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ABSTRACT: Human heat stress depends jointly on atmospheric temperature and humidity. Wet-

ter soils reduce temperature but also raise humidity making the collective impact on heat stress

unclear. To better understand these interactions, we use ERA5 reanalysis to examine the coupling

between daily average soil moisture and wet-bulb temperature (𝑇𝑤) and its seasonal and diurnal

cycle at global scale. We identify a global soil moisture-𝑇𝑤 coupling pattern with both widespread

negative and positive correlations in contrast to the well-established cooling effect of wet soil on

dry-bulb temperature. Regions showing positive correlations closely resemble previously iden-

tified land-atmosphere coupling hotspots where soil moisture effectively controls surface energy

partition. Soil moisture-𝑇𝑤 coupling varies seasonally closely tied to monsoon development, and

the positive coupling is slightly stronger and more widespread during nighttime. Local-scale

analysis demonstrates a nonlinear structure of soil moisture-𝑇𝑤 coupling with stronger coupling

under relatively dry soils. Hot-days with high 𝑇𝑤 values show wetter-than-normal soil, anomalous

high latent and low sensible heat flux from a cooler surface, and a shallower boundary layer. This

supports the hypothesis that wetter soil increases 𝑇𝑤 by concentrating surface moist enthalpy flux

within a shallower boundary layer and reducing free-troposphere air entrainment. We identify ar-

eas of particular interest for future studies on the physical mechanisms of soil moisture-heat stress

coupling. Our findings suggest that increasing soil moisture might amplify heat stress over large

portions of the world including several densely populated areas. These results also raise questions

about the effectiveness of evaporative cooling strategies in ameliorating urban heat stress.
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SIGNIFICANCE STATEMENT: The purpose of this study is to provide a global picture of

the relationship between soil moisture anomalies and a heat stress metric that includes the joint

effects of temperature and humidity. This is important because a better understanding of this

relationship will help improve the prediction of extreme heat stress events and inform strategies

for ameliorating heat stress. We find a wide-spread positive correlation between soil moisture and

heat stress, in contrast to studies relying on temperature alone. This raises the possibility that, over

much of the world, and in the most populous regions, strategies like irrigation or ”greening” that

can reduce temperature, might be ineffective or even harmful in reducing heat stress with humidity

incorporated.

1. Introduction

Heat stress is a leading cause of weather-related fatalities (Buzan et al. 2015; Barriopedro et al.

2011) which is expected to increase in prevalence and intensity in the future (Diffenbaugh and

Giorgi 2012; Sherwood and Huber 2010; Willett and Sherwood 2010). Heat stress in humans

depends jointly on atmosphere dry-bulb temperature (𝑇) and specific humidity (𝑞) because heat

storage in the body occurs when latent and sensible heat fluxes are insufficient to allow the body

to balance its metabolic heat load (Wouters et al. 2022; Buzan and Huber 2020; Brunt 1943). The

capability of the human body to cool via perspiration–the primary channel of heat dissipation for

well-hydrated humans in hot environments–reduces strongly as atmospheric humidity increases.

Many studies investigated the physical processes that contribute to high𝑇 events, such as blocking

(e.g., Neal et al. (2022); Brunner et al. (2018)), internal variability modes (e.g., Luo and Lau (2019);

Parker et al. (2014)), and land-atmosphere interaction (e.g., Fischer et al. (2007); Miralles et al.

(2014)). It is less clear to what extent these processes also control moist heat stress given the

additional humidity dimension. Many different heat stress metrics that incorporate humidity exist

and have various applications and relative strengths (Buzan et al. 2015; Ioannou et al. 2022). In

this study, we focus on wet-bulb temperature (𝑇𝑤) because of its straightforward meteorological

and thermodynamic basis, and contrast it with the behavior of dry-bulb temperature.

As a starting point, it is useful to look at the spatio-temporal distribution of hot-days as defined

by the familiar metric, dry-bulb temperature, and the temperature-humidity combined metric, 𝑇𝑤
(see Section 2f for the definition of hot-days) and ask if these days coincide. If they do, then
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there is little value added in studying the dynamics of moist separately from dry heat stress since

the former would be a simple extension of the latter. However, it is clear that 𝑇- and 𝑇𝑤-defined

hot-days overlap with each other by less than 30% across the tropics and subtropics and are nearly

entirely separated (overlapping ratio<1%) over some monsoon regions (Fig. 1a). The overlapping

ratio is less than 20% across half of the land area between 60◦S and 70◦N, and below 10% within

half of the population (Fig. 1b). Lack of temporal overlap implies distinct physical processes

controlling dry heat and moist heat (Ivanovich et al. 2022; Raymond et al. 2017; Monteiro and

Caballero 2019) and motivates our exploration of moist heat stress dynamics as a distinct line of

inquiry from the more traditional dry framework focusing mostly on dry-bulb temperature. The

potential for distinctly different dynamics invites us to unravel the governing processes of humid

heat in order to improve risk prediction and inform resilience and adaptation strategies.

This work focuses on one particular dimension of the governing processes of moist heat: how

land surface moisture affects moist heat stress explicitly including the joint impact of atmospheric

humidity and temperature changes. We are building on the large body of work on the relationship

between soil moisture and near-surface air𝑇 from which a negative correlation has been established

between soil moisture and 𝑇 (Seneviratne et al. 2010). Soil moisture deficits are typically found

to amplify hot 𝑇 extremes both within historical events (e.g., Fischer et al. (2007); Miralles

et al. (2014); Hauser et al. (2016)) and future projections in the context of climate change (e.g.,

Seneviratne et al. (2006); Vogel et al. (2017); Donat et al. (2017). Based on this conceptual model

of strong evaporative cooling diminishing heat stress, evaporative cooling strategies (e.g., green

roof and facades, urban water body, misting system, etc.) have been proposed to mitigate urban

heat stress (Krayenhoff et al. 2018; Sharma et al. 2016; Aram et al. 2019; Völker et al. 2013).

Expanding irrigation is considered to have ameliorated hot 𝑇 exposure and benefited around a

billion people (e.g., Cook et al. (2011); Lobell et al. (2008); Kueppers et al. (2007); Thiery et al.

(2017)).

While the impact of enhanced surface moisture on 𝑇 is well understood (Seneviratne et al. 2010),

a global view of the net impact on heat stress including changes in atmospheric moisture content

is not well established. Wetter soil partitions energy from sensible (SH) to latent heat flux (LH)

(Seneviratne et al. 2010) which not only reduces 𝑇 but also raises 𝑞 making the collective impact

on heat stress not self-evident. This leaves open the question of what the benefits of evaporative
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cooling strategies are when both temperature and humidity are considered. Comparatively few

evaluations have been conducted on the effectiveness of such strategies in terms of both 𝑇 and

𝑞 (Hu and Li 2020; Wang et al. 2022b; Lehnert et al. 2021). Results that appear superficially

contradictory have been obtained regarding whether heat stress strengthens or weakens under

wetter soil depending on whether only 𝑇 is included versus a more complete accounting (Wouters

et al. 2022; Mishra et al. 2020). A more complete analysis may resolve this apparent contradiction.

Many heat stress metrics have been developed that include moisture and weight temperature

and humidity in different ways (de Freitas and Grigorieva 2015; Fiala and Havenith 2015; Buzan

et al. 2015) and given the huge variety (more than 100) of such metrics it is not our goal in this

study to revisit their relative merits in terms of formulation or empirical validation. Instead we

chose to focus on those that have a sound thermodynamic basis and relatively simple convective and

dynamical interpretative framework while still having a strong albeit imperfect relationship with the

empirical heat stress literature (Foster et al. 2021). Several metrics match these criteria and have a

straightforward first-principles basis including𝑇𝑤 (Sherwood and Huber 2010), equivalent potential

temperature (𝜃𝑒) (Song et al. 2022), and moist enthalpy or equivalent temperature (Matthews et al.

