Outdoor performance of the black globe temperature sensor on a hot and
humid tropical region
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ABSTRACT: A crucial variable to evaluate thermal comfort is the mean radiant temperature (Tmrt). In this
paper we evaluate the performance of the 150 mm black globe thermometer to provide reliable Tmrt values
for outdoor settings in Singapore. Accurate Tmrt values are calculated by the method of integral radiation
measurements. Based on these, the mean convection coefficient of the black globe has been re-calibrated.
Results show an improvement in the estimation of Tmrt with the new coefficient in comparison with the default
version suggested in ISO7726:1998. Increasing the averaging periods of the measured variables improved
the performance of the derived mean convective coefficients to estimate Tmrt. During clear skies day and for
10-min averaged data, RMSE for Tmrt reduce to 3.9 °C (7.4 °C for 1SO7726:1998 coefficient) with an
overestimation on high incoming solar radiation periods and an underestimation during the morning and
evening (low solar elevation). During overcast dry conditions an underestimation of Tmrt is also expected
which is higher in the rain/wet periods. The mean convective coefficient presented in this work can provide
improved estimations of Tmrt relevant for outdoor thermal comfort studies in hot and humid tropical climates
like Singapore.
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Nomenclature

Tonrt mean radiant temperature, °C

ISO International Organization for Standardization

Tq globe temperature, °C

Vv, wind speed, m s™

Ta air temperature, °C

D globe diameter, m

&g globe emissivity

Setr mean radiant flux reaching a cylindrical rep-
resentation of the standing human body,
Watt m—2

a albedo of clothed human body

Kdirtot direct and reflected horizontal shortwave radi-
ation in directions E, S, W, N, Watt m™2

Kt upward shortwave radiation, Watt m™—2

K| downward shortwave radiation, Watt m~2

Kgife horizontal diffuse radiation in directions E, S,
W, N, Watt m™2

€ emissivity of clothed human body

w; surface fractions of the standing cylinder man
(coefficients)

L longwave radiation, Watt m™2

3 the Stefan Boltzmann constant

Trart_rad mean radiant temperature derived from inte-

gral radiation measurements, °C

Trnrt(tg) mean radiant temperature derived from globe
thermometer data (Ty), °C

Trrt(Tg)_iso mean radiant temperature derived from globe
thermometer data (Tg) as in 1507726:1998, °C

Trort(Tg)_sing mean radiant temperature derived from a

non-linear regression that best fits the
measured T, to the integral radiation
measurements(in all weather conditions), °C
mean radiant temperature derived from a
non-linear regression that best fits the
measured Ty to the integral radiation
measurements (only in dry conditions), °C

Tm rt(Tg)_sing_nr

RMSE root mean square error

RMSE, systematic root mean square error
RMSE,, unsystematic root mean square error
MAE mean absolute error

oA Index of agreement

r pearson correlation coefficient

1. Introduction

Air temperature, wind speed, humidity and mean
radiant temperature (T,.) are the four climate variables
that influence the human energy balance and thus con-
dition thermal comfort [1] as well as human economic
activities [2]. In outdoor environments, mean radiant
temperature is the most important parameter under
high levels of solar radiation [3-7].

T is defined as the ‘uniform temperature of an ima-
ginary enclosure in which radiant heat transfer from the
human body is equal to the radiant heat transfer in the
actual non-uniform enclosure’ [8]. In this sense, T, can
vary significantly inside urban areas due to the inhom-
ogeneity of radiation fluxes [3,9,10]. Also different con-
ditions of the atmosphere (e.g. cloudiness) affect
incoming solar radiation [11-13], and consequently T .

