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High-Resolution Modeling of Wet Bulb Globe Temperature
Reveals Substantial Heat Risks Across Crops and Work
Shifts Among Agricultural Workers in Southern California

Sagar P. Parajuli’ ©, Trent Biggs' (©, Corrie Monteverde', Haley CiborowskiZ, Nicolas Lopez Galvez?,
Penelope J. E. Quintana?, Fernando De Sales' ©, Miguel Angel Zavala Perez’,
Callum Thompson* ©, and Charles Jones*

"Department of Geography, San Diego State University, San Diego, CA, USA, *School of Public Health, San Diego State
University, San Diego, CA, USA, *San Diego State University Imperial Valley Campus, Calexico, CA, USA, *University of
California, Santa Barbara, Santa Barbara, CA, USA

Abstract Farmworkers are particularly vulnerable to heat stress, which can escalate into heat-related
illnesses such as heat exhaustion or heat stroke, and can also impact productivity loss. Heat exposure varies
considerably depending on season, work-shift timing, acclimatization, and workload. We examine the
frequency of heat stress exceedance in the Imperial and Coachella Valleys of southern California using wet bulb
globe temperature (WBGT) calculated using the outputs from Weather Research and Forecasting (WRF) model
for a reference year of 2020. The critical WBGT threshold of 80°F is exceeded for more than 500 hr in August,
with considerable exceedance in all key harvesting months of April, May, and June. The threshold is exceeded
most frequently in August, with daytime (nighttime) exceedance of 96.3% (38.0%) in the Imperial and 72.5%
(11.9%) in the Coachella Valleys. Occupational WBGT limits are also exceeded in most crop environments for
unacclimatized workers, and even for acclimatized workers during date and sugarcane harvests. Adjusting the
work schedule to an early morning or late evening shift can reduce workers' productivity loss by up to 40%.
Based on our findings, we propose several strategies to mitigate heat risks among farmworkers: (a) adjusting
work hours to include cooler morning or evening hours (b) using WBGT instead of air temperature to monitor
heat exposure (c) adopting variable rest-break schedules (d) reducing nighttime heat exposure during summer to
allow recovery from daytime heat (e) taking extra precaution in high-risk crop zones (f) avoiding nighttime
irrigation during summer, and (g) revising thresholds and definitions used to identify heatwaves.

Plain Language Summary Farmworkers are at high risk of heat stress because they work outdoors
for prolonged hours under strenuous conditions. This can lead to serious illnesses such as heat stroke and can
reduce productivity. We examined how often heat exposure exceeds safety limits in California's agricultural
heartlands, the Imperial and Coachella Valleys, using the Wet-Bulb Globe Temperature (WBGT), a scientific
heat metric. We found that WBGT exceeded the safety limit for hundreds of hours during key harvest months
such as April, May, and June. Based on our results, we recommend several heat-exposure mitigation strategies
to protect farmworkers: (a) adjusting work hours to include cooler morning or evening periods; (b) using WBGT
rather than air temperature to monitor heat exposure; (c) adopting a variable rest-break schedule; (d) reducing
nighttime heat exposure during summer to support recovery from daytime heat; (e) taking extra precautions in
high-risk crop zones; (f) avoiding nighttime irrigation during summer; and (g) revising definitions used to
identify heatwaves.

1. Introduction

Heat stress is a critical threat to the health of outdoor workers, including farmworkers (Fatima et al., 2021;
Jackson & Rosenberg, 2010). Heat stress has serious health consequences, from heat-related illnesses to death due
to heat strokes (Moyce et al., 2017; Ostro et al., 2009; Smith et al., 2022). Heat stress also affects worker pro-
ductivity (Parsons et al., 2022) as workers slow down to cope with heat and to reduce the risk of injury (Roson &
Sartori, 2016; Tawatsupa et al., 2013). Meteorology-based metrics, including air temperature (CCR, 2005), heat
index (Rothfusz, 1990), and wet bulb globe temperature (WBGT) (Kong & Huber, 2022; Parajuli et al., 2024) can
provide proxies of heat stress exposure for workers, but farmworkers have highly variable work shifts (Mitchell
et al., 2018), including night-time work (Tan & Bogage, 2023), that vary by crop and need to be accounted for
when tabulating heat exposure metrics.
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Heat exposure also impacts labor productivity. Although employers might perceive that taking longer rest breaks
could reduce productivity, there is limited evidence and lack of studies on the impact of rest breaks on pro-
ductivity (Faucett et al., 2007). Several previous studies have quantified the loss of productivity at higher heat
stress levels under future climate scenarios (Dunne et al., 2013; Matsumoto et al., 2021; Saeed et al., 2022).
Multiple labor response functions (LRFs) have been developed to estimate the impact of heat stress on labor
productivity in terms of WBGT (Brode et al., 2018; d’Ambrosio Alfano et al., 2014; Kjellstrom et al., 2018;
Malchaire, 1979; Sahu et al., 2013; Wyndham, 1969). Different crops have different greenness, plant density,
plant heights, and planting/harvesting seasons, which can impact the land surface temperature, air temperature,
and humidity levels (Bonan, 2008; Parajuli & Yang, 2017). Therefore, heat exposure is expected to vary across
different crop environments. Labor requirements also vary significantly across different crops due to differences
in cultivation practices and harvesting methods (Mohammadian et al., 2020; Pan et al., 2021). High-value or
perishable crops such as fruits, vegetables, and specialty crops often require intensive manual labor for tasks like
transplanting, hand weeding, selective harvesting, and packaging. Work shifts vary widely by crop: greens may
be harvested at night to maintain crop turgor and flavor, while other crops, such as orchard crops, may be har-
vested during the day due to lighting and safety challenges at night (Mayer, 2023). Detailed information on
farming work schedules are often not readily available, complicating the calculation of heat indices during work
hours.

The Imperial and Coachella Valleys (ICV) have some of the largest agricultural fields in California, supplying a
large fraction of the fruits and vegetables consumed in the US (CDFA, 2023). Imperial County also has the
highest heat-related illness rate reported in California (Heinzerling et al., 2020). About 20,000 farmworkers are
active in the ICV region in any given month (CES, 2020), which is about 30% of California's total farm
employment (Martin et al., 2017). Most of the farmworkers working in the region are seasonal migrant workers of
Hispanic origin coming from the bordering town of Mexicali, Mexico (Vega-Arroyo et al., 2019). Despite the
presence of a large number of outdoor farmworkers, a comprehensive spatio-temporal evaluation of heat exposure
in the ICV region is lacking, particularly during the period of intensive harvesting, as opposed to the more
common summer periods (Thompson et al., 2025).

