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Abstract Vapor buildup in the atmosphere and faster warming over land than over ocean are ubiquitous
features of climate change. This combination is a threat to society because the associated heat stress may exceed
the limit for human survival. The heat stress due to high humidity and high temperature is quantified with the
wet-bulb temperature (7,,). A common view is that the land 7, should change at the same rate as the ocean
surface temperature (7). Using climate model data and atmospheric observations, we show that the land 7,,
increases 17% faster than 7. This amplification arises from stronger downward longwave radiation (L,) at the
surface in a warmer climate, which causes moist static energy to accumulate in the atmospheric boundary layer.
We also find that L, is a better predictor of 7, than 7| at interannual to decadal time scales. These relationships
are robust across climates and across model simulations.

Plain Language Summary Humid heat, or combination of high temperature and high humidity,
is a serious climate threat to society. A robust understanding of the climatology of humid heat—as measured
by the wet-bulb temperature 7,—is needed to inform strategies for heat risk mitigation. Here we perform a
comprehensive analysis of 7, using atmospheric observations and climate model calculations, and develop

a simple box model for the land humid heat. The relationship between this temperature and the longwave
radiation energy can help future prediction of the land humid heat.

1. Introduction

Humid heat decreases labor efficiency and exacerbates heat stress risk (Davis et al., 2016; Dunne et al., 2013;
Mora et al., 2017). The wet-bulb temperature (7, ) is a humid heat index frequently used to approximate the skin
temperature of a perspiring human body. High 7, conditions suppress the body's ability to dissipate its metabolic
heat to the environment via perspiration. If 7, exceeds the threshold of 35°C, this cooling mechanism can no
longer function, and the consequence is deadly (Sherwood & Huber, 2010). The past few decades have seen rapid
increases in 7, (Raymond et al., 2020; Rogers et al., 2021; Speizer et al., 2022). Exceedance of the lethal limit
of 35°C is projected to occur on land in the summer season near the end of the 21st century under high emission
scenarios (Im et al., 2017; Kang & Eltahir, 2018; Pal & Eltahir, 2016). A robust understanding of how the land
T,, changes with the energy and the water cycles is needed to inform strategies for mitigating the rising heat risk
to society.

The wet-bulb temperature is a thermodynamic variable equivalent to the surface moist static energy (MSE; Eltahir
& Pal, 1996; Raymond et al., 2021; Zhang et al., 2021). The land T,, is thought to be controlled by the ocean
surface temperature (7,). At tropical latitudes (20°S to 20°N, except in some monsoon regions), the maximum
surface MSE is uniform between land and ocean due to weak horizontal temperature gradients in the troposphere
(Byrne & O'Gorman, 2018; Sobel & Bretherton, 2000; Zhang et al., 2021). An inference from the MSE conser-
vation, supported by climate model calculations (Sherwood & Huber, 2010; Zhang et al., 2021), is that the land
annual maximum 7, at these latitudes should change at about the same rate as the mean 7,. (The change of the
land mean T, at these latitudes is probably slower than the change of the mean 7,.) Other researchers have relaxed
this equality relationship beyond the tropics and beyond the maximum state, hypothesizing that the mean MSE
changes are equal over the global land and ocean (60°S to 80°N; Byrne & O'Gorman, 2018). According to this
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hypothesis, the land mean T, should increase at the same rate as 7. This MSE conservation theory emphasizes
oceanic control of the land T,.

A competing hypothesis is that the land 7, should rise faster than T, on the account of the fact that land processes
also exert strong influence on the surface MSE. In response to rising atmospheric CO,, the land Bowen ratio
will increase (Duan et al., 2020; Sherwood & Fu, 2014), shifting the surface enthalpy flux more toward sensi-
ble heat. The result is that the land temperature increases ~50% faster than 7, (Joshi et al., 2008; Lambert
& Chiang, 2007; Sutton et al., 2007). Because sensible heat is the dominant component of MSE (Matthews
et al., 2022), this land-ocean warming contrast raises the possibility that the land T, should also increase much
faster than T,. The role of latent heat is less clear. The widespread increase in land aridity and decrease in soil
moisture (Berg et al., 2016; Dai, 2013; Huang et al., 2016; Mankin et al., 2019; Sherwood & Fu, 2014) suggest
that the latent heat component of MSE should decrease over time, a deduction supported by some observational
studies (Lutsko, 2021; Yu et al., 2021). Other studies have reported that, instead of offsetting each other, the latent
MSE component change actually reinforces the sensible component increase (Matthews et al., 2022; Peterson
etal., 2011; Stoy et al., 2022), further amplifying the T, trend. A key obstacle to understanding the role of latent
heat in T, change is that humidity trend calculation is extremely sensitive to the choice of humidity variable.