There are different methods to evaluate outdoor T,
[5]. One approach is direct measurement of shortwave
and longwave radiation fluxes (i.e. integral radiation
measurements) together with specific angular factors
dependent on the incident radiation direction and the
body posture [9,12-14]. This approach is a costly and
complex measurement technique. Another much
simpler method, is the use of a globe thermometer.
This was initially developed for the use in indoor
environments [15-17]. However, it does not allow to
differentiate the effects of short and longwave radi-
ation fluxes on T, Also different coatings of the
globe thermometer affect the absorption of radiation
[18]. Thorsson et al. [13] showed that a grey globe
was suitable to represent the absorption of short-
wave radiation by a clothed human body. Some limit-
ations of the globe thermometer related to heat trans-
fer can be overcome through the widely used
correction factor for forced air movement proposed
by Richard de Dear [15]. However, this factor does
not account for highly turbulent conditions occurring
outdoors [14], and other factors could be derived for
different convection and radiation environments as
well as different sizes of globe thermometers.
However, the performance and accuracy of the
different devices to measure T, will vary [19,20].
These studies have reported a systematic underestima-
tion of the mean radiant temperature predicted by
small globes that can reach more than 10 °C in
forced convection and at high radiative loads.

Finally, several models are able to calculate T, with
different approximations when dealing with the com-
plexity radiation fluxes in urban environments [10].
Some well-known models for outdoor environment are
Rayman [21], ENVI-met [22] and Solweig [23].

The globe thermometer was introduced by Vernon in
1932 as a way to assess the combined effects of radi-
ation, air temperature and air velocity on human
comfort. It consists of a 150 mm diameter copper
sphere painted black with a thermometer positioned
in the middle of the sphere. However, this device
could take up to 20 minutes to reach an equilibrium
with the local outdoor conditions [24]. Smaller globe
sensors than Vernon’s have also been used in outdoor
spaces, showing that reliable T, measurements were
reached in shorter periods of time [25]. This could be rel-
evant if the sensor is exposed to frequent changes on
radiation fluxes [13].

The theory of the black globe thermometer [16] con-
siders that the temperature measured by the globe ther-
mometer at equilibrium results from a balance between
the heat gained and lost by radiation and convection [8].
Knowing air temperature, wind speed and globe



temperature, T, can be calculated by:
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where Ty is the globe temperature (°C), V, is the wind
speed (m s, T, is the air temperature (°C), D is the
globe diameter (m) and g4 is the globe emissivity. In
our case g4 =0.95 (for black globe).

The globe’s mean convection coefficient (1.10-10%
V2%) has been derived for the case of heat transfer by
forced convection between the air and the globe [8],
and is typically used for indoor environments. Recently
a study in Singapore for an experimental pavilion out-
doors (but under negligible solar radiation levels) has
shown the necessity of a mixed convection correction
to account also for the natural/free convection specially
when the gradient between the air and surface tempera-
tures in the space increases and wind speeds are very
low (< 0.3 m s7') [26]. Other studies have evaluated
different heat transfer convection coefficients (forced
and natural convection) for globe thermometers [20].
However, wind speed in outdoor environment is gener-
ally higher than indoors and thus forced convection of
heat transfer can be more relevant. In this sense, the
mean convection coefficient in Equation (1) could be
re-calibrated to adapt the equation to the local
outdoor conditions. This approach to improve the esti-
mation of T, is commonly used with different size of
globe sensors in different latitudes [13,14,27]. In Singa-
pore, a 38 mm globe sensor was calibrated [28].

This study focuses on the analysis of the performance
of the standard 150 mm black globe thermometer to
provide T, values in the hot and humid tropical
urban area of Singapore. Specific mean convection
coefficients are derived for Equation (1) by comparison
with radiant flux measurements (shortwave and long-
wave). The analysis is carried out in different weather
conditions and considers different averaging periods.

2. Methodology
2.1 Study region

Singapore is characterized by a hot and humid climate.
The Koppen climate classification is tropical rainforest
(Af), characterized by uniform high temperatures along
the year (~27.5 C), high relative humidity and significant
precipitation ~2190 mm [29].

Regional climate throughout the year is mostly gov-
erned by Asian monsoons. They influence cloudiness,
surface wind speed, and wind direction [30]. Higher

precipitation levels occur in the first two months of the
northeast (NE) monsoon season (December to March).
However, February and March are much drier and
similar to the southwest (SW) monsoon season (June
to September), although with different wind pattern.
Between these two seasons periods of low winds occur
(close to calm situations, especially inland) with variable
wind direction. These are the Inter-Monsoon season.

A complete day with clear skies is not common in Sin-
gapore. Overcast days are frequent which affect the
global incoming solar radiation (both the relation
between direct and diffuse components as well as the
total amount). Rain precipitation usually occurs only
during part of day and can happen in small spatial
extend [31,32].

