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ABSTRACT

Extreme wet bulb temperatures (Tw) are often used as indicators of heat stress. However,
humid heat extremes are fundamentally compound events, and a given Tw can be generated
by various combinations of temperature and humidity. Differentiating between extreme
humid heat driven by temperature versus humidity is essential to identifying these extremes’
physical drivers and preparing for their distinct impacts. Here we explore the variety of
combinations of temperature and humidity contributing to humid heat experienced across the
globe. In addition to using traditional metrics, we derive a novel thermodynamic state
variable named “stickiness.” Analogous to the oceanographic variable “spice” (which
quantifies the relative contributions of temperature and salinity to a given water density),
stickiness quantifies the relative contributions of temperature and specific humidity to a given
Tw. Consistent across metrics, we find that the occurrence of Tw sufficiently high to impact
human health tends to occur in the presence of anomalously high moisture, with temperature
anomalies of secondary importance. This widespread humidity-dependence is consistent with
the nonlinear relationship between temperature and specific humidity as prescribed by the
Clausius-Clapeyron relationship. Nonetheless, there are a range of humid-heat varieties
associated with moderate-to-high Tw. Stickiness allows a more objective evaluation of spatial
and temporal variability in this property of humid heat than traditional variables. In regions
with high temporal variability in stickiness, predictive skill for humid heat-related impacts
may improve by considering fluctuations in atmospheric humidity in addition to dry bulb

temperature.

SIGNIFICANCE STATEMENT

Extreme humid heat increases the risk of heat stress through its influence over humans’
ability to cool down by sweating. Understanding whether humid heat extremes are generated
more due to elevated temperature or humidity is important for identifying factors that may
increase local risk, preparing for associated impacts, and developing targeted adaptation
measures. Here we explore combinations of temperature and humidity across the globe using
traditional metrics and by deriving a new variable called “stickiness.” We find that extreme
humid heat at dangerous thresholds occurs primarily due to elevated humidity, but that
stickiness allows for thorough analysis of the drivers of humid heat at lower thresholds,

including identification of regions prone to low- or high-stickiness extremes.
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1. Introduction

Extreme humid heat events are climate extremes with important societal influence due
to their direct link to human and animal heat stress. Physiological research has suggested that
humid heat may pose additional risk to human health compared to dry heat due to its
influence over humans’ thermoregulation efficiency (e.g., Mora et al. 2017; Parsons 2006;
Steadman 1979; Fanger 1970). While increased dry bulb temperatures alone can increase
rates of dehydration, over 75% of the heat dissipation by human bodies is associated with
evaporative cooling via sweating (Buzan and Huber 2020). The higher the ambient air
specific humidity, the more difficult it is for sweat to cool our bodies by evaporation; at
extremely high air temperatures, even a moderate amount of evaporative inhibition can cause
heat stress. Exposure to this type of heat stress is widespread across the globe, and has been
identified as one of the leading causes of death associated with climate extremes (Kovats and
Hajat 2008).

Differentiating between extreme humid heat and extreme dry heat is essential to
preparing for their individual impacts. Extreme humid heat may pose a higher risk to human
health and the potential for greater socioeconomic impacts than dry heat. In contrast, the
presence of humidity may diminish the effect of extreme heat on crop growth by reducing
vapor pressure deficit, for example in the United States Midwest (Schauberger et al. 2017;
Ting et al. 2023), and extreme dry heat has the potential to more strongly prime regions for
wildfires (Abatzoglou and Williams 2016; Bowman et al. 2009).

The physical drivers of dry and humid heat extremes are also somewhat distinct.
Extreme dry bulb temperatures tend to occur due to blocking events associated with
subsidence and clear sky conditions that lead to increased surface sensible heating
(Rothlisberger and Papritz 2023; Photiadou et al. 2014), aridity that prevents the cooling
effect of moisture evaporation (MacLeod et al. 2015), and urban heat island intensification
(Horton et al. 2016; Tan et al. 2010). Raymond et al. 2021 suggests on the other hand that
strong horizontal and vertical moisture fluxes, shallow boundary layers, nearby moisture
sources such as warm water bodies, and stability that inhibits moist convection are key

factors influencing extreme humid heat.

Due to these unique controlling mechanisms, the locations of the most intense
magnitudes of dry and humid heat are also distinct. Extreme temperatures occur primarily in

subtropical and lower-mid-Ilatitude deserts, while hotspots of humid heat have more
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geographic diversity (Rogers et al. 2021; Speizer et al. 2022). However, some locations do
experience both types of extremes. An example is South Asia, which experiences intense dry
heat extremes during the pre-monsoon season but where the increase in humidity associated
with monsoon wind and rain can intensify local humid heat conditions (Raymond et al. 2020;
Imetal. 2017).

As a multivariate extreme composed of the co-occurrence of elevated humidity and
temperature (Zcheischler et al. 2019), a given level of extreme humid heat can be generated
by various combinations of temperature and specific humidity. Extremes that are driven
largely by anomalous temperature or anomalous humidity have previously been described
throughout the literature as temperature- or humidity-dependent, respectively (Raymond et al.
2017; Wang et al. 2019; lvanovich et al. 2022). Distinguishing between these varieties of
humid heat is especially important because while some adaptation measures, including
increasing cities’ tree and grass cover, effectively reduce local dry bulb temperatures, the
simultaneous increases in humidity they cause may weaken their benefits in addressing heat
stress; furthermore, the efficacy of these adaptation strategies will themselves depend on the
ambient combination of temperature and humidity (Chakraborty et al. 2022). Additionally,
humid heat extremes of a given intensity created by high dry bulb temperatures in the
presence of some humidity have been shown in laboratory settings to be more detrimental to
human health than those with moderate temperatures and very high humidity (Vecellio et al.
2021). This indicates that regions in which extreme humid and dry heat co-occur may also be

the regions at highest risk for the most dangerous variety of heat stress.

Throughout the literature, the individual contributions from temperature and humidity
towards a region’s experience of humid heat are defined on a scale relative to typical local
conditions (Raymond et al. 2017; Wang et al. 2019; Ivanovich et al. 2022). This has led to
definitions of temperature and humidity dependence that are difficult to compare from one
study to another. Given that substantial literature has developed on humid heat extremes,
having a consistent and universal method for evaluating how these extremes are physically
constituted from temperature and humidity is valuable for regional intercomparison, model
evaluation, and further theoretical development, as well as for heat stress preparedness

communication and adaptation.