In this study, we analyze the relationship between the land mean 7/, and T, using climate model outputs from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) and atmospheric observational data. The results are
used to test the above two hypotheses, that T, should change at the same rate as T, or that it should change faster
than 7. Our specific goals are: (a) to develop a simple box model of the MSE budget of the atmospheric bound-
ary layer (ABL) over land, (b) to compare changes in the land T, , the atmospheric temperature on land (7,) and
the sea surface temperature 7, in historical and future climates, and (c) to examine the relationship between the
land 7, change and the change in the downward longwave radiation at the Earth's surface (L ). A consequence of
climate warming is increase in L, (Stephens & Hu, 2010). We are interested in whether L, can serve as a predictor
of future 7.

Our results are restricted to the summer months (June-July-August in the Northern Hemisphere and
December-January-February in the Southern Hemisphere). These months represent the hottest period of the year,
coincide with high-humidity conditions in the wet season, and have the highest T, of the year (Zhang et al., 2023).

2. Data Sets
2.1. Climate Model Data

We analyzed climate variables simulated by 37 CMIP6 climate models under five transient climate experiments,
including Historical, SSP126, SSP245, SSP370, and SSP585 (Table S1 in Supporting Information S1). A total
of 145 model simulations were used. The near-surface wet-bulb temperature T, was calculated on a daily basis
using daily mean air temperature, humidity and pressure. All model results are re-gridded onto common 1° X 1°
grids using linear interpolation.

We focus on summer 7, climatology in land grid cells between 60°S and 60°N. Summer season is June to August
in the Northern Hemisphere and December to February in the Southern Hemisphere. In our analysis, A denotes
time change in a variable, defined as the difference between the mean of the last 10 years (2004—2013 in Histori-
cal and 2090 to 2099 in other experiments) and the mean of the first 10 years (1850-1859 in Historical and 2015
to 2024 in other experiments). The 10-year averaging length is the same as in a study on the global hydrological
sensitivity (Fldschner et al., 2016). The last years of Historical (2014) and future experiments (2100) are omit-
ted due to unavailability of January and February data in 2015 and in 2101. (We need these months to compute
summer statistics for the Southern Hemisphere.) Also note that A is computed over a longer period for Historical
(154 years) than for the other experiments (75 years). The sensitivity of T,, to the surface downward longwave
radiation L, was calculated with two methods. The first method was used to calculate the overall 7, versus
L, sensitivity from all the 145 model simulations. This was obtained through linear regression of AT, against
AL, with each sample representing one model simulation (Figure 3b below). The second method estimated the
sensitivity for individual model simulations. In this method, the sensitivity was the linear regression slope of the
summer mean 7,, against the summer mean L, with each sample representing a summer value. An example of
the second method is given in Figure 4b (inset) below. The second method provides more robust estimate of the
sensitivity for an individual simulation than the ratio ATW/ALl because the former avoids errors associated with
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4 division by extremely small numbers (especially for some SSP126 simula-
free tions). The second method was used to obtain scenario mean sensitivity and
cloud-topped cloud-free at:mosphere its spread (Figure 3a below).
o ;
T @ entrainment flux t 2.2. Reanalysis and Observational Data
MSE ; atmospheric We compared the relationship between 7,, and L, from climate model simu-
advection b?undary layer lations with the relationship found in two other data sets. The first data
~ surface flux ﬁ ' set consists of five atmospheric reanalysis data products. They are: ERAS
_____ LI L (Hersbach et al., 2020), JRA-55 (Kobayashi et al., 2015), MERRA-2 (Gelaro
ocean land

