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As populations and temperatures of urban areas swell, more people face extreme heat and are at
increasing risk of adverse health outcomes. Radiation accounts for much of human heat exposure
but is rarely used as heat metric due to a lack of cost-effective and accurate sensors. To this end,
we fuse the concepts of a three-globe radiometer-anemometer with a cylindrical human body shape
representation, which is more realistic than a spherical representation. Using cost-effective and
readily available materials, we fabricated two combinations of three cylinders with varying surface
properties. These simple devices measure the convection coefficient and the shortwave and
longwave radiative fluxes. We tested the devices in a wind tunnel and at fourteen outdoor sites
during July 2023's record-setting heat wave in Tempe, Arizona. The average difference between
pedestrian-level mean radiant temperature (MRT) measured using research-grade 3-way net
radiometers and the three-cylinder setup was 0.41+3.0°C (£1 SD). At most, we observed a 10°C
MRT difference on a white roof site with extreme MRT values (70°C to 80°C), which will be
addressed through discussed design changes to the system. The measured heat transfer coefficient
can be used to calculate wind speed below 2 m-s’!; thus, the three cylinders combined also serve
as a low-speed anemometer. The novel setup could be used in affordable biometeorological
stations and deployed across urban landscapes to build human-relevant heat sensing networks.

Keywords: Absorbed radiation . Mean radiant temperature . Globe thermometer . Cylindrical
radiation thermometer . Radiation geometry . Extreme heat
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Introduction

Including hyperlocal biometeorological data for human heat exposure assessment in heat
action planning and emergency response could help reduce negative health impacts of extreme
heat. However, widely available weather forecasts and real-time reports do not provide information
on local microclimates, which can vary across small distances (e.g., meters) within a city (Middel
and Krayenhoff 2019; Nazarian et al. 2022). Furthermore, air temperature or simple heat indices
such as the heat index or humidex do not quantify the totality of heat received by the human body.
Fig.1 A shows that in addition to air temperature and humidity, the shortwave and longwave
radiative heat fluxes experienced by a human along with mean speed and turbulence intensity of
the airflow significantly impact heat stress (Ono et al. 2008; Parsons 2014, 2019; Yu et al. 2020;
Zou et al. 2020; Xu et al. 2021; Zhou and Niu 2022; Zhou et al. 2022). The turbulence intensity is
consistently in the range of 20 to 40% at the pedestrian level, which can even double the convective
heat transfer as compared to non-turbulent flow predicted by only using mean air speed (Zou et al.
2020, 2021); but the radiative variables are much more difficult to predict.

Shortwave and longwave radiation fluxes are commonly measured using an array of expensive
pyranometers and pyrgeometers (Hoppe 1992; Thorsson et al. 2007; Middel and Krayenhoff
2019), respectively. More cost-effective spherical or cylindrical radiometers are available (Brown
and Gillespie 1986; De Dear 1988; Thorsson et al. 2007; Kenny et al. 2008; Brown 2019) but only
measure total absorbed radiation. These radiometers also require theoretical accounting for
convective heat losses that can often introduce 10 to 20°C errors in the mean radiant temperature
(MRT) (Vanos et al. 2021). Wind speed is the primary input into the empirical heat transfer
coefficient correlations. However, wind speed is often low during extremely hot periods (i.e.,
mostly below 1 m-s!) (Vanos et al. 2021); hence, cost-effective radiometers must be used with
expensive high-end anemometers, as many standard propeller- or cup-based devices have a 1 m-s
I'starting threshold.

This study aims to demonstrate a simple and easy-to-fabricate three-cylinder shortwave and
longwave radiometer that also measures the cylinders’ convection coefficient. We fuse the idea of
a three-globe radiometer-anemometer previously developed by Nakayoshi (Nakayoshi et al.
2015a, b) with a cylindrical representation of the human body. As compared to spheres, cylinders
provide a more accurate representation of the human body in this context (Fiala et al. 1999; Fiala

and Havenith 2015; Staiger and Matzarakis 2020; Rykaczewski et al. 2022a; Viswanathan et al.
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2023). The plot in Fig.1 B and C shows that projected radiation area factors, which are a measure
of the fraction of body surface area exposed to direct solar radiation (Fanger 1972; Parsons 2014),
for cylinders with different aspect ratios match those of diverse "rotationally symmetric" humans
for most solar zenith angles (Park and Tuller 2011; Rykaczewski et al. 2022a, b). In contrast, a
sphere's projected radiation area factor is constant and does not represent the human body well.
Using cylinders also facilitates uniform placement of internal heaters, which can be challenging
within a sphere.

