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Nomenclature
As
cpa
cpb
cps
D
Dp
Ha
Hex
HP
ka
m
M
Mb
Ms
Nu
00
qb s
00

qcv
00
qevap
00
qlw
00
qpo
00
qresp
00
qs c
00

qstore
00
qsw
RH
RR
rt
rc
SW
Ta
Tb
Tc
Tex
Tr
Ts
THI
va
Vt
VPD
Ym
ra
rex
rs
l
g
εc
s

Skin surface area, m2
Specific heat capacity of air, kJ kg1  C1
Specific heat capacity of the body core, kJ kg1
 1
C
Specific heat capacity of the skin, kJ kg1  C1
Diameter of cow body core, m
Days of pregnancy, day
Enthalpy of the ambient air, J kg1
Enthalpy of the exhaled air, J kg1
Metabolic heat production rate, W
Thermal conductivity of the air, W m1 K1
The slope of the saturation vapor pressure
curve, Pa  C1
Body mass of the cow, kg
Mass of the body core segment, kg
Mass of the skin segment, kg
Nusselt number
Conductive heat flux between body core and
skin, W m2
Convective heat flux at coat, W m2
Evaporative heat flux at skin, W m2
Long-wave radiative heat flux at coat, W m2
Potential evaporative rate, W m2
Heat loss through respiration, W m2
Conductive heat flux between skin and coat, W
m2
Heat storage in body core, W m2
Evaporative heat flux when all the produced
sweat evaporates, W m2
Relative humidity, %
Respiration rate, breath min1
Tissue resistance, m2  C W1
Overall thermal resistance of the hair coat, m2

C W1
Sweating rate, g m2 h1
Ambient air temperature,  C
Body core temperature,  C
Coat temperature,  C
Exhaled air temperature,  C
Radiant temperature of environment,  C
Skin surface temperature,  C
Temperature - Humidity Index
Air velocity, m/s
Tidal volume, m3 breath1
Vapour pressure deficit, Pa
Milk yield, kg d1
Density of the ambient air, kg m3
Density of the exhaled air, kg m3
Density of the sweat, kg m3
Latent heat of vaporisation of sweating, J g1
Psychrometric constant, 66 Pa  C1
Emissivity of cow coat for long-wave radiation,
0.95
StefaneBoltzmann constant, 5:67  108 W m2
K4

1.

Introduction

When a dairy cow is exposed to temperatures that exceed her
thermal comfort zone she has to do a lot of effort or even
cannot dissipate enough heat to maintain her body thermal
balance and she can get in a state called heat stress (Kadzere,
Murphy, Silanikove, & Maltz, 2002). The thermoregulatory
mechanisms of dairy cows for losing heat consist of three
main routes; sensible heat loss from the coat surface to the
environment, evaporative heat loss from the skin surface and
respiratory heat loss. If the ambient temperature increases,
sensible heat loss from the coat surface is reduced but this is
compensated by an increase of the evaporative skin heat loss
and respiratory heat loss and eventually, when heat production cannot be balanced by heat loss, the remaining heat is
stored in the body results in an increased body temperature
(Mount, 1979). A higher body temperature will result in a
higher sensible heat loss by the increase in temperature difference between the skin surface and the environment.
However, an increase in body temperature will negatively
affect health and welfare of dairy cows. A mechanistic model
that could simulate the heat balance accurately under
different thermal conditions is missing and would be very
beneficial to predict and to prevent heat stress in dairy cows.
The simulation of thermo-physiological responses requires detailed modelling of two key components: a
physiological-regulation model of dairy cows and a heat
dissipation model dealing with heat and mass transfer from
the core to the environment. In previous decades several
mathematical models have been developed for calculating the
€ llvik, 1996;
heat loss from dairy cows (Ehrlemark & Sa
McArthur, 1987). During the years these models and equations
are extended from single equations to extensive ones resulting in a tremendous increase in complexity. The model of
McGovern and Bruce (2000) is a steady-state energy model for
cows that consisted of 153 elements describing the thermal
environment, animal characteristics, as well as the distribution of heat transfer through the body tissue, through the coat
layer, the heat transfer to the ambient air, the heat loss from
the respiratory tract, and the eventual rates of change in body
temperature. This model was adapted by Berman (2005) in
order to make it suitable for Holstein dairy cows.
Gebremedhin and Wu (2001) developed a mechanistic model
which combined both heat and mass transfer to predict
evaporative and convective heat losses for different levels of
skin wetness and fur properties. This model provided insight
in heat losses when applying cooling processes in the barn to
avoid heat stress. Thompson, Barioni, Rumsey, Fadel, and
Sainz (2014) developed a dynamic heat exchange model,
consisting of three state variables, and it was able to calculate
changes in body core temperature in response to climate
factors such as air temperature, vapor pressure, solar radiation and air velocity. The model was then improved by Li,
Narayanan, Kebreab, Dikmen, and Fadel (2021) by taking into
account the conductive heat transfer between the cow and the
floor when the animal lies down. However, there is still a lot of
uncertainty in different input parameters of the model (e.g.
estimation of physiological responses). For these existing
models, as described above, the description of the
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physiological responses of cows was developed decades ago
and lacking validation or improvement. Comprehensive
interpretation of the physiological responses using recent
data from modern cows are therefore needed to achieve more
accurate thermoregulation modelling.
Therefore, the objective of this study was to have a highquality mechanistic dynamic calculation model which could
be used for accessing the thermal status of dairy cows
including its physiological responses for early detection and
prevention of heat stress. To achieve this goal, we developed a
dynamic thermoregulatory model that could predict the
temperature of body core, skin and coat of dairy cows by
integrating and improving the equations from previous
studies. The model was evaluated by comparing the predicted
values with the measured results from climate-controlled
respiration chambers. The predictive performances of the
model under different environmental conditions, in the
higher temperature range, and under short/long exposures to
high temperatures were investigated. Furthermore, some
simulations were done to show the effects of combinations of
ambient temperature (Ta), relative humidity (RH) and air velocity (AV) on body core and skin temperature.

