure 2
illustrates the geographic coordinates of the automatic weather stations used for each
municipality, as well as the spatial location of the studied areas and the distribution of
financial revenue generated by dairy production across Brazilian states.

 
Figure 2. Spatial distribution of the financial revenue generated by dairy production in each Brazil-
ian state in 2024, and indication of the geographic coordinates of the automatic weather stations
in Uberlândia (MG), Uruguaiana (RS), and Luziânia (GO). Source: Adapted from INMET [54]
and IBGE [68].

The state of Minas Gerais stands out as the largest milk producer in Brazil, with a con-
solidated and highly technified production chain, accounting for approximately 26.63% of
national milk production in 2024 and generating about BRL 24.21 billion in revenue [68,69].
In this context, the municipality of Uberlândia, located in the Triângulo Mineiro region, was
selected due to its significant contribution to state-level production and for representing
climatic conditions typical of Central Brazil. According to the Köppen–Geiger climate
classification, Uberlândia has an Aw climate, characterized as tropical with a well-defined
dry season during winter [70,71]. In 2024, the municipality generated approximately BRL
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182.62 million from the dairy production chain, highlighting its productive relevance [68].
Its climatic regime is marked by high Tdb values during spring and summer, often associ-
ated with elevated RH levels, which impose additional challenges for the thermal comfort
management of dairy cattle.

The Southern region of Brazil also plays a relevant role in national milk production,
standing out for high levels of productivity per animal and greater adoption of management
and environmental control technologies [42]. In 2024, the state of Rio Grande do Sul
contributed approximately 11.63% of national milk production, generating about BRL
9.85 billion in revenue [68,69]. The municipality of Uruguaiana was selected as a regional
representative due to its humid subtropical climate (Cfa), according to the Köppen–Geiger
classification, characterized by the absence of a well-defined dry season and by high
thermal variability throughout the year [70,71]. In Uruguaiana, the dairy production chain
generated approximately BRL 1.53 million in 2024, playing a relevant role in income and
employment generation at the local scale [68].

Finally, the Midwest region of Brazil has shown significant growth in dairy production
in recent decades, driven by the intensification of production systems. The state of Goiás
is the leading regional producer, accounting for approximately 8.43% of national milk
production and generating about BRL 7.01 billion in 2024 [68,69]. The municipality of
Luziânia, located in eastern Goiás, was selected for being part of one of the main dairy-
producing regions in the area, with an estimated production value of BRL 156.34 million in
the same year [68]. Similar to Uberlândia, Luziânia has an Aw climate, characterized by a
dry winter and a hot, humid summer [71].

For the three selected municipalities, hourly meteorological data on dry-bulb air
temperature (Tdb) and relative humidity (RH) were obtained from BDMEP/INMET [54],
considering the period from 2007 to 2023. Thermal characterization was performed based
on the mean values and standard deviations of Tdb and RH calculated for the interval
between 10:00 a.m. and 6:00 p.m., a period recognized as critical for the occurrence of heat
stress in dairy cattle. The seasonal mean results for these variables are listed in Table 1.

Table 1. Seasonal mean values with standard deviations of dry-bulb air temperature (Tdb, in ◦C) and
relative humidity (RH, in %), calculated from hourly data of these variables for the municipalities of
Uberlândia (MG), Uruguaiana (RS), and Luziânia (GO).

Season

Municipality

Uberlândia (MG) Uruguaiana (RS) Luziânia (GO)

Tdb (◦C) RH (%) Tdb (◦C) RH (%) Tdb (◦C) RH (%)

Summer 25.00 ± 2.43 66.49 ± 13.59 26.06 ± 4.63 67.71 ± 18.23 23.21 ± 2.47 73.96 ± 13.04
Autumn 23.64 ± 2.73 57.62 ± 13.36 17.27 ± 5.62 78.08 ± 14.42 22.40 ± 3.12 65.25 ± 15.60
Winter 23.75 ± 3.99 42.15 ± 15.34 13.14 ± 5.45 80.97 ± 14.03 22.73 ± 4.86 45.32 ± 18.48
Spring 26.25 ± 3.27 56.23 ± 18.37 22.69 ± 5.29 67.02 ± 20.00 25.00 ± 3.48 62.21 ± 20.27