Using cost-effective and readily available materials, we fabricated two combinations of three-
cylinder with varying surface properties. We extensively tested the devices in a lab-based wind
tunnel and at fourteen outdoor sites during the July 2023 record-setting heat wave in Tempe, AZ,
paired with a state-of-the-art mobile biometeorological station (MaRTy) (Middel and Krayenhoff
2019). We compare the shortwave, longwave, total radiation, and MRT values calculated using the
integral radiation measurement (IRM) and the three-cylinder methods and discuss reasons for any
observed discrepancies. Using spherical geometrical weighting factors in the IRM method, we also
assess the impact of switching from globe to cylindrical radiometer geometry on the radiative
measurements. The convective heat transfer results are compared against prior correlations and
used to evaluate the possibility of employing the cylinders as low-speed anemometers for
augmenting low-cost but high-start threshold devices. We conclude by discussing the limitations

of the current devices and future improvements that can resolve them.

Methods
Theoretical basis

The schematic of the three-cylinder device in Fig.1 D shows that cylinders are heated with
internal heat generation (Q), incident shortwave (S;), and longwave (L;) radiation while being
cooled through convection and longwave surface radiation emission. As in prior work on three-
globe anemometer-radiometer (Nakayoshi et al. 2015a), we show in SI Sections [.1-2 that
performing energy balance on the three cylinders yields three equations with the heat transfer
coefficient (h), S;, and L; being the only unknowns. In the SI Section A, we describe the general
solution as well as its major simplifications that can be obtained by carefully setting heater input
values and selecting surface coatings such that a; of at least two cylinders are approximately equal

and/or having one with a; =~ 0. We demonstrate this simplification with a combination of heated
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black (subscript BH), unheated black (subscript B), and unheated white (subscript W) cylinders
and a combination of heated polished (subscript PH), unheated white (subscript W), and unheated
black (subscript B) cylinders (see Fig.1 E and Fig.1 F). We refer to the first combination of
cylinders as BHBW and the second as PHBW. We note that the BHBW combination of coatings

was also used in prior work on the three-globe anemometer-radiometer (Nakayoshi et al. 2015a).

Device fabrication

We fabricated the devices using 0.4 mm thin aluminum tubes (OD of 0.95 cm cut to a 9.5 cm),
T-type micro-thermocouple, self-adhering thin-film resistive heaters, and expandable foam (see
Fig.1 E). The foam inserts presses the heaters into the walls prevent significant airflow within the
cylinders, which was linked to temperature non-uniformities and skewed radiation measurements
in prior work with radiation thermometers (Wang and Li 2015). We found that placing a 0.5 by 1
cm piece of metalized taped over the thermocouple (epoxied to the outside) shielded it effectively
from the airflow and eliminated the dependence of the heat transfer coefficient on the relative
airflow to thermocouple orientation (see the SI Section B.4). Images of all the assembly steps and
a more detailed description are shown in the SI Section A.6.

We spray-painted the devices to provide black and white exterior finishes. After measuring the
spectral absorptivity (see the SI Section A.6), we calculated the hemispherical spectral band
absorptivity for the shortwave (i.e., ag) and longwave (i.e., a; ) regions by integrating with Planck's
emissive power distribution of a black-body at 5527°C (5800 K) and 27°C (300 K), respectively
(Bergman et al. 2011). The white coating has agsy, = 0.33 and a;y, = 0.92, the black coating has
asg =0.95and a; 5 = 0.95, and the polished aluminum surface has agpy = 0.24 and a;py = 0.01.
Consequently, the black and white coatings satisfy the a;,, = a;5 assumption, and the polished

surface satisfies the a;py = 0 assumption needed to simplify the general solution.

Roof site sunrise-to-sunset measurements

We conducted measurements during two cloudless days (July 19% and 25" of 2023) using
MaRTy, the PHBW and BHBW combinations of three-cylinder devices, and a 3D ultrasonic
anemometer (CSAT3B from Campbell Scientific) on an unobstructed site on the southeast edge of
the roof of the Walton Center for Planetary Health (33.421°N, 111.926°W, about 30 m elevation

above the ground level—see Fig.2A-D). The roof is covered with a soft white rubber coating that,
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based on the ratio of impinging and reflected solar radiation at the highest solar elevation angle
(about 76°), has a local albedo of about 0.35. The sky view factor (SVF) at the 1.2 m center height
of the cylinders and height of MaRTy radiation sensors was 0.99. To prevent most shading effects,
we placed MaRTy about 1.5 m from the cylinder tripod, oriented the cylinder array to face east,
and mounted the 3D ultrasonic anemometer on the same tripod about 30 cm below the cylinders.
We recorded the three components of the air velocity at a rate of 20 Hz, sufficient to capture wind
turbulence characteristics (Tabrizi et al. 2015; Zou et al. 2021). We note that based on wind tunnel
measurements, transient heat transfer modeling, and analysis of outdoor mean wind speed changes
and resulting cylinder temperature changes (all described in depth in the SI Sections B and C), we
arrived at the 60 s cylinder temperature averaging period being appropriate to ensure the thermal
equilibration.