Figure 1. An advection-diffusion model of MSE in the land ABL. The

et al.,, 2017), NCEP-R1 (Kalnay et al., 1996) and NCEP-R2 (Kanamitsu
et al., 2002). These products span a common 40-year period from 1980 to

accumulation of MSE in the land ABL is balanced by the MSE advected from 2019, and the results are also interpolated onto 1° X 1° grids. Although
the ocean, the surface enthalpy flux to the ABL and the entrainment enthalpy reanalysis data are not strictly observations, they are generated from various

flux from the ABL to the free atmosphere. Orange arrows indicate flux sources of observational data through numerical models and data assimila-

responses to increase in downward longwave radiation.

tion systems to best represent the state of historical climate.

The second data set consists of observations at 168 surface radiation meas-

urement sites located on land between 60°S and 60°N. Of these, 136 are
from the FLUXNET Network (Pastorello et al., 2020), seven from the U.S. Surface Radiation Budget Network
(Augustine et al., 2000), 24 from the Baseline Surface Radiation Network (Driemel et al., 2018) and one from the
Lake Taihu Eddy Flux Network (Zhang et al., 2020a; Figure S1a in Supporting Information S1). These sites have
simultaneous observations of air temperature, humidity, atmospheric pressure and surface longwave radiation for
at least four summers between 1991 and 2022.

In line with CMIP6 models, T, was calculated at daily timesteps. The T,, versus L, relationship was built on linear
regression of summer means for reanalysis data. The observational relationship between 7, and L, was based on
linear regression of daily means from station data to avoid bad representation caused by data gaps at specific sites
(Text S1 in Supporting Information S1).

2.3. Calculation of the Wet-Bulb Temperature

The wet-bulb temperature T, is an implicit function of humidity (e,), air temperature (7,) and air pressure (P).
Some researchers have used regression models to approximate 7, from observations of e , T, and P (Brimicombe
et al., 2023; Kong & Huber, 2022). Here we used a numerical method, similar to those presented by Krakauer
et al. (2020) and Davies-Jones (2008), to solve T, from the wet-bulb equation (Equation 4 below) at the daily
timestep. The numerical solution captures the nonlinear dependence of 7, on e, T, and P (Davies-Jones, 2008).

3. An Advection-Diffusion Model of MSE on Land

Here, we present an advection-diffusion model of MSE in the land ABL (Figure 1). We begin the model deriva-
tion by presenting the definitions of MSE & (J kg~!) and equivalent temperature T, (K) (Fischer & Knutti, 2013;
Wallace & Hobbs, 2006)

h=c,T,+ Aq.+ gz (H
Ty=Ti+eafy 2

where ¢, is the specific heat of air at constant pressure (J kg=! K1), A is the latent heat of vapourization (J kg~1),
T, is air temperature (K), g, is specific humidity (kg kg™"), ¢, is vapor pressure (hPa), g is gravitational acceler-
ation (m s72), z is height (m), and y is the psychrometric constant (hPa K~'). These two quantities are related to
each other, as

h=c,T;+gz (3
The wet-bulb temperature 7, (K) is governed by the wet-bulb equation (Lee, 2018)

Tw+ew/7 =T, +€a/}’ (= Tq) 4)
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where e, (hPa) is the saturation vapor pressure at 7,. Equation 4 expresses T, as an implicit function of air
temperature 7, and vapor pressure e,,.

Let h, be the MSE in the ocean ABL and & be the MSE in the land ABL at distance / (m) from the land-ocean
boundary. As air moves from the ocean to the land ABL, its MSE will increase due to the enthalpy flux from the
land surface (F,, W m~2; Figure 1) and will decrease due to the entrainment enthalpy flux into the free atmosphere
above (F,, W m~2; Figure 1). In steady state, conservation of MSE leads to

F,-F 1
+ - . —
p uz;

h=h, ®)

where u is wind speed (m s~!), p is air density (kg m~?), and z; is ABL depth (m). Equation 5 is an application of
the ABL box model, and the product uz; is known as the ventilation factor (Oke et al., 2017).