prediction of dynamic physiological responses of dairy cows
under changing environmental conditions. The cow body is
represented by two concentric cylinders for the core and skin
layers (Fig. 1). A uniform layer of hair coat covers the skin layer
over the whole body. Conductive heat loss from the skin to the
ground is neglected in our model.
The model is based on the energy balance equations at
body core and skin nodes. At the body core, the heat is produced by metabolism (HP), and the heat is lost via respiration
and conduction to skin. The rest of the core energy is stored
and causes the core temperature to rise. Therefore, the energy
balance equation at the body core node is:
 00

.

00
dt ¼ HP  As qresp þ qb s
d Mb cpb Tb

(1)

The energy balance equation at the skin node is expressed
as:
 00

.

00
00
dt ¼ As qb s  qs c  qevap
d Ms cps Ts

(2)

The energy balance of the coat layer assumes that the heat
stored in the coat is small and is neglected:
00

00

00

0 ¼ qs c  qcv  qlw

(3)
2

2.

Materials and methods

The skin surface area (As , m ) of dairy cows is estimated
from body mass (M, kg) (Brody, 1945):

2.1.

Model development

As ¼ 0:14M0:57

2.1.1.

Heat balance equations

The two-node model by Gagge, Stolwijk, and Nishi (1972) is
commonly used for evaluation of human body thermal responses under transient environmental conditions. This
model structure is applied in our study, allowing for the

(4)

The mass of the skin segment (Ms , kg) is calculated according to Smith and Baldwin (1974) and the mass of the body
core segment (Mb , kg) is calculated by the difference of the
total mass and skin mass:
Ms ¼ 1:11M0:51

(5)

Mb ¼ M  Ms

(6)

Coat mass is very small and is ignored. The heat capacity of
the body core segment and skin segment is assumed to be the
same as 3472 J kg1  C1 as reported by Gebremedhin, Wu, and
Perano (2016). The initial conditions for body core temperature, skin temperature and coat temperature were set as 38.5,
30 and 29  C for starting the simulation.

2.1.2.

Metabolic heat production

The daily heat production (HP; W) is calculated according to
the equation from CIGR (2002) with correction of air
temperature:
Fig. 1 e Schematic representation of the thermal balance
model. Tb: body core temperature ( C); Ts: skin temperature
( C); Tc: coat temperature ( C); Ta: air temperature ( C); Tr:
radiant temperature of surrounding objects ( C); HP:
metabolic heat production (W); Qresp: heat loss through
respiration (W); Qb_s: conductive heat flow between body
core and skin (W); Qevap: evaporative heat loss through
sweating from the skin surface (W); Qs_c: conductive heat
flow between skin and coat (W); Qcv: convective heat flow
from coat surface (W); Qlw: long-wave radiative heat flow
from coat surface (W). Conductive heat loss is not taken
into account.

HP ¼ 5:6  M0:75 þ 22  Ym þ 1:6  105 Dp þ 4  ð20  Ta Þ

(7)
1

where M is the cow body mass, kg; Ym is milk yield, kg d ; Dp is
pregnant days.
However, along with the genetic development and nutritional improvement, cows produce currently more milk (Loker
et al., 2012), which means they have a greater dry matter
intake and produce more heat and thus are more likely to get
into heat stress (Zimbelman et al., 2009). The CIGR model was
developed based on data from more than three decades ago,
therefore it is necessary to evaluate whether this model is still
suitable for predicting the heat production of modern dairy
cows precisely. To estimate the heat production, experimental
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data from climate-controlled respiration chambers on
lactating cows was used and the detailed description can be
found in Section 2.2.

about 0.0156  C m2 W1 when Ts exceeded a threshold value
of about 35.5  C.

2.1.4.
2.1.3.

The heat flux transferred from the body core to the skin sur00

face (qb

s

; W m2 ) is calculated as:

00



qb s ¼ ðTb  Ts Þ rt

(8)

where rt is tissue resistance, m2  C W1.
Physiological control of blood flow rate allows the cow to
change its tissue resistance and thus regulate the conductive
heat from core body to skin layer. As ambient temperature
increases, skin temperature rises resulting in a reduced
temperature gradient between body core and the skin surface
(Tb  Ts ). Thereby the tissue resistance must be reduced for
metabolic heat to be transferred to the skin surface, otherwise
the heat would be stored in the core causing body core temperature to increase. There are typically two values of tissue
resistance, corresponding to vasoconstriction (maximum)
and vasodilation (minimum) respectively. However, little information is available about the variation of the tissue resistance of dairy cows evoked by the change of the ambient
conditions.
In this study, the tissue resistance was determined from
the heat flow from body core to the skin and the temperature
gradient between the body core and the skin. This heat flow is
the metabolic heat production minus respiratory heat loss,
which leaves the core directly through the respiration tract. It
was usual to measure tissue resistance when body core temperature is constant (no heat storage). The most popular
model predicting tissue resistance applied in present thermalregulatory models (Li et al., 2021; Yan, Liu, Hao, Li, & Shi, 2021)
was from McArthur (1987), who calculated tissue resistance
using the data of Blaxter and Wainman (1964) by assuming a
value of 10 W m2 for the respiratory heat loss. This would
lead to inaccurate estimation of tissue resistance because
respiratory heat loss increased with increasing ambient temperature (Maia, DaSilva, & Loureiro, 2005; Zhou, Huynh, et al.,
2022). In this experiment, there was a net increase in body
core temperature and therefore the heat storage in the body
core was considered as well when calculating the tissue
resistance. The calculation of tissue resistance was done as
follows:

rt ¼ ðTb  Ts Þ

HP
00
00
 qresp  qstore
As

Heat transfer from skin to the environment
00

Heat transfer from body core to skin

(9)