All experiments were conducted along with the MaRTy biometeorological station that
measures air temperature, humidity, wind speed, and 6-directional shortwave and longwave
radiation. These instruments are described in depth in Middel et al. (Middel and Krayenhoft 2019),
while the details of the cylinder array mounting and power delivery are described in depth in the
SI. Employing standard ag_prr = 0.70 and a;_yrr = 0.97 that represent skin and clothing
properties, we calculated MRT from the incident shortwave and longwave radiation using the

Stefan-Boltzmann law:

MRT = “\/“S-MRTS”“L-MRT“ -273.15 (1)

OQL,—MRT

Multisite pedestrian-level measurements

We also conducted mid-day (12:00 to 14:30 h) measurements on July 26" of 2023 across an
additional thirteen pedestrian-level sites in Tempe, Arizona. All conditions during this period were
stable, with air temperature varying only between 43 to 45°C at the different sites (the air
temperature did not change during the short measurement period at each site), solar elevation angle
around 70°. The different sites along with their bottom-up fish-eye images are mapped in Fig.2E
and described the corresponding surface and sky/shade characteristics in Table 1 and SI Section
C.8. The sites include fully sun-exposed areas over distinct surfaces (varying from asphalt,
concrete, and grass), partially-exposed urban canyons and courtyards, and spaces covered by a

variety of natural (native and non-native trees) and industrial shade (fabric sun sail, perforated
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metal sheet, and movable solar panels). Ensuring a steady state was reached, we sequentially
conducted the radiation measurements in the same location for three-minute periods using first
MaRTy and then the three-cylinder array. As in our prior work comparing radiation sensors (Vanos
et al. 2021), we quantify the mean difference, mean absolute difference, and the root mean square

difference between the different approaches.

Results
Sunrise-to-sunset convection measurements on an unobstructed roof site

Our wind tunnel experiments demonstrated that the heated cylinder provides a simple, cost-
effective way to accurately measure the heat transfer coefficients (%) in steady and non-turbulent
airflow (see detailed description in the SI Section B). Before discussing the heat transfer
coefficients measured in chaotic outdoor flow, we discuss the processing of the wind
measurements and their characteristics.

Following Zou et al. (2020, 2021) and Zhou and Niu (2022) we used empirical mode
decomposition (EMD) to separate the measured wind speed into time-varying mean (V(t)) and
fluctuating (v'(t)) components (see the detailed description of the process in the SI Section C.4-
5). In agreement with prior analyses (Zou et al. 2020, 2021; Zhou and Niu 2022), traditional
averaging for one-minute segments yields mean speed values that closely match those from EMD
analysis but overestimates the turbulence intensity (77) by 10 to 20% (see the SI Section C.4). The
plot in Fig.3 A shows that on July 25", the V(t) was mostly below 1 m-s! in the morning and
slowly built throughout the day, fluctuating between 1 and 3 m-s!. The inset histogram in Fig.3 B
shows that about 50% and 75% of measured V (t) during both days are below 1 m's™' and 1.5 m-s’
I, respectively. The equivalent histogram for 77 shows that it is normally distributed around about
30% with a standard deviation of 6% (i.e., about 95% of the turbulence intensity values are
between 20 and 40%). The main plot in Fig.3 B shows that the 77 is nearly independent of the V(t)
and matches closely with prior measurements taken at the pedestrian level in multiple urban sites
in Sydney, Australia (Zou et al. 2020). In particular, the 77 vs. V (t) fit to our data (the dark orange
line in Fig.3 B) matches that reported by Zou et al. (2020) (the blue line in Fig.3 B). Also, the 90
percentile of Zou et al. (2020) 77 measurements (the gray area in Fig.3 B) matches the spread of

our data.
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At sunrise on July 25", the air temperature was 32°C, gradually increased to a maximum of
46.2°C in the early afternoon and remained above 45°C until sunset (see Fig.3 C). The surface
temperatures of the unheated cylinders followed the same trend but with about 3°C and 10°C offset
for the white and black cylinders, respectively. The temperatures of the polished and black
cylinders that were heated by 1.5 W were similar, and about 15°C to 20°C warmer than air. We
calculated the corresponding heat transfer coefficients by substituting these temperatures into
Eq.1.6 for the BHBW combination of cylinders and Eq.I.12 for the PHBW combination of
cylinders (see the SI Section 1.2).