In order to address this challenge, we first analyze the variability of humid heat
conditions within a set of climatologically diverse case study regions using traditional metrics

for temperature and humidity. We then derive a new thermodynamic state variable named
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“stickiness,” apply it globally, and explore the additional insights it reveals. In Section 2, we
outline the methodologies used to evaluate the temperature and humidity dependence of
extreme humid heat. Section 3 describes the results of these analyses. Section 4 reflects on
the value, usability, and limitations of these different techniques, and provides suggestions

for pathways forward.

2. Methods

2.1 Variables of analysis

We select wet bulb temperature (Tw) as the primary humid heat variable for this
analysis. Tw describes the lowest temperature a parcel of air could reach if it were cooled and
moistened to the point of saturation by the adiabatic evaporation of liquid water at constant
pressure (e.g., Bohren and Albrecht 1998). Tw is thus a thermodynamic state variable which
provides a measurement of the efficiency of evaporative cooling, linking it directly to
humans’ experience of heat stress (Sherwood and Huber 2010). Particularly, Tw has been
shown to both exhibit thresholds at which survivability and livability are limited, dependent
upon physical characteristics of the individual experiencing the humid heat conditions
(Vecellio et al. 2022; Lu and Romps 2023; Vanos et al. 2023). We calculate Tw using the
Davies-Jones method (Davies-Jones 2008), which has been shown to more accurately capture

extreme values than other calculation methods (Buzan et al. 2015).

We explore the global and regional relationships between Tw, dry bulb temperature,
and humidity using standard variables: specific humidity, relative humidity, and saturation
deficit. In order to compute and analyze these variables, dry bulb temperature, dew point
temperature, and pressure data are retrieved from the HadlSD station-based dataset (Dunn
2019). This dataset is produced by the Met Office Hadley Centre and records sub-daily
measurements from 8,486 stations. We retrieve the full historical data record for each station,
which is at most from year 1931 to year 2019 depending on individual station data
availability. For each station, we calculate the daily maximum Tw at each station location and
record the co-occurring temperature and specific humidity at this hour. We then use this data
to calculate the co-occurring relative humidity and saturation deficit. We do not perform any
preprocessing on the station data, relying on the Hadley Centre’s quality control methods
which include focus on the three variables required to calculate Tw (temperature, dewpoint,

and pressure) (Dunn et al. 2012). We note that the sampling frequency differences in a given
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year or between stations could influence the recorded trends in daily maximum Tw and that
stations with lower sampling frequency are more likely to underestimate the magnitude of
daily maximum Tw. We conclude that these challenges should not influence our results
strongly as we do not compute trends and we are more interested in the conditions co-
occurring at a range of Tw thresholds rather than the absolute magnitude of daily maximum
Tw.

We then proceed to derive our new thermodynamic state variable — stickiness —

quantifying the temperature and humidity dependence of a given value of humid heat.

2.2 Thermodynamic state variable derivation
2.2.1 PRIMARY DERIVATION METHODS — WET BULB TEMPERATURE

After exploring information available from a wide range of diagnostics using
traditional variables, next we create a novel method for quantifying the relative temperature
and specific humidity dependence of humid heat by deriving a thermodynamic state variable
analogous to oceanographic spice, which we refer to as “stickiness.” Like spice, which
represents how salinity and temperature jointly affect the density of water, stickiness captures
the relative contributions of specific humidity and temperature to a given value of humid
heat. By design, stickiness varies most with fluctuations in temperature and specific humidity

at a given Tw, and least with changes in Tw itself.

Following the derivations for spice outlined by Flament (2002), we define a quantity
whose variations in a temperature-specific humidity space are maximally distinct from those
of Tw:

ortT 0q7
Tt | %

aTTW aqu

L 0
= 0 where T is stickiness and 07T refers to a—; 1)

where T is temperature, q is specific humidity, Tw is wet bulb temperature, and t is stickiness.

Stickiness is computed here as a polynomial equation, up to degree three in both
temperature and specific humidity, constructed to satisfy equation (1) as described below. Tw
isopleths are close to linear in a temperature-specific humidity space, and degree three is thus

sufficient to capture this structure (Figure 4). Sensitivity to increasing the degree of the
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polynomial in each variable is negligible (not shown). The polynomial equation for stickiness

can thus be expressed as:

T(T' q) = - :l'3=0 Z?:O bl]qu] (2)

where bij refers to coefficients of term ij. This final derived polynomial equation allows for

the calculation of stickiness given inputs of dry bulb temperature and specific humidity.

We then compute the coefficients of the polynomial equation for stickiness
numerically by performing a bound-constrained function minimization on an associated mean

squared error. This mean squared error is defined as:

62=Alfdedq["’TT+aqT]2+Aszdeq["’ —1]2 @3)

TT
0rTyw = 0qTw OrTy

where the first and second term represent the geometric and scaling constraints for stickiness,
respectively, indicating that stickiness should be invariant for all geometric transforms and
scaling changes allowed in the prescribed temperature-specific humidity domain. The second
term also provides units to stickiness, determining that stickiness scales as Tw does with
temperature and possesses units of degrees Celsius. The /11, A, are weights, set at 0.8 and
0.2, respectively. These derivation methods are relatively insensitive to changes in these
weightings (not shown), and thus these values are selected following Flament (2002), to place
greater dependence on the geometric constraint between the stickiness isopleths and the Tw

isotherms over that of the scaling constraint. For more information, see Flament (2002).

The Nelder-Mead method using the Simplex algorithm is selected for the
minimization (Nelder and Mead 1965; Wright 1996), with a tolerance for termination at 10-8
and a maximum of 100,000 function evaluations. This minimization search is executed on a
temperature-specific humidity grid ranging from 25°C to 50°C and 0 g/kg to 20 g/kg (with a
resolution of 0.05°C and 0.04 g/kg), calculating Tw assuming a constant 1000 hPa surface
pressure. Assuming a constant surface pressure reduces the dependence of stickiness upon

pressure fluctuations in a given location. The elevations of global station locations used in
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this analysis range from -350 m (Ghor EI Safi, Jordan) to 4,736 m (T'u-Ko-Erh-Ho-Kung,
China). However, the temperature-specific humidity space in which we conduct our
derivation covers most of the tropics and mid-latitude warm seasons, typically close to the
1000 hPa surface pressure selected. Further, we perform a sensitivity test in order to evaluate
the effect of neglecting this pressure dependence and find that the resulting equation for
stickiness is valid for surface pressures greater than 900 hPa (Figure S1), encompassing
virtually all high-humid heat locations and events. Because extreme humid heat and its
impacts attenuate rapidly with increasing elevation (decreasing pressure) (Raymond et al.

