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Comparison between OSHA-NIOSH Heat Safety Tool app and WBGT monitor

to assess heat stress risk in agriculture

Danielle Dillane® and Jo Anne G. Balanay®

?Department of Public Health, Brody School of Medicine, East Carolina University, Greenville, North Carolina; PEnvironmental Health
Sciences Program, Department of Health Education and Promotion, East Carolina University, Greenville, North Carolina

ABSTRACT

Agricultural workers are exposed to heat stress due to spending significant amount of time
outdoors. Risk information from mobile apps is more readily available for timely advice on
risk management that is crucial in preventing severe acute illnesses and deaths, but its
reliability is unknown. The purpose of this study was to determine the reliability of the
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OSHA-NIOSH Heat Safety Tool mobile app in providing accurate risk information to prevent
heat-related illnesses among agricultural workers in eastern North Carolina. Wet bulb globe
temperature (WBGT) indices were datalogged at two agricultural sites using heat stress
monitors from April-August 2019 and were assigned to risk levels (minimal, low, moderate,
high, extreme) by workload (light, moderate, heavy, very heavy) based on the ACGIH®
Threshold Limit Values (TLVs®). Hourly heat index (HI) and its corresponding risk level were
obtained using the app. Hourly HI-based risk level assignments were time-matched to their
corresponding WBGT-based risk level assignments (682 pairs) and analyzed using cross-tabu-
lation by determining the percentage of hourly WBGT-based risk level assignments (“gold
standard”) with the same hourly HI-based risk level assignments under different workloads,
with a higher percentage indicating higher app reliability. Results showed that the app cor-
rectly identified 60-100% of minimal risk conditions, depending on workload type, but its
reliability decreased as the heat stress risk condition and workload became more severe.
The app identified the majority of low risk conditions for a moderate workload (74%) and
moderate risk conditions for a light workload (94%) only, indicating limited use in these spe-
cific conditions, while the app identified 0% of either the high risk or extreme risk condi-
tions at any workload type. It is concluded that the performance of the OSHA-NIOSH app in
assessing occupational risk to heat stress is not protective of workers particularly for heavy
and very heavy workloads, and that the use of the app for the assessment of occupational

heat stress risk in agricultural settings is not recommended.

Introduction

Agricultural workers are at risk of heat-related illness
(HRI) or death due to the outdoor nature of their
work. Heat is the leading cause of weather-related
deaths with agriculture, ranking number one from
2000-2010 in average annual heat-related fatality rate;
North Carolina (NC) ranked number six in the top-
ten United States (US) states with the highest occupa-
tional heat-related death rates occurring in July
(Gubernot et al. 2015). The Centers for Disease
Control and Prevention (CDC) estimates that farm-
workers’ risk for heat-related death is nearly 20 times
greater than that of other outdoor workers (CDC
2008). Castro et al. (2017) found that farmworkers

who exceed 90 min of moderate to vigorous activity
per day are at a higher risk to HRI. Despite such high
risk, many agricultural workers do not fully under-
stand how to prevent or treat HRI nor feel that they
can openly complain about unsafe working conditions
(Arcury et al. 2015). It is important for workers to
know the extent of their heat exposure and its associ-
ated health risk so that they can take appropriate
necessary preventive measures.

Wet bulb globe temperature (WBGT) is a weighted
average of dry bulb, wet bulb, and globe temperatures,
and incorporates the effects of all four environmental
heat determinants (air temperature, relative humidity,
air movement, and radiant heat). WBGT has been the
preferred environmental heat metric for HRI
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prevention in workplaces. The Occupational Safety
and Health Administration (OSHA) recognizes that
measuring WBGT at the worksite provides the most
accurate information about the workers’ heat exposure
(CDC 2018). WBGT is advocated by the American
Conference of Governmental Industrial Hygienists
(ACGIH) and National Institute for Occupational
Safety and Health (NIOSH) as part of occupational
heat stress prevention programs (ACGIH 2019;
NIOSH 2016). Recommended heat stress occupational
exposure limits (OELs) published by NIOSH and
ACGIH are based on WBGT and workload (ACGIH
2019; NIOSH 2016). Studies demonstrated that the
OELs are highly sensitive for detecting hazardous heat
stress in human volunteers (Garzon-Villalba et al.
2017) and in actual workers, particularly the identifi-
cation of fatal heat stress and non-fatal HRI hospital-
izations (Morris et al. 2019; Tustin et al. 2018), and
therefore should be used for occupational assessment
of heat hazard (Morris et al. 2019).