2022). These all reflect moist static energy (MSE) and are essentially equivalent given appropriate

assumptions (Sherwood and Huber 2010; Zhang et al. 2021; Raymond et al. 2021; Buzan and

Huber 2020). In that sense, understanding the controls and behavior of one of these metrics will

provide general insights into any of them and other more empirical metrics which depend on the

same underlying physics (Vecellio et al. 2022). In this study we attempt to understand the physical

interactions between soil moisture and heat stress as measured by near-surface 𝑇𝑤.

Despite the clearly established cooling impact of enhanced evaporation on dry heat stress, the

opposite may be true for moist heat stress, at least some of the time. For example, some earlier

studies on soil moisture-precipitation coupling detected higher afternoon boundary layer (PBL)

𝜃𝑒 or MSE conditioned on wetter soil in the morning in local field observations (Betts and Ball

1995, 1998; Eltahir 1998), as supported by modeling studies (Pal and Eltahir 2001; Zheng and

Eltahir 1998; Findell and Eltahir 2003a,b; Schär et al. 1999). Other observational research in

Illinois however did not find a significant correlation between soil moisture and 𝑇𝑤 (Findell and

Eltahir 1999). A more recent observational campaigns over southeastern Nebraska, the Great

Plains Irrigation Experiment (GRAINEX), found higher daytime peak 𝜃𝑒 over irrigated than non-
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irrigated sites (Rappin et al. 2021). Using reanalysis data, recent studies identified a higher 𝑇𝑤
(up to 2.5 °C) over irrigated area than the surroundings in Saudi Arabia (Safieddine et al. 2022), a

temporal clustering of high 𝑇𝑤 days around precipitation events in arid region (Speizer et al. 2022),

and an amplification of urban heat stress by expanding irrigation over northern India (Guo et al.

2022), all of which suggest a positive relation between soil moisture and heat stress. Modeling

experiments also found a heat stress amplification by irrigation (Kang and Eltahir 2018; Krakauer

et al. 2020; Mishra et al. 2020) with the magnitudes depending on the chosen heat stress metrics

(Mishra et al. 2020) since different metrics weight humidity differently. Improvement in irrigation

efficiency was found to reduce heat stress (Ambika and Mishra 2022).

Previous studies on soil moisture-precipitation coupling sketch the physical pathway linking soil

moisture to PBL 𝜃𝑒 (or MSE, or 𝑇𝑤) as: (1) wetter soil enhances both net solar and terrestrial

radiation at surface by lowering albedo and cooling the surface; (2) the re-partition of surface

radiative energy from SH to LH under wet soil reduces surface buoyancy flux which curtails

entrainment of low moist entropy air from free troposphere; (3) less free troposphere air entrainment

suppresses PBL growth leading to a concentration of surface heat flux input within a shallower PBL

(Findell and Eltahir 2003a; Eltahir 1998; Pal and Eltahir 2001). These three factors are additive

and collectively raise PBL 𝜃𝑒 and 𝑇𝑤.

Despite existing observational or reanalysis-based evidence of soil moisture-heat stress coupling

at local or regional scale, a global picture is absent and it is unclear whether the coupling sign

is uniform globally and where the coupling strength is particularly strong. How this coupling

varies seasonally and diurnally is also poorly constrained in a global sense. In addition, the

extent the physical mechanism linking wetter soil to stronger heat stress as described above is

supported by observations or reanalysis has not been demonstrated. This study fill these gaps by

investigating soil moisture-𝑇𝑤 (SM-𝑇𝑤) coupling and its seasonal and diurnal cycle at global scale

using ERA5 reanalysis data (Hersbach et al. 2020; Bell, B. et al. 2020). We also examine whether

the covariations in 𝑇𝑤, soil moisture, surface turbulent and radiative fluxes, and PBL depth (PBLH)

are consistent with the aforementioned physical mechanism.

The remainder of this paper is organized as follows. Section 2 describes the data and methodology.

Results are then presented in Section 3 including: the global distribution of SM-𝑇𝑤 coupling in

summer (Section 3a), the seasonal (Section 3b) and diurnal (Section 3c) variation in SM-𝑇𝑤
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coupling, and a detailed investigation on the nonlinear SM-𝑇𝑤 coupling structure within several

selected local regions (Section 3d). To confirm that these findings are robust to methodological

choices including sampling strategy and statistical coupling quantification, we adopt a different

sampling method focusing only on hot-days with extremely high 𝑇𝑤 values, and compute the

composite anomalies conditioned on hot-days in Section 3e. Section 4 includes discussions on the

comparison between our results and findings from prior work, limitations of this study and future

research opportunities. Finally, Section 5 contains a brief summary and practical implications of

our results.
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Fig. 1. Overlap ratio between 𝑇- and 𝑇𝑤-defined hot-days during 1950-2019: (a) the spatial distribution,

and (b) the area- and population-weighted empirical cumulative distribution function (CDF) for land grid cells

between 60◦S and 70◦N. Low overlap values indicate extremes of moist and dry heat stress do not co-occur and

may therefore have different synoptic settings and dynamical controls.

2. Data and Methods

a. Data source

This study investigates the coupling between soil moisture and 𝑇𝑤 and their covariation with

surface temperature (𝑇𝑠), surface turbulent and radiative fluxes, PBLH and 500-hPa geopotential

height (Z500). To study the interaction of these variables, we use ERA5 reanalysis data on an

hourly-basis at a spatial resolution of 0.25◦×0.25◦ covering the period 1950-2019 (Hersbach et al.

2020; Bell, B. et al. 2020). While many different observational products could be used for inves-

tigating soil moisture or temperature separately and each has its own strengths, we are especially

interested in having a homogeneous global coverage of all the relevant variables simultaneously.
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Reanalysis products have global coverage and spatial continuity compared with pointwise in-situ

measurements which are sparse and spatially uneven—especially for soil moisture. In addition,

all required variables are available within reanalysis archives which ensures physical consistency

among different quantities.

ERA5 is a state-of-art reanalysis product, with substantial improvements over earlier, similar

products. Compared with its predecessor ERA5-interim, ERA5 adopts the HTESSEL land surface

scheme with revised hydrology (Balsamo et al. 2015) and an improved land data assimilation system

(de Rosnay et al. 2014). It also assimilates remote sensing soil moisture products and adopts more

accurate boundary conditions of soil texture and monthly-varying vegetation (Balsamo et al. 2009;

Boussetta et al. 2013). The combination of these changes contributes to significant improvements

in the soil moisture and land surface fluxes consistency (Hersbach et al. 2020). ERA5 has a four-

layer representation of soil, and the first-layer (0 - 7cm below the surface) soil moisture is used in

this study.

It has been shown that ERA5 has considerable fidelity in representing the monthly dynamics and

spatial structure of the observed soil moisture variations (except over parts of the high latitudes and

regions with complex topography), and outperforms other reanalysis products in simulating soil

moisture and evapotranspiration (ET) (Li et al. 2020b; Yang et al. 2021, 2022; Mahto and Mishra

2019). A joint evaluation on ERA5 soil moisture and temperature showed physically consistent

water-heat balances with observed precipitation and near-surface air temperature (Li et al. 2020b).

ERA5 was also demonstrated to be able to suitably capture the nonlinear coupling structure between

soil moisture and extreme 𝑇 (Benson and Dirmeyer 2021).

ERA5 or other reanalysis products are still faced with substantial biases in absolute soil moisture

levels, and have difficulty in reproducing observed long-term trends in soil moisture (Li et al.

2020b; Yang et al. 2022; Mahto and Mishra 2019). This is less a concern in our study since we

focus on the short-term covariation between soil moisture and other quantities with mean values

and long-term trends removed.

