





The three metrics yield dramatically different assessments of extreme heat coverage. Table
5 summarizes the highest-category coverage by metric across the six-year window.

TABLE 5: Total percentage of India’s land area reaching the highest risk category by
heat metric, April through June, 2020 through 2025. All metrics evaluated 06:00 to

20:00 IST.
Metric Highest Category Coverage (% of India)
Dry-Bulb Temperature Severe (=45°C) 25%
NOAA Heat Index Extreme Danger 16%
EHI-6 (Shaded) Zone 6 44%
EHI-6* (Direct sun) Zone 6 83%

Dry-bulb temperature alone underestimates humid heat stress. Conditions above 45°C
concentrate in northwestern India (Rajasthan, Gujarat, parts of Madhya Pradesh), covering
25% of the country. This metric ignores humidity entirely, which is a critical limitation in
coastal and eastern regions where temperatures may be lower but humidity dramatically
increases physiological strain.

NOAA Heat Index captures humidity but uses generic thresholds. The maximum Heat Index
category, Extreme Danger, covers 16 % of India over the six-year window. The Heat Index
incorporates humidity, which is why coastal regions show elevated risk compared to the
dry-bulb map. However, the NOAA thresholds were calibrated for a resting person in shade
and do not account for metabolic heat from physical labor or solar radiation exposure.

EHI-6* identifies the largest area at highest risk. EHI-6* shows that 83% of land pixels in
India reached Zone 6 conditions at some point during the six analysis years for workers
performing heavy labor in sun. Zone 6 represents physiological failure where the body gains
heat faster than it can shed it, even with sweating and skin blood flow at their maxima. Core
temperature must rise regardless of behavioral adaptation.

The roughly five-fold gap between NOAA Extreme Danger (16%) and EHI-6* Zone 6 (83%)
is not a calibration artifact. It reflects fundamentally different questions being asked. NOAA
asks whether conditions are uncomfortable for a lightly active person in shade. EHI-6* asks
whether a construction worker can maintain thermal equilibrium.

For the approximately 380 million Indians engaged in heat-exposed work (World Bank,
2022), the EHI-6* assessment is directly relevant to occupational safety. Across the six-
year period, 8.5% of India reaches Zone 6 without ever meeting a dry-bulb heatwave
threshold. This gap is concentrated in the humid coasts and the northeast — the Andaman
and Nicobar Islands, Assam, Goa, Kerala and Tripura most acutely, with Karnataka, Tamil
Nadu and coastal Odisha also affected. These are places where temperatures stay below
the declaration thresholds while humidity makes heavy labor uncompensable, and they are
where workers face heat stress that traditional metrics miss entirely. These results support
the need for activity-specific heat stress assessment in occupational health policy.
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5.5. MODERATE CONDITIONS AS HIDDEN HAZARDS

A critical insight from these results is that conditions appearing moderate by the heat indices
that drive most public warnings can be physiologically hazardous for working populations.
Consider 34°C at 50% RH. The NOAA Heat Index reports 38°C (Extreme Caution), and
general population heat advisories would typically not be triggered. For a construction
worker at 6 METs in direct sunlight, however, EHI-N* classifies these conditions as Zone 5,
meaning the body is operating at maximum cooling capacity with no safety margin.

Occupational standards do recognize this gap in principle. The ACGIH and NIOSH WBGT-
based Threshold Limit Values, and the thresholds in the proposed heat standard of the
US Occupational Safety and Health Administration (OSHA), would flag conditions well
cooler than this example as unsafe for heavy work, because they account for metabolic
rate. EHI-N* differs from these in two ways that matter for the populations studied here.
First, WBGT imposes a workload correction on a lumped environmental measurement and
handles solar load through a single globe temperature. EHI-N* resolves absorbed solar
radiation explicitly, along with the individual ceilings on sweating and skin blood flow. It also
reports how far a worker has crossed the compensable boundary, not merely whether they
have. Second, and decisively for India, no domestic national occupational heat-exposure
standard exists. The Factories Act, 1948 requires only “reasonable conditions of comfort,”
and the Occupational Safety, Health and Working Conditions Code, 2020 omits heat-
related requirements entirely. The public warnings that actually reach outdoor workers,
employers, and district administrators remain based on heat indices.

Millions of outdoor workers therefore routinely labor in conditions that prevailing public
warnings treat as safe but that have crossed the limits of human tolerance (Kjellstrom et
al.,, 2009; Sahu et al., 2013; Vanos et al., 2020; Vecellio et al., 2022; Venugopal et al., 2016).
The discrepancy between the indices that trigger public warnings and occupational reality
helps explain why heat-related illness and death among outdoor workers occurs even on
days without official heat warnings (Flouris et al., 2018; Epstein and Moran, 2006; Ray et
al., 2021).
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5.6. IMPLICATIONS FOR A WARMING CLIMATE

As global temperatures rise, the frequency of conditions reaching EHI-N* Zones 5 and 6
will increase substantially. Climate projections suggest that by mid-century, outdoor labor
at current intensities becomes physiologically impossible during peak hours across much
of South Asia, the Middle East, and sub-Saharan Africa (Coffel et al., 2018; Mora et al., 2017;
Murari et al., 2015; Raymond et al,, 2020; Sherwood and Huber, 2010).

The implications extend beyond individual worker safety to economic productivity and
labor migration (Flouris et al., 2018; Lundgren et al,, 2013). Regions that currently support
outdoor agriculture and construction may face dramatic reductions in safe working hours,
with cascading effects on food security, infrastructure development, and economic growth
(Kjellstrom et al. 2009, 2016). EHI-N* provides a physiologically grounded framework for
quantifying these impacts. It can also inform adaptation strategies such as shifts to night
work, mechanization of heat-intensive tasks, and rescheduling work around cooler periods.

5.7. EXPOSURE TIME CONSIDERATIONS

The zone classifications indicate instantaneous thermal state, but occupational risk depends
critically on exposure duration. The body can tolerate moderate heat stress for extended
periods but severe stress only briefly. In Zones 2 through 5 the body can in principle
maintain thermal equilibrium indefinitely. In Zone 6 core temperature rises continuously,
and exposure time directly determines injury risk.

e Even where equilibrium is theoretically achievable, the compensable zones have
practical limits. In Zones 4 and 5, high sweat rates lead to dehydration. A 70 kg
worker losing 1.5 to 2 L/h of sweat loses 2 to 3% of body mass in one to two hours,
which impairs thermoregulation and cognitive function (Rowell, 1974; Sawka et
al.,, 2011). Fluid replacement extends safe exposure but cannot fully compensate,
because gastric emptying constrains absorption to roughly 1to 1.2 L/h. A worker
sweating at 2 L/h cannot keep up even with optimal hydration behavior, and
excessive water intake without electrolytes risks hyponatremia during prolonged
exertion (Sawka et al., 2011).

e Cardiovascular strain compounds these issues, since sustained high skin blood flow
competes with working muscles, reducing work capacity and increasing cardiac
stress over time (Rowell, 1974).