2.2 Site of experiment

Our experiment site is located in the Cantonment
Towers, Tanjong Pagar district, Singapore. The site is a
modern social housing compound with a playground
surrounded by high-density housing blocks. Figure 1.
(a) shows the study site with the position of measure-
ment station marked in red and (b) the sensor’s set up
of the measurement station.

2.3 Sensors and measurement campaigns

The sensors used in this study include three net radio-
meters Kipp and Zonen CNR4, a Vaisala WXT520
weather station and a Campbell Scientific 150 mm
black globe thermometer mounted on a mobile plat-
form to record net radiation, wind speed, precipitation,
air temperature, and globe temperature, respectively.
The sensors were mounted 1.5m from the ground.
This corresponds to the minimum height suggested by
manufacturer to avoid interference with radiometer
readings from the mounting structure. Each net radio-
meter was oriented to a specific direction (North-
South, East -West, Up-Down). Special care was made
to keep the tower leveled and oriented towards geode-
tic north.

Radiation measurements obtained for each of the six
directions were recorded from 20th February to 2nd
March 2020 between 9:30 and 19:00 with a time step
of one minute. T, was estimated using the integral
radiation measurement technique [1,33]. The calculation
of the mean radiant flux (Sg,) reaching a rotationally
symmetrical (cylindrical) representation of the standing
human body [34] was based on angular factors using
Equation (2). Additional information on the character-
istics of the approach and the measurement campaign



Figure 1. (a) Location of the measurement station within the study site. (b) Bio-climate measuring station setup, from Dissegna et al.

[35].

can be found in Dissegna et al. [35].
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where

a is the albedo of clothed human body (0.37)

Kdir tot is the direct and reflected horizontal shortwave
radiation in directions E, S, W, N

K1, K| is the vertical shortwave radiation (direct +
diffuse)

Kqit is the horizontal diffuse radiation in directions E,
S, W, N

€ is emissivity of clothed human body (0.97)

w; is Surface fractions of the standing cylinder man
(Weyiwal = 0.28 and Weyiro0r = 0.0616)

L; is Longwave radiation

Then, the T, is determined using Equation (3)

S
Tmrt = /20N 273,15 3)
€0
where

S¢tr is the mean radiant flux
€ is the emissivity of clothed human body

o is the Stefan Boltzmann constant (5.670374419 X
1078 Wm™2K™%)

2.4 Evaluation of performance of the globe
thermometer

Different mean convection coefficients were calculated
by systematically comparing the integral radiation
measurements (T« aq) With the globe thermometer
records (Tg). Three mean convection coefficients
were used to translate the globe temperature (T,)
measurements to mean radiant temperature: (a) the
empirically derived mean convection coefficient as
presented in Equation (1), mostly used for indoor
environments, resulting in Tmnrg)_iso; (b) the convec-
tion coefficient derived from a non-linear regression
that best fits the measured T4 in all weather con-
ditions to the data derived from the integral radiation
measurements (Tme_sing); and () the convection coeffi-
cient calculated the same way as in (b) but removing
the rain/wet periods, i.e. only dry periods (T
(Tg)_sing_nr)-

In this work we have considered rain/wet periods
when the precipitation sensor registered any amount
of rain, as well as the following 20 minutes after the pre-
cipitation ended. This after-precipitation period was also
included in the rain/wet period to allow the evaporation
of droplets remaining in the surface of the sensors. This
way we tried to assure identification of real dry periods



when higher T, values (critical for Singapore) are
registered.

Considering the time required for the globe sensor to
reach the equilibrium with respect to outdoor con-
ditions, different averaging periods were considered. A
specific mean convection coefficient was derived for
each averaging period including the whole set of
records (rain/wet and dry periods). The performance of
the different coefficients were evaluated with several
quantitative metrics: The root mean squared error
(RMSE) including its derived systematic (RMSEs) and
unsystematic (RMSEu) components, the mean average
error (MAE), the Pearson correlation coefficient (r) and
the dimensionless index of agreement (loA) defined by
Willmott [36].

The performance evaluation of the estimated mean
radiant temperature was carried out on one hand for
rain/wet periods and on the other for dry periods. Also
different mean convection coefficients derived from
different averaging periods (1, 3, 5, 10, 15, 20 and 25
minute averages) were analysed.