However, the WBGT may not always be readily
available for workplace heat stress assessment due to
various reasons, including lack of financial resources
to procure appropriate instruments and/or hire
trained personnel, which may be an issue in agricul-
tural worksites. Heat index (HI), which is an
“apparent’ temperature that combines air temperature
and relative humidity to quantify how hot it really
feels (“feels like”) to the typical human (NWS 2019a;
Steadman 1979), has been identified as an alternative
environmental heat metric. The HI was originally
designed for use by the general public, based on algo-
rithms that modeled a person wearing light clothing
and walking in a shaded area with light wind
(Steadman 1979). The HI equation used by the
National Weather Service (NWS 2019b) is derived
from either a multiple regression analysis by Rothfusz
(1990) or a simpler formula by Steadman (1979),
depending on the temperature and relative humidity
values. The HI does not address the effects of direct
sunlight, wind speed and strenuous activities (Tustin
et al. 2018). Due to these limitations, no HI-based
OELs have been published by either NIOSH or
ACGIH (Morris et al. 2019). However, despite these
limitations, HI information is often more readily
available than WGBT to employers from publicly
broadcasted weather reports or forecasts (Tustin et al.
2018), creating interest in using HI for establishing
OEL or risk threshold for heat stress assessment
(Garzon-Villalba et al. 2019; Morris et al. 2019).
When WBGT is not available, the HI has been recom-
mended for use in outdoor workplaces, particularly

for setting specific HI alert thresholds, to identify
potentially hazardous occupational heat exposures
(Bernard and Theanacho 2015; Morris et al. 2019;
Tustin et al. 2018). OSHA (2019) published HI-based
heat stress guidance for employers, in which HI risk
thresholds were adapted from the National Oceanic
and Atmospheric Administration (NOAA) HI chart
but modified for use at worksites.

OSHA and NIOSH developed, released, and
recently updated the OSHA-NIOSH Heat Safety Tool
application (app) for mobile devices that enables
workers and supervisors to monitor the HI at work-
sites (CDC 2018). The app provides hourly HI and
obtains ambient temperature and relative humidity
directly from land-based NOAA observation stations
for a specific location to calculate the HI. The app cat-
egorizes HI values into five risk levels (minimal to
extreme), similar to those in the OSHA heat stress
guidance (OSHA 2019), and also provides immediate
precautions based on risk category. The potential of
the app as a heat stress risk mitigation and educa-
tional tool for agricultural workers has been recog-
nized and recently investigated (Luque et al
2019a; 2019b).

The relationship between WBGT and HI has been
investigated at varying scenarios. Bernard and
Iheanacho (2015) conducted a theoretical study that
quantified the relationship between WBGT and HI
under the assumptions of light wind and no radiant
heat, and concluded that HI can be a useful surrogate
for WBGT to screen for potentially hazardous heat
exposures. Given that the assumptions in the study
did not represent a wide range of hazardous heat
stress scenarios in the workplace, Morris et al. (2019)
expanded Bernard and Theanacho’s (2015) study
across a wider range of realistic meteorological condi-
tions (i.e., full or partial sun, varying wind speed)
using simulated weather data, and found that HI and
WBGT, although strongly correlated, lacked a one-on-
one consistent relationship (i.e., a scenario with higher
HI does not always have a higher WBGT). Although
studies on the correlation between WBGT and HI val-
ues have been conducted, no study that compares risk
levels derived from these two environmental heat met-
rics has been published. Moreover, to the authors’
best knowledge, there are currently no published stud-
ies that compare risk information from an HI-based
mobile app to WBGT-based risk information derived
from onsite instrumentation-obtained exposure meas-
urements for occupational heat stress.

Daily risk information from mobile apps can be
more readily available for worker protection compared



to instrumentation-derived risk data, but their accur-
acy is unknown. Specifically for heat stress prevention,
additional risk factors must also be taken into consid-
eration when managing worker risk, even when the
heat index is lower (OSHA 2019). Some of these risk
factors, including exposure to direct sunlight and pro-
longed or strenuous work, affect agricultural workers.
OSHA states that the OSHA-NIOSH Heat Safety Tool
app is advisory in nature and informational in con-
tent, and that OSHA cannot guarantee that calcula-
tions accurately reflect the conditions at a specific
worksite (CDC 2018; OSHA 2019). Therefore, it is
important to assess if the HI-based risk advisory pro-
vided by the app is applicable to the agricultural
workforce and does not either underestimate or over-
estimate their risks. Obtaining such baseline informa-
tion is important to determine if the app is reliable to
be used as an alternative risk assessment method that
is cheaper and readily available to agricultural and
other outdoor workers for HRI prevention.

The main purpose of this pilot study was to deter-
mine the reliability of the OSHA-NIOSH Heat Safety
Tool app in providing accurate heat stress risk infor-
mation for agricultural workers in eastern NC. This
study specifically aimed to: (1) assess the heat stress
exposure of agricultural workers using WBGT indices
as compared to the ACGIH Threshold Limit Values
(TLVs) and action limits; (2) determine the correl-
ation between WBGT and heat index; and (3) com-
pare the HI-based risk levels obtained from the
OSHA-NIOSH Heat Safety Tool app to WBGT-based
risk levels derived from heat stress monitor
measurements.