In Zone 6 the relationship between exposure time and danger is direct. Core temperature
rises at a rate set by the imbalance between metabolic and environmental heat load and
the body’s saturated cooling capacity. Table 6 quantifies this for four representative Zone
6 conditions, all assuming heavy work in direct sun (MET 6, Qs =130 W/m?).
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TABLE 6: Time to critical core temperatures in Zone 6 for heavy work (MET 6) in sun

(°C/min) (min) (min)
32°C, 90% RH (humid) 0.08 24 36
38°C, 60% RH (hot) 0.10 20 31
43°C, 45% RH (hot dry) 0.13 16 24
48°C, 35%VF5:VSevere heat 016 13 19

NOTE: Times assume the initial rate is sustained. Because heat loss increases as the core warms, actual
trajectories decelerate, so these are lower bounds on the time available.

These timescales of roughly 13 to 24 minutes to heat exhaustion are shorter than typical
work cycles between rest breaks. A construction worker laying bricks, a brick kiln laborer,
or an agricultural worker harvesting crops would routinely work longer than these intervals
without pause. This explains why heat-related fatalities often occur suddenly, without
warning signs that would allow workers to self-rescue.

Humidity and temperature combine non-linearly to determine physiological strain. The
32°C, 90% RH condition and the 43°C, 45% RH condition reach heat exhaustion in 24
and 16 minutes respectively. An 11°C temperature difference is substantially offset by a
45-percentage-point humidity difference. This is not a linear equivalence. At high humidity,
evaporative cooling is constrained regardless of temperature. At high temperature with
low humidity, the body can evaporate sweat effectively but faces increased convective
and radiative heat gain. Temperature-only metrics fundamentally cannot capture these
interactions.

Severe conditions compress the danger window dramatically. At 48°C with 35% RH,
conditions observed during the 2024 heat wave in Rajasthan, a worker reaches heat
exhaustion in 13 minutes and the heat stroke threshold of 40°C in 19 minutes. This leaves
virtually no margin for error, and by the time symptoms become apparent the worker may
already be in medical crisis.

Empirical indices such as the NOAA Heat Index, apparent temperature, and dry-bulb
thresholds cannot produce this analysis, lacking the physiological grounding to compute
a rate of core temperature rise. Physics-based models can. The ISO 7933 Predicted Heat
Strain model predicts a rectal temperature trajectory and a limiting exposure duration,
and WBGT-based Threshold Limit Values prescribe work-rest allocations by metabolic
class. EHI-N* differs from these WBGT-based approaches in not relying on the black-globe
temperature, whose common approximations carry known bias under high humidity. It
also supports specific guidance. At 32°C and 90% relative humidity in sunlight, it calls for
frequent rest with active cooling, since passive rest alone is insufficient (Section 5.8). At
48°C and 35 % relative humidity, it calls for suspending heavy work entirely.
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Table 6 assumes continuous heavy exertion at MET 6 without behavioral adaptation. In
practice workers naturally modulate their effort, seek shade, and hydrate, all of which would
slow core temperature rise. However, piece rate workers, those under supervision pressure,
or workers unaware of the danger may not reduce their effort until symptoms emerge.
The table therefore represents the physiological ceiling, what happens when the body’s
cooling systems are overwhelmed and no behavioral intervention occurs. These rise rates
are model-derived. They have not been validated against measured core temperatures
in the populations to which they are applied, and direct comparison with ingestible-pill
telemetry in Indian outdoor workers remains the necessary next step.

5.8. WORK-REST CYCLES: WHY PASSIVE REST MAY BE
INSUFFICIENT

A natural question is whether work-rest scheduling can prevent dangerous core temperature
rise. Figure 7 pairs modeled work-period heating with cooling rates drawn from a systematic
review of 50 studies on post-work core temperature recovery (Brearley et al., 2023).

(a) 38°C, 60% RH (b) 32°C,90% RH

Heat exhaustion Heat exhaustion
3 = @9°Q) 3 @9°)

38 38

Core temperature (°C)

10 20 30 40 50 60 10 20 30 40 50 60
Time (minutes) Time (minutes)

----- Continuous work (no rest) ~—— Light clothing, shade (0.015 °C/min) = Active cooling (0.050 °C/min)
—— Clothed, no airflow (0.004 °C/min) ~ —— Minimal clothing, fan (0.027 °C/min)

FIGURE 8: Work-rest cycle effectiveness in Zone 6 conditions. Each panel compares
continuous work against a 20/10 work-rest cycle under four rest-cooling methods, for
(@) 38°C, 60% RH and (b) 32°C, 90% RH.

NOTE: Red shading indicates work periods; green shading indicates rest periods. Cooling rates from Brearley
et al. (2023).

Passive rest with typical work clothing provides cooling rates of only 0.004°C/min, nearly
seven times slower than workers in minimal clothing with good airflow (0.027°C/min)
(Brearley et al., 2023). At this slow rate, a 10-minute rest break reduces core temperature
by only 0.04°C, while the preceding 20 minutes of work at 38°C and 60% RH raises it by
approximately 2°C. The net effect is continued core temperature rise despite scheduled
breaks. Holding core temperature constant under these conditions would require a work
fraction of roughly 4%, approximately one minute of work for every twenty-five of rest,
which is not a work-rest cycle in any operational sense but a cessation of work. This is the
response ACGIH prescribes for heavy work above its Threshold Limit Values (ACGIH, 2017).
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Panel (b) demonstrates that in humid, but moderately hot conditions (32°C and 90% RH),
cooling method matters enormously. The cooling rates below are derived from the Brearley
et al. systematic review of 50 studies on post-exercise cooling (Brearley et al., 2023).
Workers resting in work clothing without air movement show minimal cooling (cooling
rate 0.004°C/min). This is one of the smallest cooling rates reported by Brearley et al.
Removing outer layers and resting in shade provides modest improvement and represents
the median passive cooling rate (0.015°C/min). Combining external clothing removal with
forced convection from fans or natural breeze represents the 75th %ile of passive cooling
(0.027°C/min). Active cooling interventions such as cold water immersion, ice vests, or
cold water dousing provide substantially faster cooling rates (0.050°C/min), typical of
clinical interventions (Armstrong et al., 2007). These rates were derived from post-exercise
recovery studies conducted under ambient conditions that differ from those modeled here.
Applying them to rest taken at 32°C and 90% RH is therefore likely to overstate the cooling
achieved; the actual rates are probably smaller.

Under ACGIH TLV and ISO 7243 guidance, the conditions examined here fall outside the
range where any work-rest allocation permits continued heavy work; the recommended
action at these WBGT levels for MET 6 in sun is cessation. What follows is therefore not an
evaluation of scheduling as a compliance strategy but a quantification of the physiological
consequence when heavy work continues regardless. That is the prevailing condition across
India’s informal construction, brick kiln, and agricultural sectors, where no occupational
heat exposure limit is adopted or enforced and where piece-rate incentives discourage
self-pacing. The operative question is not whether a given cycle satisfies a standard,
but how much protection a realistic rest break confers when it is taken (in the same hot,
humid environment in full work clothing). The 20-minute work and 10-minute rest cycle is
illustrative rather than recommended, chosen to approximate the work allocation that ISO
7243 assigns at moderate WBGT levels.

In plain terms, work-rest cycles alone are insufficient to protect workers in Zone 6 conditions.
Rest breaks must be accompanied by active cooling interventions: access to shade, air
movement, cold water for drinking and skin wetting, and facility to remove or lighten work
clothing. Simply stopping work while remaining in hot, humid conditions with full work
attire may provide minimal physiological benefit

5.9. POLICY IMPLICATIONS

These findings support several policy recommendations.