To determine heat storage in the body core, the body core
temperature differences between the morning and afternoon measurements were calculated and then the conductive heat transfer from body core to skin was calculated by
subtracting the respiratory heat loss and heat storage from
the metabolic heat production. The maximum tissue resistance is reached under cold conditions when a cow has to
reduce heat dissipation through vasoconstriction to increase
the tissue resistance, and the minimum tissue resistance is
reached under hot conditions when a cow cannot dissipate
more heat through vasodilation. According McGovern and
Bruce (2000), rt remained almost constant (minimum) at

The heat flux transferred from skin to coat (qs
calculated as:

00
qs c ¼ ðTs  Tc Þ rc

c

; W m2 ) is

(10)

where rc is the overall thermal resistance of the hair coat, m2

C W1, calculated according to McArthur and Monteith (1980).

2.1.4.1. Evaporative heat release from skin surface. The evap00

orative heat loss through sweating from skin surface (qevap ;
W m2 ) is determined by taking the minimum value of latent
heat loss from the skin when all the produced sweat evapo00

00

rates (qsw ; W m2 ), and the potential evaporative rate (qpo ;
W m2 ) determined by the environmental conditions (Gash &
Shuttleworth, 2007):

 00
00
00
qevap ¼ min qsw ; qpo

(11)


00
qsw ¼ l  SW 3600

(12)

00

qpo ¼

g
1000

 VPD 
 6:43ð1 þ 0:536  va Þ 1000
rs  l
 l mþg
86400
1000 1000

(13)


5336 21:07
m¼ 2 e
Ta

5336
Ta

(14)

where l is the latent heat of vaporisation of sweating, J g1 ; SW
1
is the sweating rate, g m2 h ; g is the psychrometric con 1
stant, 66 Pa C ; va is the air velocity, m s1; VPD is the vapour
pressure deficit, computed by taking the difference between
the saturation vapor pressure and the actual vapor pressure at
the skin layer, Pa; m is the slope of the saturation vapor
pressure curve, Pa  C1; rs is the density of sweat, which is
equal to the density of water.
At high temperatures, evaporative heat loss from the skin
is the primary mode of heat loss in dairy cows (Gebremedhin
& Wu, 2001). Sweating rate was preliminarily plotted against
both body core temperature and skin temperature in this
study because only body and skin temperature were
assumed to be the mechanistic drivers in dairy cows
(Thompson, Fadel, & Sainz, 2011). Skin temperature
appeared to be more closely related to sweating rate and thus
in this study an exponential function of sweating rate on skin
temperature was fitted.

2.1.4.2. Sensible heat exchange between coat surface and
00
environment. The convective heat transfer (qcv ;W m2 ) across
the coat is determined by the temperature gradient between
coat surface and the ambient air:

00
qcv ¼ ka Nu ðTc  Ta Þ D

(15)

where ka is the thermal conductivity of the air, W m1 K1; D is
the body core diameter of the simulated animal, m; Nu is the
Nusselt number (Monteith & Unsworth, 2007).
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The long-wave radiation is emitted as thermal radiation
00

(qlw ; W m2 ) from the surroundings to the dairy cow, but also
from the cow to its surroundings, depending on the temperature of the cow and the temperature of the surroundings.



00
qlw ¼ sεc ðTc þ 273:15Þ4  Tr þ 273:15Þ4

(16)

where s is StefaneBoltzmann constant, W m2 K4; Ɛc is the
emissivity of the cows coat.

2.1.5.

Heat transfer through respiration

The heat flux from the body core to ambient air through
00

respiration (qresp ; W m2 ) is
. calculated as:
00
qresp ¼ Vt RR ðrex Hex  ra Ha Þ 60As

(17)

where Vt is tidal volume, m3 breath1; RR is respiration rate,
breath min1; Hex and Ha are enthalpy of the exhaled air and
ambient air respectively, J kg1; rex and ra are specific density
of the exhaled air and ambient air respectively, kg m3. The
calculation of above elements (the enthalpy and density of air
at different temperature) can be found in ASHRAE (2009).
The respiration rate (RR, breath min1) is always correlated
with environmental variables including air T, RH and AV (Li,
Chen, Chen, Peng, & Gu, 2020; Maia et al., 2005). According to
Zhou, Aarnink, Huynh, van Dixhoorn, and Groot Koerkamp
(2022), RR was nearly constant when the ambient temperature was low and the inflection point temperature at which RR
started to increase varied for different RH and AV levels and
different exposure times. Therefore, it is difficult to predict RR
precisely with environmental variables. Body core/skin temperature plays a vital role in controlling the thermal regulators. A preliminary assessment of the data showed that RR
was highly correlated with skin temperature. Therefore, in
this study an exponential relationship between RR and skin
temperature was fitted.
Inhaled air temperature rapidly approaches the body
temperature, which is reached by the time it gets to the lungs
and becomes saturated with water vapour. When the air
passes back outwards it exchanges some heat with the upper
respiratory tract; this will lower the temperature and water
content, while it remains saturated with water vapor (Walker,
Wells, Merrill, & Mcquiston, 1962). Therefore, in this study, the
exhaled air temperature was fitted as a function of both body
core temperature and skin temperature.