Methods
Monitoring sites

In consultation with the Pitt County Cooperative
Extension Center, two agricultural sites in the rural
parts of eastern NC within or near Pitt County were
selected and recruited as monitoring  sites.
Occupational exposure to heat stress at these agricul-
tural sites was assessed by area monitoring. One site
was in Ayden, NC in Greene County bordering the
southwest edge of Pitt County. The other site was in
Tarboro, NC at the northwest edge of Pitt County
bordering Edgecombe County. Pitt County is com-
prised of over 400,000 acres, with more than 40% of
these acres being used as farmland to grow the follow-
ing major crops: peanuts, tobacco, corn, cotton, soy-
beans, and sweet potatoes (Pitt County Development
Commission 2019). In comparison, Greene and
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Edgecombe counties are 59.5% and 39.2% farmland,
respectively (Criner 2006a; 2006b; NASS 2014a;
2014b). The straight-line distance between the two
monitoring sites, which was determined using Google
Earth (version 7.3, Google, Mountain View, CA), was
approximately 19.8 miles.

Heat stress monitoring

Heat stress monitoring was conducted by deploying
two heat stress monitors (QUESTemp©34, 3 M,
Oconomowoc, WI), one at each monitoring site on
the same days. Each heat stress monitor was posi-
tioned at a height of 3.5ft from the ground using a
tripod. The heat stress monitors were factory-cali-
brated within 2 months prior to the start of the data
collection. A trial run for a side-by-side comparison
of monitor readings was also conducted on April 12,
2019 from 11:00 AM-3:00 PM, showing similar 1-min
readings with an average difference of 0.04°C. For
each monitoring day, the dry bulb, wet bulb, and
globe temperatures (°C), outdoor WBGT index (°C),
and relative humidity (%) were datalogged every
minute for 7-11hr within the working period of 8:00
AM-7:00PM. Monitoring was conducted for 44 days
within the period of April 16-August 9, 2019 to cover
most of the summer season. The hourly mean WBGT
indices were calculated and compared to the ACGIH
TLVs and action limits for heat stress exposure
(ACGIH 2019).

Comparison of WBGT with ACGIH TLVs and
action limits

The screening criteria for ACGIH TLV and action
limit for heat stress exposure considers the workload
and the work allocation in a work/recovery cycle
(ACGIH 2019). Tasks performed by agricultural work-
ers may encompass all workload categories: light work
performed by agricultural workers may include driv-
ing a tractor, other heavy machinery or work truck/
vehicle, casual walking, labeling, shelving, and count-
ing grains; moderate work may include pesticide
application, transplanting, picking vegetables or fruits,
walking with tools, weeding or hoeing; heavy work
may include manually lifting and carrying crops or
water, manually plowing, and digging soil, and very
heavy work may include heavy shoveling or digging
(Nag et al. 1980; OSHA 2019). Hourly mean WBGT
indices were compared to the TLVs and action limits
to determine if these exposure limits were exceeded at
any time throughout the day. Since worker assessment
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Table 1. WBGT index range (°C) used to assign heat stress
risk level by workload and corresponding metabolic rate.

Workload [Metabolic Rate, W]*

Risk Level Light Moderate Heavy Very Heavy
[180] [300] [415] [520]

Minimal <28.1 <25.0 <23.0 <216

Low 28.1-28.6 25.0-25.7 23.0-24.1 21.6-23.0

Moderate 28.7-30.7 25.8-28.1 24.2-26.5 23.1-25.4

High 30.8-31.0 28.2-28.8 26.6-27.5 25.5-26.6

Extreme >31.1 >289 >27.6 >26.7

*Adapted from ACGIH, 2019

was not conducted in this study, assumptions on
the workload and work allocation were made.
Assuming that the workers’ work allocation based on
a 2-hr work/recovery cycle was within the 50-75%
category, the TLVs and action limits used for com-
parison are 31.0°C and 28.5°C for light workload,
29.0°C and 26.0°C for moderate workload, and
27.5°C and 24.0°C for heavy workload, respectively
(ACGIH 2019).