Heat action plans should adopt activity-specific thresholds. A single warning temperature
cannot protect both office workers and agricultural laborers, since the air temperature at
which physiological limits are reached differs substantially between them, and humidity
can make moderate temperatures as dangerous as extreme heat.

Occupational health standards should require heat stress assessment using indices that
account for metabolic rate. Current reliance on the NOAA Heat Index or simple temperature
thresholds leaves outdoor workers systematically under-protected, capturing roughly a
fifth of the Zone 6 exposure identified by EHI-N*.
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Labor regulations in heat-vulnerable regions should mandate work-rest cycles calibrated
to actual work intensity and environmental conditions, accompanied by active cooling
interventions. The 13 to 24 minute timescales to heat exhaustion in Zone 6 are shorter
than typical work intervals, requiring proactive scheduling rather than reactive symptom
monitoring.

Climate adaptation planning must account for the disproportionate impact of warming
on working populations. Projections based on temperature thresholds alone substantially
understate the challenge facing outdoor workers. India alone has more than 380 million

heat-exposed workers (World Bank, 2022), and there are roughly 2.4 billion globally
(Flouris et al., 2024).

In a warming climate, outdoor workers need an index that accounts for actual work intensity,
includes solar radiation, and adjusts for local populations. It must also identify when
physiological limits are exceeded and how quickly harm accumulates. EHI-N* provides this
capability while remaining computationally tractable for climate analysis and operational
forecasting. Refer to Kilic et al. (2026) for detailed policy implications of EHI-N*.




6.LIMITATIONS AND FUTURE
WORK

6.1. CURRENT LIMITATIONS OF THE FRAMEWORK

Wind speed. The current EHI-N* implementation uses fixed convective heat transfer
coefficients corresponding to approximately 1.4 m/s wind speed, inherited from the
Steadman two-node framework (Steadman, 1979; Lu and Romps, 2022). Wind significantly
affects both convective and evaporative heat transfer and can either aid cooling in hot-
dry conditions or accelerate heat gain when air temperature exceeds skin temperature.
The fixed-coefficient assumption is a notable shortcoming for outdoor workers in exposed
locations.

Clothing. Like the original EHI, EHI-N* assumes individuals shed clothing as conditions
worsen. Cultural constraints, particularly for women in South Asia, may prevent this. In
addition, required personal protective equipment in construction and industrial settings
adds thermal resistance that the current model does not account for.

Acclimatization. The 7.8 L/min skin blood flow and 2 L/h sweat limits represent
unacclimatized or partially acclimatized individuals, and the 7.8 L/min figure is a resting
upper bound during severe heat stress. Acclimatized workers sustain higher sweat rates
and greater cardiovascular capacity, so the defaults are conservative for them. Studies
show acclimatization requires 7 to 14 days of gradual exposure and is lost within weeks
(Armstrong et al., 2007), so early-season workers sit closest to the modelled defaults.

Age-related vulnerability. Thermoregulatory capacity varies substantially across the
lifespan. Children have higher surface-area-to-mass ratios but less developed sweating
capacity and cardiovascular control, making them more susceptible to both heat and cold
stress (Falk and Dotan, 2008). Older adults above 65 sweat 30 to 40 % less than young
adults. They also show diminished skin blood flow response, blunted thirst perception, and
reduced cardiovascular reserve (Kenny et al,, 2010). These age-related decrements mean
the physiological limits assumed by EHI-N* (2 L/h sweating and 7.8 L/min skin blood flow)
overestimate the cooling capacity of both children and older adults.

Prior heat illness and cumulative exposure. Individuals with a history of exertional heat
iliness face elevated risk of recurrence, with some studies reporting increased incidence in
previously affected workers (Cramer et al., 2022). The mechanisms are not fully understood
but may include persistent thermoregulatory dysfunction or behavioral factors. In addition,
cumulative heat exposure within a day or across consecutive days can progressively impair
thermoregulation through dehydration, glycogen depletion, and inflammatory responses
(Cramer et al,, 2022). EHI-N* evaluates instantaneous conditions and does not account for
this exposure history.
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Comorbidities and medications. Chronic health conditions substantially impair heat
tolerance. Cardiovascular disease limits the cardiac output available for skin perfusion.
Diabetes impairs sweating and skin blood flow through autonomic neuropathy. Chronic
kidney disease reduces fluid regulation capacity. Obesity decreases the surface-area-to-
mass ratio thatis critical for heat dissipation (Cramer etal., 2022; Kenny et al., 2010). Common
medications further compromise thermoregulation. Diuretics promote dehydration, beta-
blockers limit cardiovascular response, anticholinergics reduce sweating, and stimulants
increase metabolic heat production (Armstrong et al.,, 2007; Kenny et al.,, 2010). The
prevalence of these conditions among aging workforces makes this limitation increasingly
important.

Individual variation. EHI-N* uses population-average parameters. Beyond the factors
above, physiological responses vary with sex (women typically have lower sweat rates and
different surface-area-to-mass ratios; Gagnon and Crandall, 2018), with body composition,
and with cardiovascular fitness.

Steady state. The model assumes thermal equilibrium. Real work involves intermittent
exertion, rest breaks, and varying conditions. Work-rest cycles require transient modeling
to accurately predict core temperature trajectories.

Adaptive behaviors. EHI-N* characterizes the thermal environment a worker faces, not the
behaviors a worker actually adopts in response. In practice, workers may reduce their pace,
seek shade during breaks, drink water, loosen or remove outer clothing, and pause when
symptoms emerge. These behaviors substantially reduce the rate of core temperature rise
predicted by the model, particularly in Zone 5 conditions where workers retain physiological
reserves to recognize and respond to strain. However, behavioral adaptation cannot be
assumed in all settings. Workers may be unable to adopt protective behaviors if they are
paid by the piece, working under supervisory pressure, unfamiliar with local conditions (for
example, seasonal migrants), or without ready access to shade or water. The model’s most
useful interpretation is as a measure of the danger that workers face when these behaviors
are constrained.

Dehydration dynamics. While sweat rate limits are implemented, the model does not
track hydration status or the progressive impairment of thermoregulation as dehydration
develops over an exposure.

Empirical validation. EHI-N* is grounded in the established two-node thermoregulatory
framework and uses physiological parameters drawn from decades of laboratory and field
research on human heat tolerance, mostly for young, fit adults. However, the index itself
has not yet been validated against direct physiological measurements of core temperature,
sweat rate, and skin blood flow in Indian occupational settings. The zone classifications
presented in this report should therefore be understood as physiologically grounded
predictions for young, fit adults, not as empirically confirmed thresholds for Indian outdoor
workers.
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6.2. FUTURE WORK

Future work can address these limitations through targeted research and implementation
efforts.

Wind speed integration. The current fixed wind speed of 1.4 m/s limits accuracy for exposed
outdoor locations. Planned implementation would replace the fixed coefficients with wind-
dependent formulations based on established correlations (Cramer and Jay, 2016). It would
ingest ERA5 10 m wind speed alongside temperature and humidity, and add a wind speed
selector to the SHRAM interface. Validation would follow against field measurements in
open agricultural settings.