3. Results and discussion
3.1 Influence of weather conditions

We analyzed the influence of cloudiness and precipi-
tation in the estimation of T, determined from 1 min
globe temperature (Tg), air temperature (T,) and wind
speed (V,) measurements.

Three different values of mean radiant temperature
(Tmrt_radr Tmrt(Tg)_ISO: Tmrt(Tg)_sing) have been Compared
in three days, each with a different weather condition.
Results are presented in Figure 2. Two days, 21st and
24t February registered low levels of incoming global
radiation due to overcast conditions during most part
of the day. Also periods of precipitation occurred. On
the contrary, 29™ of February was a clear skies day in
Singapore.

From the results shown in Figure 2 it is clear that T,
Tg)_1so and Trrrg)_sing Underestimate Tr rag during rain
periods and for ~45 minutes after precipitation ends. In
low global shortwave radiation (K|) conditions and well
after a precipitation period (e.g. 21st February after
15:30) Trreerg)iso and Tmrerg)_sing Show mostly similar
values. In cloudy conditions Ty is low and the difference
with respect to T, is lower than in clear skies conditions.
Thus, the adaptation of the convection coefficient in
Equation (1) will not produce relevant differences in
the estimation of mean radiant temperature.

These two estimations show relevant differences with
respect to Tt rag Under short-term radiation changes.
As already mentioned in the literature [13,14, 37], T

mgiuso and Trerg) sing are not capable of capturing
quick variations of K|. Additionally, the results suggest
that the underestimation during the rain/wet periods
could be influenced by droplets on the surface of the
globe thermometer, affecting the radiative balance
and producing misleading Ty records.

On the other hand, during clear skies days and high
levels of incoming global radiation, Trrg) 150 and Ty
(Tg)_sing OVerestimate T raq. In this case, the influence
of the short-wave radiation is overestimated by the
globe’s albedo since the black colour of the sensor rep-
resents a higher albedo than what can be expected in a
standing person. On 29'" February, sharp reductions of
K| are not registered in 1-min Tnrrg) 1so and Ty
(Tg)_sing Values. Under shadow conditions (morning and
evening) both Tryrg) 1so @aNd Trr(rg)_sing are underesti-
mated influenced by the spherical shape of the globe
sensor (further discussion is presented in Section 3.2.2).

Table 1 shows a statistical analysis of the performance
of 1-min Tprrg) iso and Trrrg) sing Values with respect
to Tt rad for specific periods of each day: (a) dry
periods, and (b) rain/wet periods. Aligned with what is
shown in Figure 2, RMSE is always higher during the
rain/wet periods than in dry periods. On the 21st of Feb-
ruary RMSE for Tr(rg)_sing Was 7.2 °C and 5.8 °C for rain/
wet and dry periods respectively. During the rain/wet
periods, the systematic errors (RMSE;) of Torg are
high and the unsystematic errors (RMSE,) do not
approach the RMSE magnitudes, indicating that there
are causes/errors that occur consistently (i.e. systematic
underestimation of both Tnrg) 1so and Trr(rg)_sing)-
However, this is not the case during the dry periods,
when the RMSE, is higher than RMSE; showing that
differences are inconsistent, i.e. variations in Tt rad
are not registered by Tprg) due to low response time
of the globe thermometer. Also IoA shows that T
Tgso and Trrrg)_sing Perform much better during dry
periods.

During the clear skies day (29™" February), RMSE; is
much lower for Trrg) sing (44 °C) than for Trrg) 150
(8.6 °C) showing that a mean convection coefficient
adapted for Singapore, in the case of clear skies, per-
forms much better than the generic one presented in
Equation (1).

3.2 Performance of T,,,. with different convection
coefficients

3.2.1 Influence of averaging periods

Section 3.1 has shown the black globe thermometer is
unable to capture short-term variation of K| since the
sensor needs time to reach a thermal equilibrium



Precipitation and Global Radiation Measurements
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Mean Radiant Temperature Estimations
Date: 21 Feb 2020
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Figure 2. Left side: Global shortwave radiation and precipitation; Right side: Estimated mean radiant temperature values from Tg (Trr
(Tg)_1so and Tmr(rg) sing) @s well as mean radiant temperature determined by integral radiation measurements and angular factors
(Trrt_rad) for 1 min records measured on 21st, 24th and 29th February 2020.

under the specific convective and radiative environ-
mental conditions.