Differentiating Equation 5 over time, omitting changes in u, z,, and vertical movement (gz), and using Equation 3,
we obtain

AF,-F) |

AT, = AT,, +
pCp uz;

(6

where T, , (K) is the equivalent temperature over the ocean surface. Differentiating Equation 4 and using a linear
approximation to e, as a function of 7, , we obtain

AT, = w(AT, + Aey/y) @)
In this derivation, we have used the following relationship

AT, = wAT, 8)

The scaling factor w in Equations 7 and 8 is given by
w=1/<1+Ayw> )

where A, (hPa K7') is the slope of the saturation vapor pressure at T,. A typical value of w is 0.3 (Zhang
etal., 2023).

Combining Equations 6 and 8, and using the fact that change in the oceanic wet-bulb temperature is nearly
identical to change in the ocean surface temperature 7, (K) (Figure S2 in Supporting Information S1), we obtain

A(F\ - Fe) L
pCp uz;

AT, = ATs +w (10)
We assume that change in the net enthalpy flux of the land ABL can be approximated by change in the net surface
longwave radiation (W m~2)

A(Fs - F)~ A(L, — Ly) 11

where L, is longwave radiation emitted by the surface. A ubiquitous feature of climate warming is that L, will
increase, and the rate of L . increase is faster than that of LT (Stephens et al., 2012; Wang et al., 2021). In the cloud-
free portion of the ABL, this net gain of longwave radiation by the surface causes the surface enthalpy flux to rise
(Figure 1, orange arrow). In the cloud-topped portion of the ABL, the cloud-top radiative cooling is reduced due
to rising L, with a consequence being reduced entrainment rate (Stevens, 2006; Figure 1, orange arrow). Both
processes lead to accumulation of MSE in the ABL relative to the MSE above the ocean surface. According to
climate model calculations, change in the net surface longwave radiation is about 30% of change in the downward
longwave radiation (Wang et al., 2021)

A(L, — Ly) = 03AL, 12)
Substituting Equations 11 and 12 into Equation 10, we obtain

AT, = AT, + aAL, (13)
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Figure 2. Amplification of the land wet-bulb temperature by the surface longwave radiative effect. (a) Relationship between change in the land wet-bulb temperature
AT, and change in the ocean surface temperature AT,. (b) Difference between AT, and AT, as a function of the change in the surface downward longwave radiation AL,.
Solid lines represent linear relationships with regression statistics noted. Dashed line in (a) is 1:1.

where the energy sensitivity factor a (K per W m~2) is given by

an03x L. L (14)
pCp Uz
A scale analysis of Equation 14 shows that a is on the order of 1 X 1072 K per W m~2. For example, based on typi-
cal values of 2,000 km, 5 m s~! and 1 km for /, u, and 2, respectively, Equation 14 gives a of 0.03 K per W m~2.
Because AL, is positive in a warming climate, Equation 13 indicates that the land 7, change should be greater
than the 7 change. Positive AL, is known to intensify the land hydrological cycle (Andrews et al., 2009; Wang
et al., 2018).

4. Results
4.1. Amplification of the Land Wet-Bulb Temperature

The CMIP6 model results confirm a prediction of the ABL budget analysis (Equation 13), that the land 7,, should
change faster than 7,, as shown in Figure 2a. The rate of amplification is 17% across 145 model simulations under
five transient climate experiments. For comparison, the rate of amplification of the summer surface air tempera-
ture 7, on land is 61% (Figure S3 in Supporting Information S1).

The model data also support the linear relationship between the T, and 7, changes with the change in L, (Figure 2b),
yielding an energy sensitivity factor a of 0.019 K per W m~2 on the same order of magnitude as that obtained
from the scale analysis. The scale analysis omits changes to the surface enthalpy flux brought by changes in the
downward solar radiation. As water vapor molecules accumulate in the atmospheric column, vapor absorption of
solar radiation in near-infrared wavelengths (Pendergrass & Hartmann, 2014) offsets some of the net longwave
radiation gained by the surface. As a result, the actual « is smaller than if the longwave radiation were to act on the
boundary-layer MSE alone. In the historical climate, dimming of solar radiation due to air pollution (Wild, 2016)
also reduces the T,, sensitivity to the longwave radiative effect.