Clothing and PPE adjustments. Work clothing and personal protective equipment
substantially increase thermal resistance. Planned implementation would vary the clothing
insulation parameter, with presets for common work attire from light clothing at 0.3 clo to
full PPE at 1.0 clo or higher. It would also incorporate vapor permeability factors and model
the PPE combinations common in Indian construction and industry.

Demographic risk modifiers. Physiological limits vary systematically with age, sex, and body
composition. Planned implementation would develop age-adjusted sweat rate limits, using
the published decrement of roughly 10 % per decade above age 40 (Kenny et al., 2010).
It would add sex-specific sweating and cardiovascular parameters (Gagnon and Crandall,
2018), and allow user-adjustable limits for populations with known elevated vulnerability.

Acclimatization status module. Seasonal migrants and workers returning from leave face
elevated risk. Planned implementation would add an acclimatization toggle, reducing
physiological limits by 20 to 30% for unacclimatized workers. It would provide gradual
exposure guidance, starting at 50% workload and building over 7 to 14 days, and flag early-
season conditions as higher risk.

Transient modeling. The current steady-state assumption limits accuracy for intermittent
work. Planned implementation would extend the heat balance equations to predict core
temperature trajectories over time. This would support work-rest cycle optimization,
maximum allowable exposure durations for Zones 5 and 6, and time-to-exhaustion
estimates within SHRAM.

Validation studies. Rigorous validation against physiological measurements is essential.
Potential studies include core temperature monitoring in agricultural workers, construction
site measurements in the Delhi National Capital Region across pre-monsoon and monsoon
seasons, and comparison with co-located WBGT readings from Kestrel instruments. Any
such study should target 50 or more workers across multiple work intensities.

Together these developments would extend EHI-N* to a broader range of factors affecting
outdoor worker vulnerability.
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/. SHRAM: OPERATIONAL
DEPLOYMENT OF EHI-N*

While the preceding sections describe EHI-N* as a heat stress index, this section introduces
its operational deployment as a public decision-support tool. SHRAM or System for Heat
Risk Assessment for Manual labor is a free, web-based dashboard that makes EHI-N*
accessible to workers, employers, labor organizations, and policymakers across India. It is
available at shram.info.

71. MOTIVATION: SHORTCOMINGS IN EXISTING TOOLS

Existing heat stress dashboards and policy tools have significant limitations for protecting
India’s outdoor workforce.

« OSHA-NIOSH Heat Safety Tool: Uses simple NOAA Heat Index with no activity
adjustment or radiation

« NWS HeatRisk: Based on climatological anomalies, not physiological thresholds;
designed for general public

* Thermal Trace: Uses UTCI with fixed walking activity (135 W/m32); no user-
adjustable metabolic rate

We are not aware of another tool that provides district-level heat stress forecasting across
India using a physiologically grounded metric with adjustable work intensity.

7.2. VALUE PROPOSITION
SHRAM addresses three critical needs for outdoor worker protection in India:

1. Activity-specific risk assessment. Unlike tools that assume sedentary or light activity,
SHRAM allows users to select their actual work intensity (MET 3-6). A construction
worker performing heavy labor (MET 6) sees Zone 5 conditions where a security guard
at MET 3 sees Zone 3 for identical weather.

2. Actionable guidance. Each EHI-N* zone signaling heat stress maps to specific
protective actions:

e Zone 4: Consider enhanced monitoring; provide shade access during breaks;
encourage increased hydration
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e Zone 5: Regular rest breaks in shaded/cooled areas; reduce work intensity if
possible

e Zone 6: Suspend heavy outdoor work; if work must continue, frequent short
work/rest cycles with active cooling; medical access should be available

3. Free and accessible. SHRAM requires no specialized equipment, software installation,
or subscription fees. Any smartphone or computer with internet access can reach the
dashboard at shram.info. This accessibility is critical for reaching India’s 380+ million
outdoor workers (World Bank, 2022).

SHRAM is the only public dashboard where selecting a different work intensity changes
the actual risk zone boundaries displayed, not merely the recommendations. It provides
district-level coverage across all of India using a physiologically grounded metric, freely
accessible via any web browser.

7.3. DEVELOPMENT AND ARCHITECTURE

This team developed SHRAM to translate the EHI-N* research framework into an operational
tool for non-technical users.

7.3.1. TECHNICAL IMPLEMENTATION:

The backend is a Python computation engine implementing the EHI-N* equations described
in Section 3, running on cloud infrastructure for scalability during heat events. The frontend
is an interactive web application built with modern JavaScript frameworks and optimized
for mobile devices. The data pipeline ingests meteorological observations and forecasts on
an hourly basis, with EHI-N* zones computed on demand for each user’s selected activity
level. SHRAM is deployed on distributed cloud infrastructure with geographic redundancy
to ensure availability during high-demand periods such as summer heat waves.

7.3.2. DATA SOURCES:

Real-time observations come from the IMD Automatic Weather Station network, which
provides hourly temperature and humidity. Up to 1,365 IMD weather stations report across
750+ districts in 36 states and Union Territories of India, with a minimum of one station per
covered district. Gridded reanalysis comes from ERAS hourly data at 0.25 degree resolution
(Hersbach et al., 2020), which is used for historical analysis and validation. Forecasts come
from the Open-Meteo API, which aggregates data from official meteorological agencies
including ECMWF, NOAA GFS, DWD, and JMA. Grid-cell results are aggregated to district
level for display in the dashboard.
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7.4. HOW TO USE SHRAM

7.4.1. QUICK START

1. Access the Dashboard - Navigate to shram.info on any web browser. The
dashboard loads with India’s current heat conditions displayed.

2.Select Your Location - Click on the map or use the dropdowns to select your
state/district of interest. The map displays heat stress zones at 0.25° resolution
across India.

3.Set Activity Level - Choose the appropriate metabolic rate (MET):

e MET 3: Light work
e MET 4: Moderate work
e MET 5: Heavy work

e MET 6: Very heavy work

4. Choose Sun Exposure - Select “Sun” for outdoor workers without shade, or
“Shade” for covered work areas.

The map updates to show current heat stress zones based on your selections.

7.4.2. SHRAM FEATURES

CURRENT CONDITIONS

The pipeline ingests hourly meteorological observations and forecasts; the dashboard
refreshes every 30 minutes. Each grid cell is color-coded:
Blue (Zone 1): Cold stress, layer clothing

Green (Zone 2): Safe conditions

Yellow (Zone 3): Mild heat stress, monitor workers

Orange (Zone 4): Moderate heat stress, implement rest breaks and

hydration
Red (Zone 5): High heat stress, reduce exposure
Purple (Zone 6): Hazardous heat stress, suspend outdoor work

Click any location to view detailed metrics including temperature, humidity, and calculated
EHI-N* value.
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FORECASTS

Plan ahead with hourly forecasts across three-time horizons:

* 1-Day: Hour-by-hour zone predictions for immediate planning
» 3-Day: Extended outlook for scheduling outdoor activities

« 7-Day: Weekly perspective for operational planning

Forecasts use Open-Meteo data from ECMWF, DWD, and NOAA GFS models.