Table 2 shows the performance of T, estimation of
different mean convection coefficients derived from
different averaging periods (1, 3, 5, 10, 15, 20 and 25
minute averages). Results show that the performance
of Tmrrgiso and Tmerg)_sing iMprove when using
mean convection coefficients of longer averaging inter-
vals. RMSE for Tmt(rg)_sing moves from 6.8 °C for the 1-
min averaged data to 4.6 °C for the 10-min averaged

data. The improvement is lower when increasing from
10-min to 25-min averaged data. In this case, RMSE
only reduces 1.0 °C. Similar evolution occurs for IoA.
The time the globe sensors require to reach an equili-
brium has been reported previously [13,14,24].

The comparison between the two T, rg) €stimations
and Tt _raq Shows a better performance when using the
mean convention coefficients specifically derived for
Singapore (Trmre(rg)_sing): The use of Trg) 1so Presents
relevant periods with high overestimations, especially



Table 1. Quantitative metrics of the performance of the
estimated values (Trr(rg) 1so and Tmr(rg)_sing) With respect to
mean radiant temperature determined by integral radiation
measurements and angular factors (Tt rag) for 1-min records
measured on 21st, 24th and 29th February 2020.

Table 2. Quantitative metrics of the performance of the
estimated values (Trrg) iso and Tmrrg) sing) With respect to
mean radiant temperature determined by integral radiation
measurements and angular factors (Tp« raq) for different
averaging periods using all the records in the campaign.

Dry Period Rain/Wet Period Trnrt(Tg)_iso Trnrt(Tg)_sing
Tmrt(Tg)_ISO Tmrt(Tg)_sing Tmrt(Tg)_ISO Tmrt(Tg)_sing 1 min average
21/02/2020  RMSE 6.2 58 7.7 7.2 RMSE 87 6.8
RMSE, 49 47 28 28 RMSEu 6.5 6.1
RMSE, 3.8 34 7.2 6.6 RMSEs 5.7 29
MAE 44 44 6.6 63 MAE 6.5 534
rvalue 065 0.70 ~0.06 ~0.04 r value 078 0.81
pvalue <22e16 <2216 047 0.63 p value <2.2e-16 <2.2e-16
loA 0.79 078 0.34 035 loA 0.86 0.89
24/02/2020 RMSE 6.1 6.0 7.0 6.7 3 min average
RMSE, 4.7 46 36 35 RMSE 7.7 5.8
RMSE, 39 38 6.0 58 RMSEu 5.3 5.0
MAE 46 47 59 5.7 RMSEs 5.5 29
rvalue 074 075 036 0.40 MAE 5.8 47
pvalue <22e16 <2216  176e-06  7.99%-08 ' value 0.84 0.86
loA 0.83 0.81 0.51 0.50 p value < 2.2e-16 < 2.2e-16
29/02/2020  RMSE 8.6 44 loA 0.89 092
RMSE, 45 35 5 min average
RMSE, 73 26 RMSE 7.2 53
rvalue 086 092 RMSEs 5.4 28
pvalue <22e-16 < 22e-16 MAE 54 43
loA 0.85 0.95 r value 0.87 0.88
p value < 2.2e-16 < 2.2e-16
loA 0.90 0.93
10 min average
for 1-min data. For the later, overestimations of Trrg) Is0 Emggu g:g ‘3‘:?
above 10 °C occur 17.8% of the time, but it reduces to RMSEs 53 26
12.8% and 8.0% for 10-min and 25-min averaged data ?"\gﬁue 3-31 3;1
respectively (Figure 3). In the case of Trr(rg) sing (Figure — p value <2216 <2216
4), overestimations above 10 °C occur only 0.8% of the '105A ) 091 0.95
. . . min average
time for the 10-minute data. However, in both cases RMSE 9 6.1 41
(Tmrerg)_iso @and Tmrrg)_sing) the percentage of time with RMSEu 3.3 33
- o . RMSEs 52 25
underestimations is higher than the percentage of time MAE 48 34
with overestimation. In general, the results are better r value 0.93 0.93
for Trrrg)_sing- FOr the 10-min averaged data 45.8% of foxalue < 3:53'16 < 3:52'16
the time deviation with respect t0 Ty raq IS in the 20 min average
range of —5 °C to 0 °C, while only 31.2% of the time for gmgg gg 3;
u . .
Tmrerg)iso- As longer averaging intervals are used, the RMSEs 52 24
deviation of Tt sing IN the range of =5 °C to 0 °C ~ MAE 47 30
. . hile this d h . h r value 0.95 0.95
increases (Figure 4), while this does not happen in the p value <22e-16 <226-16
case of Thgso (Figure 3). The later always shows loA 0.92 0.96
. NN 25 min average
higher deviations from Tyt rad- RMSE 58 16
Adequate averaging periods for Tmyrg estimations RMSEu 2.6 26
depend on the size of globe thermometer but also on m'céEs i'é g'g
the fluctuation of the existing meteorological conditions r value 0.95 0.95
[37]. Different studies have used different averaging f’oxa'“e <§-;§‘16 <S~§§'16