The plot in Fig.3 D shows that the heat transfer coefficients calculated using data from the two
combinations of cylinders match closely with differences not exceeding 10% (mean difference of
-1.241.6 W-m2°C-!(+ 1 SD), mean absolute difference of -1.6+1.1 W-m2°C-!, and root mean
square difference of 1.9 W-m2°C-!, which are all within the measurement uncertainty). The values
of the heat transfer coefficients are in the range of 20 to 50 W-m2°C-!, as expected based on the
wind tunnel measurements for the 0.2 and 4 m-s™! wind speed range (see the SI Section B). Fig.3
E shows that despite the high level of 77, the heat transfer coefficients measured using the three-
cylinder devices match closely with the Hilpert and Churchill-Bernstein correlations for no
turbulence conditions (the two correlations are described in the SI Section B.2). The two
correlations agree closely, with the main advantage of the Hilpert one being a much simpler
functional form for our wind speed range (which will be helpful in the discussion section). The
Hilpert correlation with V (t) input provides an excellent prediction of the measured heat transfer
values (see Fig.3 F) with a mean difference of only -0.26+3.2 W-m2°C-! ( 1 SD), mean absolute
difference of -2.44+1.9 W-m2°C!, and root mean square difference of 3.1 W-m2°C!. In other
words, our measurements demonstrate that the heat transfer coefficient for the cylinders does not

depend on the turbulence intensity in the 0.2 and 3.0 m*s™' wind speed range.

Sunrise-to-sunset radiation measurements on an unobstructed roof site

On July 25%, the solar elevation angle peaked at 76° around 12:30 h, corresponding to
maximum horizontal shortwave radiation fluxes of 1090 W-m and 385 W-m™ in the incoming
(upward “U” facing sensor) and outgoing (downward “D” facing sensor) directions, respectively
(see Fig.4 A and B). The shortwave fluxes measured using the vertically-oriented pyranometers

(east, west, south, and north facing) display more complex trends. In particular, the fluxes are
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above the diffuse background when the sensors are exposed to direct solar radiation (e.g., east and
north-facing in the morning). The corresponding morning and afternoon fluxes, such as on the
west and south-facing sensors, are likely slightly asymmetrical due to the site's geometry (e.g.,
mild but slight roof slope). The 30-minute drop in radiation on the south-facing pyranometer
around 18:00 h is a self-shading artifact (see the SI Section C.2). In contrast to the highly varying
shortwave fluxes, the longwave fluxes measured by MaRTy's pyrgeometers display only a minor
variation throughout the day (see Fig.4 C).

The longwave heat fluxes (L) on the vertically oriented pyrgeometers (east “E”, west “W”,
south “S”, and north “N” facing) are nearly equal and only vary between 450 and 600 W-m™
throughout the day. The downward ("D") facing pyrgeometer measures the longwave emission
from the hot roof surface, which peaks at 730 W-m2 around 14:00 h. In the IRM, the directional
shortwave () and longwave fluxes are combined into a single flux per spectral region that a person
would be exposed to using geometrical weights (“IW”’) (Hoppe 1992):

Sirm = Wy p(Sy + Sp) + Ws(Sg + Sy + Ss + Sy) ()

Ligy = Wyp(Ly + Lp) + Ws(Lg + Ly + Lg + Ly) (3)
For an average adult standing person (male or female), Hoppe (Hoppe 1992) obtained a W = 0.22
geometrical weight for the side-facing sensors by averaging projected area factors measured by
Fanger (1972) over all possible directions. This calculation is equivalent to taking an average of
the values representing an average male with hands along the body (green curve) in Fig.1 C across
all zenith angles. When calculated this way, the Wy is essentially independent of the human body
shape (Rykaczewski et al. 2022a). Accordingly, the geometrical weight for the upwards and
downwards-facing sensors is Wy p = (1 - 4-22)/2 = 0.06. As stated in the introduction and Fig.1C,
the projected area factors for the human bodies and cylinders are surprisingly similar. In other
words, the shortwave and longwave fluxes combined using the IRM approach (i.e., Eq.2 and 3)
and their summation (i.e., total incident radiation equal to R; = S;gy + Ljrp) provide an excellent
benchmark for the values measured using the three-cylinder devices. To gauge the impact of
switching the geometry of the devices from three globes (Nakayoshi et al. 2015a) to three-
cylinders, we also calculate the fluxes (and MRT) using the geometrical weight for a sphere (0.167
in all directions).

Both three-cylinder devices yield shortwave heat fluxes that match closely with the IRM

values. The shortwave heat flux increases rapidly from sunrise until 9:00 h and remains at 350 to
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450 W-m until 16:00 h. It rapidly decreases after that until sunset. The shortwave heat fluxes
obtained using the PHBW and BHBW three-cylinder combinations follow the IRM values closely
and deviate at most by 10% (see green line Fig.4 D). Owning to increased geometrical weighting
of the significant downward and upward components, the IRM shortwave flux calculated using
spherical geometrical weights is substantially higher from 9:00 to 15:00 h (up to 90 W-m™ or 25%)
than the fluxes calculated using the standard values and measured using the three-cylinder devices.