In the derivation of the box model, we have omitted changes in wind speed Au and in the ABL depth Az,
Although the ABL depth is not a standard output variable of CMIP6 models, it is inversely proportional to the
static stability of the free troposphere I" (Barbaro et al., 2013; Tennekes, 1973), which in this study is calculated as
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Figure 3. Tight relationship between the land wet-bulb temperature and the surface longwave radiation. (a) Sensitivity of

the wet-bulb temperature 7, to the downward longwave radiation L, from observations, reanalyses and CMIP6 models. (b)
Relationship between the 7, change and the L, change. Observational result in (a) is shown as mean (dot) and 95% confidence
bound (error bars). Box plots show the median (line), 25%—75% range (box), 5%-95% range (whiskers) and the mean value
(dot). Solid line in (b) represents linear relationship with regression statistics noted.

I' = Tro0mb — Tom (15)

where T, and T, are temperature at the pressure height of 700 mb and at the screen height (2 m), respectively.
The omission of Au is defensible for scenario means (Figure S4a in Supporting Information S1), but individual
model simulations can experience Au up to 0.1-0.2 m s~! or about 4% relative change. The scenario mean AI'
is negative for future climates (Figure S4b in Supporting Information S1), meaning that as the atmospheric CO,
rises, the lower troposphere over land becomes progressively less stratified, and the ABL should become deeper.
According to the box model (Equation 10), we expect AT, — AT, to be negatively correlated with Au (and Az;) and
to be positively correlated with AI" through the influence of I on z,. This expectation is based on the condition
that as the climate warms up, change in the net enthalpy flux A(F| — F)) is positive. This condition is generally
satisfied according to Equation 11 because change in the net surface longwave radiation A(L, — L,) is positive
(Wang et al., 2021). Putting it differently, if the ABL wind becomes stronger or if the stability of the lower
troposphere becomes weaker in the future, the ABL will have a higher capacity to “ventilate,” with the result
being more diluted MSE near the surface. A three-variable linear regression of all the 145 model simulations
confirms this expectation, as the regression coefficient for Au is negative and that for AT is positive (R?> = 0.67,
p < 0.0001):

AT, — AT; = 0.0096 + 0.0165(+0.0023)A L, — 0.7468(+0.4014)Au + 0.2499(+0.1525)AT° (16)
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Figure 4. Significant correlation of the land wet-bulb temperature and the surface longwave radiation at interannual time
scale. (a) Interannual changes of the wet-bulb temperature 7, and the surface downward longwave radiation L, according
to NCEP-R1 reanalysis. (b) As in (a) except from CESM2-WACCM historical model simulation. Solid and dashed lines
represent 7, and L, respectively. Insets show scatter plots with linear regression 7, = 0.107 (+0.005) L,~21.26 (R*=0.98)
for panel (a) and 7,, = 0.105 (+0.003) L -21.91 (R?=0.97) for panel (b).

4.2. Relationship Between the Wet-Bulb Temperature and the Longwave Radiation

We now turn our attention to the direct dependence of the land T, on the surface longwave radiation. The change
in the land 7, is linearly correlated with the change in L, (Figure 3b). This linear relationship is highly signifi-
cant (p < 0.0001) and explains 99% of the variations across the 145 model simulations. This correlation exists
presumably because the MSE in the marine ABL is also modulated by the downward longwave radiation through
its influence on the marine surface and entrainment enthalpy fluxes. The overall proportionality of AT versus
AL is 0.099 + 0.002 K per W m~2 (mean + 95% confidence bound). This apparent longwave sensitivity is about
five times that of the sensitivity of the land 7|, amplification to L, (Figure 2b). The scenario mean sensitivity,
that is, the mean sensitivity of model simulations under the same scenario, varies in a very narrow range from
0.100 K per W m~2 (SSP585; 5%-95% range: 0.095-0.106 K per W m~2) to 0.119 K per W m~2 (SSP126;
0.107-0.132 K per W m~2; Figure 3a).