2022), we deem this to be a relatively minor caveat.

The derivation methods described are agnostic to the absolute magnitude and sign of
stickiness. To aid in interpretability, the negative sign on the right hand side of equation (2)
represents our chosen sign convention, where positive values of stickiness reflect higher
humidity dependence. Further, the final equation for stickiness is shifted so that the zero
value is equal to the mean conditions across all HadlSD station locations (time averaging the
full data record for each individual station and then taking the mean over all stations).
Positive values of stickiness thus represent higher than average humidity dependence, while
negative values represent higher than average temperature dependence. Unlike for dry bulb
temperature, a 0°C value of stickiness is unrelated to freezing conditions. Due to the
dominance of station density in Europe and North America, we perform a sensitivity test for
this shift in the total magnitude of stickiness. We first average mean stickiness across 30°
latitudinal bands (e.g., 0-30°, 30-60°, and 60-90° in the Northern and Southern Hemispheres)
and then take a weighted average across these six values based on the number of stations in
each band (Figure S2). This second method results in a global mean stickiness value just
0.6°C higher than the method using a simple mean. Given the mean standard deviation in
stickiness during local summer across the globe is 1.3°C, the difference between these
methodologies is relatively small and should not be expected to influence the presented

results’ interpretation.

Executing these derivation methods generates a polynomial equation for stickiness in
terms of temperature and specific humidity, with the coefficients of expressed in Table 1.
Stickiness is measured in degrees Celsius due to the derivation’s foundation on Tw, also with
units of degrees Celsius. Worked examples highlighting the relationships between
temperature, specific humidity, Tw, and stickiness are outlined in Table 2. We see, for

example, that under annual mean conditions at a tropical location (here we select Jakarta,
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Indonesia for illustration), increasing the dry bulb temperature by 1°C while holding specific

humidity and pressure constant results in a decrease in stickiness of 2.2°C and an increase in

Tw of 0.3°C. Under the same initial conditions, increasing specific humidity by 1 g/kg leads

to an increase in stickiness of 0.6°C and an increase in Tw of 0.6°C.

Coefficients of
term T'g)
0 1 2 3
0 -1.200 775.269 -7740.957 -7186.001
1 -0.302 -3.086 238.012 -429.814
i

2 -0.00178 0.4987 -24.017 283.672
3 0.000027 -0.00702 0.367 -5.094

Table 1: Stickiness equation coefficients for T in degrees Celsius and g in kg/kg.

Initial . . "
Conditions Change Applied Resulting Conditions

Holding q constant, _r —_ 70 °
increase temperature by 1 °C to: :c,l_tlclfl;gs;oz:()(zo%o(g)z ©)
T=29.4°C v '
Holding T constant, _r _Aaco °

T=28.4°C increase specific humidity by 1 g/kg to: .SIP'CEISES;E?’(EO gogo'6 ©)

q=182¢g/kg |q=19.2g/kg e '

p = 1009 hPa

stick =2.9°C | Holding stickiness constant, _

Tw=24.7°C increase temperature by 1 °C to: q=18.6g/kg (+0.4 glkg)

T=294°C

Tw = 25.2°C (+0.5°C)

Holding stickiness constant,

increase specific humidity by 1 g/kg to:

g =19.2 g/kg

T =30.8°C (+2.4°C)
Tw = 25.9°C (+1.2°C)
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Holding Tw constant,
increase temperature by 1 °C to:
T=29.4°C

g =18.0 g/kg (-0.2 g/kg)
stickiness = 2.3 °C (-0.6°C)

Holding Tw constant,
increase specific humidity by 1 g/kg to:
g =19.2 g/kg

T=26.4°C (-2.0 °C)
stickiness = 4.0°C (+1.1°C)

Table 2: Worked examples of tradeoffs between temperature, specific humidity, Tw, and stickiness. Initial
conditions reflect a set of typical tropical conditions, here chosen as annual mean conditions at 1pm in
Jakarta, Indonesia. Pressure (p) constant in all scenarios.

The derivation methods described in this section can be applied based on any humid
heat metric measuring the combination of temperature and humidity, such as Humidex
(Masterton and Richardson 1979). We have applied the same computational derivation
methods to Humidex, for reference, and the results of this derivation are shown in Table S1
and Figure S3. The code used for these numerical derivations will be publicly available on
Github for users interested in applying these methods to their humid heat metric of choice.
We have also applied these methods for moist static energy and compared our results to an

analytic derivation in the following section.

2.2.2 SUPPLEMENTAL ANALYTICAL DERIVATION METHODS — MOIST STATIC
ENERGY

While moist static energy (MSE) does not have the same direct link to heat stress as
Tw and is not explicitly related to the socioeconomic impacts of humid heat, these two
variables are closely related to one another thermodynamically and should be expected to
behave similarly. With this in mind, we construct a version of stickiness based on MSE.
Because it is analytically tractable, a derivation for stickiness based on MSE provides a
simpler illustration of the concept than the numerical derivation method described above,

although the latter is necessary for application to Tw. Moist static energy can be expressed as:

MSE = C,T + gz + Lyq (4)

10
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where Cp is the specific heat capacity, g is the gravitational constant, z is the vertical height,
and Ly is the latent heat of vaporization. At the surface (z = 0), this expression simplifies to a

linear combination of temperature and specific humidity:

MSE = C,T + L,q (5)

In this case, deriving stickiness as a variable whose changes in temperature-specific humidity
space are maximally distinct from those of our humid heat variable — now surface MSE — can

be executed analytically, yielding the result:

Tysg = CpT — Lyq (6)

where equation (7) has been assigned the same sign convention described in the numerical
derivation above for Tw, with high (low) stickiness reflecting humidity-dependence

(temperature-dependence).