The variation in the IRM longwave flux is much more minor than that of the shortwave flux,
with the sunrise value of 450 W-m increasing to a maximum of 600 W-m around 14:00 h (see
Fig.4 E). The longwave heat fluxes obtained using the PHBW and BHBW three-cylinder
combinations again match each other closely (see green line in Fig.4 E) but underpredict the IRM
values by 50 to 100 W-m from about 7:00 to 15:00 h. In contrast to the large impact on the
shortwave flux, employing spherical geometrical weights in the IRM calculation has a minor
impact on the longwave flux. This minor difference stems from relatively small variations in the
directional longwave fluxes and balancing on the downward and upward fluxes.

The observed differences in the shortwave and longwave fluxes stemming from different
approaches propagated into the total incident radiation and MRT time series are shown in Fig.4 F
and Fig.S5A. Specifically, the underprediction of the longwave heat flux by the three-cylinders
compared to the IRM results in an underprediction of the total heat flux by about 100 W-m2. A
similar magnitude overprediction in the total incident radiation is associated with the
overprediction of the shortwave flux stemming from spherical geometrical weight factors
(compared to standard geometrical factors representing the human body). In terms of MRT, the
three-cylinders underpredict it compared to IRM by 5 to 10°C or about 5 to 15% from about 8:00
to 14:00 h. In direct comparison between the corresponding MRTs from the IRM and three-
cylinder methods in Fig.5 B, the numerous data points collected during this period heavily skew
the various fit measures (i.e., the fit slope of 0.71 as compared to an ideal of 1 and mean difference,
mean absolute difference, and root-mean-square difference of 4-6°C + 3-4°C). If the most
extreme values of MRT are not considered, all these fit measures improve substantially. In
particular, for MRT between 35 and 65°C the fit slope increases to 0.94 while the mean difference,
mean absolute difference, and root-mean-square difference reduce to 0.6+3.1°C, 2.3+2.2°C, and
3.2°C, respectively. Thus, the MRTs measured on an unobstructed roof site using the three-cylinder

devices match closely with IRM values over the wide 35—65°C range but underpredict the values
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by 5 to 15% for the extremely high MRT values of 65—-80°C. Using geometrical weight factors for
a sphere results in 2-5°C underprediction of lower values of the MRT and up to 6.5°C

overprediction of the extreme values of the MRT.

Mid-day radiation measurements in diverse pedestrian-level urban sites in extreme heat
conditions

We conducted mid-day measurements across thirteen pedestrian-level sites to complement the
extended unobstructed roof site measurements. The fish-eye images in Fig.2E and characteristic
descriptors in Table 1 and SI Section C.8 show that the sites included a wide diversity of micro-
climates. The shortwave, longwave, total radiative heat fluxes, and MRT measured using the IRM
and two combinations of three cylinders are also reported in Table 1. In close agreement with prior
measurements in nearby sites (Middel and Krayenhoftf 2019), the MRT measured using the IRM
ranges from slightly above that of air at 46.2°C (in the shade of a sizeable non-native tree) to
72.8°C (in a sun-exposed urban canyon with asphalt surface). The mean difference between the
MRT from IRM and PHBW across the thirteen sites is 0.4+3°C (£ 1 SD; mean absolute difference
of 2.4+1.7°C and root mean square difference of 2.9°C), while that between the IRM and BHBW
measurements is slightly higher at 1.7+£4°C (mean absolute difference of 3.442.5°C and root mean
square difference of 4.1°C). The difference between the MRT values obtained from the IRM and
PHBW exceeds 4°C (at 6.7°C and for the BHBW method at 9.8°C) only at site 8, an urban canyon
with a concrete surface and open sky. In this case, both combinations of the three cylinders
overpredict the shortwave radiation by 60 to 70 W-m and underpredict the longwave radiation
by 110 to 130 W-m™. However, these discrepancies did not occur in a similar but deeper urban
canyon (site 13) with mostly asphalt rather than a concrete surface. It is important to highlight that
even these discrepancies are within the substantial measurement uncertainty of the three-cylinder
method. This measurement uncertainty mainly stems from our choice of the cylinder surface

temperature sensor, highlighted in the Discussion section.