Various crops are grown in the ICV, each with different planting and harvesting seasons. April has the highest
greenness in the year in the ICV fields as per the leaf area index (LAI) data in the study area (Parajuli et al., 2024).
Major winter crops include lettuce, cauliflower, kale, and broccoli; spring crops include onions, citrus, and
carrots; summer crops include melons, corn, and wheat and summer-to-fall crops include dates, lemons, and
olives, while other crops like sugarcane, alfalfa, and animal fodder are grown all year round (Parajuli et al., 2025).

The Wet Bulb Globe Temperature (WBGT) is a widely accepted international standard for measuring heat stress
(IS0, 2017), which uses all key meteorological factors affecting heat stress, including air temperature, humidity,
solar and thermal radiation, and wind speed. The WBGT can be directly measured using WBGT monitors
(Clark & Konrad, 2024) or estimated using meteorological data and weather model outputs with reasonable
accuracy (Kong & Huber, 2022, 2024; Liljegren et al., 2008; Parajuli et al., 2024). The WBGT for outdoor
environment is given by the following equation (Budd, 2008; Yaglou & Minard, 1957):

WBGT =0.7x WBT + 0.2 X BGT + 0.1 x DBT ()

where WBT is the natural wet-bulb temperature, BGT is the black globe temperature and DBT is the dry-bulb
temperature (or simply air temperature measured in weather stations).

In this work, we examine how often thresholds of heat stress are exceeded in farmworkers' work environment in
the ICV region (Figure 1) using WBGT as a heat stress indicator. We calculate WBGT using outputs from a
validated Weather Research and Forecasting (WRF) model, which is a widely used numerical model both for
research (Parajuli et al., 2022) and operational weather forecasting (Cobb et al., 2023). We use the gold-standard
method for calculating WBGT (Liljegren et al., 2008), recently implemented in Python (PyWBGT) (Kong &
Huber, 2022). We specifically use PyWBGT's WBGT_GCM formulation, which modifies the Liljegren et al.
method to include longwave radiation in addition to shortwave radiation. Note that another computationally more
efficient approximation is also available from the same authors (Kong & Huber, 2024), which we do not use. Our
model includes the effects of irrigation, which is a key modulator of heat stress in the region (Parajuli et al., 2024).
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Figure 1. (a) WRF model domain configuration showing the region of interest (d03) over the Imperial and Coachella Valleys
and (b) the location of stations from CIMIS (yellow) and CARB (red) networks used for model validation plotted on a
satellite image of the region with the Salton Sea at the center.

The use of WRF outputs enables calculation of heat stress exceedances across the entire ICV region at high spatial
and temporal resolution. We explore the following specific research questions:

1. How often are the heat stress limits exceeded during the harvesting seasons in Imperial and Coachella Valleys?
2. How does heat exposure vary by work hours, seasons, and crop types?
3. What are possible heat stress mitigation strategies for farmworkers?

2. Methods
2.1. WRF-Modeling

In this study, we utilize version 4.4 of the Weather Research and Forecasting (WRF) model, which has been
described in greater detail elsewhere (Parajuli et al., 2024, 2025). Briefly, the model setup includes three nested
domains with horizontal resolutions of 9 km (d01), 3 km (d02), and 1 km (d03), as illustrated in Figure 1a. The
finest-resolution domain, d03, encompasses all agricultural areas in the Imperial Valley and extends northward
into the Coachella Valley. To more accurately capture heat exposure among farmworkers, many of whom
commute daily from Mexicali, we also include Mexicali and its surrounding region within the model domain.

We use ERAS data developed by European Centre for Medium-Range Weather Forecasts (ECMWF) as initial
and boundary conditions, which is an hourly reanalysis data available at ~31 km resolution (Hersbach
et al., 2020). Convection is fully resolved in the finest domain (d03) while we parameterize convection in the two
parent domains (dO1, d02) using Grell and Freitas scheme (Grell & Freitas, 2014) (cu_physics = 3). Key modules
used are Morrison double-moment microphysics scheme (Morrison et al., 2009), Yonsei University Scheme
(YSU) planetary boundary layer scheme (Hong et al., 2006), Rapid Radiative Transfer Model (RRTMG) for both
shortwave and longwave radiation (Iacono et al., 2008), and revised MMS5 Monin-Obukhov surface layer scheme
(Jiménez et al., 2012). We use the community Noah-MP land surface model (He et al., 2023) within WRF, which
reproduces the hydroclimate over the continental US well (Rasmussen et al., 2023). Irrigation is applied within
Noah-MP based on an LAI threshold using the USDA county-level irrigation data (Valayamkunnath, 2019). The
irrigation is applied using the sprinkler irrigation option until the soil moisture reaches the field capacity, which is
the default setting.

The WRF model results used in this study were previously validated against a set of observations (Figure 1b)
(Parajuli et al., 2024). The validation shows that the model performs well in simulating the meteorological inputs
as well the WBGT parameters. Inclusion of irrigation also significantly reduces the bias in humidity and air
temperature. The use of reanalysis data (ERAS) as initial and boundary conditions, the high-resolution (1-km
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spatial resolution) model configuration, and the application of grid nudging resulted in robust simulations of the
meteorological parameters that feed into WBGT.

The only difference between this study and our previous work (Parajuli et al., 2024) is the method used to
calculate WBGT. In the previous study (Parajuli et al., 2024), we computed WBGT using the Thermofeel Python
library (Brimicombe et al., 2022). Here, and in our another preceding study (Parajuli et al., 2025), we apply
Liljegren's method (Liljegren et al., 2008) as implemented in PyWBGT (Kong & Huber, 2022), because Lil-
jegren's method is generally considered more robust for WBGT estimation. All other aspects of the modeling
framework remain unchanged. Specifically, the WRF model configuration and input parameters are the same,
which have been previously validated (Parajuli et al., 2024).

2.2. WBGT Calculations

In this study, WBGT is calculated using the gold standard method (Kong & Huber, 2022), which can compute
WBGT using meteorological observations or climate model outputs. Originally written in the C programming
language, the method was recently implemented in Python as the PyWBGT package (Kong & Huber, 2022).
Kong and Huber (2022) extended the method to calculate natural WBT and BGT to use longwave radiation
(Tnwb_GCM and Tg_GCM). We evaluated the results using these updated equations against our field mea-
surements of BGT (Parajuli et al., 2024) and found that Tg GCM slightly improves the prediction of BGT
compared to the original formulation (Tg_Liljegren) (Figure S2 in Supporting Information S1). Measured WBT
data were unavailable so we were unable to compare the natural WBTs (Tnwb_Liljegren and Tnwb_GCM) but
the demonstrated improvement in BGT alone provides justification to use WBGT_GCM. Therefore, we use
WBGT_GCM in all of our calculations.