HISTORICAL ANALYSIS

Examine past heat stress patterns using ERAS5 reanalysis data. View historical zone
distributions within the past month, enabling:

e Monthly trend analysis
* Day-by-day comparisons

 |dentification of high-risk periods for planning purposes

ALERTS

Configure notifications for zone transitions at specific locations. Subscribe to receive email
notifications when your district reaches specified danger thresholds. Alerts are configurable
by location, MET level, and zone threshold (Zone 4+).

7.5. FUTURE DEVELOPMENT
SHRAM is under active development with planned enhancements:

e SMS alerts (2027): Text message notifications to reach workers without
smartphones or reliable internet, particularly important for agricultural laborers
in rural areas

¢ Neural network forecasting: In-house up to 7-day heat forecasting system
trained on ERADS5 reanalysis data, reducing dependence on external APIs.

¢ Regional language support: Interface translations into Hindi and major regional
languages to improve accessibility

¢ Integration with labor platforms: APIs for construction and agricultural labor
platforms to display EHI-N* zones within existing worker-facing apps

e Historical analysis tools: Downloadable datasets and visualization tools for
researchers and policymakers studying long-term heat exposure trends
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8.CONCLUSION

8.1. SUMMARY OF CONTRIBUTIONS

This report set out four objectives. Each has been addressed, subject to the limitations set
out in Section 6.1.

Objective 1. Variable metabolic rate. EHI-N* takes work intensity as an input rather than
assuming it, spanning rest through heavy labor. Zone boundaries move substantially across
that range, so the same weather can be compensable for one worker and uncompensable
for another doing harder work beside them.

Objective 2: Physiological limits. EHI-N* enforces empirically grounded ceilings on sweating
and on skin blood flow, rather than allowing the body unlimited cooling capacity. These
ceilings give Zones 5 and 6 a physiological meaning. Zone 5 is where sweating saturates.
Zone 6 is where the body gains heat faster than it can shed it, even with both mechanisms
at their limits.

Objective 3: Solar radiation. EHI-N* computes absorbed solar load from ERAS5 surface
radiation fields rather than applying a fixed offset, so the radiant burden varies with
location, season and time of day as it does. For a worker in open sun this is the difference
between a shaded estimate and the conditions experienced.

Objective 4: India application. EHI-N* was applied to ERAS5 reanalysis across India for the
2020 through 2025 pre-monsoon seasons and is operationally deployed through SHRAM
for district-level heat risk assessment. The exposure-time analysis translates Zone 6 into
the practical question of how long work can safely continue.

8.2. KEY FINDINGS

EHI-N* extends the Extended Heat Index framework (Lu and Romps, 2022) to occupational
settings. It adds variable metabolic rates from 1 to 6 or more METs, realistic limits on
sweating (2 L/h) and vasodilation (7.8 L/min), and solar radiation computed from ERAS
surface fields. Applied to India’s pre-monsoon seasons, April through June, 2020 through
2025, EHI-6* reveals that 83% of land pixels in the country reached Zone 6 at some point.
Zone 6 is uncompensable heat stress for heavy outdoor work. This is roughly five times the
16% classified as Extreme Danger by the NOAA Heat Index, and roughly three times the 25
% reaching temperatures of 45°C or higher.

The core temperature analysis demonstrates why this discrepancy matters. Zone 6 can
occur at just 32°C when humidity reaches 90%, with workers reaching heat exhaustion
(a core temperature of 39°C) in 13 to 24 minutes depending on conditions. A 32°C humid
day and a 43°C drier day both drive core temperature past the heat-exhaustion threshold
under an hour for heavy labor, yet only the latter would trigger traditional heat warnings.
This explains the occurrence of heat-related illness and death on days without official
warnings, and underscores the need for activity-specific, physiologically grounded heat
risk assessment.
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These results are broadly consistent with independent mortality evidence. Narang and
Gadgil (2026) find excess heat mortality concentrated in a small group of Indo-Gangetic
states, which account for 66% of excess deaths while producing 29% of national GDP.
EHI-N* identifies those same states as reaching Zone 6 across their entire area during the
2024 pre-monsoon season, though it also flags humid coastal and northeastern regions
that dry-bulb warnings miss entirely.

Through SHRAM (shram.info), EHI-N* is now operationally deployed as a free, web-based
decision-support tool providing district-level forecasts across India. The dashboard enables
workers, employers, and policymakers to assess heat risk at actual work intensities rather
than under sedentary assumptions. Unlike empirical indices, EHI-N* supports specific
guidance. It calls for frequent rest breaks with active cooling at 32°C and 90% RH, and
for suspending heavy outdoor work entirely at 48°C and 35% RH. Planned enhancements,
including SMS alerts and neural network forecasting, would extend reach to populations
without reliable internet access.



http://shram.info
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APPENDIX

A. THERMOREGULATORY
MODEL COMPLEXITY

This appendix explains the spectrum of thermoregulatory models and clarifies why the
two-node approach used in EHI-N* (see Section 3 for detailed equations) represents an
optimal balance between physiological accuracy and computational tractability.

A.l. MODEL COMPLEXITY SPECTRUM

Thermoregulatory models exist along a spectrum from simple empirical curve fits to
detailed multi-node simulations. At one end, simple empirical models are fast and require
no physiology, but they cannot predict physiological state. In the middle, two-node models
represent the body as a core and a skin compartment, capturing the mechanistic essentials
at moderate computational cost. At the other end, multi-node models divide the body
into 19 or more segments with 340 or more tissue nodes, providing the most detailed
simulation but at a computational cost that precludes application to gridded climate data.

Simple Empirical | Two-Node | Multi-Node
(Curve fitting) (2 compartments) (340+ nodes)
Simple, Fast Mechanistic, Moderate Detailed, Slow
No physiology Core + Skin 19 body segments

A.2. SIMPLE EMPIRICAL MODELS (NOAA HEAT INDEX, WBGT)

Simple empirical models are statistical curve fits to subjective comfort data or mortality
thresholds. The NOAA Heat Index, for example, uses a polynomial regression of the original
empirical heat index:

HI = —42.4 4 2.05T + 10.1R — 0.22TR + ...

This equation was fit to Steadman’s comfort tables. The coefficients have no physiological
meaning; there is no model of the body inside. As a result, empirical models cannot predict
core temperature, sweat rate, or skin temperature; they break down outside their calibration
range; and they cannot identify why conditions are dangerous.
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A.3. TWO-NODE MODELS (GAGGE, EHI, EHI-N*)

Two-node models represent the body as two thermal compartments (core and skin)
connected by blood flow as shown in Figure A-1.

FIGURE A-1: Schematic of the body’s heat regulation system. The inner core generates
metabolic heat and maintains temperature near 37°C. The outer skin layer dissipates
heat to the environment through convection, radiation, and sweating. Blood flow
between core and skin (vasodilation) regulates how quickly heat moves outward.
Environmental factors—air temperature, humidity, radiation, and wind—determine how
effectively the body can shed heat.

The core temperature changes based on metabolic heat production minus heat transfer to

skin:
dTC 1 Tc_Ts
dt :U[Qm_Qv_ R, ]

Two-node models predict core temperature, skin temperature, required sweat rate, required
blood flow to skin, and whether physiological limits are exceeded. EHI-N* is a two-node
model with explicit physiological limits on sweating and vasodilation.
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A.4. MULTI-NODE MODELS (FIALA, UTCD

Multi-node models divide the body into many segments (head, torso, limbs), each with
multiple tissue layers (skin, fat, muscle, bone, core). The Fiala model uses 19 body segments
and 340+ tissue nodes (Fiala et al., 2001).