To highlight the exposure of people to the potentially hazardous SM-𝑇𝑤 coupling regimes iden-

tified in this study, we weight the results by gridded world population data (GPWv4.11) Center for

International Earth Science Information Network - CIESIN - Columbia University (2018) for year

2020 with a spatial resolution of 0.25◦×0.25◦.
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b. Wet-bulb temperature calculation

The heat stress metric we adopt is 𝑇𝑤 which is the temperature an air parcel would attain if water

is evaporated into the air to the point of saturation with all latent heat supplied by the parcel (Bohren

and Albrecht 1998). 𝑇𝑤 was used to set an upper limit for human thermal tolerance (Sherwood

and Huber 2010; Haldane 1905) and has been widely used for quantifying heat stress in recent

years (Raymond et al. 2020; Coffel et al. 2018, 2019; Pal and Eltahir 2016; Im et al. 2017; Li et al.

2020a).

𝑇𝑤 is essentially a measure of moist enthalpy which is defined as follows: 𝐶𝑝𝑇 + 𝐿𝑣𝑞 (Raymond

et al. 2021; Eltahir and Pal 1996), where 𝐶𝑝 is the specific heat of air at constant pressure, and

𝐿𝑣 is the latent heat of vaporization. The isobaric formulation of 𝑇𝑤 changes at the same rate in

response to perturbations in sensible (𝐶𝑝𝑇) and latent heat (𝐿𝑣𝑞): 𝜕𝑇𝑤
𝜕𝐶𝑝𝑇

=
𝜕𝑇𝑤
𝜕𝐿𝑣𝑞

(see derivations

in the Appendix). This study adopts the Davies-Jones adiabatic 𝑇𝑤 formulation (Davies-Jones

2008; Buzan et al. 2015) which generates values very close to the isobaric formulation at constant

pressure, but is more general. Both formulations have been widely used in heat stress literature

(e.g., Li et al. (2020a) and Zhang et al. (2021) for isobaric 𝑇𝑤; Raymond et al. (2020), Coffel

et al. (2018), and Im et al. (2017) for adiabatic 𝑇𝑤) and are substantially more accurate than more

approximate forms (Buzan and Huber 2020), including the oft-used Stull approximation. ERA5

2-meter air and dewpoint temperature and surface pressure are used here for calculating 𝑇𝑤.

In addition to the strong meteorological theoretical basis for using 𝑇𝑤, as described further

below, 𝑇𝑤 also comprises approximately 70% of wet-bulb globe temperature (WBGT). WBGT

is a widely-used, highly validated empirical heat stress measure (Ioannou et al. 2022; Kong and

Huber 2022), so understanding 𝑇𝑤 dynamics should provide some insights into the drivers of heat

stress-related health, labor, and economic impacts (Saeed et al. 2022).

c. Statistical sampling method

Analyses in this study are based on daily anomalies unless otherwise mentioned. Anomalies

are calculated for each day as deviations from climatological values. The climatological values

are computed for each date by averaging over a 3-day moving window across a 31-year moving

interval. For example, the climatology value for July 15, 2000 is calculated as the average over July

14-16 across 1985-2015. This sampling strategy removes both the seasonal cycle and secular trend
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due to climate change which could otherwise distort the coupling quantification. The 3-day moving

window is adopted to increase the sample size (93 days) from which we obtain the climatological

values, and we have explored sensitivity to the moving window width and found our results are

robust.

Soil moisture’s control on surface energy partition and PBL growth is more relevant during

daytime with solar heating. Wetter soil may correspond to anomalous cool surface and shallow

PBL during daytime, but warm surface and deep PBL during nighttime possibly due to moisture

limiting surface longwave cooling (Raymond et al. 2021). To avoid blending daytime and nighttime

anomalies of opposite signs, we calculate anomalies for daytime average 𝑇𝑠, surface turbulent and

radiative fluxes and PBLH, and whole-day average 𝑇 , 𝑞, 𝑇𝑤, soil moisture and Z500.

d. Coupling metric

Coupling strength is measured with the sensitivity index (𝐼) developed by Dirmeyer (2011) which

has been frequently applied for quantifying land-atmosphere coupling (e.g., Giles et al. (2023);

Li et al. (2022); Wei and Dirmeyer (2012)). To calculate the coupling between soil moisture and

𝑇𝑤, the index 𝐼𝑆𝑀−𝑇𝑤 is formulated as the product between the slope of a linear regression of 𝑇𝑤
against soil moisture and the standard deviation of soil moisture. The generated value indicates 𝑇𝑤
changes per standard deviation increases in soil moisture (hereafter designated as °C/𝜎𝑆𝑀). The

coupling between other pairs of quantities is quantified and denoted in the same way. The statistical

significance of the sensitivity index is evaluated with a two-tailed Wald test using the Scipy Python

package (Virtanen et al. 2020).

e. Seasonal and diurnal cycle

The seasonal and diurnal cycle of SM-𝑇𝑤 coupling are relevant for this study. For the seasonal

cycle, we first quantify SM-𝑇𝑤 coupling within summer which is defined for each grid cell as the

hottest three calendar months in terms of climatological (1950-2019) monthly mean 𝑇𝑤 (Fig. S1).

Afterwards, we calculate 𝐼𝑆𝑀−𝑇𝑤 for each calendar month separately and examine its temporal

variation over the course of the year. The diurnal cycle is investigated by calculating 𝐼𝑆𝑀−𝑇𝑤 from

anomalies in daily average soil moisture (given its relatively small diurnal variability) and 𝑇𝑤 of

each hour of the day within local summer. Hourly anomalies are computed in the same way as
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daily anomalies albeit conditioned on hour of the day. We also repeat the calculation with 𝑇𝑤 and

soil moisture anomalies of both hourly scale, and the results are nearly identical (not shown).

f. Hot-days composite analysis

SM-𝑇𝑤 coupling is first quantified via calculating the coupling metric as described above from

all days within the selected season. To confirm that our findings are robust to methodological

choices on sampling strategy and statistical coupling quantification, we then only sample hot-days

and compute the composite anomalies in soil moisture conditioned on these hot-days. Hot-days are

defined as days with daily maximum𝑇𝑤 exceeding the 90th percentile of its empirically determined

distribution in summer across a 31-year window. To complement these analyses, we also examine

the composite anomalies of several other land surface and atmospheric quantities including 𝑇 and

𝑞, SH and LH, 𝑇𝑠, PBLH, surface downward solar radiation and Z500. The aim is to investigate

whether these quantities exhibit coherent behaviors consistent with the physical mechanisms behind

soil moisture-heat stress coupling proposed by previous studies (e.g., wetter soil, cooler surface,

anomalous high LH and low SH, and shallower PBL conditioned on hot-days). A sign test is

performed to evaluate the extent to which the signal is consistent among hot-days by calculating

the percentage of hot-days having anomalies of the same sign as the composite anomaly for each

grid cell. We highlight grid cells where the percentage exceeds 2/3 which is beyond the 99.99th

percentile of the distribution from a binomial process with the same number of draws as hot-day

frequencies and equal chances of positive or negative outcomes. The sign test is robust to events

with anomalies of large magnitudes which could dominate a mean-value t-test (Pozo-Vázquez et al.

2005; Kiladis and Diaz 1989).

3. Results

a. Global distribution of SM-𝑇𝑤 coupling in summer: identification of hotspots and regimes

SM-𝑇𝑤 coupling is first examined in summer (as defined in methods Section 2e). To confirm

that our methodological choices and data produce results that comport with prior work, we start by

showing a globally negative correlation between daily average soil moisture and 𝑇 (Fig. 2a). This

result is consistent with the well-acknowledged cooling effect of wet soil by re-partitioning energy

from SH to LH (Seneviratne et al. 2010), and aligns with expectation for the relationship between
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soil moisture and heat stress as measured by dry metrics (Thiery et al. 2017, 2020). Although

wet soil cools 𝑇 globally (with the exception of deserts), it enhances 𝑞 only over parts of the land

area with statistically insignificant or even negative 𝐼𝑆𝑀−𝐿𝑣𝑞 over the high latitudes and parts of

the tropics (Fig. 2b). This will be discussed later in this section. Consistent with temperature

reduction and/or specific humidity enhancement, wet soil raises relative humidity (RH) globally

(Fig. 2c).

