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• Heat stress increasing as the climate continues to warm

• Southeast U.S. is especially vulnerable, principally those who 
engage in exertional activities (e.g. outdoor workers & athletes 
who practice outdoors.

• With commencement of fall sports in August, there is a large 
uptick in heat illness amongst teenagers

Overview
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• Majority of heat illness cases occur on days in which no heat 
advisories or warmings are issued
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Monthly Heat-Related Illness Emergency 
Room Visits in Ages 14-17
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Ø Warmest, most humid conditions in July.
Ø But peak in August, which corresponds to the beginning of the fall athletic 

season



• Heat index used by NWS in the SE US but other meteorological 
factors affect heat stress and are assessed through the wet bulb 
globe temperature (WBGT)

1. Air temperature
2. Humidity
3. Wind speed
4. Solar Radiation

Background

Heat Index

Wet-Bulb Globe Temperature
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• Created for military training safety (1950s)

• Three components 

Heat Stress: Wet-Bulb Globe Temperature
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0.7 ∗ NWB + 0.2 ∗ GT + 0.1 ∗ DB = WBGT



Background

State of North Carolina guidelines

• Many state high school athletic associations have developed guidelines for practicing in the 
heat based on the wet bulb globe temperature



Challenges

• Wet bulb globe temperature is not routinely measured nor 
forecasted.

• Many high schools in Southeast U.S. cannot afford WBGT devices, 
which cost $200-600.

• Most coaches, athletic directors, and trainers have no experience or 
expertise with WBGT or its measurement



Objectives

• Develop a web-based tool that predicts wet bulb globe 
temperature

• Determine the usability of this tool and make refinements 
through engagements with high school athletic directors 
and trainers

• Estimate how well the tool predicts wet-bulb globe 
temperature

• Ascertain factors responsible for forecast errors 



Research Questions

1. What is the best method for estimating wet bulb globe 
temperature from standard meteorological observations?

2. To what extent do local & micro-scale features/factors 
control values of wet bulb globe temperature?



• WBGT is not forecasted. Therefore hourly forecasts from National 
Digital Forecast Database (NDFD) were used to estimate Wet Bulb 
Globe Temperature Air Temperature

1. Dew point temperature 
2. Relative humidity
3. Pressure
4. Wind speed *
5. Degree of cloud cover
6. Zenith angle

Methods: WBGT Estimation

Liljegren JC, Carhart R, Lawday P, Tschopp S, Sharp R 
(2008) Modeling wet bulb globe temperature using 
standard meteorological measurements. J Occup
Environ Hyg 5, 645–55 



Methods: WBGT Estimation

• Two methods employed: 

1. NWS and others currently experimenting with the use of the 
psychrometric web bulb (aspirated) instead of the natural wet bulb 
(unaspirated). Consequently, influences of wind are not properly 
accounted for.

2. Liljegren (2008) estimates the natural web bulb temperature 
through an iterative routine.  



• Difference between natural and psychrometric web bulb diverges with decreasing speeds

• Consequently  there is an increasing negative bias in the WBGT with decreasing winds

• Liljegren (2008) formulation therefore employed
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Methods: Determine Observed WBGT

• Measure & log one minute values of wet bulb globe temperatures 
using Kestrel 5400 Heat Stress Tracker at two locations

• Compare measured values with forecasted values

Cooper et al (2017)
Journal of Athletic Training 2017;52(12):1161–1167 doi: 
10.4085/1062-6050-52.12.18

Cooper et al (2017) demonstrated that the Kestrel 5400 provides accurate 
measurements of wet bulb globe temperature



Results
Observed MINUS Forecasted WBGT at sheltered location

8 F difference!



Results
Observed MINUS Forecasted Wind Speed



Results
Forecast Error: Observed MINUS Forecasted Wind Speed

More Sheltered Location Less Sheltered Location



WBGT versus Wind Speed – under especially humid conditions in southern US

Very Humid: Temperature = 86F Dew Point = 74FHumid: Temperature = 86F Dew Point = 70F

• Adjust wind speed downward using logarithmic wind profile according to surface 
roughness and sheltering.



Current Work: Wet Bulb Globe Temperature Tool Version 2.0

• Develop WBGT forecast 
across North Carolina & 
Virginia from forecasts of 
meteorological variables at all 
grid points in the NDFD –Soon 
switch to the national 
blended model (NBM). 

• Construct a web-based tool 
that allows a user to retrieve 
a forecast for their locality. 





• Release of the 2nd version of the web-based Wet Bulb Globe Temperature 
Tool late this week.

• Engagement planned with the North Carolina High School Athletic 
Association (NCHSAA) and 10 high schools across the state next Monday.

• Further refinements to the tool to on the basis of what we learn from high 
school athletic directors and trainers attending this event.

Recent and Ongoing Work



Recent and Ongoing Work

What we’ve learned so far:

• Athletic officials have little to no experience or expertise on wet bulb 
globe temperature

• Athletic officials would benefit greatly from forecasts of wet bulb 
globe temperature – e.g. Planning workouts for the week.

• Much local to micro-scale variation in wet bulb globe temperature 
that needs to be incorporated into the forecasts



Example of local hot spot: Practice field at Cedar Ridge High School in Hillsborough, NC

Wetlands

W
etlands

Practice 

field

Football Practice field 
1) Sheltered - Ringed by forest & 

60 feet below high school

Ø Little or no wind & high 
radiation 

2) Adjacent to wetland 

Ø Exceptionally moist

Recent and Ongoing Work
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