We use this MSE-based derivation in order to help clarify the goal of our numerical
derivation, as well as to check its accuracy against the analytical solution. Indeed, the
solutions are in close agreement (Figure S4). We present a second set of results for the MSE-
based derivation in the supplement, but focus on the Tw-based definition in the main text due
to our motivation to capture patterns relevant to societal impacts. We find similar overall

conclusions from each derivation method (Figures S18 and S19).

2.3 Regional comparisons

We explore the relationships between temperature, humidity, and humid heat by
comparing patterns in existing heat and humidity variables identified in four climatologically
distinct regions. These regions are the Persian Gulf (45-60 °E, 20-36 °N, restricted to stations
with a 99™ percentile Tw above 28°C), northwestern South Asia (68-78 °E, 22-32 °N),
southeastern Australia (141-154 °E, 28-39°S), and the United States Midwest (92-100 °W,

11
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41-45 °N) (Figure 1). The first two regions (“Persian Gulf” and “NW South Asia”) were
selected based on their historical propensity for extreme humid heat (Raymond et al. 2021,
Rogers et al. 2021; Raymond et al. 2020). In both of these locations, extreme humid heat
events depend strongly on moisture modulation yet are associated with unique large-scale
meteorological patterns across distinct geographies (Pal and Eltahir 2016; Im et al. 2017;
Monteiro and Caballero 2019; Mishra et al. 2020; Ivanovich et al. 2022). Southeastern
Australia (“SE Australia”) was selected to provide contrast to these humid heat hotspots, due
to its Mediterranean climate with lower summer humidity. The United States Midwest (“US
Midwest””) was selected due to the complex influence of cropland on humid heat in the area,
shown to increase local humidity but decrease local dry bulb temperatures (Coffel et al. 2022;
Ting et al. 2023; Mueller et al. 2016). We note that all regional analyses in this study treat
daily scale station measurements as individual data points, rather than averaging conditions
across stations. The aggregation of these stations may complicate interpretation due to the
potential grouping of diverse locations into the boxed boundaries described above. Such
limitations motivated the additional selection criterion for the Persian Gulf region in order to
avoid dry, mountainous locations in Iran which experience drastically different climatologies
than the rest of the stations in the region. Single station scale analyses were also performed

when necessary to help discern the source of variability in identified patterns.

12
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Figure 1: HadlSD station locations included in regional analyses, colored by 99th percentile daily
maximum Ty, (full year). Four boxed regions of interest are referred to as Persian Gulf, NW South Asia,
SE Australia, and US Midwest.

3. Results

3.1 Exploration of temperature and humidity combinations through traditional variables

Our four case study regions experience varying intensities of humid heat and distinct
mechanisms which bring about local humid heat extremes. Firstly, these regions exhibit
contrasting distributions in temperature, humidity, and Tw (Figure 2). Each of the four
regions has a unimodal temperature distribution. This is also true for Tw, specific humidity,
and relative humidity in all regions except for the Persian Gulf, which has a bimodal
distribution in these three variables. The areas surrounding the Persian Gulf are very dry
throughout the Northern Hemisphere summer, but the advection of marine air through strong
sea breezes and synoptic scale meteorological conditions increases local humidity and under
certain conditions can drive Tw into dangerous thresholds (Ivanovich et al. 2022; Raymond et
al. 2021; Pal and Eltahir 2016; Xue and Eltahir 2015). We note that removing the
requirement that all stations in the Persian Gulf region exhibit a 99" percentile Tw above 28

13
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°C increases the spread of these distributions in specific humidity, relative humidity, and Tw
(not shown), but that the bimodal distributions is retained for all thresholds tested between
25-30°C. Further, this bimodality is consistent across the individual station locations selected
for this region, and an example using a station in Dammam, Saudi Arabia is plotted in Figure

S5 for reference.
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Figure 2: Histograms of Ty, dry bulb temperature, specific humidity, and relative humidity in the four
regions of interest. Shown for local summer season (JJA for the Persian Gulf, NW South Asia, and the US
Midwest; DJF for SE Australia). Note smaller y-axis range for fourth panel in order to visualize shape of
the broader distributions.

To visualize the full record of daily scale station data within each region, we plot the
dry and wet bulb temperature at the hour of recorded daily maximum Tw against a variety of
co-occurring humidity metrics: specific humidity, relative humidity, and saturation deficit.
We find that locally extreme dry bulb temperatures can occur at a range of specific
humidities, although consistently low relative humidities (Figure 3a, 3c). In NW South Asia,
elevated temperatures are associated with changes in specific humidity which in combination
generate a relatively small range in Tw compared to the other three regions. This indicates a

tendency for compensatory effects, whereby temperatures vary more than specific humidity

14
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and variations in specific humidity tend to partially offset those in temperature, possibly
indicative of the simultaneous cooling and moistening effect of evaporation of soil moisture
or surface water. In the US Midwest, high temperatures are associated with high specific
humidities, suggesting a larger potential for elevated temperature and specific humidity to co-
occur, with both factors contributing to extreme Tw. The most extreme Tw days in SE
Australia occur at moderately high temperatures (roughly 35°C) when the air is virtually
saturated (Figure S6). A bimodal distribution is again evident in the Persian Gulf, with the
majority of days at high temperatures and high specific humidities, which contrasts with a
smaller cluster of extreme temperature dry days. In all four regions, the highest recorded Tw
are associated with the highest recorded specific humidity conditions (Figure 3b). Further, the
distribution of conditions in each region shows that increases from locally moderate to
extreme Tw cross few temperature isotherms, suggesting that extreme humid heat conditions

tend to be humidity dependent.

We also observe that the most extreme temperatures are associated with a small range
of very low relative humidities in three of the regions. The relative humidities that occur
with extreme Tw apparently differ more widely than those that occur with extreme
temperatures. In the Persian Gulf, NW South Asia, and SE Australia, increasing temperatures
are closely associated with decreasing relative humidities, hewing fairly closely to lines of
constant Tw (Figure 3c). At locally high Tw thresholds, the distributions in NW South Asia
and SE Australia cross many temperature isotherms (Figure 3d), indicating that extreme
temperatures are not a necessary component to generating humid heat extremes in these
regions. The associated relative humidities also vary substantially, though still within the
upper half of the local distribution (Figure 3d). The bimodal structures in the relationships
between relative humidity and both temperature and Tw are again clear in the Persian Gulf,
delineating between days which are hotter and drier versus cooler and more moist. NW South
Asia experiences most summer days in a high relative humidity environment, while the
relative humidity and Tw conditions in the US Midwest are lower and more consistent than

the other three regions.