The enhancement in latent heat with increasing soil moisture outweighs the reduction in sensible

heat over some regions. This creates a complex structure of 𝐼𝑆𝑀−𝑇𝑤 comprised by both positive

and negative values (Fig. 2d) in contrast with the uniform negative correlation between soil

moisture and temperature. 𝐼𝑆𝑀−𝑇𝑤 is statistically significant positive over several regions such as

Southwest North America, the Sahel zone, south and east Africa, the Indus Valley and Australia.

These regions are referred to as SM-𝑇𝑤 coupling hotspots throughout the paper (Fig. 2d). As soil

moisture increases in these regions,𝐶𝑝𝑇 declines by 0.5-2.5 kJ/kg/𝜎𝑆𝑀 (equivalent to a temperature

decrease of 0.5-2.5°C/𝜎𝑆𝑀), but 𝐿𝑣𝑞 rises by 2.5-7.0 kJ/kg/𝜎𝑆𝑀 leading to a net increase in 𝑇𝑤 of

0.6-1.5°C/𝜎𝑆𝑀 . Replacing daily average 𝑇𝑤 with daily maximum values barely changes the pattern

(not shown). This pattern is robust to statistical method choices: the spatial distributions of the

Pearson and Kendall rank correlation between soil moisuture and 𝑇𝑤 (Fig. S2) closely resemble

the pattern in figure 2d.

The distributions of SM-𝑇𝑤 coupling hotspots coincides with regions with a significant positive

relation between soil moisture and LH (Fig. 2d, e). These regions have been previously identified

as land-atmosphere coupling hotspots (Koster 2004; Koster et al. 2006; Miralles et al. 2012;

Dirmeyer 2011) where soil moisture varies substantially due to precipitation variability and acts as

the limiting factor for ET (i.e., transitional ET regime). In this transitional ET regime, soil moisture

can effectively control surface energy partition with more energy partitioned towards LH under

wetter soil (Seneviratne et al. 2010). However, the surface energy re-partition alone cannot explain

the relatively muted reduction of sensible heat compared with the latent heat increase and the net

enhancement of 𝑇𝑤. The subsequent boundary layer response is needed to close the logic gap. The

re-partition of energy from SH to LH under wet soil (Fig. 2e) generates a shallower PBL (Fig.

2f) over SM-𝑇𝑤 coupling hotspots which traps surface enthalpy flux into a smaller volume. This

tends to mute the cooling and enlarge the moistening effect. The reduction of dry air entrainment
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may further contribute to a stronger increase in latent heat (van Heerwaarden et al. 2009). This is

consistent with the proposed physical mechanism associating wetter soil with stronger heat stress

(namely wet soil suppresses PBL growth and cuts off the entrainment of free-troposphere air).

A weak or even negative SM-𝑇𝑤 coupling is identified over northern high latitudes and the tropics

(Fig. 2d and Fig. S2). This type of relationship has been proposed to be due to the fact that ET

over these regions is limited by solar radiation instead of soil moisture (Teuling et al. 2009) under

which cases soil moisture variations are driven by changes in ET rather than the other way around

(Wei and Dirmeyer 2012). Our results support this interpretation given the negative 𝐼𝑆𝑀−𝐿𝐻 and

positive 𝐼𝐿𝐻−𝑃𝐵𝐿𝐻 values (Fig. 2e, f). Without effective control of soil moisture on ET, specific

humidity becomes insensitive to soil moisture variation (Fig. 2b). Wet soil is associated with weak

surface ET (and weak SH) as a result of less incoming solar radiation which generates a lower 𝑇𝑤.

a b c

d e f

-4.5 -3.3 -2.1 -0.9 0.9 2.1 3.3 4.5
ISM CpT (kJ/kg/ SM)

-4.5 -3.3 -2.1 -0.9 0.9 2.1 3.3 4.5
ISM Lvq (kJ/kg/ SM)

-15 -11 -7 -3 3 7 11 15
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ISM Tw ( C/ SM)
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ILH PBLH (m/ LH)

Fig. 2. Sensitivity indexes: (a) 𝐼𝑆𝑀−𝐶𝑝𝑇 , (b) 𝐼𝑆𝑀−𝐿𝑣𝑞 , (c) 𝐼𝑆𝑀−𝑅𝐻 , (d) 𝐼𝑆𝑀−𝑇𝑤 , (e) 𝐼𝑆𝑀−𝐿𝐻 and (f)

𝐼𝐿𝐻−𝑃𝐵𝐿𝐻 . The calculations are based on anomalies of daily average soil moisture, 𝑇 , 𝑞 and 𝑇𝑤 , and daytime

average LH and PBLH during summer of 1950-2019. 𝑇 and 𝑞 are scaled by 𝐶𝑝 and 𝐿𝑣 to ensure the same unit.

Surface heat fluxes are positive upwards. Stipples signify regions of statistical insignificance at 0.1% level.

b. Seasonal variations in SM-𝑇𝑤 coupling

In the previous section, we identified regions with significant positive SM-𝑇𝑤 coupling in summer.

But dangerous heat stress is possible during periods other than the hottest three months–such as

over the tropics and subtropics–in which case a significant positive 𝐼𝑆𝑀−𝑇𝑤 may also indicate an
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amplification of health-endangering heat stress under wet soil. Therefore, we need to broaden

the study beyond summer and include analysis of the seasonal cycle of SM-𝑇𝑤 coupling which is

expected to vary seasonally given its strong dependence on the general circulation and regional

climate features. As shown in figure 3, the distribution of 𝐼𝑆𝑀−𝑇𝑤 varies over the course of the

year broadly following the 𝐼𝑆𝑀−𝐿𝐻 pattern (Fig. S3) which is related to the seasonal variations in

precipitation and solar radiation.

The SM-𝑇𝑤 coupling hotspots generally have monsoonal climates where 𝐼𝑆𝑀−𝑇𝑤 follows the

swing of monsoon rain belts. For example, 𝐼𝑆𝑀−𝑇𝑤 tracks the northward march of the ITCZ within

the West African Monsoon region (Zhang and Wang 2008) with high values over the northern

edge of the rain band centering the 0.5 mm/day isoline where large 𝐼𝑆𝑀−𝐿𝐸 values also reside (Fig.

4). As seen in figure 4b, the monsoon precipitation band moves poleward in conjunction with,

and just south of, the maximum of 𝑇𝑤. These results show the linkages between the maximum 𝑇𝑤

(equivalent to sub-cloud layer 𝜃𝑒) and seasonal shifts in the peak monsoonal precipitation expected

from convective quasi-equilibrium theory under angular momentum constraints (Nie et al. 2010;

Emanuel 1995) which are also seen in other monsoonal regions (Acosta and Huber 2020). The

implication is that moist heat stress in this region is intimately tied up with the dynamics of the

moisture modulated seasonal shifts of the Saharan shallow meridional circulation which is part of

the overall West African monsoon(Shekhar and Boos 2017).

Over the North American Monsoon region (Zhang and Wang 2008), 𝐼𝑆𝑀−𝑇𝑤 becomes significantly

positive at Mexico in May which then strengthens and expands northward to the southwest United

States from June to September as the monsoon develops (Fig. 3e-i). Australia and South Africa

show significant positive 𝐼𝑆𝑀−𝑇𝑤 during large portion of the year with peak values in austral

summer (Fig. 3). Over the Indus Valley, significant positive 𝐼𝑆𝑀−𝑇𝑤 first occurs in June and then

strengthens during July to September which coincides with the local monsoon season (Fig. 3f-i).