The inputs required for WBGT calculation include DBT, relative humidity, surface pressure, 2- or 10-m wind
speed, surface downward and upward solar radiation, surface downward and upward longwave radiation, solar
zenith angle, and the fraction of direct horizontal solar irradiance to the total horizontal solar irradiance. WBGT
can be calculated using the above-mentioned method (Kong & Huber, 2022) as:

WBGT_GCM_k = xr. apply_ufunc(WBGT_GCM, t2_k, rh, psfc, va, swdnb, swupb,

2

lwdnb, Iwupb, f, czda, False, output_dtypes = [float]) @
The description of the above input parameters and the corresponding WRF output variables are provided in
Table 1.

2.3. WBGT Thresholds

General WBGT thresholds are recommended by National Weather Service (NWS) (NWS, 2023), which start at
80°F. Occupational WBGT thresholds are recommended by the National Institute for Occupational Safety and
Health (NIOSH) (Jacklitsch et al., 2016), the American Conference of Governmental Hygienists (ACGIH)
(ACGIH, 2017), and the US Army (DOA, 2003). In this study, the NWS WBGT categories beginning at 80°F are
used as a regional heat-risk screening framework to describe the timing, frequency, and spatial pattern of heat
threshold exceedance. Occupational heat stress is interpreted separately using the ACGIH/NIOSH framework,
specifically the Recommended Alert Limit (RAL) and Recommended Exposure Limit (REL), which account for
workload, acclimatization status, and clothing adjustment.

Heat stress experienced by a worker for a given WBGT depends upon clothing and level of physical activity or
metabolic rate. For example, a person involved in heavy work activity will experience heat stress at lower WBGT
compared to the worker involved in light work activity. Similarly, heat stress experienced by the worker increases
significantly if the worker is wearing double or more layers of clothing. ACGIH (ACGIH, 2017)/NIOSH
(Jacklitsch et al., 2016) recommends using effective WBGT (WBGT.) to account for the effect of metabolic heat
and clothing. Workers typically wear double-layered clothing in the study area, therefore, we use NIOSH rec-
ommended clothing adjustment factor of 3°C (NIOSH, Table 3-2) for double-layered clothing and increase our
model-calculated WBGT values uniformly by 3°C (5.4°F) to account for clothing effect. Unless otherwise
mentioned, WBGT in this work refers to WBGT .
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Table 1

Inputs to Calculate WBGT (Kong & Huber, 2022; Liljegren et al., 2008) and Their Equivalent WRF Model Outputs

Parameters

Liljegren/PyWBGT

input variables Equivalent WRF output variable name Remarks

Air temperature at 2 m

Relative humidity at 2 m

Surface pressure

Wind speed at 10 m height

Cosine of solar zenith angle

Total sky direct solar radiation at surface (downward =

on a horizontal plane)

Surface solar radiation downwards

Ratio of direct horizontal solar irradiance to the total F

horizontal solar irradiance

Surface solar radiation upwards

Surface thermal radiation downwards

Surface thermal radiation upwards

t2_k (K) T2 (K) Standard wrf output
rh (%) rh_2m (%) Calculated with the NCAR NCL
script wrfout_to_cf
psfc (Pa) PSFC Surface pressure (Pa) Standard wrf output
e B Y T AT Bt
Czda COSZEN cosine of solar zenith angle Standard wrf output

SWDDIR Shortwave surface downward direct Not a standard WRF output, added
irradiance (W m~2) in myoutfields.txt

SWDOWN (W m~2) downward short-wave
flux at ground surface

SWDDIR/SWDOWN -

swdnb (W m~2) Standard wrf output

swupb (W m~2) SWUPB (W m~2) instantaneous upwelling  Standard wrf output

shortwave flux at bottom

Iwdnb (W m~2) GLW (W m~2) downward long wave flux at ~Standard wrf output

ground surface

Iwupb (W m~2) LWUPB (W m™2) instantaneous upwelling ~ Standard wrf output

longwave flux at bottom

NIOSH recommends using different thresholds for unacclimatized and acclimatized workers to account for the
effect of metabolic heat, given by RAL and REL, respectively, as per the following equations:

RAL(WBGT) =59.9 — 14.1 log,y M 3)

REL(WBGT) =56.7 — 11.5 log;, M @

The total heat exposure for unacclimatized and acclimatized workers should be controlled so that workers are not
exposed to combinations of metabolic and environmental heat greater than the applicable RAL and REL
(Jacklitsch et al., 2016).

2.4. Heat Exposure by Crop Types

Heat exposure across different crop types was determined by averaging the WBGT ¢ over the crop harvest work
shifts and calendar months considering reference metabolic rates. The work hours and harvest month information
(Table 2) were compiled from multiple sources including direct interviews and field surveys together with data
from Imperial County Farm Bureau (ICFB, 2024). We conducted several meetings with representatives from the
farmworker advocacy organization Lideres Campesinas to identify crop-specific seasonality and typical shift
times for each crop. Lideres Campesinas representatives were also former farmworkers with direct experience
working in regional agricultural work. Additionally, we drew from interviews and focus groups with 27 farm-
workers and 9 peer managers (called “mayordomos”) and shift times and corresponding crop types were cross
checked from survey data with 300 farmworkers collected as part of our larger parent study. While there was some
variation in shift hours, we determined typical shift hours by crop from qualitative assessment of all these data
sources. Although we cannot capture variation across specific farms and years, we assume that the crop- and shift-
specific exposure are broadly representative of the region.