While extreme Tw can exhibit a slightly larger range in saturation deficit than extreme
dry bulb temperatures, this difference is not as pronounced as for relative humidity. The
highest recorded temperatures in each region are associated with the highest recorded
saturation deficits (Figure 3e). Further, changes in temperature are compensated by changes

in saturation deficit which keep Tw at a roughly constant intensity. Extreme Tw in the Persian
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Gulf, SE Australia, and the US Midwest are limited to those days very close to saturation
(Figure 3f). In NW South Asia, in contrast, extreme Tw span a range of saturation deficits and
cross many dry bulb temperature contours. The Tw in the US Midwest and SE Australia tend
to be lower with small ranges in saturation deficits, suggesting both that temperature and
specific humidity tend to fluctuate jointly in these regions, and that an absence of very high
temperatures may limit how large saturation deficits can be. In each panel of Figure 3, the
strong relationship between certain heat and humidity metrics is evident. Particularly, relative
humidity and saturation deficit depend strongly on temperature, which is reflected in the
same correlation sign between these variables in the four case study regions. Conversely,
while retaining some dependence on temperature, Tw is much more sensitive to specific
humidity than to the other two humidity variables, sharing a consistent increase with specific

humidity that is not observed with relative humidity or saturation deficit.
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Figure 3: Daily temperature and humidity conditions for historical data record over all stations in each
region. Temperature (left column) and Ty, (right column) compared to specific humidity (top row), relative
humidity (middle row), and saturation deficit (bottom row). Shaded contours indicate Gaussian kernel
density estimation of conditions during daily maximum T, for each region (with colored cross at the
distributions’ center); gray contours indicate Ty, (left column) and dry bulb temperature (right column)
isotherms. Gray shading indicates conditions producing supersaturated air. Shown for local summer season
(JJA for the Persian Gulf, NW South Asia, and the US Midwest; DJF for SE Australia).

Overall, we conclude that while high dry bulb temperatures can occur at a range of
moisture levels, the occurrence of extreme humid heat is much more limited to a narrow
range of anomalous humidity (most clearly when measured by specific humidity). However,
there are a small fraction of days associated with highly elevated dry bulb temperatures in the
presence of moderate humidity that together causes extreme Tw. The various combinations of

these standard variables, in multiple plots made from long-term station records in each
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region, allows us to draw these conclusions with some confidence and nuance. However,
extending this analysis to a global scale by recreating these plots for all station locations
would be intractable. The lack of a global benchmark for meaningfully comparing disparate
temperature and humidity combinations adds another complication. We could thus hope for a
more direct route to these conclusions, and especially one that allows us to compare the
humidity or temperature dependence of humid heat in locations around the world more
straightforwardly and objectively. Towards this end, we use the following section to explore

the use of stickiness, whose derivation was outlined above.

3.2 Stickiness derivation results and analysis

We derive a thermodynamic state variable, stickiness, which varies most with
fluctuations in dry bulb temperature and specific humidity and is least correlated with Tw.
Our methods generate a consistent and globally applicable scale with which to compare the

temperature-vs-specific humidity contributions towards a given intensity of Tw.

Stickiness is constructed so that the mean value over all stations’ historical records is
0°C, and we observe that a large fraction of conditions observed on Earth occur around 0 °C
(Figure 4). The mean conditions in the four case study regions are also close to this zero
value, while their 99th percentile Tw conditions are all at positive stickiness. This supports
the conclusion reached by previously published literature that extreme humid heat tends to be
humidity dependent (e.g., Raymond et al. 2020, Lutsko et al. 2021). This pattern is also
supported by our physical understanding of the relationship between temperature and specific
humidity. Due to the Clausius-Clapeyron relationship, higher dry bulb temperatures are
associated with the ability for air to experience exponentially higher specific humidity before
reaching saturation. This allows the potential magnitude of local specific humidity variations
to increase non-linearly with temperature, suggesting that the contributions of humidity
fluctuations to extreme humid heat may be greater than those of dry bulb temperature
fluctuations. Similarly, it implies certain seasonal and geographic patterns of stickiness as
explored in later sections. As the climate continues to warm, higher latitudes will likely see
greater variability in specific humidity along with that in temperature (Lutsko et al. 2021) and
occasional high stickiness conditions may progress further poleward. Additionally,

comparing the stickiness contours in Figure 4 with the relative humidity and saturation deficit
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contours in Figure 3, stickiness does not exhibit the same non-linearities at extreme

temperatures. Stickiness may thus be a useful diagnostic at very high and low temperatures.

35 - : i _ ‘
—— Stickiness / %
---- Wet Bulb -
------- Relative Humidity E . P
30 mmmm KDE of All Stations s A /_',,-""
A Persian Gulf //;:.--'
South Asia A .
- A SEAustralia &, = ‘9.

237 A US Midwest — -

20 -

Specific Humidity (g/kg)

10

o

20 25 30 35 40 45 50
Temperature (C)

Figure 4: Families of T isotherms and stickiness isopleths. Zero value calculated based on mean
stickiness conditions associated with all station locations (full year data), as shown by the magenta
shading. Grey shading indicates supersaturated conditions. Filled (open) triangles indicate regional mean
stickiness conditions on all days in the year (99™ percentile Ty days). Dotted grey lines indicate relative

humidity isopleths.

Stickiness is a single variable that measures the spatial variability of global humid
heat temperature-vs-humidity dependence. During the hour of recorded daily maximum Tw
for all days in each station record, high stickiness is found commonly in coastal regions
(Figures 5a and 6a). Regions with monsoon climates also exhibit higher stickiness in rainy
seasons than in dry seasons. For example, South Asia tends to experience higher stickiness
during the June-August (JJA) season than the December-February (DJF) season. The lowest
values of stickiness under both mean and extreme conditions are at high elevation, including
the regions near the Andes Mountains, the Tibetan Plateau, and the Rocky Mountains.
Summer patterns in stickiness for the Northern and Southern Hemispheres (when local Tw are
more intense) are distinct. Namely, mean stickiness conditions in the Southern Hemisphere