These models predict local skin temperatures for each segment, responses to asymmetric
thermal environments, and dynamic warming/cooling rates. However, they require 100+
parameters, take seconds to minutes per calculation, and cannot be applied to gridded
climate data.

Two-node models capture the essential physics for heat stress assessment:
1. Core must stay ~37°C (compensable constraint)
2.Heat flows core = skin = environment

3.Two cooling mechanisms: sweating and vasodilation (with physiological limits
that EHI-N* explicitly includes)

The additional spatial detail in multi-node models does not change the fundamental answer
for occupational heat stress.

A.5. PRACTICAL EXAMPLE: COMPARING MODEL OUTPUTS
Consider conditions of T, = 40°C, RH = 60%, with a worker at 6 METs:

Empirical (NOAA Heat Index): Reports HI =63°C (“Dangerous!”) but provides no
physiological insight into why.

Two-Node (EHI-N*): Reports T, = 37.2°C (rising), sweat rate at 2.0 L/h (at limit), skin blood
flow rate at 7.8 L/min (at limit) — Zone 6: both limits exceeded, core temperature rising.

Multi-Node (Fiala): Reports the same core temperature plus detailed local skin
temperatures (Tshead = 37.1°C, Tshanas = 37.3°C) and regional sweat rates but reaches the
same fundamental conclusion.

EHI-N* uses a two-node approach because it provides the physiological insight needed for
occupational heat stress assessment while remaining computationally efficient for gridded
climate analysis and operational forecasting.

INDIA ENERGY AND CLIMATE CENTER | 56



B. FROM HEAT BALANCE TO
INDEX VALUE

The equations above determine the body’s thermal state, but the EHI-N* index value is
expressed as an equivalent temperature for intuitive interpretation. Following Lu and
Romps (2022), EHI-N* is defined as the air temperature in a reference environment that
would produce the same physiological stress as actual conditions.

EHI-N* Index Definition:

EHI-N* is the temperature T  such that a person in a reference environment (1.6 kPa, no
solar load, wind speed 1.4 m/s) at temperature T" would experience the same thermal stress
as in actual conditions (T, RH, Tmt) at the specified metabolic rate M.

The computation proceeds as follows:

1. Solve for actual conditions: Given environmental inputs (T, RH, T v) and
metabolic rate (MET), solve the heat balance equations to determine:

¢ Which thermoregulatory region (1-6) the body occupies
¢ The required skin temperature T, sweat rate, and skin blood flow
* Whether physiological limits are exceeded (Zone 6)

2.Find equivalent reference temperature: Search for the temperature T in the
reference environment (1.6 kPa, Tn« equivalent to T, wind speed 1.4 m/s)
that produces the same thermoregulatory state, specifically, the same skin
temperature and the same (or higher) region classification.

3.Report index value: EHI-N* equivalent to T', expressed in°C or°F.

For Zone 6 conditions (uncompensable heat stress), EHI-N* additionally reports the rate of
core temperature rise dT./dt, which indicates urgency of the danger.
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C. COMPARISON OF HEAT
STRESS INDICES

The literature contains hundreds of thermal comfort and heat stress indices developed
over the past century or longer, reflecting diverse approaches to quantifying human
thermal experience. This appendix does not attempt an exhaustive survey; instead, we
focus on the most widely used and scientifically influential indices that represent distinct
methodological approaches. The selection includes simple empirical indices used in public
weather communication, measurement-based occupational standards, energy balance
models from thermal comfort research, and sophisticated multi-node physiological
simulations. For each index, we describe the formulation, required input variables, and
specific limitations compared to EHI-N*.

C.1. SIMPLE EMPIRICAL INDICES

Simple empirical indices dominated early heat stress assessment and remain widely used
for public communication due to their minimal data requirements and ease of calculation.

NOAA/NWS HEAT INDEX

The NOAA Heat Index (HI) is a polynomial regression approximation developed by Rothfusz
(1990) based on Steadman’s original heat index comfort tables (Steadman, 1979). It is
the most widely used heat stress metric in the United States, representing the “apparent
temperature” a human would perceive given the combined effects of air temperature and
humidity. Because the Rothfusz equation is a polynomial fit to Steadman’s tables rather
than a first-principles derivation, it becomes inaccurate at extreme conditions.

Formulation (Rothfusz regression):

HI = —42.379 + 2.049T + 10.143R — 0.225TR. — 6.84 x 10 3T2 — 5.48 x 10 2R2
+1.23 x 107%T2?R + 8.53 x 10 *TR2 — 1.99 x 10 *T2R?

where T is air temperature (F), R is relative humidity (%)
Limitations Compared to EHI-N*:

The NOAA Heat Index has significant limitations for occupational assessment. It assumes
shaded conditions, ignoring the substantial radiant heat load experienced by outdoor
workers in direct sunlight (Lu and Romps, 2022). Wind effects on convective and
evaporative heat transfer are not considered. Most critically, a resting person and a heavy
laborer are treated identically despite metabolic rates differing by 5-10 times (Ainsworth et
al., 2011). The index also ignores individual variation in body size, acclimatization status, and
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fitness level. It cannot identify when thermoregulatory capacity is exceeded and becomes
mathematically undefined above certain temperature-humidity combinations where EHI-N*
remains valid.

HUMIDEX

Developed by Canadian meteorologists Masterson and Richardson (1981), the Humidex
combines temperature and humidity into a single value representing perceived temperature.

Formulation:

1 1
Humidex = T, + %(6.11 e 10>

where

e T4 dewpoint temperature (K)
e Tais air temperature (K)

Limitations Compared to EHI-N*:

The Humidex is even simpler than the NOAA Heat Index, accounting only for the effect
of humidity on perceived temperature. It does not consider radiation, wind, metabolic
heat production, or individual body characteristics. As a purely empirical index with no
physiological basis, it cannot predict actual thermal stress or identify conditions where
thermoregulatory capacity is exceeded.

APPARENT TEMPERATURE

Steadman (1984) developed the Apparent Temperature (AT) framework, which formed the
theoretical basis for the Heat Index. The AT incorporates wind speed for cold conditions
and vapor pressure for hot conditions, providing a more comprehensive treatment than the
simplified NOAA polynomial approximation.

Formulation (hot conditions):
AT =T, + 0.33e — 0.70v — 4.00
where

e T,is air temperature
e e is vapor pressure (hPa)
* vis wind speed (m/s)

Limitations Compared to EHI-N*:
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While the Apparent Temperature includes wind speed, it does so through a simple linear
relationship that does not capture the complex physics of convective and evaporative
heat transfer. The index lacks any radiation component, which is critical for outdoor
worker assessment. It does not consider metabolic rate, treating a resting person and
a laboring worker identically. As a purely empirical formulation, it cannot identify when
thermoregulatory mechanisms are overwhelmed.