The climatologically wet areas of the Indian subcontinent, in contrast, show significant positive

𝐼𝑆𝑀−𝑇𝑤 during pre- (Mar-May) and post-monsoon (Oct-Nov) seasons (Fig. 3c-e and j-k). The

monsoon season (Jul-Sep) is characterized by energy-limited ET regime showing negative 𝐼𝑆𝑀−𝐿𝐸

(Fig. S3g-i) and weak 𝐼𝑆𝑀−𝑇𝑤 values (Fig. 3g-i).

By looking at the seasonal cycle of SM-𝑇𝑤 coupling, it is possible for regions other than the

SM-𝑇𝑤 coupling hotspots to have a significant positive relation between soil moisture and 𝑇𝑤.
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The positive coupling occurs during periods outside of local summer yet severe heat stress is still

possible. Some examples are central Africa and Brazil from May to September and India during

pre- and post-monsoon seasons when the monthly 99th percentile of 𝑇𝑤 is well beyond 20°C and

can reach up to more than 28 °C (Fig. S4).

Seasonal variations in SM-𝑇𝑤 coupling suggests that the impact of land use and land management

practices such as irrigation on heat stress is sensitive to the period of year under consideration.

Assessments on such impact should account for potential seasonal differentiation (Xu et al. 2015;

Lejeune et al. 2017). When assessing the impact of irrigation on heat stress, it is important to be

aware of local irrigation season and the season of severe heat stress in order for the results to be

more realistic and practically useful (Guo et al. 2022; Mishra et al. 2020; Jha et al. 2022).

a. Jan b. Feb c. Mar

d. Apr e. May f. Jun

g. Jul h. Aug i. Sep

j. Oct k. Nov l. Dec

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
ISM Tw ( C/ SM)

Fig. 3. Sensitivity index 𝐼𝑆𝑀−𝑇𝑤 for each calendar month during 1950-2019. Stipples signify regions of

statistical insignificance at 0.1% level.
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Fig. 4. Daily Sensitivity index 𝐼𝑆𝑀−𝑇𝑤 zonally averaged over West Africa between 12◦ W and 6◦ E (shading

in both (a) and (b)). Contours denote 𝐼𝑆𝑀−𝐿𝐻 (𝑊 ·𝑚−2/𝜎𝑆𝑀 ) in (a) and daily precipitation (mm) (blue) and

𝑇𝑤 (°C) (black) in (b). Both 𝐼𝑆𝑀−𝑇𝑤 and 𝐼𝑆𝑀−𝐿𝐻 are calculated for each calendar day based on a surrounding

11-day window across 1950-2019. The seasonal cycle of 𝑇𝑤 and precipitation are smoothed by taking a 11-day

moving-average.

c. Diurnal variations in SM-𝑇𝑤 coupling

The diurnal cycle of SM-𝑇𝑤 coupling is also of interest since both daytime and nighttime heat

stress are needed for evaluating heat accumulation within human body and may have different

behaviors. Here we examine such diurnal variations in summer. Soil moisture is negatively

correlated with 𝑇 during both daytime and nighttime (Fig. S5), but this negative correlation is

considerably weaker at night. This is possibly due to reduced surface longwave cooling under

conditions with a more humid boundary layer conditional on wetter soil (Raymond et al. 2021).

For 𝐼𝑆𝑀−𝑇𝑤 , the daily mean pattern in figure 2d persists throughout the course of the day (Fig. 5).

This is surprising since we hypothesized earlier that the distribution of SM-𝑇𝑤 coupling hotspots

depends on soil moisture’s control on the partitioning of incoming solar radiation between SH

and LH. This obviously is a process only relevant in daytime. This diurnally consistent pattern

therefore may result from a propagation of daytime signal to nighttime. Although broadly similar

between daytime and nighttime, 𝐼𝑆𝑀−𝑇𝑤 does show slight diurnal variations in terms of pattern and
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magnitudes. For example, the eastern U.S. and southern South America to the east of the Andes

show significantly positive 𝐼𝑆𝑀−𝑇𝑤 during nighttime which is not found within daytime or in the

daily mean (Fig. 5). Nighttime hours show slightly stronger positive and weaker negative 𝐼𝑆𝑀−𝑇𝑤

compared with daytime (Fig. 5). These are probably due to reduced nighttime surface longwave

cooling as soil moisture increases (Raymond et al. 2021). A significant positive coupling between

soil moisture and 𝑇𝑤 throughout the day (Fig. 5) suggests that both daytime and nighttime heat

stress might be amplified under wet soil.

d. Local nonlinear structure in SM-𝑇𝑤 coupling

We assumed a linear relationship between soil moisture and 𝑇𝑤 in calculating 𝐼𝑆𝑀−𝑇𝑤 to simplify

the interpretation of the results, but this approach has important limitations. 𝑇𝑤 is not necessarily

linearly related with soil moisture. Here we select one local area (characterized by a 2◦ × 2◦

lat/lon box) within each SM-𝑇𝑤 coupling hotspot (Fig. 6) to examine the detailed structure of this

relationship. The results are qualitatively similar among all local areas with the SM-𝑇𝑤 coupling

hotspots. 𝑇𝑤 varies non-linearly with soil moisture–it is characterized by an initial rapid increase

of 𝑇𝑤 with soil wetting which then plateaus or even decreases as soil moisture continues to increase

(Fig. 7a). Thus, SM-𝑇𝑤 coupling is nonlinear with a dependence on the background SM levels. It

can be much stronger within certain soil moisture range than that indicated by the linear sensitivity

index across the whole range of soil moisture. For example, over the region within the Sahel zone

(SAHL), 𝑇𝑤 first rises by ∼1.3 °C/𝜎𝑆𝑀 under drier-than-normal soil which then plateaus generating

a substantially lower 𝐼𝑆𝑀−𝑇𝑤 of 1.0 °C/𝜎𝑆𝑀 across the whole range of soil moisture. 𝐿𝑣𝑞 rises and

𝐶𝑝𝑇 declines with increasing soil moisture. However, 𝐿𝑣𝑞 increases more strongly and dominates

the resultant variations in 𝑇𝑤. As discussed in Section 3a, the relatively muted changes of sensible

heat compared with latent heat cannot be explained by the direct effect of energy re-partition which

should result in equal and opposite changes in 𝐶𝑝𝑇 and 𝐿𝑣𝑞. Such asymmetry is possibly because

a shallower PBL under wetter soil tends to mute the cooling and enlarge the moistening effect. The

reduction of dry air entrainment may further amplify the latent heat increase (van Heerwaarden

et al. 2009).

Such nonlinear SM-𝑇𝑤 relation may be associated with the covariations in soil moisture, solar

radiation and ET. Incoming solar radiation consistently decreases with soil moisture (Fig. 7c).
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Fig. 5. Sub-daily (local time) sensitivity index 𝐼𝑆𝑀−𝑇𝑤 during summer of 1950-2019. Stipples denote regions

of statistical insignificance at 0.1% level.

This however is counteracted by changes in other radiation components at the beginning including

a reduced surface longwave cooling, less reflected solar radiation, and more incoming long-wave

radiation possibly due to increasing water vapor. As a result, net surface radiative energy remains

stable initially or even slightly increases. This radiative energy at the surface is then spread into

a shallower PBL under wetter soil which leads to the initial rapid increases of 𝑇𝑤. Afterwards,
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declines in incoming solar radiation outpace changes in other radiation components causing a

reduction of net radiative energy at surface with increasing soil moisture (Fig. 7c). This may

contribute to the leveling off of 𝑇𝑤 increases with soil moisture. Such covariations in soil moisture

and solar radiation may also shift the region from transitional towards energy-limited ET regime.

As a result, soil moisture variations cannot effectively control energy partition and PBL growth

(Fig. 7d, e) which may also explain the plateau of 𝑇𝑤 curves. The conclusions remain qualitatively

unchanged when switching to other locations within each hotspot. However, averaging across

a large region such as the entire hotspot smooths out the nonlinear structure leaving behind an

approximately linear relationship.