are not nearly as high as those in the Northern Hemisphere, consistent with the observation
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that there is higher mean specific humidity in the Northern Hemisphere compared to the
Southern Hemisphere (Dai et al. 2006). Further, high stickiness under mean Tw extends to
much higher latitudes on the eastern coast of North America and Asia during JJA than do
those in the Southern Hemisphere during DJF (Figure 5a and 6a), but these stickiness values
decrease rapidly towards the west into the interior of each continent. Additionally, a higher
fraction of tropical Northern Hemisphere stations exhibit positive stickiness under mean
conditions during DJF than do tropical Southern Hemisphere stations during JJA. The highest
temporal standard deviation in stickiness tends to occur in semi-arid coastal regions (Figure
Sl14a and S15a). These include southeastern Australia, South Africa, and the Sahel, each of
which experiences large interannual climate variability including strong influences of the El
Nifio Southern Oscillation (ENSO) phenomenon. Stickiness also exhibits high variability in

extreme humid heat hotspots, where the mean values are also large.
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Figure 5: Global maps of mean stickiness during the hour of daily maximum T, at each station location
based on subset of the data record during JJA season: a) data from all days in each station record, b) data
from 99th percentile Ty, days, c) difference between these two maps (b - a). Red contours indicate regions
with 99th percentile Ty above 27 °C (based on JJA season, ERA5 gridded reanalysis data).
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Figure 6: Global maps of mean stickiness during the hour of daily maximum T, at each station location
based on subset of the data record during DJF season: a) data from all days in each station record, b) data
from 99th percentile Ty days, c) difference between these two maps (b - a). Red contours indicate regions
with 99th percentile Ty above 27 °C (based on DJF season, ERA5 gridded reanalysis data).

Stickiness is higher during extreme Tw events than during mean conditions at most
stations around the globe during the local summer season. In fact, many stations have never
reached a locally extreme Tw under low stickiness conditions, and this is particularly true in
regions where the 99th percentile Tw threshold is sufficiently high to impact human health,
such as the Persian Gulf, South Asia, the Sahel, and the Amazon basin (Figure S16). Around
the globe, stickiness is constrained to positive values during high intensity humid heat days,
while there is a larger range of stickiness during more moderate humid heat conditions
(Figure S17). At the same time, some regions do maintain their overall temperature
dependence (low stickiness) even on locally extreme Tw days. These stations include those
located in the western United States, the Sahara, Iran, and Chile and are primarily in

continental-interior locations which have no pathway to advect warm and humid air from a
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surrounding water body or region of high soil moisture. However, for a subset of near-coastal
stations—for example in Alaska and on the Scandinavian coast — the low stickiness may be
a consequence of the cool sea surface temperatures offshore, and could change as those
temperatures warm. While nearly all stations exhibit an increase in stickiness on extreme Tw
days in the JJA season, there are some decreases in stickiness on extreme Tw days in the
Northern Hemisphere during DJF, when Tw is relatively low. We note that there is not an
equivalently large land mass below 40°S harboring cold, dry air (such as northern North
America or Eurasia) that could compare for the Southern Hemisphere in JJA. Spatial patterns
in the standard deviation of stickiness are similar for extreme Tw conditions under mean
conditions in both seasons, but the magnitude is generally lower during extreme events
(Figure S14b and S15b). Locations which exhibit low standard deviation in stickiness during
extreme humid heat events may provide insight into the important physical controls over
local extreme humid heat events.

The patterns described above are not directly observable by plotting the global dry
bulb temperature, specific humidity, or relative humidity associated with mean and extreme
humid heat events (Figures 7 and 8). All stations show both higher specific humidity and dry
bulb temperature on extreme humid heat days than during average humid heat conditions,
regardless of season. Some regions do exhibit decreases in local relative humidity on these
extreme humid heat days, such as Alaska, northern Europe, and southeast China. However,
these three locations all experience increases in stickiness during extreme humid heat days
compared to mean conditions (Figure S20). These extreme days associated with decreased
relative humidity but increased stickiness may stem from the disparity between the
exponential increase in saturation vapor pressure and the linear increase in stickiness
associated with elevated temperatures, a phenomenon originating ultimately from the
stickiness definition (Figure 4). Such events could be caused by flow from the continents’ dry
interior or strong transient high pressure systems that could increase local dry bulb
temperatures without concomitantly increasing moisture sufficiently to maintain relative
humidity (Zscheischler & Seneviratne 2017). In contrast, during DJF seasonally high-humid
heat events, regions such as the western United States, central Europe, Eurasia, and eastern
China exhibit decreases in relative humidity while experiencing strong decreases in
stickiness. The seasonal differences in the relationship between relative humidity and
stickiness reflect the distinct seasonal climatologies in the Northern Hemisphere, as baseline

dry bulb temperatures are much higher in the summer than the winter.
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Figure 8: Global maps of mean a) specific humidity, b) relative humidity, and c) temperature during hour
of daily maximum T,y at each station location based on subset of the data record during DJF season. Each
plot shows the difference between the conditions occurring during extreme Ty, days compared to all days

(analogous to the bottom panel of Figure 6).

The spatial patterns in the difference in stickiness during mean versus extreme humid
heat days are most similar to those of specific humidity, with the largest differences in
regions such as the Persian Gulf and the Gulf of California (JJA) and the southeastern United
States, the Sahel, and Australia (DJF) (Figures 7a and 8a). This similarity in spatial patterns
between stickiness and specific humidity is again consistent with the Clausius-Clapeyron
relationship. The nonlinear relationship between temperature and specific humidity suggests
that at moderate-to-high temperatures, specific humidity fluctuations may be more critical
than dry bulb temperature fluctuations to the achievement of extreme Tw values. Spatial
patterns in specific humidity changes have thus been shown to drive those of humid heat
(Lutsko 2021), which is reflected in global stickiness patterns. The key difference in the

spatial pattern of these two variables is that while all stations exhibit higher specific humidity
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during extreme Tw days than during average conditions, this is not the case for stickiness
(particularly in high northern latitudes during boreal winter). The magnitude of specific
humidity increases are comparable across much of each summer hemisphere, and can even
increase with latitude in regions such as the United States in JJA and Australia in DJF,

indicating the large intraseasonal variability at these latitudes.