C.2. OPERATIONAL MEASUREMENT-BASED INDICES

WET BULB TEMPERATURE (WBT)

Wet bulb temperature (T,) is the most fundamental humidity-adjusted temperature
measure, dating to the 18th century. It represents the lowest temperature achievable
through evaporative cooling and is measured by wrapping a thermometer bulb in a wet
wick and allowing it to equilibrate with ambient air. WBT remains widely used as a simple
indicator of heat stress potential, particularly in occupational settings where sophisticated
instrumentation is unavailable. A WBT of 35°C (95°F) is often cited as the theoretical
upper limit of human survivability, as evaporative cooling becomes impossible when
ambient WBT equals skin temperature (Vecellio et al., 2022). However, WBT alone does
not account for solar radiation, wind speed, or metabolic heat production, limiting its utility
for comprehensive occupational assessment.

WET BULB GLOBE TEMPERATURE (WBGT)

WBGT extends WBT by incorporating radiation effects and is the most widely used
occupational heat stress index globally. Developed by Yaglou and Minard (1956) for the U.S.
military, it combines three temperature measurements and forms the basis for ISO 7243
occupational exposure limits (ISO, 2017). WBGT benefits from international standardization
(ISO 7243:2017). It integrates humidity via wet bulb temperature and radiation via globe
temperature, has simple measurement protocols, and draws on decades of occupational
health data for validation.

Formulation:

WBGT outdoor = 0.7T4 + 0.2T4 + 0.1T,
WBGTindoor = 0.7Ty, 4 0.3T,

where Ty = natural wet bulb temperature, T = black globe temperature, T, = air temperature
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Limitations Compared to EHI-N*:

Despite its widespread use, WBGT has fundamental limitations for physiologically
accurate assessment. The 0.7/0.2/0.1 weighting coefficients are empirically derived rather
than physiologically grounded. Activity adjustment relies on lookup tables rather than
mechanistic heat balance calculations. The index applies the same limits to all workers
regardless of body size, fitness, or acclimatization status. The heavy weighting on wet
bulb temperature (0.7) may underestimate danger in extremely humid conditions. WBGT
indicates only relative danger levels and cannot predict actual physiological state such as
core temperature or sweat rate. Critically, it does not model when sweating or vasodilation
capacity is exceeded: the key threshold that EHI-N* explicitly identifies.

SIMPLIFIED WBGT (SWBGT)

Because direct WBGT measurement requires specialized equipment (wet bulb apparatus,
black globe thermometer), Liljegren et al. (2008) developed methods to estimate WBGT
from standard meteorological observations available from weather stations and reanalysis
products.

Estimation Approach:

The Liljegren method uses an iterative energy balance solution to estimate natural wet bulb
(Taw) and globe (Tg) temperatures from:

SWBGT = 0.7Tyy + 0.2T, + 0.1T,

where Ty and T, are computed iteratively from T,, RH, v, and solar radiation using heat
balance equations for the respective sensors.

Variables:
Air temperature (T,), Relative humidity (RH), Wind speed (v), Solar radiation (SR)
Limitations Compared to EHI-N*:

Simplified WBGT approximates an already direct index, compounding the limitations
of the underlying WBGT formulation. It inherits all WBGT limitations—the empirically-
derived weighting coefficients, inability to account for metabolic variation, and lack of
physiological state prediction. The estimation procedure introduces additional uncertainty,
particularly for the natural wet bulb temperature which is sensitive to wind speed and
radiation geometry assumptions.
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C.3. ENERGY BALANCE MODELS

Energy balance models represent a fundamentally different approach from empirical
indices. Rather than fitting regression equations to subjective comfort data, these models
solve the thermodynamic heat balance equation for the human body:

S=M-W-E-R-C-K

where S is heat storage (positive = body heating), M is metabolic heat production, W is
mechanical work, E is evaporative heat loss, R is radiative heat exchange, C is convective
heat exchange, and K is conductive heat exchange. When S > 0, the body gains heat and
core temperature rises; when S < 0, the body loses heat. Energy balance models provide a
mechanistic basis for thermal stress assessment by explicitly modeling each heat transfer
pathway and the physiological responses (sweating, vasodilation) that modulate them.

GAGGE TWO-NODE MODEL

The Gagge two-node model (Gagge and Gonzalez, 1996) is a foundational physiological
model in thermal comfort research. EHI-N* applies a similar two-node approach to the Heat
Index framework. The model divides the body into two compartments, a central core and a
peripheral shell, and solves the heat balance equations for each.

Core Equations:
Sc:M_W_Qres_st
Ssk — st - Qconv - Qrad - Esk

where S = heat storage rate, M = metabolic rate, W = mechanical work, Q = heat flux, E=
evaporative heat loss

The Gagge model established the two-node framework used by most subsequent
thermoregulatory models. It introduced SET* (Standard Effective Temperature) as an
equivalent temperature metric and underpins thermal comfort standards including ASHRAE
55 (Olesen and Brager, 2004).

Limitations Compared to EHI-N*:

The Gagge model assumes the body can always achieve heat balance through unlimited
sweating and vasodilation, without modeling physiological ceilings on these mechanisms.
It uses a standard reference person (typically 70 kg, 1.73 m) without accounting for
morphological variation. When sweating or vasodilation capacity is exceeded, the model
becomes invalid rather than predicting the resulting core temperature rise.

INDIA ENERGY AND CLIMATE CENTER | 62



PHYSIOLOGICAL EQUIVALENT TEMPERATURE (PET)

PET, developed by Hoppe (1999), is based on the Munich Energy-balance Model for
Individuals (MEMI). It expresses the thermal environment as an equivalent temperature in
a standardized indoor setting that would produce the same physiological response. PET
offers intuitive interpretation as an equivalent indoor temperature, is widely used in urban
climate and biometeorology research, and considers both radiation and wind effects.

Definition:
PET is the air temperature at which, in a typical indoor setting (RH = 50%, v = 0.1 m/s, MRT
=T,), the heat balance of the human body is maintained with core and skin temperatures

equal to those under actual outdoor conditions.

Underlying Model (MEMI):

M+W:R+C+Esk+Eres+Cres+S

where M = metabolic rate, W = mechanical work, R = net radiation, C = convection, Egy=
skin evaporation, E,., = respiratory evaporative loss, C,s = respiratory convective loss, S =
heat storage

res

Limitations Compared to EHI-N*:

PET is based on a “reference person” (35 years, 75 kg male) and does not allow for
individual morphological variation. Limits on sweating and vasodilation are implicit within
the underlying model rather than explicitly parameterized for user adjustment. PET was
not designed specifically for occupational heat stress assessment.

STANDARD EFFECTIVE TEMPERATURE (SET*)

SET* (Ji et al., 2022) is an output of the Gagge two-node model representing the equivalent
temperature in a standardized environment that would produce the same physiological
state.

Definition:

SET* is the temperature of an isothermal environment at 50% RH in which a sedentary
person (1 met) wearing standard clothing (0.6 clo) in still air ( v< 0.15 m/s) would have the
same heat loss as in the actual environment.