2.2.

Experimental data

The experimental data was from the study by Zhou, Aarnink,
Huynh, van Dixhoorn, and Groot Koerkamp (2022) conducted
in the climate-controlled respiration chambers at Wageningen University with 20 lactating Holstein-Friesian dairy cows
(mean ± SD parity 2.0 ± 0.7, days in milk 206 ± 39, daily milk
yield 30.0 ± 4.7 kg, and body weight 687 ± 46 kg). Air T and RH
were recorded every 30-s intervals and AV was recorded three
times daily the same as the animal-related measurements.
Heat production was computed based on the animal's
consumed oxygen and produced carbon dioxide and methane
which were recorded every 15-min intervals (Gerrits &
re, 2015). Rectal temperature, skin temperature,
Labussie
coat temperature, respiration rate, sensible and latent heat

Fig. 2 e Schematic patterns of the set-point air temperature
and relative humidity (RH) during the 8-d research period.
Between 07:00 to 10:00 h, the temperature and RH rose
gradually to daytime levels and stayed constant until
19:00 h. Between 19:00 to 22:00 h, the temperature and RH
gradually decreased to nighttime levels and stayed
constant again until the next day 07:00 h. Daytime
temperature increased from 16 to 30  C, nighttime
temperature increased from 9 to 21  C.

losses from skin surface and through respiration were
collected three times a day at 06:00, 10:00 and 18:00 h. The
measurement methods were described in detail in (Zhou,
Huynh, et al., 2022). The study was originally conducted to
determine the effects of environmental conditions on
different responses of cows. There were five treatments (four
cows each) combining different RH and AV levels (Fig. 2).
Specifically, Ta inside the CRC was gradually increased from 7
to 21  C at night and 16e30  C during the day within 8 d (by
steps of 2  C per day for both night-time and daytime temperatures). Three levels of RH during the day (d) and night (n)
were: RH_l (low) 30% (d) and 50% (n); RH_m (medium): 45% (d)
and 70% (n); and RH_h (high) 60% (d) and 90% (n). At nighttime, AV was kept at natural speed (AV_l 0.1 m s1). In daytime, three AV levels were applied either with AV_l (low):
0.1 m s1; or AV_m (medium): 1.0 m s1; or AV_h (high):
1.5 m s1. For AV_m and AV_h the Ta started 2  C higher (from
18 to 32  C) than that with AV_l. The AV_m and AV_h were
only combined with RH_m, resulting in totally 5 treatments.
Data from one cow was not used because of mastitis. In
totally, there were 456 animal-related measurements. From
each treatment, one cow was randomly selected for testing
the model (comprising 26% of the measurements), and the
remaining cows were used for training the model (comprising
74% of the measurements). This selecting method was
applied in order to avoid uneven data because of different
treatments.

2.3.

Model evaluation

The testing dataset (n ¼ 120) of five cows was used to evaluate
the model performance. One cow was randomly selected
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from each treatment (totally 5 treatments) and measurements were done at 3 different times every day (06:00, 10:00
and 18:00 h) over the 8-d experimental period, resulting in 24
data points per cow. The root mean square error (RMSE) reflects the deviation of predicted variables from observed
variables. The mean bias (MB) was used to determine the
systematic bias.
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pn
2
1 ðO  PÞ
RMSE ¼
n
Pn
MB ¼

1 ðO

 PÞ

n

(18)

(19)

where O is the observed value, P is the predicted value and n is
the number of the observations.

2.4.

Model simulation

3.

Results

3.1.

Model development

Figure 3 shows the performance of the CIGR equation predicting metabolic heat productions of dairy cows by
comparing them with measured heat production data in the
experiment. It gave sufficient accurate results of heat production estimation for modern dairy cows with MB and RMSE
of 19 and 81 W, respectively (1% and 6% of the mean observed
heat production). Therefore, the CIGR equation was accepted
for the present model.
Figure 4 shows the calculated tissue resistance by Eq. (9).
When the skin temperature increased from 27 to 37  C, the
tissue resistance decreased almost linearly with skin temperature according to the relation:
rt ¼  0:005 Ts þ 0:195

A dynamic simulation was conducted based on one cow from
one treatment combining Ta ranging from 16 to 30  C with a RH
of 60% during the day and ranging from 7 to 21  C with a RH of
90% during the night at an AV of approx. 0.2 m s1 (fan off).
The temperature of body core, skin and coat were simulated
during the 8-d experimental period as well as the different
heat fluxes. The measurement points during the experiment
were qualitatively compared with the predicted values.
In addition, the effects of RH and AV on the physiological
responses of dairy cows were studied by conducting another
simulation based on a representative dairy cow with 600 kg
BW, 30 kg milk yield and 100 days of pregnancy. Four levels of
RH (from 30 to 60% in 10% steps) at 0.2 m s1 AV and three
levels of AV (0.2, 1.0 and 2.0 m s1) at 60% RH, combining with
increasing Ta (from 14 to 32  C in 2  C steps), were set as
environment input.

The adjusted R2 ¼ 0.91 for the training dataset indicated
that 91% of the variance of tissue resistance was accounted by
skin temperature.
An exponential function of sweating rate on skin temperature was fitted with adjusted R2 ¼ 0.20:
SW ¼ 0:312 e0:173Ts

(21)

The sweating rate model was also compared with other
two models available in recent literature using skin temperature as predictor (Fig. 5).
An exponential relationship between RR and skin temperature was found with adjusted R2 ¼ 0.60 (Fig. 6):
RR ¼ 1:5  105 e0:41Ts þ 21

(22)

An increase in RR is followed by a decrease in tidal volume
(adjusted R2 ¼ 0.68) (Vt , m3 breath1) (Fig. 7).
Vt ¼ 0:0591 RR0:674

Fig. 3 e Predicted metabolic heat production (with Eq. (7)) of
19 cows under five treatments with 8 temperature levels
combining 5 RH/AV levels (N ¼ 304) with 2 measurements
per day (twice milking) against observed metabolic heat
production. The dashed line represents a perfect
prediction.