Use of mobile app

The OSHA-NIOSH Heat Safety Tool app (version 3.1)
was used to collect data on current hourly ambient
temperature (°C), relative humidity (%), HI (°C), and
associated risk levels from 8:00 AM to 6:00 PM. The
app categorizes HI values into five risk levels: minimal
(<79°F; <26.1°C), low (80-90°F; 26.7-32.2°C),
moderate (91-103 °F; 32.8-39.4°C), high (104-115°F;
40.0-46.1°C), and extreme (>116°F; >46.7°C) risk
(CDC 2018). App data was recorded at the start of
every hour during the monitoring day. Zip codes
(28513 for Ayden and 27886 for Tarboro) were used
in the app to obtain data that were specific to the
location of the monitoring sites. The straight-line dis-
tances between the agricultural site and its corre-
sponding NOAA regional weather station, from which
the location-specific app data was obtained, were 6.82
and 6.26 miles for the Tarboro and Ayden locations,
respectively.

Assignment of TLV-based risk levels to
WBGT indices

Table 1, which specifies ranges of WBGT indices for
each risk level by workload and its corresponding meta-
bolic rate, was developed for this study to assign risk
levels to the hourly mean WBGT indices obtained from
heat stress monitoring. The risk level categories (min-
imal to extreme) used in Table 1 were the same as those
used in the OSHA-NIOSH Heat Safety Tool app for
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Figure 1. Risk level zones for heat stress adapted from ACGIH
TLV and Action Limit (AL).

easier comparison. The WBGT index criteria in Table 1
were derived from Figure 1 that shows the five risk level
zones by WBGT index and metabolic rate. Figure 1 was
adapted from the ACGIH TLV and action limit for heat
stress (ACGIH 2019) and a study by Morris et al
(2019). The solid line represents the ACGIH TLV for
heat stress (ACGIH 2019) that is meant for workers
who are acclimatized to heat (Morris et al. 2019;
NIOSH 2016; OSHA 2017), and serves as the lower bor-
der of the “high risk” zone. The dashed line represents
the action limit (ACGIH 2019) that is meant for unac-
climatized workers (Morris et al. 2019; NIOSH 2016;
OSHA 2017), and serves as the lower border of the “low
risk” zone. The dash-dotted and dotted lines represent
the TLVs and action limits, respectively, for light, mod-
erate, and heavy workloads under the “50-75%” work
allocation (ACGIH 2019), which are proposed in this
study to serve as the lower borders of the “extreme risk”
and “moderate risk” zones (Figure 1). The “minimal
risk” zone is similar to zone 1 in the Morris et al. (2019)
study, which indicates insignificant heat hazard (ie.,
heat stress is below the exposure limits for all workers).
The combined “low risk” and “moderate risk” zones are
equivalent to zone 2 (i.e., intermediate level of heat
stress that is above the exposure limits for unacclimat-
ized workers but below those for acclimatized workers)
while the combined “high risk” and “extreme risk”
zones are equivalent to zone 3 (i.e., hazardous level of
heat stress that is above the exposure limits for all work-
ers) in the Morris et al. (2019) study.

Comparison between heat stress monitoring and
app data

Two types of comparison were conducted between
data obtained from heat stress monitoring and the
app: (1) hourly mean WBGT vs. hourly HI; and (2)
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Figure 2. Daily mean and maximum WBGT Index (°C) by monitoring day and site.

hourly WBGT-based risk vs. hourly HI-based risk for
heat stress. Only data pairs (e.g., WBGT/HI) that were
time-matched (i.e., same day, same hour, same loca-
tion) were used for comparison. The time-matched
hours used were between “8:00 AM” and “6:00 PM”,
and the number of hours per day ranged from
7-11hr. The hourly mean instrument-obtained
WBGT indices and app-obtained HI were compared
by day and time and assessed for correlation.
Considering the WBGT index as the preferred metrics
or “gold standard” for occupational heat stress assess-
ment, the reliability of the app in assessing workplace
risk to heat stress was determined by the percentage
of hourly WBGT-based risk levels, under different
workloads, that had the same hourly HI-based risk
levels assigned by the app. The aim was to compare
the similarity between assigned risk levels from
WGBT/heat stress monitoring and from the app, with
a higher percentage of agreement on risk assignments
indicating higher app reliability.

Data analysis

The daily mean, minimum, maximum, and standard
deviation of both hourly WBGT and HI were deter-
mined. Analysis of variance (ANOVA) was conducted
to compare both daily mean WGBT and HI matched
by monitoring day between monitoring sites. The
Pearson correlation test was conducted to determine
the correlation between WBGT and HI. Cross tabula-
tion was used to analyze the relationship between risk

level categories based on instrumentation-obtained
WBGT indices and those obtained from the app. The
Statistical Package for Social Sciences (SPSS version
25, IBM, Armonk, NY) was used to analyze the data.
Statistically  significant  results identified
when p < 0.05.