The references used to estimate metabolic rate for different crops are provided in the table (Table 2) for each crop.
Although these metabolic rates used correspond to different regions around the world, the physical activity
associated with a crop should not be very different in different regions so it is reasonable to assume that metabolic
rates are fixed for a crop type. For corn, melons, onions, and olives, we were unable to find the metabolic rates
from the literature. So we used an indirect approach to estimate the metabolic energy spent by workers to work on
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Table 2

Common Crops and Their Harvest Month/Hours in the ICV Region With Corresponding Estimated Metabolic Rates

Hours Metabolic rate range (W) Labor category (as per ISO  Land preparation/harvest
Crop start-end Months start-end (reference) (IS0, 2017)) time
Corn 1 am—-6 August-October 244-310 (Pan et al., 2021) Medium Land preparation
p.m.
Melon 6 am—-5 May—June 231-293 (Pan et al., 2021) Medium Harvest
p.m.
Onions-day 6 am.—2 May-June 217-275 (Pan et al., 2021) Medium Harvest
p.m.
Onions-night 6 p.m.—1 May—June 217-275 (Pan et al., 2021) Medium Harvest
a.m.
Grapes 5am.—2 April-June 258-327 (Poulianiti Medium Harvest
p-m. et al., 2019)
Dates 5am-3 August-September  200-260 (Mohammadian Medium Harvest
p-m. et al., 2020)
Winter veggies (Lettuce/Carrots/ 6 am.—3 June-September 146-181 (Carrots) (Edholm Light Land preparation
Broccoli/Cauliflower/Kale) p-m. et al., 1973)
Olives 5am.—2 September—October 285-361 (Pan et al., 2021) Medium Harvest
p.m.
Cane 6 am.—2 April-October 637-770 (Davies Very heavy Harvest
p-m. et al., 1976)
Alfalfa/Sudangrass 6 am.—5 January—December - - Harvest and land preparation

p.m.

these crops. A recent study estimated metabolic expenditure in terms of metabolic equivalents using an accel-
erometer among the farmworkers in the central and imperial valleys (Pan et al., 2021). Using the metabolic
equivalents for these crops, and using “grapes” as reference for which metabolic rate is known (258-327 W)
(Poulianiti et al., 2019), we estimated the metabolic rates for these crops by multiplying the grape's metabolic rate
with the ratio of metabolic equivalents for a specific crop to that of grapes (1.9).

2.5. Critical Crop Zone Mapping

The critical crop zone map was developed by integrating modeled effective WBGT (WBGT) data with crop
maps from Land IQ, an initiative led by the California Department of Water Resources to produce a compre-
hensive spatial land use database for California (CDWR, 2020). We used the Water Year 2020 data set, which
includes multi-crop field mapping for fields larger than 2 acres across the state, derived using a supervised random
forest classification of satellite and aerial imagery. To identify critical crop zones, we calculated the average of
daily maximum WBGT, within selected crop polygons using bilinear interpolation of the WBGT data during
key seasonal windows (April-May and June-July-August).

2.6. Productivity Loss Calculations

Axelson (1974) first provided a formulation to calculate productivity loss at high heat stress based on field data
(Wyndham, 1969), measuring decrease in productivity at increasing effective temperatures for miners. Generally
speaking, there are two most commonly referred labor response functions (LRFs) used to determine productivity
loss due to heat stress. One is based on the adoption of work-rest cycles to avoid health risk (ISO-LRF) (Brode
et al., 2018; d’Ambrosio Alfano et al., 2014; Malchaire, 1979). Another is based on the empirical relationship
between WBGT and measured labor productivity among mine workers in South Africa and rice harvesting
workers in India defined as workability (Kjellstrom et al., 2009, 2014, 2018; Sahu et al., 2013). The ISO-LRF is
more restrictive, providing 100% loss of productivity starting at WBGT ~33°C, while the empirical function is
less restrictive and provides gradual loss of productivity up to 40°C (Figure S3 in Supporting Information S1).

PARAJULI ET AL.

6 of 19

85U8017 SUOWIWIOD BAIE81D 3ol (dde ay) Aq pausenob afe sajoie O ‘8sn Jo So|nJ Joj Aeiq18UlUQ /8|1 UO (SUOTIPUOD-pUe-SLLBIAL0D A 1M AeJq Ul U0//:SANY) SUORIPUOD pUe SWwie | 8L 89S *[9202/60/60] U0 Aid1auljuO A8|IM ‘YO9TOOHDSZ0Z/620T 0T/10p/W0d A8 1M Arelq i puluo'sgndnBe//:sdny wo.y pepeoumod ‘2 ‘9202 ‘€0VTT.LIZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

GeoHealth 10.1029/2025GH001604

We calculate modeled productivity loss using Kjellstrom's labor response function (LRF) as a function of WBGT,
which is derived using measured data. Kjellstrom defined productivity in terms of “workability,” which is ob-
tained by the following equation (Brode et al., 2018):

0.9

Workabilityyegom = 0.1 + ———————
{1+ Comy)

©)

where (al, a2) are constants with values (34.64, 22.72) for low (M = 180 W), (32.93, 17.81) for moderate
(M =300 W), and (30.94, 16.64) for high (M = 400 W) workload.

Since Kjellstrom's LRFs are available only for acclimatized workers, we derive LRFs for unacclimatized workers
with the aid of another method which is used by International Organization for Standardization (ISO-LRF) as
follows:

(6)

WBGTi, rest — WBGT
Workabilitylso = max[O; min | 1; lim, rest ”
WBGTlim,rest - WBGTHm

Where, WBGTj;,, is calculated separately for unacclimatized (RAL) and acclimatized workers (REL) from ISO/
NIOSH guidelines as,

RAL(WBGT;;) = 59.9 — 14.1 log,y M (7)

REL(WBGT},,) =56.7 — 11.5 log,y M (8)

and WBGT);, ;s for the acclimatized and unacclimatized workers is obtained by using metabolic rate at rest
(M = 117 W) in Equations 7 and 8, respectively.

The ISO-LRFs for acclimatized and unacclimatized workers at different metabolic rates are parallel, that is, for
unacclimatized workers, the same amount of labor capacity is reached earlier at an average of 2.42°C lower
WBGT than for acclimatized workers (Figure S3 in Supporting Information S1). With this assumption, we
calculated the workability for unacclimatized workers using the same Equation 5 but by increasing the WBGT
values by 2.42°C (note the inverse relationship between workability and WBGT in Equation 5).

Since workability or work capacity is defined as the percentage of a working hour that a worker can safely
perform, we present our results in terms of modeled productivity loss given as:

Modeled productivity loss = (1 — Workabilityy;ejsom) X 100 )

Using the simulated hourly WBGT, we first calculated hourly workability from the Kjellstrom labor response
function (LRF) (Equation 5) and then converted it to productivity loss using Equation 9. Therefore, in this study,
modeled productivity loss is an LRF-based estimate of heat-related reduction in work capacity embedded in the
published WBGT-workability relationship, and it is not an explicit simulation of mandated rest periods, regu-
latory compliance, or worker behavioral adaptation. We then computed shift-mean modeled productivity loss for
three work shifts (9 a.m.—5 p.m., 4 a.m.—12 p.m., and 4-12 p.m.) by averaging hourly modeled productivity loss
across the hours in each shift, spatially averaged over the Imperial Valley bounding box (Figure 1a), and sum-
marized by month. Modeled productivity loss varies by work shift and month because WBGT differs across shifts
and seasons. A Python notebook provided in the GitHub data repository documents the full procedure used to
calculate labor productivity in this study.