(20)

(23)

Fig. 4 e Estimated tissue resistance of cows under five
treatments with 8 temperature levels combining 5 RH/AV
levels (N ¼ 336) plotted against skin temperature using the
training dataset. The dashed line represents the fitted
regression line (Eq. (20)).
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Fig. 5 e Measured sweating rate of cows under five
treatments with 8 temperature levels combining 5 RH/AV
levels (N ¼ 336) plotted against skin temperature using the
training dataset. The red dash line represents the fitted
regression line (Eq. (21)). The blue and green lines
represent the sweating rate models for Bos taurus from
Thompson et al. (2011) (SW ¼ 0:085e0:22Ts ) and from Maia
et al. (2008) (SW ¼ 91:97eðTs 33:11Þ=2:73 ), respectively. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)

The exhaled air temperature (Tex ,  C) could be predicted as
a function of both body core temperature and skin temperature with adjusted R2 ¼ 0.63 (Fig. 8):
Tex ¼ 0:50Tb þ 0:21Ts þ 9:54

(24)

Fig. 6 e Measured respiration rate of cows under five
treatments with 8 temperature levels combining 5 RH/AV
levels (N ¼ 336) plotted against skin temperature using the
training dataset. The red dashed line represents the fitted
regression line (Eq. (22)). (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7 e Measured tidal volume of cows under five
treatments with 8 temperature levels combining 5 RH/AV
levels (N ¼ 336) plotted against their respiration rate using
the training dataset. The dashed line represents the fitted
regression line (Eq. (23)).

3.2.

Model evaluation

The results of the model evaluation for the physiological
variables are shown in Table 1. For the testing dataset, the
mean of the predicted body core temperature was 0.11  C
higher compared to the observed temperature. The RMSE was
0.30  C. The means of the predicted skin and coat temperature
were 0.59 and 0.63  C higher compared to the observed temperatures, respectively. The RMSE was 1.2  C for both skin and
coat temperatures. Figure 9 suggests that the model was likely
to overestimate the body core temperature after longer
exposure to warm conditions and the skin temperature could

Fig. 8 e Predicted exhaled air temperature (Eq. (24)) against
observed exhaled air temperature of cows under five
treatments with 8 temperature levels combining 5 RH/AV
levels (N ¼ 336) using the training dataset. The dashed line
represents the perfect prediction.

302

b i o s y s t e m s e n g i n e e r i n g 2 2 3 ( 2 0 2 2 ) 2 9 5 e3 0 8

Table 1 e Results of the statistical analysis for comparing the predicted and measured physiological responses of cows
(N ¼ 120, training dataset containing 5 cows under five treatments with 8 temperature levels combining 5 RH/AV level with
3 measurements per day).
Body
temperature,  C

Skin
temperature,  C

Coat
temperature,  C

Respiration rate,
breath/min

Sweating rate,
g m2 h1

38.5 ± 0.3
38.4 ± 0.3
0.11
0.30
0.8%

33.9 ± 2.2
33.3 ± 1.9
0.59
1.2
3.7%

33.4 ± 2.3
32.9 ± 2.4
0.63
1.2
3.6%

43 ± 16
42 ± 20
1.2
11
27%

130 ± 40
113 ± 79
8.3
59
52%

Predicted meana
Observed meanb
MBc
RMSEd
Relative RMSEe
a
b
c
d
e

Predicted mean ± SD is the mean ± SD of the predictions.
Observed mean ± SD is the mean ± SD of the observations.
MB is the mean bias of the predictions.
RMSE is the root mean squared error of the predictions.
Relative RMSE is the relative RMSE of the mean of observations.

be predicted with higher accuracy when the ambient temperature was getting higher. The respiration rate and sweating
rate were predicted based on the skin temperature (Fig. 10).
The model overestimated respiration rate with 1.2 breath/
min. The sweating rate was overestimated at low values and
underestimated at high values of observations.

3.3.

Model simulation

An example of the simulated and measured temperature of
body core, skin and coat over 8-d experimental period is
shown in Fig. 11. The predicted body core temperature kept
stable at around 38.2  C for the first 5 d until the air temperature increased to 26  C at 10:00 h on the 6th d. After 8 h
exposure to the warm condition, the body core temperature
rose to 38.8  C, while the skin temperature rose to 36.2  C and
the coat temperature followed a similar pattern. Alongside the
decreasing air temperature, the body core, skin and coat
temperatures decreased to 38.5, 35.3 and 34.8  C, respectively,
at 06:00 h on the 7th d. Again with ambient temperature

increasing from 21 to 30  C at 07:00 h on the 8th d, the body
core temperature rose from 39.2 to 39.9  C at 10:00 and 18:00 h
respectively, while the skin and coat temperatures rose from
36.7 to 37.3  C and 36.5e37.0  C, respectively. The observed
temperature of body core, skin and coat followed the predicted dynamic patterns generally very well, with some large
deviating points.
Figure 12 shows the predicted and observed heat flux over
8-d experimental period. Sensible heat from coat surface was
the major way to dissipate heat under cool conditions, especially during the night. Evaporation from the skin surface
became important starting from 6th d, as evaporative heat
loss exceeded sensible heat loss during the daytime when the
ambient temperature was 26  C. Heat dissipation through
respiration followed a relatively stable pattern with a slight
increase as ambient temperature increased. The predicted
heat fluxes generally had a large deviation from the observed
heat fluxes.
In Fig. 13 the simulated responses of body core temperature to increasing Ta are shown. At the four levels of RH, the