SWNA

ESAFSAHL

AUSR

INDV

STAF

-1.5 -1.1 -0.7 -0.3 0.3 0.7 1.1 1.5
SM-Tw ( C/ SM)

Fig. 6. Selected local regions within SM-𝑇𝑤 coupling hotspots including the one over southwest North

America (SWNA: 30-32◦N, 108-106◦W), the Sahel zone (SAHL: 13-15◦N, 28-30◦E), East Africa (ESAF: 5-

7◦N, 42-44◦E), South Africa (STAF: 26-24◦S, 22-24◦E), Australia (AUSR: 22-20◦S, 133-135◦E), and the Indus

Valley (INDV: 28-30◦N, 65-67◦W). The background map shows 𝐼𝑆𝑀−𝑇𝑤 during summer of 1950-2019.

e. Hot-days composite analysis

In previous sections, SM-𝑇𝑤 coupling is examined by calculating the coupling metric between

daily average soil moisture and 𝑇𝑤 from all days within the selected season. We identify regions

with a positive relation between daily average soil moisture and 𝑇𝑤 which is closely associated

with soil moisture’s control on surface energy partition. We want to know whether the coupling

structure obtained from coupling metric analyses are robust to methodological choices on sampling

strategy and statistical coupling quantification. Therefore, here we only sample hot-days (defined in

methods) and compute the composite anomalies of soil moisture conditioned on hot-days from 1950

to 2019 (Fig. 8a). The spatial distribution of soil moisture anomalies from the hot-days composite
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Fig. 7. Variations with soil moisture in (a) 𝑇𝑤 , (b) 𝐶𝑝𝑇 and 𝐿𝑣𝑞, (c) net radiative energy (snr), downward

solar radiation (ssrd), surface reflected solar radiation (ssru), downward long-wave radiation (strd) and upwelling

longwave radiation (stru) at surface, (d) LH and SH, and (e) evaporative fraction (EF) at six locations as shown

in Fig. 6 during the summer of 1950-2019. The scatters in (c) represent snr. Anomalies are shown for whole-day

average soil moisture, 𝑇𝑤 , 𝐶𝑝𝑇 and 𝐿𝑣𝑞, and daytime average surface turbulent and radiative fluxes; whereas

absolute values are used for EF. Curves are generated through Generalized cross-validation (GCV)-optimized

LOESS model fitting with the 95% confidence interval denoted by shading.

strongly resembles the pattern of 𝐼𝑆𝑀−𝑇𝑤 (with a pattern correlation coefficient of 0.81 between Fig.

2d and Fig. 8a) suggesting that the SM-𝑇𝑤 coupling pattern is robust to methodological choices.

We also calculate the composite anomalies in surface temperature, surface turbulent fluxes and

PBLH, and examine their covariation with soil moisture anomalies. The SM-𝑇𝑤 coupling hotspots

determined from coupling metric analyses consistently show wet soil anomalies (Fig. 8a) within

the hot-days composite in combination with anomalously high LH (Fig. 8c) and low SH (Fig.

8d) from a cooler surface (Fig. 8b) and a shallower PBL (Fig. 8e). Such covariation in the
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composite anomalies of soil moisture, surface heat fluxes and PBLH is consistent with the physical

mechanism linking wetter soil to stronger heat stress as proposed by previous studies (Findell and

Eltahir 2003a; Eltahir 1998; Pal and Eltahir 2001). Anomalously weak incoming solar radiation and

weakly positive or even negative anomalies in Z500 are found over the SM-𝑇𝑤 coupling hotspots

(Fig. 8f, g) indicating that hot-days in these regions are not driven by anomalously strong solar

heating under the control of anticyclonic systems.

Outside of the SM-𝑇𝑤 coupling hotspots, the tropics and northern high latitudes show weakly

wet or even dry soil moisture anomalies and anomalously strong incoming solar radiation (Fig. 8a,

f) which are consistent with the energy-limited ET regime (Teuling et al. 2009; Seneviratne et al.

2010). Typical synoptic processes leading to hot 𝑇 in middle and high latitudes such as blocking

may also control some high 𝑇𝑤 events (Ford and Schoof 2017; Raymond et al. 2017) indicated by

the strong positive anomalies in Z500 (Fig. 8g). The interaction between high 𝑇 values and dry

soil (Fig. 8a) may further amplify these hot events.

𝑇𝑤 hot-days in several regions are characterized by anomalously wet soil which is in contrast to

the widely-acknowledged amelioration of hot 𝑇 under wet soil (Thiery et al. 2020, 2017; Kueppers

et al. 2007). Since 𝑇𝑤 reflects both 𝑇 and 𝑞, such contrasting behavior of extremely high 𝑇𝑤 and 𝑇

values are expected to depend on the relative contributions of 𝑇 and 𝑞 anomalies to 𝑇𝑤 exceedances

on hot-days. If the 𝑇𝑤 exceedances are mainly induced by anomalous hot 𝑇 , we should expect

similar behavior between extremely high 𝑇𝑤 and 𝑇 events. Therefore, here we show the relative

contributions of 𝑇 and 𝑞 anomalies to 𝑇𝑤 exceedances (Fig. 8k, l) which can help understand the

coupling between soil moisture and 𝑇𝑤 hot-days.

As described in the methods, 𝑇𝑤 is a measure of moist enthalpy, and changes at the same rate

in response to perturbations in 𝐶𝑝𝑇 and 𝐿𝑣𝑞. Hence, we calculate composite anomalies in 𝐶𝑝𝑇

and 𝐿𝑣𝑞 to quantify the relative importance of sensible and latent heat anomalies in generating

𝑇𝑤 hot-days (Fig. 8h, i). 𝐿𝑣𝑞 makes larger contributions to anomalous high 𝑇𝑤 globally. The

dominance of 𝐿𝑣𝑞 is especially remarkable in the SM-𝑇𝑤 coupling hotspots where 𝐶𝑝𝑇 is close to

or even lower than the climatology average. This directly implies a lack of correlation between the

dynamics of dry and humid heat waves in these regions.

Over northern high latitudes, 𝐶𝑝𝑇 and 𝐿𝑣𝑞 anomalies are of more comparable magnitudes which

is consistent with the scenario of coherent changes in sensible and latent heat driven by variations
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in incoming solar radiation. This suggests that in northern high latitudes moist heat stress behaves

in a similar way as hot 𝑇 events. This interpretation is supported by the fact that the 𝑇𝑤- and

𝑇-defined hot-days overlap with each other by more than 50% over that area (Fig. 1a). But they

are nearly entirely separated (overlapping ratio<1%) from each other over some monsoon regions

including the SM-𝑇𝑤 coupling hotspots.
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Fig. 8. Composite anomalies of (a) soil moisture, (b)𝑇𝑠, (c) LH, (d) SH, (e) PBLH, (f) incoming solar radiation

(ssrd), (g) Z500, (h) 𝐿𝑣𝑞 and (i) 𝐶𝑝𝑇 conditional on hot-days during 1950-2019. Anomalies are calculated for

whole-day average soil moisture, Z500, 𝐿𝑣𝑞 and 𝐶𝑝𝑇 and daytime average 𝑇𝑠, LH, SH, PBLH and ssrd. Surface

heat fluxes are positive upwards. Stipples indicate at least 2/3 of hot-days have anomalies of the same sign as the

composite anomaly.