Discussion
Radiation measurements using the three-cylinder method: the good and the bad
Across a wide range of MRT and diverse micro-climates, the radiation measurements with the

three-cylinder method closely match the IRM's. To put the 0.4+3.0°C mean difference between

10
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the MRT from IRM and PHBW cylinder combination into perspective, in our prior study
comparing a variety of globe and cylinder radiometers to the IRM, we found mean differences of
up to 6.5°C with standard deviation reaching 8°C (Vanos et al. 2021). Similarly, three-globe
measurements closely matched those from the pyranometer-pyrgeometer setup (only upwards and
downward facing) (Nakayoshi et al. 2015a). In terms of projected radiation area factors, it is
evident that cylinders are a better representation of a human body than a sphere. In practice, when
all directional fluxes are weighted, the primary difference is that globes are likely to overpredict
radiation received by the human body when downward (incoming) and upward (outgoing or
reflected) shortwave radiation is most intense. In other words, when the solar elevation angle is
high, the globes can overpredict the MRT by up to 6.5°C compared to a cylinder. Besides this
purely geometrical factor, Nakayoshi et al. (2015a) and others (Vanos et al. 2021) reported that
substantial errors in globe radiometer measurements could be caused by placing the temperature
sensor in the center of the air-filled devices (i.e., the measured internal temperature does not equal
the average surface temperature). Such issues are resolved by placing the thermocouple on the
surface of the thin yet sufficiently small isothermal cylinder. The cylindrical shape also enables
the insertion and attachment of flexible rectangular heaters that internally provide uniform heat
flux (vs. local attachment of a heater to a sphere).

For extreme values of the MRT (above about 70°C), the three-cylinder method can
underpredict the MRT as compared to IRM by 5 to 10°C or about 5 to 15%. While this
underprediction is within the experimental uncertainty of the three-cylinder measurements, the
primary reason underlying this discrepancy is likely related to the mounting of the cylinders.
Specifically, the cylinders are bottom mounted using a 2.5 cm diameter wooden dowel secured
using another aluminum cylinder and a horizontal bracket (see Fig.2 C). Consequently, the
bottoms of the cylinders have limited exposure to the intense long wave heat flux emitted by the
roof's surface. Even with a small geometrical weight, this longwave radiation component
contributes about 40 W-m of the about 100 W-m observed discrepancy between IRM and three-
cylinder measurement (i.e., 0.06-650 ~ 40 W-m™). Since longwave heat flux is heavily absorption-
weighted (i.e., @;_prr = 0.97) in the MRT calculation, its underprediction by the three-cylinder
methods propagates into underpredicted radiant temperature values. Other factors contributing to
this discrepancy could include minor local differences in the MaRTy and three-cylinder array

locations (i.e., slightly varying roof slope and distance to edges Despite being mounted from the

11
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bottom, Nakayoshi et al. (2015a) globes were larger than the holding cylinder and captured a larger
fraction of the outgoing radiation (i.e., did not underpredict the longwave radiation emitted by hot

surfaces like the cylinders).

From convection coefficient to wind speed measurements: use of three cylinders as a low-speed
anemometer

In contrast to our cylinder observation, Nakayoshi et al. (2015a) found that the heat transfer
coefficients for their globes were impacted by turbulence intensity. Therefore, they developed an
empirical fit for their data to predict wind speed as a function of the measured heat transfer
coefficient. Since we observed that the heat transfer coefficient does not depend on turbulence
intensity for the cylinder setup (see physical explanation in the SI), we can use the classical Hilpert
correlation (Hilpert 1933). By substituting air properties and the cylinder diameter, we can simplify
the Hilpert correlation to h = 33V(t)%*¢6. We note that the coefficient in this expression has a
negligible variation with air temperature in the range of 20°C to 60°C. By flipping this expression,
we can use the measured value of the heat transfer coefficient to calculate the time-varying mean
air speeds as:

V(t) = h*16/1814 4)

The uncertainty of this wind speed measurement is h-146U, /845 for an Uy, uncertainty in the
heat transfer coefficient. The plot in Fig.5 C shows good agreement between the detrended time-
varying mean velocity measured using the 3D anemometer and that predicted using Eq.4. The
agreement between the parameters improves (i.e., an increase in the fit slope from 0.85 to 0.93)
when only data in low wind speed regime is considered (0.2 and 1.5 m's™"). Yet, when the
measurement's uncertainty is considered, the proposed approach seems less appealing. For
velocities above 1.5 m's™!, the uncertainty can be a substantial fraction of the predicted wind speed
value (an average of 35%, as shown in the SI Section C.6 when all three cylinder measurements
are considered). However, when the measurements are considered for each cylinder separately, a
significant difference in the uncertainty range emerges (see the SI Section C.6). In particular, the
uncertainty of the estimated wind speed using the PHBW combination is much smaller (an average
of 20% of the measurement value). Employing only the data from the PHBW combination of
cylinders to calculate the wind speed using Eq.4 provides a substantial narrowing of the

uncertainty band to a range of about 20% that is comparable to many lower-end commercial
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anemometers (e.g., 1+0.2 m's™! or 1.5+0.3 m-s™"). We discuss the underlying reason and potential
solutions for such a significant difference in the measurement uncertainty between these two

approaches in the Limitations sections.