Fig. 9 e Observed body core temperature (left) and skin temperature (right) of cows under five treatments with 8 temperature
levels combining 5 RH/AV levels (N ¼ 120) against predicted body core temperature and skin temperature, respectively,
based on the thermal balance model. The red dash lines represent a perfect prediction and different types of dots represent
different measurement times. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 10 e Observed respiration rate (left) and sweating rate (right) of cows under five treatments with 8 temperature levels
combining 5 RH/AV levels (N ¼ 120) against predicted respiration rate and sweating rate, respectively, based on the thermal
balance model. The red dash lines represent a perfect prediction and different types of dots represent different
measurement times. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 11 e Observed (one cow with treatment RH ¼ 60%, AV ¼ 0.1 m/s and increasing air temperature) and predicted (thermal
balance model) results of body core temperature (Tb), skin temperature (Ts) and coat temperature (Tc) during an 8d experimental period.

Fig. 12 e Observed (one cow with treatment RH ¼ 60%, AV ¼ 0.1 m/s and increasing air temperature) and predicted results of
heat production, evaporative heat loss through sweating from skin surface, sensible (convective and long-wave radiative)
heat from coat surface, and heat loss through respiration varying with time during an 8-d experimental period.
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Fig. 13 e Predicted body core temperature by the thermal balance model against the ambient temperature at different
relative humidity levels exposed to 0.2 m/s air velocity (left) and different air velocity levels exposed to 60% relative
humidity (right).

body core temperature was relatively constant until 22  C.
Above this ambient temperature at 50 and 60% RH body core
temperature increased obviously at 24  C while at the other
two RH levels the rise was relatively small. The AV showed a
bigger effect on the inflection point temperature. At low AV
the cow started to increase body core temperature at 24  C
while this inflection point temperature is postponed to 28  C at
2.0 m s1 AV. The effect of AV on the body core temperature
became smaller with increasing ambient T (the lines get closer
at higher ambient temperature).

4.

Discussion

4.1.

Model evaluation

The prediction of body core and skin temperatures (see Table
1) was generally satisfactory within the experimental range of
Ta, RH and AV levels. The RMSE of body core temperature from
this model was much smaller than that from the model of Li
et al. (2021): 0.30  C vs. 1.16 and 0.40  C (two datasets). We
found a relatively larger discrepancy between predicted and
observed body core temperatures at long exposure (8-h)
compared with short exposure (1-h) to high ambient temperature conditions (Fig. 9). The reason could be that the sweating
rate equation applied in our model underestimated the
sweating rate under hot conditions (Fig. 10), which resulted in
less evaporative heat loss, causing larger heat storage in the
body core after long time exposure to high ambient temperature and thus a higher predicted body core temperature. Li
et al. (2021) explained that they had a much higher body
core temperature (min ¼ 39.0  C and max ¼ 42.1  C) than
normal due to the load of solar radiation. However, their
lowest input ambient temperature was below 20  C, so cows
could deal with it even with the load of solar radiation. In
addition, there was no literature available presenting heatstressed dairy cows with 42.1  C rectal temperature since in
practical situations the highest rectal temperature was below
41.5  C even with THI above 85 (Yan, Liu, Hao, Shi, & Li, 2021). A