periods (from 5 to 15 min averaging period) to estimate
Tonrtrg) [12-14,28,38-41].

Considering the results of the performance of T
(Tg)_sing for different averaging periods, we select the 10-
min period as a reasonable value to estimate mean
radiant temperature. Climate measurements and
thermal comfort analysis is meant to be representative
at this temporal resolution. Furthermore the variability
of cloud cover in Singapore makes it difficult to reach a

final equilibrium and thus some inaccuracy has to be
assumed when using the globe thermometer data.
Finally, Staiger & Matzarakis [37] suggested that the
black globe thermometer should not exceed averaged
values of about 10 min for outdoor air velocities of ~2
(m/s), which can be considered representative of
Singapore.
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Figure 3. Frequency distribution of differences between estimated mean radiant temperature with 1S07726:1998 mean convective
coefficients (Trrirg) 1s0) and the mean radiant temperature determined by integral radiation measurements and angular factors
(Trrt_raq) for different averaging periods using all records measured in the campaign.

3.2.2 Suitable values for Singapore stressful levels during rain/wet conditions. Such con-
Results in Section 3.1 have shown that in rain/wet con-  ditions mostly occur under dry conditions. Thus,
ditions the performance of estimated Tmnrg) sing IS  another convection coefficient for Equation (1) has
different than during dry and clear skies days. been estimated by considering only dry conditions for
However, thermal comfort in Singapore does not reach 10 min averaging periods. The best fit shows that the
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Figure 4. Frequency distribution of differences between the estimated mean radiant temperature with best fit mean convection
coefficients (Trrerg)_sing) and the mean radiant temperature determined by integral radiation measurements and angular factors
(Trrt_raq) for different averaging periods using all the records in the campaign.

coefficient 1.1'108~V§'6 presented in [8] should be February) outcomes (Figure 5) similar to the ones pre-
changed to 0.82:10%.V,%%, sented in Section 3.1. During the clear sky day (29th of

The use of this new coefficient to calculate mean February) and with high incoming shortwave radiation,
radiant temperature (Tm(rg) sing_nr) Shows in three Trnrt(Tg)_sing_nr t€Nds to overestimate Ty raq Values. Fluc-
different weather conditions (21st, 24th and 29th of  tuation of Tr,trg) sing_nr b€tween 14.00 and 16.00 should
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Figure 5. Estimated mean radiant temperature values using mean convective coefficients derived from dry periods (Tme(rg)_sing_nr) @S
well as mean radiant temperature determined by integral radiation measurements and angular factors (Ti rag) for 10-min records

measured on 21st, 24th and 29th February 2020.

be related mostly to sharp fluctuations in V, (1.5+0.5 m
s~' and values ranging from 0.8-2.7 m s™"). In these con-
ditions, the performance of the globe thermometer is
reduced (due to the time required to reach a thermal
equilibrium due to the effects of convection and radi-
ation) and the new mean convection coefficient is not
sufficiently accurate to represent correctly T,

On the contrary, an underestimation occurs during
the morning and evening periods. In these periods of
the day with low solar elevation, the spherical form of
the black globe thermometer is not able to consider cor-
rectly the approximately cylindrical shape of the human
body that is reflected in Tyt raq. Similarly, under shaded
conditions (e.g. 20t February after 17.15) and overcast



Table 3. Quantitative metrics of the performance of the
estimated mean radiant temperature values using mean
convective coefficients derived from dry periods (T
(Tg)_sing_nr) With respect to mean radiant temperature
determined by integral radiation measurements and angular
factors (Tt rad) for 10-min records measured on 21st, 24th
and 29th February 2020.