were

Results
WBGT indices

The hourly mean WBGT indices for the entire study
period ranged from 9.7-37.8 °C, with an overall mean
of 25.6 +4.2°C (n=823), while the daily mean WBGT
indices ranged from 15.6-31.8 °C, with an overall mean
of 25.3+£3.9°C (n="78). Comparing the same days for
both monitoring sites, the overall daily mean WBGT
index for Ayden (25.3+4.0°C, range = 15.6-31.8°C,
n=39) was not statistically different (F=0.03,
p=0.86) from that for Tarboro (25.4+3.9°C, range
=16.2-31.8°C, n=139). Similarly, the overall mean of
daily maximum WBGT index for Ayden (28.0+3.6°C)
was not statistically different (F=0.83, p=0.37) from
that for Tarboro (28.8+3.9°C). The highest hourly
mean WBGT index (37.8 °C) was measured at Tarboro
on May 24, 2019 at 5PM, while the highest daily mean
WBGT index (31.8°C) was measured at Tarboro on
July 15, 2019. Figure 2 shows the daily mean and max-
imum WBGT indices by monitoring day for both sites
and demonstrates an increasing trend in WBGT indices
from April to August.
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Table 2. Estimated number and percentages of hourly mean WBGT index exceeding ACGIH Threshold Limit Values (TLV)? and
Action Limits (AL)* for heat stress exposure based on workload assumptions by month and time of day.

Light Workload

Moderate Workload Heavy Workload

>TLV >AL >TLV >AL >TLV >AL

Parameter No. of Hours n % n % n % n % n % n %
Month

April 173 0 0.0 0 0.0 0 0.0 10 5.8 2 1.2 51 29.5

May 200 4 2.0 17 8.5 13 6.5 54 27.0 21 10.5 118 59.0

June 230 5 2.2 87 37.8 72 313 128 55.7 112 48.7 174 757

July 160 31 19.4 106 66.3 83 51.9 146 91.3 125 78.1 157 98.1

August 60 0 0.0 45 75.0 37 61.7 54 90.0 50 833 58 96.7
Time of Day®

Morning 226 2 0.9 37 16.4 23 10.2 84 37.2 61 27.0 118 52.2

Noon 170 10 59 63 37.1 53 31.2 82 48.2 72 424 122 71.8

Afternoon 326 21 6.4 120 36.8 106 325 177 54.3 138 423 251 77.0

Evening 101 7 6.9 35 34.7 23 22.8 49 48.5 39 38.6 67 66.3
Total 823 40 49 255 31.0 205 249 392 47.6 310 37.7 558 67.8

AACGIH TLV and AL for work allocation in work/recovery cycle of 50-75%

BMorning - 8 AM to 11 AM; Noon - 11 AM to 1PM; Afternoon — 1 AM to 5PM; Evening - 5PM to 7PM

Comparison of WBGT with ACGIH TLVs and
action limits

Table 2 shows the number and percentage of hourly
mean WBGT indices that may potentially exceed the
TLVs and action limits by month and time of day,
assuming three different workload categories. Overall,
4.9, 24.9, and 37.7% of WBGT indices exceeded the
TLVs for light, moderate and heavy workloads,
respectively, while 31.0, 47.6, and 67.8% exceeded the
actions limits for light, moderate, and heavy work-
loads, respectively. By month, July had the highest
percentage of TLV exceedance for light workload
(19.4%), while August had the highest percentage for
moderate (61.7%) and heavy workloads (83.3%). In
April, none of the WBGT indices exceeded the TLVs
for light and moderate workloads, and 1.2% exceeded
the TLV for heavy workload (Table 2). By time of
day, evening and afternoon had the highest percentage
of TLV exceedance for light workload (6.9 and 6.4%,
respectively), afternoon had the highest percentage for
moderate workload (32.5%), and noon and afternoon
had the highest percentage for heavy workload (42.4
and 42.3%, respectively). Morning had the lowest TLV
exceedance percentages regardless of the workload,
ranging from 0.9-27.0%.

The highest percentages of action limit exceedance
were found in the months of June to August, ranging
from 37.8-75.0% for light, 55.7-91.3% for moderate,
and 75.7-98.1% for heavy workload (Table 2). The
action limits for moderate and heavy workloads were
exceeded during all months monitored at varying
magnitude, ranging from 5.8-91.3% and 29.5-98.1%
exceedances, respectively. By time of day, noon and/or
afternoon had the highest percentages of WBGT indi-
ces exceeding the action limits for all workloads
(37.1% for light, 54.3% for moderate, 77.0% for

heavy). Although morning had the lowest exceedance
percentages (ranging from 16.4-52.2%), the action
limits were exceeded during all times of the day
regardless of the workload.