In Uberlândia and Luziânia, the highest mean Tdb values were recorded during spring,
with averages of 26.25 ± 3.27 ◦C and 25.00 ± 3.48 ◦C, respectively. In Uberlândia, elevated
Tdb values were also observed during summer (25.00 ± 2.43 ◦C). In Uruguaiana, in turn,
the highest mean Tdb values occurred in summer (26.06 ± 4.63 ◦C), a pattern typical of
regions with a humid subtropical climate [72,73]. Considering a threshold of 24 ◦C as in-
dicative of the onset of heat stress conditions for lactating dairy cows [74], it was observed
that, in all three municipalities, the mean Tdb values during the warmest periods charac-
terized environments that were potentially stressful from a thermal perspective [11,42].
Under such conditions, dairy cattle activate physiological and behavioral thermoregulatory
mechanisms, such as increased respiratory rate, sweating, and reduced dry matter intake.
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When these conditions persist, especially in intensive systems, significant impairments in
productive performance, reproductive efficiency, and animal health may occur [19,32,75].

RH is another environmental parameter of high relevance for the characterization of
thermal comfort, as it directly influences the processes of sensible and latent heat dissipation
between the animal and the environment [72,76,77]. In general, it is recommended that
relative humidity in dairy cattle housing facilities be maintained between 30 and 80% [74].
However, several studies indicate that values above 50% are already sufficient to reduce
the efficiency of evaporative heat exchange, especially in environments with high Tdb

values [29,78,79]. In the municipalities of Uberlândia and Luziânia, mean RH values
exceeded the 50% threshold during summer, autumn, and spring, with more critical
conditions observed in summer (66.49 ± 13.59% and 73.96 ± 13.04% in Uberlândia and
Luziânia, respectively). Under these conditions, although elevated Tdb values indicate
a clear need for thermal cooling, high RH levels impose important constraints on the
efficiency of techniques based on evaporative cooling, representing a recurring challenge in
humid tropical climates [20,24,34].

In Uruguaiana, high mean RH levels were observed throughout the year, particularly
during summer, when elevated Tdb (26.06 ± 4.63 ◦C) and RH (67.71 ± 18.23%) values
occurred simultaneously, significantly limiting the potential for evaporative cooling. During
autumn and winter, despite the high RH values (78.08 ± 14.42% and 80.97 ± 14.03%,
respectively), it can be inferred that the lower Tdb values reduced the risk of heat stress.
However, persistently high RH levels are associated with deterioration of animal hygiene
and health conditions, potentially favoring increased body soiling, higher somatic cell
counts, and a greater incidence of respiratory disorders, factors that require careful attention
in sanitary management [12,80,81].

Overall, Uberlândia and Luziânia exhibited similar patterns of seasonal variation
in Tdb and RH, which was expected given their shared climatic classification (Aw). In
these locations, winter periods are characterized by milder and drier conditions, whereas
summer concentrates simultaneously high temperature and relative humidity values. In
contrast, Uruguaiana exhibited pattern typical of a subtropical climate, with greater annual
thermal variability and relatively high RH levels throughout the year, influenced by factors
such as polar air masses, frontal systems, and increased cloud cover [70,71,73].

The selection and climatic characterization of the evaluated municipalities establish a
robust basis for applying the proposed metric, allowing the analysis of evaporative cooling
potential under different combinations of thermal load and psychrometric constraints.
This approach enables a more realistic assessment of the efficiency of cooling strategies
in intensive dairy systems, particularly in tropical and subtropical regions, where the
limitations imposed by RH are often overlooked.

3.2. Assessment of Thermal Conditions Using the Temperature–Humidity Index

The Tdb and RH time series were used to calculate daily mean THI values, along with
their respective standard deviations (THIDaily), considering the interval between 10:00 a.m.
and 6:00 p.m. This period corresponds to the time window with the highest incidence of
heat stress in dairy cattle, due to the combination of elevated Tdb values, greater incident
radiative load, and physiological limitations to latent heat dissipation [3,7].

The temporal evolution of THIDaily from 2007 to 2023 for the municipalities of
Uberlândia (MG), Uruguaiana (RS), and Luziânia (GO) is illustrated in Figure 3. In general,
a well-defined oscillatory distribution was observed, with a consistent seasonal pattern
and interannual variations associated with regional climatic characteristics. This pattern is
widely described in the climatological literature applied to animal production, in which
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THI exhibits an approximately sinusoidal distribution, reflecting the alternation between
warm and cold periods throughout the year [32,82,83].