4. Discussion

A global picture of SM-𝑇𝑤 coupling and its seasonal and diurnal cycle have been derived

from ERA5 reanalysis. In contrast to the well-established negative SM-𝑇 correlation, we found
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widespread significant positive relationship between wetter soil and higher 𝑇𝑤 values. The global

SM-𝑇𝑤 coupling distribution agrees with previously reported results from localized studies. For

example, significant positive SM-𝑇𝑤 coupling is found over climatologically wet areas of Indian

subcontinent during pre- and post-monsoon seasons consistent with Guo et al. (2022) who found ex-

panding irrigation to enhance pre- and post-monsoon 𝑇𝑤 and wet-bulb globe temperature (WBGT)

over urban areas of northern India. Monteiro and Caballero (2019) found that surface evaporation

within the well-irrigated land flanking the Indus River plays a major role in generating extreme

𝑇𝑤 values over the Indus Valley. Their findings are consistent with a significant positive SM-𝑇𝑤
coupling within that area (Fig. 2d). Speizer et al. (2022) found that extreme 𝑇𝑤 values are far more

likely than normal within days surrounding precipitation events in certain areas (Fig. 3e in their

paper) the distribution of which well agrees with the SM-𝑇𝑤 coupling hotspots pattern. In Illinois,

prior work found no significant correlation between soil moisture and 𝑇𝑤 (Findell and Eltahir

1999), and oppressive heat waves (measured by equivalent temperature 𝑇𝑒 = (𝐶𝑝𝑇 + 𝐿𝑣𝑞)/𝐶𝑝)

are triggered by anticyclonic features in the upper atmosphere in combination with surplus soil

moisture from antecedent precipitation (Ford and Schoof 2017). We confirm these findings by

showing weak SM-𝑇𝑤 coupling (Fig. 2d) and positive anomalies in Z500 (Fig. 8g) conditioned on

𝑇𝑤 hot-days in Illinois. Nevertheless, our results demonstrate that the high-pressure anomalies are

not transferable to the SM-𝑇𝑤 coupling hotspots where Z500 exhibits rather weak or even negative

anomalies conditioned on 𝑇𝑤 hot-days (Fig. 8g). We show that the SM-𝑇𝑤 coupling is nonlinear

and can be especially strong within the dry range of soil moisture. This is consistent with prior

work that found an increase in the sensitivity of𝑇 and surface heat fluxes to soil moisture variations

as soil moisture progressively dries out and crosses a certain threshold (Dirmeyer et al. 2021;

Benson and Dirmeyer 2021; Hsu and Dirmeyer 2022).

Regions with significant positive SM-𝑇𝑤 coupling belong to a transitional ET regime in which

soil moisture effectively controls surface energy partition. The distribution of SM-𝑇𝑤 coupling

hotspots also well agrees with that of land-atmosphere coupling hotspots revealed by previous

studies (Schwingshackl et al. 2017; Koster 2004; Koster et al. 2006; Miralles et al. 2012; Dirmeyer

2011). This suggests that the positive SM-𝑇𝑤 coupling is to first order controlled by soil moisture’s

regulation of surface energy partition. Within SM-𝑇𝑤 coupling hotspots, high𝑇𝑤 days show wetter-

than-normal soil, anomalous high LH and low SH from a cooler surface and a shallower PBL.
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This is consistent with the previously proposed physical mechanism linking wetter soil to stronger

heat stress–namely wet soil suppresses PBL growth and reduces free-troposphere air entrainment

(Findell and Eltahir 2003a; Eltahir 1998; Pal and Eltahir 2001).

The tropics and high latitudes show negative SM-𝑇𝑤 consistent with an energy-limited ET regime

(Teuling et al. 2009; Seneviratne et al. 2010). In addition, the chronically conditionally unstable

troposphere over the tropics is sensitive to enhancement in PBL MSE which reduces the potential

for the MSE to build-up within PBL (Zhang et al. 2021; Raymond et al. 2021; Williams and Renno

1993). The near moist adiabatic vertical profile over the tropics also makes 𝑇𝑤 less responsive to

the modulation of PBL growth and free-troposphere air entrainment. Furthermore, local extreme

𝑇𝑤 in the tropics is under the nonlocal control of warmest SST elsewhere via tropical atmospheric

dynamics (Buzan and Huber 2020; Zhang and Fueglistaler 2020; Zhang et al. 2021; Pierrehumbert

1995; Williams et al. 2009). All these factors contribute to a weak SM-𝑇𝑤 coupling in the tropics.

There are several limitations of this study. First, we use a linearly-formulated sensitivity index

(Dirmeyer 2011) which may mask the essentially nonlinear structure of SM-𝑇𝑤 coupling. The

SM-𝑇𝑤 coupling over certain soil moisture regimes could be much stronger than that indicated by

the 𝐼𝑆𝑀−𝑇𝑤 derived from the whole range of soil moisture. Climatologically wet regions could

fall into transitional regime during droughts (Dirmeyer et al. 2021) and show positive SM-𝑇𝑤
coupling which however cannot be captured by a linear coupling metric across the whole sample.

Nevertheless, the distribution of SM-𝑇𝑤 coupling hotspots as revealed in this study may still be

robust since prior work found that superposing nonlinear components of SM-LE coupling does not

alter the canonical land-atmospheric coupling distributions derived from linear coupling metrics

(Hsu and Dirmeyer 2021, 2022). A related caveat is that soil moisture’s control on surface energy

partition within the transitional regime is hypothesized to be important for the occurrence of 𝑇𝑤
hot days, but we did not demonstrate whether these hot days belong to transitional or energy-

limited regime. Nonetheless, even if the evapotranspiration in most 𝑇𝑤 hot days is energy-limited,

the repartition of energy towards latent heat flux as soil getting wetter may still contribute to

the build-up of high 𝑇𝑤 values before reaching energy-limited regime. It must be acknowledged

that soil moisture only represents one dimension of the physical control on extreme 𝑇𝑤 values.

Future work could investigate in more detail the nonlinear structure of the coupling between soil

moisture and 𝑇𝑤. Techniques able to capture nonlinear relationship are required such as segmented
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regression (Schwingshackl et al. 2017; Benson and Dirmeyer 2021; Dirmeyer et al. 2021; Hsu and

Dirmeyer 2022) and machine learning (Zhao et al. 2019; Wang et al. 2022a). It is also of interest

to investigate the distribution of 𝑇𝑤 hot days across different soil moisture regimes which is useful

in understanding the effects of surface energy repartition on enhancing 𝑇𝑤 from high to extremely

high values.

Second, soil moisture-heat stress coupling is expected to depend on the adopted heat stress metrics

(Mishra et al. 2020) since different metrics weight humidity differently (Sherwood 2018; Buzan

and Huber 2020). Compared with other commonly used heat stress metrics such as apparent

temperature (Steadman 1984, 1994), heat index (Lans P. Rothfusz 1990; Steadman 1979), and

WBGT (Yaglou and Minard 1957), 𝑇𝑤 is heavily humidity-weighted (Sherwood 2018) which

may favor a positive soil moisture-heat stress coupling. To provide a baseline for comparison, we

calculate the coupling sensitivity index between soil moisture and heat index (Fig. S6) which places

much less weight on humidity compared with 𝑇𝑤 (Buzan et al. 2015). Heat index is generated

using the National Weather Service adjusted formulation with the correction proposed by Romps

and Lu (2022) to avoid bad heat index values at low temperatures. Negative correlation between

soil moisture and heat index is found globally sharing a similar spatial pattern with 𝐼𝑆𝑀−𝑇 . Among

various heat stress metrics, WBGT represents a more comprehensive one containing the effects

of not only temperature and humidity but also wind speed and radiation (Yaglou and Minard

1957). WBGT has a basis on both physiology and empirical calibration, and is considered a

better representation of human physiological impacts of heat stress (Ioannou et al. 2022) being

adopted by international (ISO 2017) and national occupational health guidelines (NIOSH 2016;

ACGIH 2017). Compared with 𝑇𝑤, WBGT is less humidity-weighted and incorporates radiative

heating. Hence, we expect the positive soil moisture-heat stress coupling to weaken or even become

negative when replacing 𝑇𝑤 with WBGT. Nonetheless, 𝑇𝑤 constitutes 70% of WBGT (ignoring the

difference between 𝑇𝑤 and natural wet-bulb temperature) making our results potentially useful for

WBGT-oriented applications as well. Future work could explicitly examine the coupling between

soil moisture and WBGT as well as its individual components.