Heat index from mobile app

The hourly HI and the corresponding heat stress risk
level were obtained from the OSHA-NIOSH Heat
Safety Tool app for both monitoring sites. The hourly
HI for the entire study period ranged from
6.7-41.7°C, with an overall mean of 27.6+6.3°C
(n=941), while the daily mean HI ranged from
15.4-38.0°C, with an overall mean of 27.5+5.2°C
(n=288). Comparing the monitoring sites, the overall
daily mean HI for Ayden (27.9+5.2°C, range =
16.4-38.0°C, n=44) was not statistically different
(F=049, p=0.49) from that for Tarboro
(27.1+£5.3°C, range = 15.4-37.4°C, n=44). Likewise,
the overall mean of daily maximum HI for Ayden
(31.1£5.2°C) was not statistically different (F=0.32,
p=0.57) from that for Tarboro (30.5+5.3°C). The
highest hourly mean HI (41.7°C) was measured at
Tarboro on July 17, 2019 at 5PM, while the highest
daily mean HI (38.0°C) was measured at Ayden on
the same day.

Correlation and comparison between WBGT and
heat index

The hourly mean instrument-obtained WBGT indices
and mobile app-obtained HI for both monitoring sites
by date and time were compared in Figure 3. Figure
3A compares the two indices for the entire study
period (April-August 2019), demonstrating an
increasing trend. Figure 3B takes a closer look at the
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Figure 3. Hourly mean WBGT index and heat index (°C
August 2019), and B) the month of July 2019.

) by

WBGT and HI during the month of July only, in
order to have a clearer comparison of both indices. In
both Figures 3A and 3B, each monitoring day showed
similar patterns for the hourly indices, wherein the
index values were lowest at the start of the day, high-
est at the middle of the day, and slightly decreased at
the end of the day. Comparing the two index values,
the HI had a larger range within the day compared to
the WBGT index, as shown clearly in Figure 3B.
Consequently, the WBGT index tended to be higher
than the HI at low HI values (e.g., during 8-9 AM),
while it tended to be lower than the HI at higher HI
values (e.g., noon to evening).

The correlation between the hourly mean WBGT
and HI were analyzed to determine if the HI could
potentially be used as a proxy for WBGT index, and
vice versa. Overall, the WBGT and HI had a statistically
significant positive correlation (p < 0.01), meaning that
they tended to increase together (Figure 4). The
strength of the association was strong (r=0.89, r > 0.5).

Comparison of WBGT-based and Hl/app-based
heat stress risks

Hourly mean WBGT indices (n=_823) were assigned
to a heat stress risk level depending on the workload,
and 682 of these WBGT indices had corresponding
hourly HI to which they were paired. Figure 5 shows
the percentage of each risk level categories assigned
for WBGT indices by workload and for HI derived
from the app. “Minimal risk” was the most common
assigned risk level for WBGT indices under light,
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Figure 4. Correlation between hourly mean WBGT index (°C)
and heat index (°C).

moderate, heavy and all workloads (77.6%, 52.9%,
33.0%, and 46.4%, respectively) and for HI (47.2%).
“Extreme risk” was the most common risk level for
WBGT indices under very heavy workload (29.0%),
followed by “moderate risk” (24.5%) and “minimal
risk” (22.0%). Comparing the four workload types, the
percentages for the least severe risk level (e.g., min-
imal risk) decreased and the percentages for the more
severe risk level (e.g., extreme risk) increased as the
workload severity increased, which is due to the
increasing stringency of the TLV associated with the
increasing workload. The HI obtained had a similar
percentage of “minimal risk” assignments (47.2%) as
the WBGT indices under all workloads (46.4%) but
were assigned much smaller percentages of “high risk”
(0.1%) and “extreme risk” (0.0%) compared to those
of WBGT (5.9% and 18.7%, respectively).
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The reliability of the OSHA-NIOSH app in assess-
ing workplace risk to heat stress was determined by
comparing the HI-based risk levels obtained from the
app to the WBGT-based risk levels obtained from
heat stress monitoring as the “gold standard.” Figure
6 shows the percentage of hourly WBGT-based risk
level assignments, by workload, that had the same
hourly HI-based risk level assignments. Among the
“minimal risk” assignments based on WBGT indices
under the “light workload” assumption (n=>573),
59.7% were also assigned as “minimal risk” by the
app, while the remaining 40.3% were assigned higher
risk levels (38.9% as low risk and 1.4% as moderate
risk). This made the app more conservative (i.e., more
protective) when assigning risks for “minimal risk”
conditions. As the workload increased, the percentage
of “minimal risk” assignments by the app increased
(from 77.6-100% for moderate to very heavy work-
loads) and became more similar with the WBGT-
based “minimal risk” assignments (Figure 6A).