Returning to the four case study regions and exploring the temporal variations in the
relationships between stickiness and humid heat further highlights the dependency of extreme
Tw on anomalous specific humidity (high stickiness). In each region, the highest recorded Tw
occur at the highest stickiness values, following along the saturation curve (Figure 9).
However, there is a large range in stickiness at locally defined moderate levels of humid heat,
particularly in the Persian Gulf and NW South Asia. At a threshold of 27°C, these two
regions experience a range of stickiness from about -1°C to 5°C. The larger range in
stickiness associated with moderately high Tw thresholds within these two individual regions
is consistent with the increased spatial variability in global stickiness at moderately high Tw
intensities (Figure 10). We note that 4,640 stations have experienced Tw thresholds between
25-26°C in their historical records, with a range of both negative and positive co-occurring
stickiness conditions. In contrast, only 1,982 stations have previously recorded Tw conditions
between 29-30°C, and the co-occurring stickiness is consistently higher, with an average
stickiness across stations of 5.2°C. In SE Australia and the US Midwest, low Tw conditions
are associated with relatively low dry bulb temperatures and increased stickiness. In these
mid-latitude (rather than subtropical) regions, jet stream variability may influence local
temperature and moisture conditions and drive these patterns (He et al. 2023). It is also
possible that vegetation cover within these regions helps supply moisture during the summer
months, preventing severely low specific humidity levels even as dry bulb temperatures drop.
The distinct summers of 2011 and 2012 in the US Midwest are examples illustrating the
range of stickiness at moderate Tw thresholds in this region. The hot and dry summer of 2012
was widely reported on due to the experience of flash droughts (e.g., Mallya et al. 2013;
Otkin et al. 2016). While the preceding summer only experienced moderate dry bulb
temperatures, observed Tw values throughout the region were actually higher than in 2012
(Figure S21). Stickiness can help to characterize the contrasting conditions that dominated
these summers — both in the bulk of the distribution and in the tails, as well as distinguishing
primarily temperature-driven versus primarily humidity-driven differences — without

resorting to combinations of other temperature and humidity variables.
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As discussed in the introduction, existing approaches to quantifying the temperature
and humidity contributions to Tw extremes tend to be defined on scales that are specific to a
given location and depend on the typical ranges in these variables that occur there. Stickiness
aims to be more broadly relevant and allow greater ease of comparison between climates. In
our view, stickiness is still most valuable in a somewhat relative sense, in that its variations

are systematically different at different Tw values as shown above — in particular, very high
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Tw tends to only occur concurrently with high stickiness, while stickiness varies more widely
at lower Tw. Stickiness provides the greatest insights into the physical drivers of extreme
humid heat when evaluating it at similar Tw values (i.e., along a vertical line in Figure 9).
Comparisons across very different regions and seasons reveal stickiness’ inherent sensitivity
to baseline temperature, since the Clausius-Clapeyron relationship dictates that the latent heat
of a parcel increases faster than its dry enthalpy with temperature. This also implies that in
general under climate change, latent heat will contribute ever more to the total moist static
energy and related Tw (Matthews 2018; Lutsko 2021), increasing the fraction of global

extreme events with high stickiness.

However, in contrast to existing approaches, the utility of stickiness as a diagnostic is
not relative in the sense of depending on the range of variability within a given climate. It
need only be defined once, rather than many times for different locations, and comparing two
stickiness values occurring at the same Tw is meaningful even if the two observations were
taken from different locations with different ranges of seasonal or subseasonal variation. We
conclude that, while no single diagnostic meets all possible needs, stickiness may be a useful
addition to existing variables for analyses of the contributions of temperature and humidity to

variations in Tw or other measures of humid heat.

4. Discussion and Conclusions

While the relative dependence of humid heat on temperature and humidity varies
spatially and temporally across the globe, we find that extreme humid heat at thresholds
sufficiently high to impact human health tends to be humidity-dependent — that is,
associated with relatively large moisture anomalies rather than temperature anomalies. We
have demonstrated this phenomenon by examining the historical record of traditional metrics
such as dry bulb temperature, specific humidity, relative humidity, and saturation deficit
within a set of climatologically diverse case study regions. We also show that variation in this
dependence can be succinctly described using the newly derived variable stickiness, which
allows for the direct comparison of the varying dependencies of humid heat, both within one

location across time and at one time across the globe.

The global consistency of stickiness allows for the comparison of the potentially
unique regional dynamics leading to local humid heat extremes. We find that the difference

in stickiness between mean and extreme humid heat days has some common features across
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the globe, homogeneous at local scales and heterogeneous at regional scales. Humid heat at
high magnitudes tends to be humidity-dependent (high stickiness). This is consistent with
recent literature investigating the dynamics of extreme events in humid heat hotspots,
highlighting key factors and processes such as moisture advection (Monteiro and Caballero
2019) and proximity to warm water bodies or irrigated land (Im et al. 2017; Mishra et al.
2020; Krakauer et al. 2020; Jha et al. 2022). The importance of such processes underscores
the influence of moisture modulation for driving humid heat extremes, especially when
paired with stability against deep convection (Raymond et al. 2021). We also find that
regions at high elevation including the areas “downwind” of mountain ranges all exhibit low
stickiness conditions during both mean and extreme humid heat days. While it is difficult for
Tw at high elevation to exceed dangerous thresholds for human health (Raymond et al. 2022),
these results highlight that the fluctuations in temperature in these relatively dry
environments are important to local Tw anomalies, in some cases via localized phenomena
such as downslope wind events (Gershunov et al. 2021). These patterns may become
increasingly important as populous cities at high elevation such as Denver, Colorado or

Kabul, Afghanistan begin to experience more heat extremes in the future (Coffel et al. 2019).

Stickiness also serves as an efficient and consistent quantitative metric to assess the
varying contributions from temperature and specific humidity towards humid heat events at
an individual location over time. The present study highlights the wide variation in the
temperature-vs-humidity contributions to moderate humid heat in many regions, in agreement
with regionally specific studies in locations such as the Persian Gulf, South Asia, China, and
the United States (Ivanovich et al. 2022; Wang et al. 2019; Raymond et al. 2017). Large scale
modes of climate variability such as the El Nifio Southern Oscillation, the Madden-Julian
Oscillation, and the Boreal Summer Intraseasonal Oscillation have been shown to influence
extreme humid heat across the globe (Ivanovich et al. 2022; Speizer et al. 2022) and may
contribute to the high variability in stickiness observed in regions such as the Sahel.
Variability may also be influenced directly by changes in sea surface temperature,
particularly in regions such as South Africa in close proximity to the Agulhas Current
(Rouault et al. 2002). In southeast Australia, high variability may be strongly influenced by
wind direction on a variety of timescales, whether by synoptic scale disturbances or seasonal

monsoon circulation, and associated moisture transport (Watterson 2001).