Reference Environment:

* RH=50%

« v< 0.15 m/s (still air)

« Qum=1met (58.2 W/m?, sedentary)
e Clothing = 0.6 clo

« MRT =T,
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Limitations Compared to EHI-N*:

SET* inherits the fundamental limitations of the Gagge two-node model, including the
assumption of unlimited sweating and vasodilation capacity. The reference environment
assumptions (50% RH, calm air, sedentary activity, light clothing) may not be appropriate
for outdoor workers in hot, humid conditions with high metabolic loads. Like the Gagge
model, SET* does not include explicit physiological capacity limits and cannot identify
when thermoregulatory mechanisms are overwhelmed.

EXTENDED HEAT INDEX (EHI)

In 2022, Lu and Romps (2022) fundamentally reimagined Steadman’s original Heat Index
by returning to first principles of human thermoregulation. Rather than fitting a regression
to Steadman’s tables, they solved the full heat balance equations analytically, extending
the index to higher temperatures where the original becomes undefined.

The original Steadman Heat Index becomes mathematically undefined above certain
temperature-humidity combinations because it assumes the body can always achieve
thermal equilibrium. Lu & Romps solved this by:

1. Identifying six distinct thermoregulatory regions
2.Providing analytical solutions for each region
3.Extending to the critical “hazardous” zone where core temperature must rise

Variables:
Air temperature (T,), Relative humidity (RH)

Fixed assumptions: Qm = 180 W/m? (approximately 3 METs, where 1 MET = 58.2 W/m?2
represents resting metabolic rate), standard morphology, shade, low wind (1.4 m/s)

Strengths Over Simple Indices:

The EHI is mechanistically derived from physics rather than empirical curve-fitting, remains
valid at extreme conditions where other indices fail, identifies thermoregulatory failure
(Zone 6), and provides smooth, continuous values across all conditions.

Limitations Compared to EHI-N*:

The EHI assumes a fixed metabolic rate of 180 W/m? (approximately 3 METs), while outdoor
workers may generate more than 300 W/m2. It assumes shaded conditions, ignoring the
significant radiant heat load faced by outdoor workers. The model uses US standard adult
morphology (83.6 kg, 1.69 m) (Lu and Romps, 2022) without accounting for population
differences. Sweating and vasodilation can reach values that exceed what most individuals
can physiologically sustain or even achieve. Individual variation in vulnerability or
acclimatization cannot be assessed.
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C.4. COMPLEX MULTI-NODE MODELS

FIALA MULTI-NODE MODEL

The Fiala model (Fiala et al., 1999, 2001) is a detailed thermophysiological simulation
dividing the body into multiple segments with multiple tissue layers.

Structure:

The Fiala model comprises 19 body segments (head, face, neck, shoulders, thorax,
abdomen, arms, hands, legs, feet) with 340+ tissue nodes, a dynamic skin blood flow
model, and detailed thermoregulatory control mechanisms including shivering, sweating,
and vasomotion.

Limitations Compared to EHI-N*:

The Fiala model is considered the gold standard for physiological accuracy and can
predict local tissue temperatures with dynamic response over time. However, its extreme
complexity makes it unsuitable for routine climate assessment or gridded analysis. Running
a full simulation requires specialized software with high computational cost. Adapting
the model to different populations requires extensive reparameterization of the standard
person, a non-trivial undertaking. As a research tool, it was not designed for operational
deployment in heat warning systems where rapid, scalable assessment is required.

UNIVERSAL THERMAL CLIMATE INDEX (UTCI)

UTCI was developed based on the sophisticated Fiala multi-node model but provides a
single temperature value for communication (Blazejczyk et al., 2013; Jendritzky et al., 2012).
UTCI has the most physiologically detailed basis of any operational index, is valid across
the full range of thermal environments (-502C to +502C), was internationally developed and
validated, and provides standard categories for public communication.

UTCI is the air temperature of a reference environment (50% RH, wind 0.5 m/s at 10m
height, MRT = T4 ) that produces the same dynamic physiological response as the actual
conditions, computed using the Fiala model. For operational use, UTCI is approximated by
a 6th-order polynomial regression.

Variables:
Ta, RH,V, MRT (physiological response derived from Fiala model)
Limitations Compared to EHI-N*:

UTCI is based on the Fiala model with standard morphology and does not allow for
population-specific assessment. It assumes walking at 4 km/h (135 W/m2) with no
metabolic variation for different work intensities. Physiological constraints are built into
the underlying Fiala model but are not explicitly parameterized for user adjustment. The
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full Fiala model is computationally expensive, while the polynomial approximation loses
fidelity. UTCI categories are based on thermal comfort and stress rather than work capacity,
as it was not designed specifically for occupational assessment.

EHI-N* EXTENSIONS

EHI-N* extends the Lu & Romps (2022) framework with critical additions for realistic
outdoor worker assessment:

EHI-N* Extensions:
1. Variable metabolic rate (Qm): Activity-specific heat production from 1-6+ METs
2.Mean radiant temperature (MRT): Solar and infrared radiation effects
3.Body morphology (M, H, A): Mass, height, and DuBois surface area

4. Thermoregulatory limits:
* Maximum vasodilation (skin blood flow): 7.8 L/min

« Maximum sweating capacity: 2 L/h (adjustable for acclimatization)

Why These Additions Are Necessary

Metabolic Rate. Outdoor workers performing heavy labor generate 2-5 more metabolic heat
than the resting/light activity assumed by other indices (Ainsworth et al., 2011; Poulianiti et
al., 2019). Table 2 (Section 3.1) provides metabolic rates for common occupational activities,
ranging from 58 W/m at rest to over 400 W/m for very heavy work.

Mean Radiant Temperature. Solar radiation can add 100-200 W/m? to a worker’s heat load
(Di Napoli et al.,, 2020; Middel and Krayenhoff, 2019; Thorsson et al., 2007). The mean
radiant temperature outdoors commonly exceeds air temperature by 10-30°C (Di Napoli et
al.,, 2020; Middel and Krayenhoff, 2019; Thorsson et al., 2007). Indices that ignore radiation
systematically underestimate outdoor heat stress.

Body Morphology. Surface area-to-mass ratio critically determines heat dissipation capacity.
While the original EHI includes morphological parameters, they are fixed to US standard
values (83.6 kg, 1.69 m) (Lu and Romps, 2022). EHI-N* allows user-specified inputs via the
DuBois formula (DuBois and DuBois, 1916):

A =0.202 x M2 x HO™

enabling population-specific assessment (e.g., Indian workers average 65 kg, 1.65 m).

Thermoregulatory Limits. All previous models either assume unlimited thermoregulatory
capacity (Gagge, PET, original EHI) or use empirically derived exposure guidelines that do
not explicitly model physiological limits (WBGT work/rest tables) (1SO, 2017).
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Vasodilation limit (7.8 L/min): Cardiac output to the skin is physiologically constrained.
Beyond this limit, the body cannot increase skin blood flow regardless of heat stress
(Rowell, 1974; Sawka et al., 2011).

Sweating limit (2 L/h baseline): Sweat gland output has a maximum capacity. For
unacclimatized or partially acclimatized individuals, sustained sweating above 1.5-2 L/h is
difficult; acclimatized individuals may reach 2.5-3.5 L/h (Barnes et al., 2019; Sawka et al.,
201D).

When thermoregulatory demands exceed these physiological capacities, the body can
no longer maintain thermal equilibrium and core temperature must rise. This is Zone 6
(hazardous) in EHI-N*.

INDIA ENERGY AND CLIMATE CENTER | 67