rise of 1  C or less in body core temperature is enough to
reduce performance (McDowell, Hooven, & Camoens, 1976),
which makes body temperature a sensitive indicator of the
physiological response of the cow to heat stress. The possible
reason could be that the tissue resistance model that Li et al.
(2021) applied underestimated the conductive heat transfer
from body core to skin layer. The skin temperature also plays
very dominant role in controlling thermal regulation. Yan, Liu,
Hao, Li, and Shi (2021) constructed ten thermal models to
predict skin temperature of dairy cows, and the model
showing the best prediction accuracy (RMSE of 0.65  C) was
found when the input data of measured body core temperature was included. However, the two models with a similar
structure as our model showed lager deviations with RMSE of
2.2 and 3.4  C compared to 1.2  C from this study. In addition,
our model performed also better for predicting skin temperature of cows subjected to heat stress, which was in line with
the results from Yan, Liu, Hao, Li, and Shi (2021). The prediction for skin temperature under cool conditions during the
night was worse than under warm conditions during the day.
The reason could be that the predictive model of tissue
resistance has larger error under cool conditions (Fig. 4),
which caused the less accurate skin temperature prediction
under these conditions. Eqs. (20)e(24) of our model were
derived from an experiment conducted in climate-controlled
chambers. In these chambers Ta, RH and AV were kept constant for a longer period. On practical farms cows are more
subjected to a dynamic environment. This may affect the way
cows are reacting on the environment. Absolute body core/
skin temperatures are affected physiologically by many factors (Jessen, 2012; Singh, Upadhyay, Malakar, Kumar, & Devi,
2013) and it is very difficult to accurately predict absolute
temperatures for individual cows in real life. The physiological
regulation sub models, including tissue resistance, sweating
rate, respiration rate, tidal volume and exhaled air temperature were newly-developed or improved based on old equations using the most recent data from modern highproduction cows. There were big variations between/within
individual cows as shown in Figs. 4e8. As mentioned earlier,
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this thermoregulatory model was developed to predict thermal status for early detection of heat stress. The thermal responses from cows at herd level can be predicted with high
accuracy from our model, while the individual variations were
difficult to be identified. However, it is generally also not so
important to exactly predict individual cow skin and body
temperature as cooling systems are always implemented for a
group of cows and cows should be able to choose between a
more or less cooled place (e.g. using fans or sprinklers).
In our study, the simulation patterns of body core, skin and
coat temperature were in good agreement with observations
(Fig. 11). Accurate estimations of body core and skin temperature can be used as suitable indicators to show the thermal
status of cows (Becker, Collier, & Stone, 2020). However, large
discrepancies in heat fluxes of sensible and evaporative heat
loss from skin were observed comparing to the experimental
data (Fig. 12). The predicted sensible heat loss was much
higher than the measured ones while the predicted evaporative heat loss was higher for the first 5 d and was lower for the
next 3 d than the measured ones. The sweating rate was only
determined by the skin temperature, which made the sensitivity of the sweating rate on the skin temperature genuinely
high. According to Jessen (2012) the thermoregulatory effector
mechanisms of dairy cows could be activated or inhibited by
changes in skin temperature, which was in accordance to the
meta-analysis done on sweating rate by Thompson et al.
(2011) including twelve studies. However, according to da
Silva, Maia, de Macedo Costa, and de Queiroz (2012) different
body parts of the cow show significant variation in latent heat
loss. The respective means of observed evaporative heat flux
were in decreasing order: neck, flank and hindquarters. For
the validation data, only latent heat loss from the belly was
used, which could be a lack of accuracy when representing the
latent heat loss from the whole body. Besides, sweating rates
showed considerable variation between cows (Gebremedhin,
Lee, Hillman, & Collier, 2010), which was in line with our
experimental data (Fig. 5). This indicated that it was of great
difficulty to predict the evaporative heat loss from the skin for
individual cows with high accuracy. In the literature, most
sweating rate data was determined by calculating the produced sweat from the measured evaporated water (Gatenby,
1986; Gebremedhin et al., 2008; Maia, Silva, & Loureiro, 2008).
This would lead to underestimation of the sweating rate when
the evaporation of sweat was limited by the environmental
conditions (e.g. high Ta combined with high RH and low AV),
which would result in a prediction error in the thermal balance model. When comparing our sweating rate model to the
other two models (Fig. 5), the exponential equation of the
model from Maia et al. (2008) increased very sharply at high
skin temperatures, resulting in large over predictions in
sweating rate. The model of Thompson et al. (2011) fitted
better to our training dataset than the model of Maia et al.
(2008), but it overestimated the sweating rate under low skin
temperature conditions. It was more suitable for cows in
tropical areas, who are adapted to hot climates and could
sweat more than cows in temperate areas at the same skin
temperature (Finch, 1985).
The long-wave radiative heat transfer is depending on the
temperature difference between the cows coat surface and
the radiant temperature of the surroundings. The
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surroundings or elements in the barn that interact with the
cow could normally be divided in five different components:
ceiling, walls, floor, barn equipment and neighbouring cows.
In our experimental study the temperature of the surrounding elements were all the same because of the equal temperature in the whole climate chambers during a long period,
while in practice this will vary. The mean radiant temperature used in the current heat balance model for validation
was equal to the ambient air temperature, despite the fact
that there might be time delay for different elements (due to
different thermal properties) to change their temperature to
the same level. Therefore it was difficult to evaluate the
radiative heat loss very well with our experimental data
because of the little variation. There are very few studies
available to evaluate the radiative heat loss since it is hard to
measure accurately. Hillman, Gebremedhin, Parkhurst,
Fuquay, and Willard (2001) used an infrared pyrometer to
measure radiant temperature of the surrounding and then
calculated the radiative heat loss with fundamental equations (i.e. Eq. (16)). They reported that the long-wave radiative
heat contributed to less than 10% of the total heat loss, which
was a little lower than our simulation results (10e20%) under
similar environmental conditions. The percentage of the
cows surface interacting with each different type of surrounding should be taken into account as input for the model
as well as the radiant temperatures and emissivity of each
type of surrounding, whereas these are not easy to be
measured in practical situations. Conductive heat transfer
through the floor is not included in our model because the
cow is most likely to be standing when it is heat stressed.
When standing, there is minimal contact with the floor,
making conductive heat transfer negligible.
Our model assumed the internal heat transfer as a pure
conduction process and employed a uniform heat transfer
coefficient of tissues (tissue resistance) to calculate the heat
transfer rate from the body core to the skin surface by conduction. The tissue resistance in this study was related to skin
temperature as shown in Fig. 4. In their thermoregulatory
model, Thompson et al. (2014) applied the tissue resistance
equation from Finch (1985), which was a function of body core
temperature only. However, when the ambient temperature
increases, the skin temperature also increases while the body
core temperature keeps constant under cool conditions or
increases slower than skin temperature (Zhou, Aarnink, et al.,
2022), which lowers the temperature difference between the
body core temperature and skin temperature, resulting in a
decreasing heat transfer from the body core to the skin surface. In this way the heat transfer from the body core to the
skin surface would slightly decline with an increasing
ambient temperature, which is inconsistent with reality (the
heat transfer from the body core to skin surface should be
constant in the thermal comfort zone).

4.2.