The modeled T,, sensitivity to L, is in excellent agreement with those obtained from two atmospheric data sets
(Figure 3a). The first data set consists of five atmospheric reanalysis data products, covering the period from 1980
to 2019. The reanalysis mean sensitivity is 0.113 + 0.006 K per W m—2.

The second data set consists of simultaneous observations of 7, and L, at 168 surface radiation measurement sites
on land. We calculated the sensitivity of 7,, to L, for each site using linear regression of daily summer observa-
tions. An example of such linear regression is given in Figure S1d in Supporting Information S1 for Bondville
(BON), Illinois, United States, one of the longest running sites in our collection. Figure S1a in Supporting Infor-
mation S1 shows the spatial distribution of the observed sensitivity of T,, to L,. For comparison, Figure S1b in
Supporting Information S1 is the global map of the mean sensitivity of the five reanalysis products. The two maps
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Figure 5. Long-term trends of the land wet-bulb temperature and the surface longwave radiation. (a) Multi-model mean time series of global (60°S—60°N) land
summer wet-bulb temperature 7,,. (b) As in (a) except for the surface downward longwave radiation L,. Solid lines are multi-model means and shaded ranges are +1
standard deviation of the multi-model results. Vertical dashed line marks year 2014.

are highly correlated (p < 0.0001). Because the observational sites are not evenly distributed across the world,
a simple algebraic mean of the 168 sensitivity values is not representative of the true land mean sensitivity. To
obtain an improved estimate of the global mean sensitivity of 7, to L,, we first developed a linear relationship
between the observed values and the reanalysis values from the grid cells where these sites are located (Figure
S1c in Supporting Information S1). We then used this relationship to estimate the “observed” sensitivity for grid
cells without observational data. Finally, we calculated the global mean sensitivity using these estimates. The
mean sensitivity is 0.097 + 0.006 K per W m~2 (mean + 95% confidence bound; Figure 3a), which is nearly
identical to the overall modeled sensitivity (Figure 3b).

4.3. Temporal Variations of the Wet-Bulb Temperature and the Longwave Radiation

The summer mean 7, and L, are highly correlated over time. Two examples of the interannual variations, one for
an atmospheric reanalysis (NCEP-R1) and the other for a historical model simulation (CESM2-WACCM), are
given in Figure 4. The coefficient of variation (R?) is 0.98 and 0.97 and the slope of the regression of T, versus L 0
is 0.107 and 0.105 K per W m~2, for NCEP-R1 and CEMS2-WACCM, respectively. For the other four reanalysis
products, ERA5, JRA-55, MERRA-2 and NCEP-R2, the R? values are 0.95, 0.95, 0.99 and 0.98, and the regres-
sion slopes are 0.120, 0.113, 0.109, and 0.118 K per W m™2, respectively. The R? is greater than 0.90 for 143 (out
of 145) model simulations.

On the climatic time scale, the multi-model mean T, exhibits temporal trends that match nearly perfectly with
the L, trends (Figure 5). For example, the temporal correlation between the multi-model mean 7, and L, is 1.00
for the SSP585 scenario. In the historical climate, volcanic eruptions cause the L, to drop by 2.96, 2.53, and
3.09 W m~2 in 1884, 1903, and 1992 from the value in the preceding years, and there is a proportional drop in
T, of 0.35,0.31 and 0.36°C. In the SSP126 scenario, both L 0 and T, increase slowly from 2015 to 2060 and then
level off beyond 2060.

The correlation pattern is consistent among inter-model, inter-scenario, and inter-annual variations (Figures 3-5).
We suggest that the tight relationship between 7, and L, is an intrinsic property of the climate system.

4.4. Results for the Tropical Zone

The above results are for the global land (60°S to 60°N). Recognizing that high humid heat regions are found
mostly in the tropics, we have also analyzed the T, climatology for the tropical zone (20°S to 20°N; Figure S5 in
Supporting Information S1). In this band, 7, also changes at the same rate as the oceanic wet-bulb temperature.
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The oceanic control on the land T, change is still powerful (R*> = 0.99), but the amplification with respect to
AT, is reduced to 7% from the global land value of 17%. Similarly, the amplification of the tropical land T, is
also reduced to a smaller amount (36%). The relationship between 7,, and L, is equally robust for the tropics
(R*=0.99) as for the global land (R? = 0.99; Figure 3b).