 

Figure 3. Time series of the Temperature–Humidity Index (THI), with standard deviation, over
the period from 2007 to 2023 in: (a) Uberlândia (MG); (b) Uruguaiana (RS); (c) Luziânia (GO).
UTCL—Upper Thermal Comfort Limit.

In the municipalities of Uberlândia and Luziânia, both classified as tropical Aw cli-
mates, the annual amplitude of variation in THIDaily was relatively smaller compared
to that observed in Uruguaiana. Nevertheless, maximum THIDaily values frequently ap-
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proached or exceeded the range of 72–73, especially during the first and last quarters of the
year (Figure 3a,c). These values characterize conditions of moderate to severe heat stress
for high-producing dairy cows, particularly those with daily milk production exceeding
30 kg, whose metabolic demands substantially increase internal heat production [7,82].

Although mean THIDaily values close to 68–70 are traditionally considered initial
thresholds for heat stress, recent evidence indicates that high-producing dairy cows may
exhibit adverse physiological responses, such as an increased respiratory rate, elevated
core body temperature, and reduced dry matter intake, at THI values around 67–68,
especially when associated with high RH and low evaporative cooling capacity in the
environment [32,39–43,82]. Therefore, in this study, a THI threshold of 68 was adopted
as the onset of heat stress, representing a conservative approach aligned with recent
recommendations for intensive dairy systems.

During the central months of the year, particularly between June and August,
Uberlândia and Luziânia exhibited mean THIDaily values predominantly below 68, in-
dicating conditions closer to thermal comfort. However, the analysis of standard deviations
reveals the occurrence of daily THI peaks above the critical threshold, even during pe-
riods that are considered, on average, thermally favorable. This result reinforces the
importance of daily-scale analyses, as monthly or seasonal averages may mask episodic
heat stress events with the potential to negatively affect productive performance and
animal welfare [38,82].

In Uruguaiana, a municipality classified as having a humid subtropical climate (Cfa),
greater dispersion of THIDaily values was observed throughout the year, reflecting the
higher seasonal thermal variability typical of this region. During summer, mean THIDaily

values frequently exceeded 75, characterizing conditions of severe heat stress. In contrast,
during the winter months, minimum THIDaily values reached levels below 55, representing
environments that are highly favorable for thermal comfort. This large thermal amplitude
distinguishes Uruguaiana from municipalities with tropical climates and has direct im-
plications for both the frequency of heat stress occurrence and the potential efficiency of
adopted mitigation strategies [73,84].

The interannual and seasonal pattern of THIDaily observed in the three municipalities
is consistent with regional climate classification and with recent studies indicating an inten-
sification of heat stress in tropical and subtropical regions, particularly during transitional
periods between seasons [33,34,85]. In tropical environments, the combination of high Tdb

values and elevated RH levels limits heat dissipation through evaporation, exacerbating
the effects of heat stress even when absolute THI values do not reach extreme levels [3,86].

Despite its widespread use, it should be noted that THI has important limitations as
a standalone indicator of the thermal environment, as it does not explicitly incorporate
variables such as solar radiation, air velocity, and Radiant Heat Load [31,33,87]. Therefore,
similar THI values may represent substantially different thermal conditions from the
perspective of animal heat balance, especially when comparing hot and dry versus hot
and humid environments [38,88]. This limitation becomes particularly relevant when the
objective is to evaluate the potential use of evaporative cooling strategies, whose efficiency
is strongly dependent on the psychrometric conditions of the air.

In this context, the THI analysis performed in this subsection provides the necessary
basis for identifying the frequency, intensity, and seasonality of heat stress conditions
across the different evaluated locations. However, as discussed in the following subsection,
the occurrence of high THI values does not necessarily imply high evaporative cooling
efficiency. Therefore, integrating THI with the proposed metric (∆RHL) allows for a more
comprehensive and physically consistent assessment of thermal mitigation potential in
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intensive dairy production systems, simultaneously considering both the need for cooling
and the effective capacity of the environment to provide it.