3. Results
3.1. Exceedance of Heat Stress Thresholds (WBGT)

The WBGT ¢ (WBGT with clothing correction; see Methods) hourly exceedance varies greatly with season, with
maximum exceedance in the summer months during both day and night (Figure 2). For the year 2020, August has
the highest number of hours when WBGT, exceeds the critical threshold of 80°F recommended by NWS
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Figure 2. Hourly exceedances (%) of WBGT,; by day and night between April and October (2020) for (a) Imperial Valley
and (b) Coachella Valley, within the bounding boxes in Figure 1. “Day” represents hours from 7 a.m. to 7 p.m. and “night”
represents 7 p.m.—7 a.m. (c) Maps of total exceedance hours (WBGT > 80°F) in different months.

(NWS, 2023). In the Imperial Valley, this happens 96.3% of the time during the day and 38.0% at night
(Figure 2a). In the Coachella Valley, it happens 72.5% during the day and 11.9% at night (Figure 2b).

WBGT, reaches even the highest category (>90°F) in all months (April-Oct) except April in the Imperial
Valley. The WBGT,; threshold of 80°F is exceeded during the major harvesting months April, May, September,
and October in the daytime. In April, WBGT,; exceeded 80°F 23.2% of the time during the day in the Imperial
Valley and 13.2% of the time in Coachella Valley. Nighttime exceedances are considerable in summer months but
negligible in the harvesting months. Exceedance rates are lower in the Coachella Valley compared to the Imperial
Valley, which can be explained by the generally cooler weather in Coachella Valley lying north of the Imperial
Valley. The pattern of exceedance is spatially uniform across the ICV region in a given month (Figure 2c). The
total number of hours exceeding 80°F reaches more than 500 in August, with considerable exceedances in all
harvesting months.

WBGT, varies across seasons, hours, and crop types (Figure 3). Hours shaded in pink (first panel) indicate
potentially unsafe conditions where caution is advised, whereas blue or white represent safer windows for outdoor
labor. WBGT, reaches high values even during the evenings and early mornings, as indicated by pink colors in
Figure 3. The second panel shows the same diurnal variation but using standard WBGT categories in practice, in
which different precautionary measures are recommended for different categories (Table S1 in Supporting In-
formation S1). WBGT,; exceeds even the highest category (>90°F) during several hours of the day between May
to September (Figure 3b). WBGT, returns to the safe level (<80°F) typically after 6 p.m. until 7 a.m. in the
morning in most of the months except August.

3.2. Heat Exposure by Crop Types

Contrary to the expectation that many work shifts would occur at night during hotter months, most work shifts
start between 5 and 6 a.m. and end between 1 and 3 p.m. (Table 2), which includes the hottest part of the day. Only
onions were reported to be harvested at night. WBGT,; varies substantially across crop types due to differences in
typical work hours and harvest seasons (Figures 3 and 4). The critical threshold of 80°F is exceeded for at least
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Figure 3. Variation of WBGT, across hours and seasons. (a) Hourly heatmap of WBGT,; during the warm (April-October)
months. (b) Same as (a) but using commonly used WBGT categories with harvest window (hours and months) for major
crops. Data are averaged over the IV region (Figure 1, blue box).

part of the work shift for most crops (Figure 3), indicating potential heat stress risk in all crop categories except for
onions harvested at night. The WBGT . of several crops exceeds the highest safety threshold (95°F) during part
or a majority of the shift. Dates are the crop with the highest average WBGT g during work periods (Figure 4), as
they are primarily harvested during daytime hours in the hottest summer months. Nighttime harvesting of dates is
not feasible due to safety concerns involving the use of ladders and artificial lighting (Mayer, 2023). Land
preparation for winter vegetables has high WBGT, because it also happens during the day in summer.

The spatial distribution of crop fields, together with WBGT,; averaged within the crop-specific harvest windows,
shows that fields with high heat exposure are widespread but also show clustering (Figure 5). In the Imperial
Valley, all crops fall into the moderate-risk category (85°F < WBGT; < 88°F) during the spring harvest months.
According to NWS recommendations (Table S1 in Supporting Information S1), farmworkers in these zones
should take 30-min rest breaks per work hour when working in direct sunlight, with appropriate adjustments
based on work shift, season, and acclimatization status (Parajuli et al., 2025). In the Coachella Valley, WBGT .
reaches the high-risk category (88°F < WBGT. . 90°F) in some fields for crops such as grapes, melons, and
onions, while the remaining crop zones remain in the moderate-risk category, indicating elevated heat exposure.
Crop diversity is greater in the Imperial Valley, with dominant crops including alfalfa, corn, sudangrass, melons,

Heat exposure by harvest hours and months

100

]
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40
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o e & o G@QQ o o« o o o
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Figure 4. Boxplot of WBGT, by crop type based on the crop-specific work windows (Table 2 and Figure 3). For corn and
winter crops, land preparation time is used instead of the harvest window.
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Figure 5. Maps of critical crop zones with high heat exposure. WBGT,; categories (left panels) for major crop types (right
panel) in (1) Coachella (2) Imperial Valley, averaged during spring harvest season (April-May).

onions, and carrots, whereas the Coachella Valley shows lower diversity, dominated primarily by grapes and
dates (Figure 5 and Figure S1 in Supporting Information S1). High heat-risk conditions persist into summer in the
Coachella Valley with major harvests of grapes and dates, whereas the Imperial Valley shows more limited crop
activity during summer months (Figure S1 in Supporting Information S1).

Including crop-specific metabolic expenditure and acclimatization (ACGIH, 2017; Jacklitsch et al., 2016)
highlights additional risks for heat exposure (Figure 6). For all crops, except onions harvested at night, WBGT ¢
exceeds the Recommended Alert Limit (RAL) for unacclimatized workers. In the case of dates and sugarcane,
WBGT,; even surpasses the Recommended Exposure Limit (REL), meaning that work on crops may be unsafe or
requires additional protective measures such as rest breaks even for acclimatized workers (Parajuli et al., 2025).
Sugarcane harvesting, in particular, involves high-intensity tasks such as bending, cutting, and lifting, resulting in
elevated metabolic demands and increased heat stress risk. These results indicate a clear need to adjust harvest
hours or take precautions otherwise, particularly for high-risk crops, to reduce worker exposure and maintain
conditions within safe occupational heat thresholds.