Among the WBGT-based “low risk” assignments
under the “light workload” assumption (n=46),
45.7% were also identified as “low risk” by the app,
while 34.8% were assigned a higher risk level of
“moderate” and 19.6% were assigned a lower risk level
of “minimal,” making the app less conservative (ie.,
less protective) for “low-risk” conditions. Under mod-
erate workload, 73.7% of the WBGT-based “low-risk”
assignments (n=76) were also assigned by the app as
“low risk,” demonstrating the best accuracy in risk
assignment. However, as the workload increased from
moderate to very heavy, the percentage of “low-risk”
assignments by the app decreased, diverting further
from the WBGT-based risk assignments. Moreover,

the increase in workload from light to very heavy also
resulted to an increase in the percentage of lower risk
assignment of “minimal,” making the app less protect-
ive than the WBGT indices (Figure 6B).

Among the WBGT-based “moderate-risk” assign-
ments under the “light workload” (n=187), 62.0%
were also identified as “moderate risk” by the app,
while the remaining were assigned lower risk levels,
making the app even less conservative for “moderate-
risk” conditions. Moreover, as the workload increased,
the percentage of “moderate-risk” assignments by the
app drastically decreased while the remaining majority
of the WBGT-based assignments were assigned lower,
less conservative risk levels. The worst-case scenario
was found under very heavy workload wherein 0% of
the WBGT-based “moderate-risk”  assignments
(n=176) were assigned the same risk level by the
app, while all were assigned lower risk levels
(Figure 6C).

Among the WBGT-based “high-risk” and “extreme-
risk” assignments under any workload type, none
were identified in the same risk level assignment by
the app and all were assigned to lower risk levels
(Figures 6D and 6E). Among these lower-risk level
assignments, as the workload increased, the percentage
of the lowest risk level assignments (i.e., minimal risk)
by the app also generally increased (from 0-29.2%
and from 0-8.6% for WBGT-based high and extreme
risk assignments, respectively), demonstrating that the
app became less protective with increasing workload.
Consequently, the percentage of
assignments by the app among both WGBT-based
“high-risk” and “extreme-risk” assignments decreased

“moderate-risk”
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Figure 6. Percentage of hourly WBGT-based risk level assignments with the same hourly Hl-based risk level assignments

by workload.

as workload increased (from 94.4-2.1% and from
84.2-52.1%, respectively).

Overall, among all WBGT-based risk assignments
(n=2862), 55.6% (n=479) were assigned the same
risk level by the app under the “light workload”
assumption. As the workload increased, the percent-
age of having the same risk level assignments by the
app decreased (40.5%, 29.2%, and 18.9% for moderate,
heavy, and very heavy workloads, respectively).

Discussion

Results from this study indicated excessive heat expo-
sures in agricultural settings in eastern NC during the
afternoon for the summer months of June to August,
as demonstrated by significant percentages of heat

stress levels exceeding both the TLVs and action limits
for occupational heat exposure. This finding is par-
ticularly important when the workload is either mod-
erate or heavy, since TLV exceedance increases as
workload increases. Results also showed that the
action limits for moderate and heavy workloads were
exceeded during all months monitored during the
study and during all monitored parts of the day
(morning, noon, afternoon, evening), although at
varying magnitude. As expected, morning was the
time of the day that had the lowest heat stress levels,
but action limits were still exceeded during this period
regardless of the workload. These findings are similar
to those in a previous study on groundskeepers (Beck
et al. 2018) and may indicate the need to implement
preventive measures to reduce heat stress among
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workers even during the colder months (i.e., April)
and times of the day (i.e., morning), particularly as
the workload increases.

In this study, the reliability of the OSHA-NIOSH
Heat Safety Tool app as an occupational risk assess-
ment tool for agricultural settings was assessed by
comparing the HI-derived heat stress risk levels pro-
vided by the app to the heat stress risk levels derived
from WBGT indices measured by local heat stress
monitors. The app was more reliable in identifying
minimal risk conditions. For example, it agreed with
the WBGT-based risk level assignments in 100% of
very heavy workload scenarios in which the WBGT
was judged to be minimal risk. However, the reliabil-
ity of the app decreased as the heat stress risk condi-
tion became more severe. The app was found to be
relatively reliable (>70%) in identifying low risk con-
ditions at moderate workload but had lower reliability
at light, heavy, and very heavy workloads (<50%),
and was relatively reliable (>60%) in identifying mod-
erate risk conditions at light workload but was not
reliable at moderate, heavy, and very heavy workloads
(<7%). Hence, the app may have some limited use in
low and moderate risk conditions. Moreover, the app
was shown to be unreliable in assessing high- and
extreme-risk conditions at any type of workload (low
to very heavy), with 0% of either the WBGT-based
high-risk or extreme-risk assignments matching those
identified by the app. Unfortunately, the app being
reliable for minimal risk conditions is not very useful
since this risk level is not one of utmost concern, but
rather the more dangerous risk levels, such as high
and extreme risks, are of greater concern wherein ser-
ious HRIs are more likely to occur.