3.3. Evaluation of the Theoretical Potential for the Use of Evaporative Cooling Systems in Intensive
Dairy Cattle Housing

In intensive dairy production systems, the adoption of evaporative cooling strategies
is justified when periods of heat stress coincide with environmental conditions favorable to
heat dissipation through evaporation. However, this coincidence does not always occur,
since the efficiency of evaporative processes strongly depends on the psychrometric state
of the air, particularly RH, and not solely on the magnitude of heat stress assessed by
indices such as THI [11,26,89]. In this context, the metric Radiant Heat Load Reduction
under Evaporative Cooling (∆RHL) was applied in an integrated manner with THI to
evaluate the potential for evaporative cooling in Uberlândia, Luziânia, and Uruguaiana,
allowing assessment not only of the need for cooling but also of its potential efficiency
under different climatic conditions.

The seasonal mean values of THI and ∆RHL for Uberlândia (MG), Luziânia (GO), and
Uruguaiana (RS) are listed in Table 2. Overall, the results indicate that periods of greater
heat stress do not always coincide with those of higher theoretical potential for radiant heat
load reduction through evaporative cooling, reinforcing the relevance of the integrated
approach adopted.

Table 2. Seasonal mean values, with standard deviations, of the Temperature–Humidity Index
(THI) and Radiant Heat Load Reduction under Evaporative Cooling (∆RHL, in W·m−2) for the
municipalities of Uberlândia (MG), Luziânia (GO), and Uruguaiana (RS).

Season

Municipality

Uberlândia (MG) Luziânia (GO) Uruguaiana (RS)

THI ∆RHL (W·m−2) THI ∆RHL (W·m−2) THI ∆RHL (W·m−2)

Summer 73.15 ± 2.32 42.12 ± 25.84 71.20 ± 2.73 30.74 ± 23.35 74.57 ± 5.46 43.55 ± 39.20
Autumn 70.46 ± 3.44 59.27 ± 25.18 69.24 ± 3.93 45.84 ± 28.32 62.12 ± 8.66 22.11 ± 23.60
Winter 68.86 ± 3.98 94.60 ± 38.52 67.59 ± 5.09 88.79 ± 44.83 55.69 ± 8.68 16.71 ± 20.08
Spring 73.53 ± 2.72 68.00 ± 42.57 72.35 ± 2.92 56.41 ± 44.88 69.51 ± 6.71 42.53 ± 38.94

In Uberlândia, the highest seasonal mean ∆RHL value was observed during winter
(94.60 ± 38.52 W·m−2; Table 2), a period in which the mean THI was 68.86 ± 3.98 (Table 2),
a value close to the lower heat stress threshold adopted in this study. This pattern reflects
the typical characteristics of a tropical climate with a dry winter, in which reduced RH sub-
stantially increases evaporative potential, favoring latent heat dissipation [44,90]. However,
during this same period (winter), the physiological need for animal cooling is reduced,
since heat stress levels were less frequent.

In contrast, during summer in Uberlândia, when the mean THI reached 73.15 ± 2.32
(Table 2), characterizing conditions of moderate to severe heat stress [39–43], ∆RHL exhib-
ited its lowest seasonal value (42.12 ± 25.84 W·m−2). This discrepancy highlights a recur-
rent scenario in humid tropical regions, in which precisely during periods of greater cooling
demand, high RH limits the efficiency of evaporative processes [85,91]. These results are
consistent with experimental and modeling studies that have shown that latent heat loss is
reduced in hot and humid environments, even under forced ventilation [44,92,93].

In Luziânia, a pattern similar to that observed in Uberlândia was identified, which was
expected given that both locations share the same climatic classification (Aw). The highest
∆RHL value occurred during winter (88.79 ± 44.83 W·m−2; Table 2), associated with a
mean THI of 67.59 ± 5.09 (Table 2), indicating a predominantly thermally comfortable
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environment [39–43]. As in Uberlândia, a high theoretical evaporative cooling capacity was
observed during a period in which the physiological demand for cooling is reduced.

Summer in Luziânia presented the most critical condition from a productive stand-
point, with a mean THI of 71.20 ± 2.73 (Table 2) and the lowest seasonal ∆RHL value
(30.74 ± 23.35 W·m−2; Table 2). These results reinforce the limitations of evaporative cool-
ing systems in hot and humid environments, in which the air is close to saturation, reducing
the gradient required for water evaporation [18,90]. Under such conditions, complementary
strategies, such as shading, increased ventilation, and management adjustments, become
essential to mitigate the effects of heat stress [32,52].