3.3. Irrigation Impact on Heat Thresholds

Irrigation, as simulated by our model (Parajuli et al., 2024), impacts the WBGT differently during the day as
compared to night, with up to 2.5°F reduction in the daytime, but a similar increase at night (Figure 7a). At night,
while most grid cells in the IV region exhibit WBGT values below 80°F, a substantial number exceed this
threshold even without irrigation (Figure 7b). Grid cells with WBGT values near 80°F are particularly sensitive;
for instance, nighttime WBGTs in the 79-83°F range can increase by up to ~0.75°F by irrigation, often crossing
the 80°F threshold. In contrast, daytime irrigation generally reduces WBGT, as indicated by the predominance of
values below the zero line. This cooling effect is most pronounced in the higher WBGT range (~90-93°F),
suggesting that irrigation is beneficial for mitigating high heat stress during the day. The times when the irrigation
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Figure 6. Crop-specific occupational heat stress exceedance for different
months based on ACGIH (ACGIH, 2017)/NIOSH (Jacklitsch et al., 2016)
threshold limits. The WBGT, range represents the average WBGT . within
IV crop fields (Figure 1, blue box). The range of metabolic rates for different
crop types are obtained from Table 2. Recommended Alert Limit (RAL) and
Recommended Exposure Limit (REL) represent WBGT thresholds for
unacclimatized and acclimatized workers. For corn and winter crops, the
land preparation period is used instead of the harvest window.

effect shifts from positive to negative or vice versa (around 07:30 and 17:00)
are particularly noteworthy (red dotted lines, Figure 7c).

3.4. Heat Exposure During Heatwaves

A total of 158 heatwave days were identified in the Imperial Valley in 2020
using an agricultural station as a reference (Seeley), defined by periods where
daily maximum temperatures exceeded 95°F for at least five consecutive days
(Collins et al., 2000) (Figure 8a). This highlights a severe and prolonged heat
risk for farmworkers in the study region, as some crop-related activities such
as harvesting, land preparation, and irrigation setup occur throughout all
warm-season months. The California Code of Regulations (CCR)
(CCR, 2005) defines heatwave days as the days in which daily maximum
temperatures exceed 80°F and is at least 10°F higher than the average during
the preceding 5 days. The CCR definition identifies substantially fewer
heatwave days compared to our calculation using the 95°F threshold sus-
tained over five consecutive days. Only 9 heatwave days were identified in
2020 using the CCR method (Figure 8b). Notably, most of these CCR-
identified events occurred during the cooler shoulder seasons (April-June
and October—-November), rather than in the core summer months when heat-
related health risks are highest. This is because in desert regions such as the
IV, temperature rises gradually and remains high for several days, but abrupt
increases in temperature by 10°F might be rare. This seasonal misalignment
suggests that the CCR criteria may fail to detect many hazardous periods of
extreme heat. By contrast, the proposed 95°F threshold more effectively
captures prolonged periods of elevated temperatures from April to October,

offering a more realistic detection of heatwaves. We used one representative station (Seeley) for identifying the

heat waves because heat waves typically cover a large region, all showing a similar trend.

(a) Irrigation impact on WBGT - day vs night (b) Irrigation impact against pre-irrigation WBGT values
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Figure 7. Irrigation impact on WBGT. (a) Histograms of WBGT difference between irrigation-on and irrigation-off WRF
runs for the grids within IV region, shown separately for day and night for August 2020. (b) WBGT difference plotted against
pre-irrigation WBGT. (c) Diurnal variation of the irrigation effect on WBGT.
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Figure 8. Heatwave events of 2020 in the Imperial Valley were identified with a reference station Seeley, based on
(a) modified heatwave definition (daily maximum temperatures exceeding 95°F for 5 or more consecutive days)
(b) California Code of Regulation definition of heatwaves.

During the most intense heatwave of 2020 (July—August), the daily maximum 2-m air temperature rose to nearly
120°F in the Imperial Valley (Figure 9a). The nighttime minimum temperature fell below 80°F, allowing some
recovery from heat for residents. Relative humidity remained below 40% during most of the heatwave, with an
exceptional spike on the night of August 01 (Figure 9b), which is caused by increased evaporation from the Salton
Sea (Parajuli et al., 2024). This spike raised the daily minimum WBGT at night by ~ 4°F (Figure 9d). The
upwelling longwave radiation notably increased due to strong heating of the land surface during the heatwave
(Figure 9c), which worsens heat stress by increasing the black globe temperature, a component of WBGT. The
WBGT during the heatwave reached above 95°F, while remaining above the critical threshold of 80°F for several
hours at night (Figure 9d).

3.5. Impact on Labor Productivity

Modeled productivity loss also varies across hours and seasons due to variation in heat exposure (Figure 10).
Maximum modeled productivity loss occurs for unacclimatized workers performing heavy work (Figure 10a),
while it is minimum for acclimatized workers performing light work (Figure 10b). The maximum modeled
productivity loss exceeds ~80% during the summer months. The modeled productivity loss for acclimatized
workers performing light work exceeds ~50% in the summer, while it remains lower during the remaining pe-
riods. There is a notable variation in modeled productivity loss across hours, suggesting that heat exposure, and
consequently productivity loss, clearly depends on the work hours.

Modeled productivity loss increases with the progression of warm months, reaching its highest in August. Three
scenarios involving different work shifts are presented, depicting variation in modeled productivity loss across
shifts. Modeled productivity loss exceeds 55% in August for the baseline work shift (9 a.m.—5 p.m.). The modeled
productivity loss is reduced to below 25% in the early morning shift (4 a.m.—12 p.m.) and below 15% in the
evening shift (4 p.m.—12 a.m.). These results suggest that productivity loss can be significantly reduced, by up to
40%, by adjusting the work schedule. Adoption of evening shift may be preferable for reducing heat exposure as it
results in lowest productivity loss although the morning shift also reduces productivity loss remarkably.

As per the county-level farm employment database (CES, 2020), maximum farm employment is observed in May
in Imperial County, with over 12,000 workers, indicative of the peak harvesting month. Farm employment in
Imperial County suddenly drops with the start of summer (~25%) to a base level of ~9,000 workers (Figure 11b)
with no further reduction in the following months. This trend in farm labor deployment likely reflects a seasonal
reduction in crop harvesting activities and, as a result, may also reduce overall heat exposure across the worker
population. During the peak labor deployment month (May), there is considerable daytime WBGT exceedance
across all WBGT categories, with no remarkable exceedance at night (Figure 2). This employment pattern may
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Figure 9. Time series of heat stress parameters at Seeley (Imperial Valley) during the most intense heatwave of 2020. (a) 2-m
air temperature, (b) relative humidity, (c) upwelling longwave radiation, and (d) WBGT.

also have implications for labor productivity because fewer workers are employed during the hottest months
(July—September), when heat stress and associated productivity loss are highest (Figure 11a), while more workers
are employed during relatively cooler months (April-May) when productivity losses are lower.