21/02/2020 24/02/2020 29/02/2020
RMSE 5.4 5.0 3.9
RMSEu 35 2.7 3.0
RMSEs 4.2 43 24
MAE 45 44 33
r value 0.77 0.86 0.94
p value 1.30E-10 < 2.2e-16 < 2.2e-16
oA 0.80 0.84 0.96

conditions (e.g. 21st February after 15:30) Trr(rg)_sing_nr
also tends to underestimate Ty, raq. However, this
underestimation is especially relevant during rain/wet
periods while the sensors remain wet (e.g. 21st and
24 February after 14:00) as commented in Section 3.1.

The performance of Ty t(rg)_sing_nr fOr different type of
days is shown in Table 3. Quantitative metrics show a
much better performance during the clear skies days
(29" February), an outcome of using the convection
coefficient  estimated only in dry periods
(0.82-108V2¢). During this day, RMSE is 3.9 °C with
RMSE,, higher than RMSE,. This represents a relevant
improvement with respect to the performance of
ISO7726 coefficients (RMSE =7.4 °C). For the overcast
and rainy days RMSE raises to 5.4 °C and 5.0 °C on the
21st and 24™ February respectively with relevant sys-
tematic underestimation (RMSE;, > RMSE,). Other
metrics as MAE, r value and loA also indicate good
results and suitability of the mean convection coefficient
(0.82-108:v24%) derived for Singapore. The level of accu-
racy is similar to other attempts to calibrate globe
sensors for T, estimations [13,28].

4, Conclusions

One of the more complex variables required to evaluate
outdoor thermal comfort is T, Different methods to
measure T, are available, although they require
different resources and costs can differ significantly. In
this paper we adapt the formula that translates globe
temperature measurements into T, [8] by providing a
new and more accurate mean convection coefficient
for the Singapore context. This coefficient is derived by
means of T, calculated from integral radiation
measurements and meteorological variables Tg, T, and
V..

Results show a relevant improvement in the esti-
mation of Trrg) When using a calibrated mean convec-
tion coefficient in comparison with the default

coefficient presented in [8]. This is especially noticed
during clear skies and high incoming solar radiation. In
these weather conditions estimations of Tyrg) always
tend to overestimate accurate values derived from the
integral radiation measurements. On the contrary,
during rain/wet conditions T rg) is underestimated.
In this case, both mean convection coefficients (default
and calibrated) show similar results. Finally, under
shadow conditions and low incoming solar radiation
(dry overcast) conditions, Tmrrg) €stimations tend to
present less deviation. On the whole, results have
shown that the same mean convection coefficient per-
forms differently in diverse weather conditions.

Quick changes in incoming solar radiation and wind
speed are not considered correctly by the globe ther-
mometer, causing relevant deviation in T esti-
mations. Smoothing this environmental changes by
increasing the averaging period can improve the per-
formance. When using moving from 1-min to 10-min
averaged values, RMSE is reduced from 6.8 °C to 4.6 °C.

Finally, we apply a mean convection coefficient
(0.82:108V24%) that best suits the uncomfortable
thermal conditions of Singapore (i.e. dry periods). In
the case of a clear skies day, RMSE can be reduced to
39 °C.

However, results have shown that under transient cli-
matic conditions, the calibration of mean convection
coefficient can provide inaccurate T, values.

This work provides the possibility to improve the esti-
mation of T, in outdoor settings in a hot, humid, low
wind speed and cloudy tropical region like Singapore
by using a 150 mm black globe thermometer. The
approach is simple and requires significantly less costs
than radiation measurements. The 10-min mean convec-
tion coefficient presented is valuable for thermal
comfort assessment.
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