The pattern observed in Uruguaiana differed substantially from that identified in the
tropical-climate municipalities. Due to the greater annual thermal variability typical of
a humid subtropical climate (Cfa) [71,73,85], periods of greater heat stress more consis-
tently coincided with higher ∆RHL values (Table 2). During summer, when the mean
THI reached 74.57 ± 5.46 (Table 2), the highest seasonal ∆RHL value was also observed
(43.55 ± 39.20 W·m−2). This concurrence indicates a more favorable scenario for the appli-
cation of evaporative cooling, in which the physiological need for animal cooling coincides
with environmental conditions that are relatively conducive to evaporation.

Conversely, during winter, Uruguaiana exhibited the lowest THI values (55.69 ± 8.68;
Table 2) and, simultaneously, the lowest ∆RHL (16.71 ± 20.08 W·m−2; Table 2), characteriz-
ing a period of low heat stress and low potential for the use of evaporative cooling. This
pattern indicates that, in subtropical climates, critical periods of heat stress tend to coincide
with a greater potential for the use of evaporative cooling, in contrast to what is observed
in tropical regions.

To further deepen the analysis of evaporative cooling potential, THI and ∆RHL con-
ditions were evaluated simultaneously throughout the year, as illustrated in Figure 4.
Through the integrated monthly analysis of THI and ∆RHL (Figure 4), it was possible
to simultaneously identify the occurrence of heat stress in dairy cattle and the physical
feasibility of evaporative cooling as a mitigation strategy, representing the main method-
ological advancement of this study. This integrated approach overcomes analyses based
exclusively on thermal indices by demonstrating that the physiological need for heat dissi-
pation does not always coincide with the environment’s capacity to promote it through
latent pathways [11,18].

Although the use of evaporative cooling as an alternative for reducing heat stress
is widely adopted in several tropical and subtropical regions, the hypothesis that the
efficiency of this method depends on environmental conditions is confirmed by the analysis
of Figure 4. In the municipalities of Uberlândia and Luziânia, although specific climatic
characteristics were observed, similar patterns were identified in the behavior of the
analyzed variables. As illustrated in Figure 4a,c, in both locations the THI presented higher
values during the first and last quarters of the year, whereas ∆RHL tended to reach its
lowest values between the second and third quarters.

Although tropical regions are characterized by a predominance of more intense heat
stress between January and May and September and December, a mismatch was observed,
particularly in the first and last quarters, between the periods in which high-producing
dairy cattle may be subjected to heat stress (THI ≥ 68.00) and those in which there is greater
potential for the efficient use of evaporative cooling (Figure 4). This occurs because, in
both locations, ∆RHL reached higher values (between 100.00 and 120.00 W·m−2) only in
September (Figure 4a,c). Based on these results, it can be inferred that, despite the high
physiological demand for evaporative cooling, the high relative humidity (RH) typical of
the tropical summer acts as a limiting factor for the efficiency of heat dissipation through
evaporation [1,2]. On the other hand, between May and August, a marked increase in
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∆RHL was observed, likely associated with the reduction in RH (Figure 4a,c). However,
during this period, THI values remain predominantly below 68.00, characterizing a scenario
of functional divergence, in which there is high environmental potential for evaporative
cooling but low physiological demand for thermal cooling.

 

Figure 4. Mean distribution curves, with standard deviation, of the Temperature–Humidity Index
(THI) and Radiant Heat Load Reduction under Evaporative Cooling (∆RHL, in W·m−2), throughout
the year over the period from 2007 to 2023: (a) Uberlândia (MG); (b) Uruguaiana (RS); (c) Luziânia
(GO). UTCL—Upper Thermal Comfort Limit.