Findings in this study demonstrated that the HI-
based risk from the app did not correspond well with
the WBGT-based risk derived from onsite heat stress
measurements. There are several possible reasons for
this finding. First, different parameters were used to
calculate the HI and WBGT. While WBGT index takes
air temperature, humidity, air movement, and radiant
heat into account, HI considers air temperature and
humidity only, thus, dismissing the cooling effect of
higher wind speed and the hazardous effect of direct
sunlight. A recent study showed strong correlation
between HI and WBGT index but found that there is
no one-to-one relationship between these two indices
(Morris et al. 2019). Therefore, translating HI directly
into a corresponding WBGT index is not straightfor-
ward. Similarly, Morris et al. (2019) stated that it is
impossible to directly translate the current WBGT-
based occupational exposure limits into HI equivalents.

For use in risk assessment, there may be a need to sup-
plement the HI with additional information (e.g., radi-
ant heat, wind speed) to assess if the WBGT-based
OEL:s are exceeded (Morris et al. 2019).

Secondly, HI was originally designed for use by the
general public and not for workers. The assumptions
on clothing and physical activity (i.e., workload) used
in the original HI algorithm are invalid for many occu-
pational groups, including agricultural workers who
perform strenuous tasks. In contrast, WBGT-based
OELs (e.g., TLVs) were established based on a given
level of physical activity, wherein OEL decreases as
workload increases. Recognizing this limitation, OSHA
modified the HI risk thresholds from the NOAA Heat
Index chart for use at worksites by narrowing down the
HI range for “high risk” category from “103-124 °F” to
“103-115°F,” and for “extreme risk” from “126-137 °F”
to “>115°F” (OSHA 2019). Although these changes
made the criteria for more severe risk levels more strin-
gent and protective, they are still not as protective as
the WBGT-based risk criteria.

Thirdly, the local weather conditions at the agricultural
sites may be different from those at the NOAA regional
weather stations used by the app. The straight-line distan-
ces between the agricultural site and weather station were
6.82 and 6.26 miles for the Tarboro and Ayden locations,
respectively. Cloud cover and wind speed, which may
vary significantly by location, are potentially among the
weather conditions that could have affected the differen-
ces in heat stress risks between the local worksite and the
regional weather station. Mac et al. (2019) concluded that
regional weather data may potentially provide good esti-
mations of local worksite environmental heat conditions
by comparing the calculated HI for both sites. Their find-
ing may be attributed to the fact that HI only takes into
account the air temperature and relative humidity, which
may not significantly differ between the worksite and the
nearest weather station. Studies comparing other environ-
mental heat metrics (e.g., WBGT) between a local work-
site and the regional weather station need to be
conducted to further assess the role of other weather
parameters on heat exposure.

Limitations

The findings of this study were limited to the two
agricultural sites in eastern NC and may have limited
generalizability to other agricultural sites. Further
studies conducted on other parts of NC (e.g., moun-
tainous regions) and other states with different
meteorological conditions (e.g., temperature, humid-
ity) is recommended. Actual agricultural workers were



not observed in this study and assumptions were
made on their workload (to create WBGT-based risk
level assignments), their work/recovery allocation (i.e.,
50-75%), and the times (i.e., hour) within the work
day when agricultural workers perform their tasks.
Moreover, clothing-adjustment factors were not con-
sidered in determining the acceptability of WBGT
indices based on the TLVs and action limits. Lastly, a
relatively narrow range of WBGT indices were
obtained in this study and WBGT values above 35°C
were not well represented. The correlation between
the WBGT and HI at these higher values was not
feasible to assess in the study.

Conclusions

The OSHA-NIOSH Heat Safety Tool app was found
to be most reliable in identifying minimal risk condi-
tions, but its reliability decreased as the heat stress
risk condition became more severe. The app had lim-
ited use for assessing risk in occupational settings per-
forming low and moderate risk conditions as it
identified the majority of these risk conditions for
light or moderate workloads, but caution must be
exercised. The app was very inaccurate in assessing
high and extreme risks at any type of workload (low
to very heavy), with 0% of the WBGT-based high and
extreme risks matching those identified by the app.
Given the varying degree of reliability of the app
depending on the risk conditions, the use of the app
to assess occupational risk to heat stress in agricultural
setting is not recommended. The performance of the
app in assessing risk was demonstrated to not be pro-
tective of the workers particularly for heavy and very
heavy workloads, which are likely performed by agri-
cultural workers. There is still a need for more readily
accessible and reliable information on heat stress risk
and HRI prevention measures that may be used by
agricultural workers and other similar outdoor work-
ers, and a well-designed mobile app that provides
WBGT-based risk information may fill this need.
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