The capacity of stickiness to quantify the contribution of temperature and specific

humidity towards humid heat extremes may help locations identify which variables are most
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important to predicting the local occurrence of heat stress. There is ongoing debate
concerning the physiological expectation that humidity is an important factor for the
experience of human heat stress (Mora et al. 2017; Parsons 2006; Steadman 1979; Fanger
1970) versus the lack of epidemiological evidence that high humidity helps to predict human
mortality and morbidity compared to dry bulb temperature alone (Armstrong et al. 2019;
Vaneckova et al. 2011; Barnett et al. 2010). One challenge which may contribute to this
disagreement is that locations where we might expect a low correlation between extreme dry
and humid heat days (i.e., locations where humid heat may provide additional predictive skill
compared to dry temperatures) rarely overlap with locations with available and reliable
human health data (Baldwin et al. 2023). Places with high variability in stickiness during
local warm periods could point to regions where the differential impacts of extreme dry and
humid heat on human health may be more easily separated, should the necessary human
health data be available. In regions that exhibit either high variability in stickiness or
consistently high stickiness, communicating heat stress risk using a heat stress metric rather
than dry bulb temperature alone may be essential for the most effective local extreme event
preparedness. Identifying regions with consistently negative stickiness may also offer
insights. In such regions, humid heat extremes tend to occur in the presence of elevated dry
bulb temperatures. Traditional metrics of tracking heat stress based on dry bulb temperature
alone or more temperature-dependent heat stress metrics (e.g., Heat Index) may be sufficient
in these locations to identify future extreme heat stress days. Given that the interpretation of
results and translation into adaptation methods depends strongly on the heat stress metric
selected (Simpson et al. 2023), introducing stickiness as offering an additional perspective on
these disagreements may be helpful, in combination with other metrics. Such explorations
using stickiness should also consider the influence of physiological health and climate
acclimatization on individuals' experience of heat stress, which can inform regional
applications of the variable. Knowing the local shape of the stickiness distribution in a region
may also help to forecast when an individual meteorological event may or may not pose a
threat of extreme humid heat. For example, in the Persian Gulf where humid heat extremes
tend to have high stickiness, a high pressure system that increases local temperatures may not
be as detrimental as the stalling of summer winds over the Gulf waters which allows for the
buildup of moisture along the coast (Ivanovich et al. 2022; Raymond et al. 2021). In the
current analysis, we do not differentiate between variability driven by interannual or intra-
annual changes and hypothesize that both may play an important role in local stickiness

variability.
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Distinguishing between humid heat driven by anomalous temperature and humidity
through the use of metrics such as stickiness helps to prepare for the unique impacts of each
type of extreme. Most heat stress studies have examined Tw above a certain threshold, such as
the local 99th percentile or a fixed 35°C value. However, Vecellio et al. (2021) found that for
a fixed Tw, less moist humid heat is in fact significantly more dangerous to human health, due
primarily to physiological limitations on sweat rates. As a result, identifying locations which
experience moderately high Tw and low stickiness, such as the southwest United States, may
improve the ability of climate studies to address heat stress risks that are not typically
identified by considering Tw or other traditional heat stress metrics alone (Simpson et al.
2023; Vanos et al. 2020). Additionally, crop productivity effects due to increased vapor
pressure deficit, or increased risk of wildfire at high temperatures and low humidity, indicates
that low stickiness may be worse for plant health (Ting et al. 2023). Future work could
compare stickiness conditions to crop productivity data or wildfire occurrence to test these
relationships explicitly. Stickiness variability also affects the local implications for humid
heat of practices such as irrigation, which have been shown to increase local humidity
conditions and trigger extreme humid heat (Jha et al. 2022; Krakauer et al. 2020; Mishra et al.
2020; Monteiro and Caballero 2019). While irrigation has been shown to reduce local dry
heat conditions, the local increases in humidity can often compensate and increase humid
heat conditions. Particularly in regions where economic livelihoods depend on agricultural

labor, considering current conditions and the possible tradeoffs of these changes is essential.

The potential future extensions of this research range from dynamical to impacts-
focused. Here we explore the subseasonal variability of stickiness in each of the case study
regions by plotting the full records for the JJA and DJF seasons using daily scale data.
Identifying extreme humid heat events from each of these regions and exploring the temporal
evolution of stickiness on hourly timescales could elucidate specific physical mechanisms.
For example, tracking the evolution of stickiness throughout the duration of meteorological
events such as a thunderstorm while considering the simultaneous influence of the local
background climate, vegetation, and urbanization could shed light upon the dynamics of
these events and the potential for compound extremes. Future applications of this work could
also investigate the modulation of extreme dry and humid heat by vegetation cover. As
demonstrated by the distinction between global patterns of stickiness compared to
temperature and specific humidity alone, utilizing stickiness could help to evaluate how

vegetation cover might influence potential constraints on both dry bulb temperatures and
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vapor pressure deficits in locations such as the US Midwest by increasing local surface level
moisture. The presence of dense vegetation in this midlatitude region could serve as a
mediator to limit extreme dry bulb temperatures and vapor pressure deficits, helping to buffer
any potential threats to crop productivity associated with high canopy dry bulb temperatures
(Mueller et al. 2016). Future work should also explore the influence of dataset uncertainties
as well as how stickiness interacts with the non-climate dimensions of heat stress impacts,
such as how access to artificial cooling and the amount of strenuous outdoor activity could
shift with heat hazards and stickiness variations. Finally, additional research could attempt
extensions our derivation of stickiness by quantifying the contributions towards humid heat
from other climate variables known to influence human health, such as solar insolation and
wind speed (Buzan et al. 2015).

As climate change continues to affect land-ocean contrasts and atmospheric
circulation, in addition to other factors such as urbanization, deforestation, and agricultural
land-use patterns, local stickiness conditions may shift. Further research should consider how
future changes in global temperature and moisture patterns will influence the types of humid
heat extremes and inform how to best prepare for their distinct societal impacts. In speaking
to both atmospheric physics and public health impacts, stickiness provides a uniquely holistic

approach for characterizing the spatial and temporal diversity of extreme humid heat events.
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