In Uruguaiana (Figure 4b), the integrated analysis of THI and ∆RHL patterns differed
substantially from that observed in the tropical-climate municipalities. Between January
and March, THI values remained above 68.00, characterizing heat stress conditions [39–43].
During this same period, ∆RHL values were moderate, configuring a favorable scenario
for the use of evaporative cooling techniques in dairy cattle production [15,25]. Conversely,
between April and August, mean THI values in Uruguaiana remained below 68 (Figure 4b),
indicating a lower frequency of heat stress, a pattern accompanied by low ∆RHL values.
This functional coherence indicates that, in Uruguaiana, periods of lower physiological
demand for cooling coincide with a reduced environmental capacity for heat dissipa-
tion through evaporation. From September onward, a simultaneous increase in THI and
∆RHL was observed in Uruguaiana, with the greatest concordance recorded in December
(Figure 4b). This pattern demonstrates that, unlike tropical regions, in subtropical climates
periods of greater heat stress tend to coincide with higher evaporative cooling potential,
making this technique more consistently applicable during summer [25,94].

The analyses described above indicates that, although thermal comfort is a prerequisite
for achieving high levels of animal productivity, the use of evaporative cooling does not al-
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ways represent the most efficient alternative, due to limitations imposed by environmental
conditions and regional climatic diversity [25,26]. In this context, complementary strate-
gies, such as adjustments in feeding schedules, nutritional modifications, and ventilation
management, may be required to mitigate the effects of heat stress [52,95,96].

The results obtained in this study are in strong agreement with those reported by
Tazzo et al. [94], who evaluated regional data from automatic weather stations in the state
of Rio Grande do Sul and observed that 100% of the state territory is under heat-related
thermal discomfort during summer, with up to 27% of the area experiencing extremely
hot conditions in January. The findings reported by the authors corroborate the high
THI values observed in Uruguaiana and the occurrence of extreme heat stress during the
summer period.

Using spatial data of maximum temperature, minimum temperature, and air veloc-
ity in NetCDF format, Sousa et al. [97] zoned unfavorable climatic conditions for high-
producing cattle in tropical regions. Although adopting a spatial approach, the authors
of that study identified THI extremes in the North, East, and far North mesoregions of
Maranhão, areas that share a tropical climatic classification with Luziânia and Uberlândia.
These results corroborate the patterns observed in the present study, reinforcing the ap-
plicability of the integrated THI and ∆RHL approach across different spatial scales and
climatic contexts.

3.4. Limitations and Perspectives for Future Studies

In intensive animal production, the optimization of productive indices depends on
a complex set of interactions among environmental, physiological, technological, and
management factors [90]. Although the adoption of thermal cooling strategies, such as
evaporative cooling, represents one of the main tools for reducing the effects of heat
stress in dairy cattle, the integrated assessment of their efficiency remains a scientific and
technological challenge, particularly when seeking to extrapolate site-specific experimental
results to different regions and production scales.

In this study, an inherent limitation refers to the use of meteorological data from exter-
nal automatic weather stations, which, although widely employed in climatological studies
applied to animal production, do not fully capture the microclimatic complexity existing
inside confinement facilities. Factors such as building typology, orientation of structures,
roofing materials, animal density, ventilation regime, and the presence of artificial shading
can significantly alter the actual thermal conditions to which animals are exposed. Thus,
while the use of historical INMET datasets allows for robust regional- and temporal-scale
analyses, an accurate representation of the internal microenvironment of housing facilities
requires the incorporation of in situ measurements, particularly in studies aimed at the
operational validation of the proposed metric.

Another limitation is associated with the inherent complexity of animal heat balance.
Although environmental indices and metrics based on physical principles, such as ∆RHL,
allow inference of the theoretical potential for thermal mitigation, animals’ physiological
responses may vary as a function of individual factors, including production level, stage of
lactation, acclimation, genetics, and health status. Therefore, more detailed analyses at the
production-unit level require specific approaches, involving controlled experimentation
and simultaneous monitoring of environmental and physiological variables.

Despite the limitations described, the results obtained open a broad set of perspectives
for future studies. A first relevant advancement consists of the experimental validation
of the ∆RHL metric in real dairy cattle housing facilities, associating it with physiological
responses (respiratory rate, body temperature, sweating, etc.) and productive responses
(milk yield, milk composition, etc.). This type of study will allow the consolidation of the
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metric not only as a theoretical indicator but also as an operational decision-support tool in
intensive production systems.