4. Discussion and Summary

The farmworkers in the ICV region face unique heat-related challenges. Many already endure difficult working
conditions and are exposed to heightened heat risk during planting and harvesting periods. Our study estimates the
heat exposure among the farmworkers in the ICV crop environments using hourly outputs from a high-resolution
(1-km grid) regional weather forecasting model (WRF). We used hourly WBGT estimates by crop type to es-
timate when conditions exceed recommended heat stress thresholds. These thresholds are based on guidelines
from the American Conference of Governmental Industrial Hygienists (ACGIH®) (ACGIH, 2017) and the
National Institute for Occupational Safety and Health (NIOSH) (Jacklitsch et al., 2016), which consider factors
including clothing and different work load conditions. Heat stress is often quantified using simplified indices like
Wet Bulb Temperature (WBT) or simplified WBGT because global general circulation models often lack key
inputs like radiation (Chakraborty et al., 2022; Vecellio et al., 2023; Zhao et al., 2021). Our WBGT exceedance
calculations are based on the gold-standard Liljegren method (Kong & Huber, 2022; Liljegren et al., 2008), which
includes key contributors of heat stress, including humidity as well as longwave and shortwave radiation, and thus
provides a much more accurate assessment of field-level heat exposure on farmworkers.

Our analysis shows that heat exposure has a strong diurnal cycle but also varies by crop type. The recommended
occupational WBGT threshold (80°F) is frequently exceeded even in the cooler harvesting seasons (April-May,
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Figure 10. Modeled heat-related productivity loss (%) by hours of the day for unacclimatized and acclimatized farmworkers
averaged within the Imperial Valley, during the warm months (2020).
September-October), ranging from 100 to over 500 hr in different months. Even the highest WBGT category
(>90°F) is exceeded for considerable work hours in most harvesting months. Urban areas such as El Centro and
Mexicali have many more exceedance hours compared to the agricultural crop fields due to urban heat island
effects. Existing evidence shows that nearly all heat-related illness incidents and fatalities occur when WBGT
exceeds occupational limits (Morris et al., 2019). The large number of annual heatwave days (158), some of which
also fall within key harvesting months (May and October), indicates that the ICV region is a high heat-risk
environment for farmworkers.
(a) Productivity Loss (%)
50 9am-5pm shift
20 4am-12pm shift
4pm-12am shift
30
20
10
0
(b) Farm Employment (#)
12500
11500
10500
9500
Apr May Jun Jul Aug Sep Oct
Figure 11. Modeled heat-related labor productivity loss by work shift. (a) Modeled productivity loss based on WBGT
averaged by month within the IV crop fields (Figure 1). (b) No. of farm employment in Imperial County. Both data are for
April-October 2020.
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4.1. Policy Implications

Our comprehensive results on heat exposure, examining its variation across hours, seasons, and crops, allow us to
propose a number of mitigation measures to reduce the heat exposure among farmworkers in the ICV region as
discussed below. However, because we did not use any health outcome data in this study, the following mitigation
measures should only be interpreted as inferential recommendations, which require confirmation through future
health, behavioral, and implementation research.

4.1.1. Adjusting Outdoor Work Hours

One immediate strategy to reduce heat exposure is changing the timing of work shifts. Our results show that heat
stress exceedance has a clear diurnal variation (Figure 3). Therefore, altering work shifts even by a few hours to
utilize cooler morning or evening hours can significantly reduce heat exposure. In fact, some farmworkers
mentioned that such adjustments in work shifts are already in practice in the region in high-heat periods during the
summer, although regulations do not formally recognize this. The effectiveness of such practice is evident from
our results, but we note that commonly-practiced work shifts in the ICV region still include the hottest hours of the
day carrying substantial heat risks. Our results showed that shifting the work hours to an early morning or late
evening shift can reduce the productivity loss by up to 30% and 40%, respectively, while also protecting workers
from extreme heat. While working at nighttime is becoming more common in some places (Mayer, 2023),
adjusting work hours must account for constraints such as child care, sleep schedule disruption and safety
concerns.

4.1.2. Use of WBGT Instead of Air Temperature

Current heat protection regulations in California, such as California Code of Regulations (CCR) T8 §3395 [60],
rely on air temperature to specify protective measures in high-heat conditions. For example, CCR requires
employers to provide access to shade when the air temperature exceeds 80°F threshold and provide 10-min rest
breaks every two hours when the air temperature exceeds 95°F. But air temperature alone can misrepresent actual
heat risks because this single metric does not consider the specific impact of solar radiation, wind speed, and
humidity, which are key factors in the ICV agricultural fields. The WBGT thresholds have been linked to
observed health risks and can provide a better measure of heat exposure (ISO, 2017; Jacklitsch et al., 2016), even
though WBGT values are less intuitive and appear lower than air temperature. WBGT monitoring remains rare
among farmworkers, likely due to equipment costs and logistics. In this context, a regional forecasting approach
can address current gaps in early warning systems at city or farm-level scales (Vargo et al., 2015). Although
simplified WBGT metrics have been widely used (Bernard & Barrow, 2013; Clark & Konrad, 2024), our work
suggests that a more rigorous monitoring of WBGT in combination with a weather model is both feasible and
effective in agricultural settings.

4.1.3. Adopting Variable Rest-Break Schedule

Heat exposure among farmworkers varies with season, work shift, crop type, and level of acclimatization.
Therefore, rest-break needs also vary accordingly in different work settings (Parajuli et al., 2025). As a result,
fixed rest-break durations specified in CCR may not provide adequate protection across diverse work settings.
Tailoring rest-breaks to the specific conditions can help minimize heat risk. Clearer and more detailed rest-break
guidelines in CCR and related resources would support employers in implementing more protective schedules for
farmworkers.