Limitations and potential improvements

Despite T-type thermocouples having the best accuracy (+1°C) of all the base metal
thermocouples (ASTM E230/E230-17 2017), their use limits the achievable uncertainty of the
three-cylinder measurements. The difference in the heat transfer coefficient uncertainty, and
thereby the estimated wind speed, between the two combinations of cylinders illustrates the
improvement that can be obtained by employing sensors with even tighter accuracy. In particular,
the hpypyw (EQ.I.12 in SI Section 1.2) and associated uncertainty calculations (Eq. A10 in SI
Section A) include the air temperature, which is measured using a PT-100 resistive thermal device
(RTD) IEC 751 1/3 Class B with an accuracy of +0.1°C (that is periodically validated with factory
calibration). In contrast, the hgyy (Eq.1.6 in SI Section 1.2) and associated uncertainty (Eq. A13
in SI Section A) calculations only incorporate the temperatures of the unheated and heated black
cylinders, measured using the T-type thermocouples. Consequently, using RTDs instead of
thermocouples to measure the surface temperature of the cylinders would substantially reduce the
uncertainty of the heat transfer coefficient and radiative heat fluxes. Even further improvement
might be obtained by a more significant redesign of the devices to include a custom RTD
distributed over the entire cylinder surface. We note that this approach could also resolve many
issues with the globe thermometers. Illustrating the feasibility of such devices, in our prior work
on stretchable heat exchangers (Kotagama et al. 2020), we made a custom temperature sensor
using a commercial steel extension spring embedded into a soft silicone tube. To address the
underprediction of the longwave radiation emitted by hot surfaces that we observed on the roof
site measurements, a redesign of the device could also include a side mounting of the cylinder.
However, the impact of such modifications on the convective measurements would have to be

quantified before field deployment.
Conclusions

We demonstrated that shortwave and longwave radiation fluxes measured using the introduced

three-cylinder devices closely match those of a state-of-the-art mobile biometeorological station
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in most studied sites. Therefore, as the three-globe devices (Nakayoshi et al. 2015a, b), these
simple three-cylinder devices can be used in many applications instead of expensive pyranometers
and pyrgeometers (dependent on the data logger cost, the cylinder setup costs about one to two
orders of magnitude less). From a purely geometrical perspective, the primary difference between
radiation measured using spherical and cylindrical devices will occur when exposed to strong
downward and upward fluxes (e.g., from 9:00 to 15:00 h, globes would overpredict MRT by
6.5°C). We also demonstrated that, as the three-globes, the combination of three cylinders can be
used as a low-speed anemometer. Thus, this novel three-cylinder method is a promising, cost-
effective, and easy-to-fabricate approach for local micro-climate characterization needed to