Additionally, the application of ∆RHL in climate zoning studies represents a promising
perspective. Integrating this metric with spatial datasets and climate reanalysis products
will enable regional and national-scale mapping of the potential use of evaporative cooling,
identifying areas and periods of the year in which this strategy is likely to be more efficient
or constrained. Such an approach can support public policies, infrastructure investment
planning, and adaptation strategies for dairy production in the context of climate change.

Another high-potential line of research concerns the development of algorithms for
intelligent thermal monitoring and control systems in animal housing facilities. Incorporat-
ing ∆RHL into embedded systems applied to precision livestock environmental control,
combined with environmental sensors programmed for real-time data acquisition and au-
tomation techniques, will enable the dynamic and precise activation of evaporative cooling
systems, avoiding their use under unfavorable psychrometric conditions and maximizing
their energy and water efficiency. This perspective is directly aligned with recent advances
in digital agriculture and precision livestock farming.

Finally, future studies may explore the integration of the ∆RHL metric with ther-
moenergetic simulation models of rural buildings and with approaches based on artificial
intelligence and machine learning. These tools can contribute to predicting evaporative
cooling potential under different future climatic scenarios, thereby enhancing the adaptive
capacity of dairy production systems in the face of increasing frequency and intensity of
heat stress events.

Taken together, these perspectives reinforce the idea that the proposed metric is
not limited to a site-specific application, but rather constitutes a solid conceptual basis
for advancing research in animal housing environments, engineering applied to dairy
production, and the sustainability of intensive dairy production systems.

4. Conclusions
In this study, the Radiant Heat Load Reduction under Evaporative Cooling (∆RHL)

metric was proposed to quantify, in a physically consistent manner, the potential reduction
in radiant heat load provided by evaporative cooling in dairy production systems. The
metric integrates heat transfer principles, thermal environment indices, and long-term
meteorological series, enabling the simultaneous evaluation of both the intensity of heat
stress and the environmental feasibility of evaporative cooling.

The integrated analysis of THI and ∆RHL demonstrated that the occurrence of heat
stress does not necessarily imply greater potential efficiency of evaporative cooling systems.
In the tropical environments evaluated (Uberlândia and Luziânia), periods of greater heat
stress frequently coincided with psychrometric conditions unfavorable to evaporation.
In contrast, in the subtropical environment (Uruguaiana), greater correspondence was
observed between the occurrence of heat stress and the potential for reducing radiant
heat load.

The results also allowed the identification of seasonal windows with greater potential
efficiency of evaporative cooling, highlighting that its effectiveness strongly depends
on regional climatic variability and should not be inferred solely from traditional heat
stress indices.

Overall, the ∆RHL metric expands the capacity to evaluate the potential use of
evaporative cooling in intensive dairy production systems, constituting a promising tool
for the planning and environmental management of livestock facilities under different
climatic conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

BDMEP Meteorological Database for Teaching and Research
BGHI Black Globe Humidity Index
GO Goiás
INMET Brazilian National Institute of Meteorology
MG Minas Gerais
MRT Mean Radiant Temperature (K)
MRTSim Simulated Mean Radiant Temperature (K)
R2 Coefficient of Determination
RH Relative Humidity (%)
RHL Radiant Heat Load (W·m−2)
RHLIn Initial Radiant Heat Load (W·m−2)
RHLSim Simulated Radiant Heat Load (W·m−2)
RS Rio Grande do Sul
Tbg Black globe temperature (K)
Tbg-Sim Simulated black globe temperature (K)
Tdb Dry-bulb air temperature (◦C)
Tdb-Sim Simulated dry-bulb air temperature (K)
Tdp Dew point temperature (◦C)
THI Temperature–Humidity Index
THIDaily Daily mean Temperature–Humidity Index
THIMonthly Monthly mean Temperature–Humidity Index
THISeason Seasonal mean Temperature–Humidity Index
vair Air velocity (m·s−1)

https://doi.org/10.3390/agriengineering8040124

https://doi.org/10.3390/agriengineering8040124


AgriEngineering 2026, 8, 124 19 of 23

∆RHL Radiant Heat Load Reduction under Evaporative Cooling (W·m−2)
∆RHLMonthly Monthly mean Radiant Heat Load Reduction under Evaporative Cooling (W·m−2)
∆RHSeason Seasonal mean Radiant Heat Load Reduction under Evaporative Cooling (W·m−2)
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