4.1.4. Reducing Nighttime Heat Exposure

WBGT thresholds are exceeded frequently, even in the nighttime, in the ICV crop fields. Certain crops are
harvested at night, for example, onions, so the nighttime heat exposure should also be considered during summer,
although our results show that nighttime harvesting during the spring season appears safe. Additionally, as many
of the workers also live in the cities in the agricultural region, nighttime heat continues to affect the workers at
their homes. Without nighttime cooling, particularly in homes without AC, workers may not recover properly,
which increases their vulnerability to heat stress the following day. Many farmworkers live in the ICV city areas,
often in homes without air conditioning (Kamai et al., 2023). A recent study found that nighttime heat is more
related to preterm childbirth than daytime heat (Ward et al., 2019). Therefore, new policies should consider these
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oft-hours risks and encourage nighttime cooling strategies, such as access to public cooling centers, home ret-
rofits, or subsidies for air conditioning.

4.1.5. Avoiding Nighttime Irrigation

Our results showed that irrigation may increase WBGT at night. In areas where WBGT is close to 80°F, nighttime
irrigation can cause WBGT increases of ~0.75°F, enough to cross the critical heat stress threshold. The irrigation
impact on WBGT is minimal during early morning or late afternoon transitional periods (around 07:30 and
17:00). Therefore, these transitional windows may be considered ideal for scheduling irrigation. While daytime
irrigation provides a net cooling effect on WBGT, it results in higher evaporative losses, which is not desired from
a water conservation perspective.

4.1.6. Identifying and Mapping High-Risk Crops

Dates and sugarcane are associated with extreme heat exposure due to their peak harvest occurring during the
hottest hours/months and the intense physical labor required for their harvest (Figure 6). Therefore, it is important
to identify these critical crop zones and provide extra precautions for the workers in these fields. The spatial
identification of high-risk crops and their associated microclimates allows for a more targeted intervention
strategy. Our critical crop zone map (Figure 5) can be used to prioritize resource allocation, such as water access
points, mobile shade structures, and targeted heat warnings. Alternation of work schedule is highly recommended
in these crop zones to minimize heat exposure (Parajuli et al., 2025).

4.1.7. Revising Heat Thresholds

Our results show that California's current heatwave definition (CCR), which is based on a comparison of daily
highs to the five preceding days, fails to capture major heat events in already hot regions like the ICV region
(Figure 8). In the desert environments such as the ICV, the daily maximum temperature rises gradually over
several weeks, and the most dangerous conditions occur when the CCR method does not detect significant change
due to uniformly high temperature and low deviation from the mean. We proposed and compared the effec-
tiveness of a simpler definition of heatwaves: defined as five or more consecutive days exceeding 95°F (Collins
et al., 2000). This revised definition aligns with international standards (e.g., WMO) (WMO, 2016) and uses the
same threshold adopted by CCR to recommend high heat procedures, not to define heatwaves (CCR, 2005). For
cooler regions such as coastal areas, the 95°F threshold can be adjusted downward. While this simple definition
identifies the major heat waves, a health-based approach using heat-related illness and mortality data should be
used to refine heatwave definitions, although such analysis is beyond the scope of this study.

4.1.8. Limitations

High-resolution regional simulations are typically used for localized, fine-scale analysis because of their high
computational cost. Therefore, we conducted simulations for only one representative year, 2020, in this study. To
evaluate sensitivity to interannual variability, we repeated the exceedance analysis for a second recent year (2024)
using the same configuration and methods. We chose 2024 for the additional sensitivity analysis because it was
the most recent year with complete data availability at the time the study was conducted. During the cooler harvest
period (April), the exceedance of WBGT, > 80°F is stable across years for both day and night. April daytime
exceedance is nearly identical in 2020 and 2024 (Imperial Valley 23.2% vs. 23.6%; Coachella Valley 13.2% vs.
13.1%), while April nighttime exceedance is negligible in both years and both valleys. In contrast, the summer
period (August) shows stronger interannual variability. August daytime exceedance remains high but differs
substantially between years (Imperial Valley 96.3% vs. 82.3%; Coachella Valley 72.5% vs. 60.8%), and August
nighttime exceedance also varies markedly (Imperial Valley 38.0% vs. 21.5%; Coachella Valley 11.9% vs. 7.9%).
These results support the robustness of the main conclusions regarding seasonal contrasts and regional differences
in heat risk, while indicating that the magnitude of summer exceedance, especially at night, should be interpreted
cautiously when using a single year. Future studies should evaluate crop-specific WBGT exceedances using a
multi-year climatology (Thompson et al., 2025) to better assess the generalizability of these findings.

Our results are derived from coarse-resolution simulations at 1-km spatial resolution, which may have some
biases (Parajuli et al., 2024) that could influence the exceedance of the thresholds. The metabolic rates assumed in
this study were derived from other regions, which may not accurately reflect the level of work activity in the ICV
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fields. The modeled productivity loss is calculated using an empirical function developed using limited data from
another region (Kjellstrom et al., 2009, 2014, 2018; Sahu et al., 2013), which may not also accurately reflect the
labor response profile in the ICV region. Another limitation of our study is the exclusion of air pollution impact on
heat stress. Research from California's Central Valley has shown that ozone exposure also reduces farmworker
productivity (Graff Zivin & Neidell, 2012). Future studies should integrate air quality data with heat exposure
modeling to provide a more comprehensive view of environmental stressors. We also did not consider the actual
health impacts using heat-related illness and mortality data while calculating heat exposure. Future studies should
evaluate the WBGT exceedances and heat thresholds using health data to know whether the exceedances align
with timing of health events and/or labor activities. Finally, the irrigation effect presented here is based on
idealized irrigation using a model and does not represent observed farm-level irrigation practices. In reality, the
irrigation response is likely to vary by crop type, irrigation method, and irrigation timing. Future work should
quantify how this effect changes across crops, seasons, and actual irrigation schedules in the study area.
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ERADS surface and pressure-level data used for driving WRF model were obtained from the Copernicus Climate
Data Store (Hersbach et al., 2023). CIMIS station data were obtained from their official website: https://cimis.wa
ter.ca.gov/WSNReportCriteria.aspx. CARB meteorological data were downloaded from the Air Quality and
Meteorological Information System: https://www.arb.ca.gov/aqmis2/metselect.php. LandIQ crop maps were
downloaded from the California Department of Water Resources website: https://data.cnra.ca.gov/dataset/statewi
de-crop-mapping. WRF model source code is available at the official WRF Github repository (NCAR, 2025):
https://github.com/wrf-model/WRF. Liljegren's Python-based WBGT code can be freely obtained from the link
provided in a published article (Kong & Huber, 2022). Sample Python scripts used to perform data analysis, and
produce figures, are made available at the Github repository: https://github.com/psagar123/RuralHeatlsland/ and
on Zenodo (Parajuli, 2025).
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