Model application

As proposed in the beginning, this thermoregulatory model
was developed to provide effective and efficient management suggestions for mitigating heat stress on farms.
Zhou, Aarnink, et al. (2022) reported that the inflection
point Ta for rectal temperature to rise was about 25  C at
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30 and 45% RH at low AV (without fan), which was in line
with our simulation output (approximately 24  C at 30 and
40% RH). The inflection point Ta for rectal temperature was
only 20  C at 60% RH (Zhou, Aarnink, et al., 2022), which
was a bit lower than the simulated prediction in this study
(22  C at 60% RH, Fig. 13). Although little difference was
predicted between the RH levels on the inflection point
temperature at which body core temperature started to
rise (varying between 22 and 24  C), the rising rate of the
body core temperature was much larger at higher RH
levels. This indicates that with increasing Ta, it is more
difficult for cows at high RH to dissipate heat from the
body than cows at low RH. If evaporative cooling was
applied to cool down the environment temperature from
30 to 24  C, the RH would, at the same time, increase from
30 to 60% (Zhou, Aarnink, et al., 2022). In this circumstance, the body core temperature could be reduced from
40.0  C (30  C Ta with 30% RH) to 39.0  C (24  C Ta with 60%
RH) as shown in Fig. 13. If a fan can be applied to create
higher airspeeds (2.0 m s1), cows could have a larger
thermoneutral temperature range until 28  C even at 60%
RH. The large effect of AV was also confirmed by Spiers,
Spain, Ellersieck, and Lucy (2018), who found that the
skin sensible heat loss remained similar both without fans
at 23.8  C and with fans at 33.2  C. Foroushani and Amon
(2022) also concluded that the onset of body core temperature increase depends strongly on AV based on their
heat-balance model. The simulations suggest that evaporative cooling (lowering Ta by increasing RH) can be
effective in relieving heat stress at low RH. In more humid
climates the benefit of evaporative cooling is weak because
there is little space to reduce the Ta by adding water to the
air (Berman, 2009), but it can be compensated by applying
fans to increase convective heat loss and potential evaporation rate. However, as the Ta continues to increase, the
benefit of high AV become smaller because of a smaller
temperature difference between coat surface and ambient
air (Zhou, Huynh, et al., 2022), which was also confirmed
by the simulation from Foroushani and Amon (2022) that
the total heat dissipation under different AV levels was
getting closer when the Ta exceeded the critical temperature. Therefore, in tropical regions sprinklers are
commonly applied by delivering coarser droplets to wet
cows (Tresoldi, Schütz, & Tucker, 2019), and not so much
for adiabatic cooling of air as done with nozzles spraying
mist. The cooling effects of sprinklers can be enhanced
when combined with increased airspeed because the
evaporation of water droplets is less limited by RH.
Overall, the proposed model, including improved description of internal (tissue resistance), sweating and respiration
heat transfer process based recent data from high-producing
Holstein dairy cows, predicted the body core, skin and coat
temperatures with satisfactory accuracy under various combinations of environmental conditions. Using the three-node
model, it will be effective and reliable to evaluate the effect
of the thermal environments on the thermal status of dairy
cows under hot conditions, as well as to provide guiding information for heat stress mitigation.

5.

Conclusion

In this study, we constructed a thermoregulatory model to
predict the dynamic change of body and skin temperatures
under various conditions. The prediction performance was
evaluated and the conclusions are:
(1) The model was able to predict the body core and skin
temperatures accurately (0.30 and 1.2  C of RMSE,
respectively).
(2) The model was able to calculate dynamic changes in
heat storage and the body core and skin temperature
variations during day and night, giving higher predicted values of body core and skin temperatures
than measured when cows were exposed for a longer
time-period to warm conditions.
(3) The predicted effects of ambient temperature, relative humidity and air velocity on the physiological
responses of dairy cows were in line with the
experimental results. The model can be applied to
predict early signs of heat stress in practice as well as
to provide information to use the cooling methods
effectively.
(4) In future work, conductive heat loss between skin
and floor should also be included in the model and
the thermal properties of the barn wall/roof/floor
materials should be taken into account for better
prediction of radiative heat transfer. Besides, it is of
great importance to conduct an experiment using
different cooling systems to validate our model
predictions for the effects of cooling methods.
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Appendix. Details of the model
The overall thermal resistance (r,c m2  C W1) of the hair coat
under the penetrating effect of wind can be calculated as
follows:
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1 19  1016 va
rc ¼ 1
ra cpa
þ
rc;s
lc

(A1)

1

1
1
rc;s ¼ r1
c;b þ rc;d þ rc;r

(A2)

rc;b ¼ 14:5  104 ðTs  Tc Þ0:53 lc

(A3)

rc;d ¼ 5  104 lc

(A4)

rc;r ¼



ra cpa 3pc lc
T þT
3
16s s 2 c þ 273:15

(A5)

The overall thermal resistance of the hair-coat layer in still
air (rc,s, s m1)mainly depends on three parallel resistances
within the hair coat due to free convection (rc,b, s m1), molecular diffusion (rc,d, s m1), and thermal radiation (rc,r, s
m1). Where s is the StefaneBoltzmann constant
(5.67  108 W m2 K4); pc is the coat penetration parameter
(1800 m1), lc is the thickness of the coat (0.012 m).
The Nusselt number (Nu) can be calculated as:


Nu ¼ max 0:48Gr0:25 ; 0:24Re0:6

(A6)

Re ¼ ra va D=m

(A7)

Gr ¼ 9:81D3 P  jTc  Taj þ 0:61 




273Pm2

pw ðTc Þ  ðTc þ 273:15Þ
pw ðTa Þ  ðTa þ 273:15Þ


(A8)

m ¼ 1:458  106 ðTa þ 273:15Þ3=2

. 


Ta þ 273:15 þ 110:4

(A9)

where pw ðTÞ is the vapor pressure of coat or air (Pa), depending
on the temperature and relative humidity of the coat and air; P
is the atmospheric air pressure (1.013  105 pa).
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