Finally, although we demonstrate an oft- positive correlation between soil moisture and 𝑇𝑤, this

does not necessarily imply causality between wet soil and high 𝑇𝑤 values. The correlation could

result from covariations of soil moisture and 𝑇𝑤 with other factors such as moisture transport.
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For instance, the strong positive 𝐼𝑆𝑀−𝑇𝑤 over Europe in winter (Fig. 3) is possibly due to an

enhancement of both precipitation (and consequently soil moisture) and 𝑇𝑤 via the transport of

warm and humid marine air into the continent under the influence of the Gulf Stream.

More work is needed to establish causality between soil moisture and heat stress and understand

the governing physics. It is valuable to compare both mean-level and extreme heat stress between

irrigated and nearby non-irrigated areas that share similar synoptic forcing with a focus on compar-

ing local surface fluxes and boundary layer dynamics (Rappin et al. 2021; Safieddine et al. 2022).

The Granger causality test could also be used for determining whether prior soil moisture surplus is

useful in predicting heat stress events (Granger 1969; Tuttle and Salvucci 2016). Model sensitivity

experiments are essential in establishing causal attribution and disentangling the governing physi-

cal processes. Although the previously proposed physical mechanisms underlying positive SM-𝑇𝑤
coupling are readily justifiable under clear-sky condition (Findell and Eltahir 2003a; Wouters et al.

2022), once cloud forms above wet surface, the moisture ventilation from sub-cloud to cloud layer

and cloud penetrative entrainment tend to warm and dry the mixed-layer which usually corresponds

to a reduction in moist enthalpy (van Stratum et al. 2014). The blocking of incoming solar radia-

tion may also reduce surface heat fluxes and 𝑇𝑤. It is unclear to what extent the cloud effects can

counteract the clear-sky relation. The global distribution of SM-𝑇𝑤 coupling revealed in this study

serves as a road map for such future studies which are especially warranted over regions/seasons

with significant positive SM-𝑇𝑤 coupling.

5. Summary and implications

We examined the global distribution of SM-𝑇𝑤 coupling and its seasonal and diurnal cycle within

ERA5 reanalysis. A significant positive relation between wetter soil and higher 𝑇𝑤 values are

found at several regions the distribution of which varies over the course of the year closely tied to

monsoon development and corresponding changes in precipitation and soil moisture. We define

the regions with significant positive SM-𝑇𝑤 coupling during local summer as SM-𝑇𝑤 coupling

hotspots including Southwest North America, the Sahel zone, south and east Africa, the Indus

Valley and Australia. The positive SM-𝑇𝑤 coupling is slightly stronger and more widespread

during nighttime possibly due to reduced surface longwave cooling under conditions with a more

humid boundary layer. Locally within the SM-𝑇𝑤 coupling hotspots, 𝑇𝑤 varies nonlinearly with
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soil moisture characterized by an initial rapid increase which then levels out or even decreases as

soil moisture continues to increase. SM-𝑇𝑤 coupling hotspots are characterized by an effective

control of soil moisture on surface energy partition, and well agree with the previously identified

land-atmosphere coupling hotspots. High 𝑇𝑤 days show anomalous wet soil, higher LH and lower

SH from a cooler surface, and a shallower PBL. These are consistent with previously proposed

physical mechanisms linking wet soil to stronger heat stress. The positive SM-𝑇𝑤 coupling suggests

a possible amplification of heat stress when solar radiation is repartitioned from SH to LH.

Our results can potentially benefit heat stress prediction. It is important for climate models to

capture the complex progression of SM-𝑇𝑤 covariation that we identified here in order to better

predict heat stress. The 𝐼𝑆𝑀−𝑇𝑤 distribution may serve as a target pattern for the validation of state-

of-the-art climate models in CMIP6. Climate models have been demonstrated to have difficulty

in accurately representing physical processes connecting soil, vegetation and energy partition

(Swenson and Lawrence 2014; Tang and Riley 2013). The coupling between soil moisture and

surface energy partition tends to be systematically overestimated, whereas the role of vegetation

is underestimated (Williams et al. 2016; Ferguson et al. 2012). It is important for models to

improve the representation of surface energy partition and boundary layer responses in order to

better capture near-surface 𝑇 , 𝑞 and consequently heat stress. Given the long-memory of soil

moisture (Orth and Seneviratne 2012; Seneviratne and Koster 2012), a good representation of soil

moisture-heat stress coupling can improve the sub-seasonal to seasonal forecasting of heat stress

(Koster et al. 2011; Seo et al. 2019).

This study also has broader implications on combating heat stress with land use and land

managment strategies. Nature-based solutions have been increasingly adopted to mitigate urban

heat island mainly in the form of ’greenspace’ (e.g., green roof and facades, city parks, tree lined

streets, etc.) and ’bluespace’ (urban water bodies) (Zhou et al. 2023; Santamouris et al. 2017;

Yu et al. 2020), such as the ’Million Tree Program’ in many mega-cities (Frantzeskaki et al.

2019) and low-impact development with water-sensitive urban design (Coutts et al. 2014; He et al.

2019). These strategies reduce 𝑇 mainly by increasing evapotranspiration although shading and

heat storage changes also play a role (Oke et al. 1989; Rahman et al. 2015; Hu and Li 2020).

However, our results question the effectiveness of evaporative cooling strategies in ameliorating

moist heat stress. PBL growth may be suppressed with increasing fractions of vegetated or water
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surfaces and reduced sensible heat flux (Sharma et al. 2016; Georgescu 2015) which may lead to a

concentration of MSE within a shallower urban PBL and higher 𝑇𝑤 values. In addition, vegetation

such as green roof may slow down near-surface wind and reduce the wind cooling effect due to less

downward momentum transport within a more stratified atmosphere (Sharma et al. 2016; Wang

et al. 2022b). Therefore, we suggest reevaluating the effectiveness of evaporative cooling strategies

in mitigating urban moist heat stress, and the results are expected to be sensitive to the regions and

seasons under consideration (Hu and Li 2020). Such efforts are especially warranted given that

the SM-𝑇𝑤 coupling hotspots cover several densely populated regions such as the West Africa and

the Indus Valley. Globally, 42.0% of population are subject to significant (at 0.1% level) positive

correlation between soil moisture and 𝑇𝑤 in summer, and only 30.7% are faced with a significant

negative correlation. In addition, the majority of the SM-𝑇𝑤 coupling hotspots identified here are

less-developed regions and expected to experience fast urbanization in the coming decades.
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APPENDIX

Sensitivity of wet bulb temperature to changes in sensible and latent heat

The isobaric 𝑇𝑤 is defined as the solution of 𝑇𝑤 = 𝑇 − 𝐿𝑣/𝐶𝑝 (𝑞∗𝑤 − 𝑞), where 𝐶𝑝 is the specific

heat of air at constant pressure; 𝐿𝑣 is the latent heat of vaporization; 𝑞∗𝑤 represents saturation

specific humidity at temperature 𝑇𝑤. Based on this relation, it can be showed that

𝜕𝑇𝑤

𝜕 (𝐶𝑝𝑇)
=

1
𝐶𝑝 + 𝐿𝑣𝜕𝑞

∗
𝑤/𝜕𝑇𝑤

. (A1)

𝜕𝑇𝑤

𝜕 (𝐿𝑣𝑞)
=

1
𝐶𝑝 + 𝐿𝑣𝜕𝑞

∗
𝑤/𝜕𝑇𝑤

. (A2)

Therefore, the sensitivities of 𝑇𝑤 to infinitesimally small perturbations in 𝐶𝑝𝑇 and 𝐿𝑣𝑞 are the

same and depend on 𝜕𝑞∗𝑤/𝜕𝑇𝑤. Through integration, 𝑇𝑤 is also expected to change by the same

amount in response to finite changes in 𝐶𝑝𝑇 and 𝐿𝑣𝑞 of the same magnitude.
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