include radiation and windspeed in assessing human thermal exposure to extreme heat.
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Fig.1 A. Primary environmental cooling and heating interactions with the human body in
extremely hot conditions (when air temperature is greater than that of skin or about 35-37°C).
Definitions: M-W-metabolic heat generation minus work output, C-convection, E-evaporation, Bc-
sensible respiration, Be-latent respiration contribution; radiation: S-shortwave, L-longwave, i-
incident, r-reflected, a-absorbed, e-emitted, ag-shortwave absorptivity, a; -longwave absorptivity;
V-air speed; TI-turbulence intensity; Lr-turbulence length scale; B. 3D rotationally averaged
manikins of 1%, 50%, and 99% body mass index male with average height (Rykaczewski et al.
2022a), and C. plot of corresponding projected radiation area factors, a measure of the fraction of
body surface area exposed to direct solar radiation, as a function of solar zenith angle; D.
simultaneous air and surface temperature measurements with three cylinders yield three energy
balances with three unknowns (h-heat transfer coefficient, S;-incident short wave and L;-incident
longwave radiation) that can be solved for (Q-internal heater input), E. The main components
before and after assembly into a heated polished cylinder (see the SI for step-by-step assembly),
and F. images of the two combinations of three cylinders used in this study: black heated (BH),
black (B), and white (W) as well as polished heated (PH), black (B) and white (W).
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Fig.2 A. and B. The location and sunrise images of the unobstructed view roof site showing
placement of MaRTy and tripod (1.5 m apart) with the cylinder array and 3D ultrasonic
anemometer; C. close up of the cylinder tripod with marked details, and D. close up of MaRTy
with marked details (pyranometer and pyrgeometers face cardinal directions: E-east, W-west, S-
south, N-north; facing up-U, facing down-D); E. The location and bottom-up fish-eye images of
all the measurement sites in Tempe, Arizona.
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Fig.3 A. Timeseries of the raw 20 Hz wind speed measured using the anemometer (blue line) and
Empirical Mode Decomposition (EMD) detrended time-varying mean velocity (V(t)) (orange
line) on July 25%; B. the detrended turbulence intensity (77) variation with V(t) (insets show
histograms of the 77 and V for all measurements; fit to our data (TI = 33 — V (t)) as well as that
from Zou et al. (2020) (TI = 33 — 1.6V (t)) are also plotted; C. The air and surface cylinder
temperatures (PH-polished heated, BH-black heated, B-black, W-white, a-air) and D.
corresponding heat transfer coefficient calculated using BHBW and PHBW methods throughout
July 25™ (inset shows the ratio of the two); the variation of all heat transfer coefficient using the
3-cylinder methods with E. V and F. heat transfer coefficient calculated using the Hilpert
correlation employing V.
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Fig.4 Time series of radiation observations on July 25%, 2023, of A. the solar elevation angle
variation; the B. shortwave and C. longwave heat fluxes measured using MaRTy's detectors (facing
cardinal directions: E-east, W-west, S-south, N-north; facing up-U, facing down-D); the individual
directional fluxes are combined using IRM geometrical weights (Eqs. 7-8) (values for spherical
shape weights are also shown) and compared against results of the PHBW and BHBW three-
cylinder methods in D. shortwave spectral regime, E. longwave spectral regime, and F. in total
terms (sum of short- and longwave fluxes). The insets in D-F panels show the ratio of the values
stemming from PHBW and BHBW methods.
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Fig.5 A. The time series of the mean radiant temperature (MRT) during July 25" 02023, measured
using IRM (MaRTy), PHBW, and BHBW three-cylinder combinations, and B. All MRTs obtained
using the three-cylinder methods compared against ones measured using IRM; linear fit for full
MRT range (blue line), and 35°C to 65°C range (orange line) are shown along with associated
mean difference (AMRT + 1 standard deviation), mean absolute difference (A|MRT| % 1 standard
deviation), and root-mean-square (RMSE AMRT), and C. the air speed calculated using heat
transfer coefficients with the PHBW combination of cylinders compared against the measured and
detrended mean air speed for all collected measurements.
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580  Table 1. The incident shortwave (S), longwave (L), and total (R=S+L) radiation fluxes (units:
581  W-m™) with corresponding mean radiant temperature (MRT, units: °C) measured on July 26" of
582 2023 between 12:00 and 14:30 h using MaRTy/IRM and the PHBW and BHBW three-cylinder

583  combinations across the fourteen sites in Tempe, Arizona.

surface
site sky condition MaRTy/IRM 3-cylinder: PHBW 3-cylinder: BHBW
type
white
1 open sky (roof) | Rt S L MRT | R¢ S L MRT | R¢ S L MRT
rubber
courtyard with
2 concrete 844 | 266 | 577 | 68.1 | 856 | 226 | 630 | 70.7 | 871 | 265 | 606 | 71.2
open sky
Parkinsonia
3 concrete aculeata 746 | 160 | 586 | 60.4 | 768 | 265 | 503 | 59.5 | 721 | 231 | 491 | 55.0
(native tree)
4 concrete sun sail 689 | 111 | 578 | 55.1 | 716 | 214 | 503 | 549 | 703 | 221 | 482 | 53.0
perforated
5 brick 632 | 40 | 592 | 503 | 676 | 85 591 | 544 | 674 | 112 | 562 | 53.2
metal shade
solar panel
6 concrete 639 | 44 | 595 | S51.1 | 668 | 90 | 577 | S3.1 | 662 | 113 | 549 | 51.6
shade
7 asphalt open sky 855 | 235 | 620 | 704 | 896 | 318 | 578 | 723 | 891 | 341 | 550 | 71.1
urban canyon
8 concrete 876 | 263 | 614 | 71.9 | 834 | 329 | 505 | 65.1 | 805 | 319 | 486 | 62.1
with open sky
Ficus
macrocarpa
9 concrete 597 | 26 | 570 | 46.2 | 619 | 87 | 532 | 469 | 616 | 108 | 508 | 45.6
(non-native
tree)
10 grass open sky 838 | 303 | 535 | 66.4 | 838 | 363 | 474 | 64.4 | 824 | 372 | 451 | 62.5
concrete
11 sidewalk open sky 868 | 296 | 572 | 69.9 | 851 | 344 | 507 | 66.6 | 842 | 361 | 481 | 65.0
on grass
Juglans major
12 grass ) 622 | 62 | 560 | 482 | 624 | 106 | 518 | 46.8 | 619 | 124 | 495 | 45.5
(native tree)
urban canyon
13 asphalt ) 879 | 240 | 639 | 72.8 | 841 | 224 | 618 | 69.2 | 849 | 259 | 591 | 69.0
with open sky
Phoenix
canariensis
14 | concrete ) 754 | 168 | 586 | 61.0 | 766 | 170 | 597 | 62.4 | 810 | 242 | 568 | 65.1
(non-native
tree)
584
585

22