5. Summary and Discussion

In summary, we have shown that the land 7, change is amplified in reference to 7,, but at a smaller amount than
the air temperature amplification. We argue that this amplification arises from the increase in L. Support for this
argument is provided by a theoretical analysis of the MSE budget in the ABL on land. We also find a strong linear
relationship between the 7, increase and the increase in L,. The L, increase is a predictable consequence of rising
air temperature and rising air humidity in a warming climate (Stephens & Hu, 2010).

Time scale matters to the T, climatology. Our results support the oceanic control hypothesis at long time scales
of decades or longer (Byrne & O’Gorman, 2018). At these time scales, changes in T, exert a dominant control
on changes in the land T,,. In other words, future change of the humid heat stress on land is tightly coupled
with ocean warming (Berg et al., 2016). The proportionality relation of AT with AT, is equally powerful in
explaining the inter-model and inter-scenario variations in 7,, (R* = 0.98, Figure 2a) as the proportionality rela-
tion with AL, (R* = 0.99, Figure 3b). The land influence is smaller. Its role is to amplify the land 7, change by
17% beyond the baseline set by the 7, change. In relative terms, the land role in the total AT, is 14%. The relative
contribution of the ocean influence is larger, at 86%. In absolute terms, 7, is projected to increase by 2.9 K at the
end of the century, and the land influence amounts to an additional 0.5 K increase in 7, , according to multi-model
simulations under the high emission scenario SSP585 (Figure 2a). In this regard, the box model can be considered
as a refinement of the oceanic control hypothesis.

At the interannual time scale, L, is a much better predictor of T, variations than T,. Years with higher L, are
associated with proportionally higher T, yielding a coefficient of variation R? greater than 0.96 (Figure 4). In
comparison, the correlation of interannual variations in 7, and T, is weaker (R? < 0.64; Figure S6 in Supporting
Information S1). (Between 1950 and 1970, T, and T, are actually anti-correlated.) It appears that land processes
are responsible for the interannual variabilities of the land T,,. In addition to enhancing the surface enthalpy flux
and suppressing the entrainment enthalpy flux (Figure 1), higher L, tends to occur under stronger static stability
of the lower troposphere (Figure S7 in Supporting Information S1). It is well established that the growth of the
land ABL is suppressed in a more stable troposphere (Barbaro et al., 2013; Tennekes, 1973). A shallower ABL
favors accumulation of MSE near the surface (Mishra et al., 2020) and further reinforces the correlation between
T,and L,.

It appears that the tight relationship between T, and L, is a fundamental property of the climate system. This
relationship is found in model simulations (Figure 3b), in atmospheric reanalysis (Figure 4a) and in observational
data (Figure S1d in Supporting Information S1). Since the L, change is tied to changes in air temperature and
air humidity (Stephens & Hu, 2010), the relationship may arise from the fact that both 7, and L, co-vary with
temperature and humidity. Although it is certainly a contributor, this mathematical coincidence is unlikely to be
the mechanism that underlies the nearly perfect correlation between AT, and AL, at multiple time scales and
across climate model simulations. This is because AL, measures the change of physical states of the atmospheric
column, whereas AT, measures the change of MSE at the surface. The main source of L, is radiation emis-
sion from water vapor molecules in the troposphere (Pendergrass & Hartmann, 2014; Stephens & Hu, 2010).
Temporal and spatial variations of L, are controlled by variations of the temperature of the whole atmospheric
column and the total amount of water vapor in the column. Although the column mean temperature and humidity
are correlated with the surface temperature and humidity, these correlations cannot accommodate tropospheric
temperature and humidity adjustments to the CO, buildup (Soden & Held, 2006) and changes in atmospheric
moisture transport (Trenberth, 2011). A more logical explanation is that the AT, dependence on AL, emerges
from the physical regulations imposed by L, on the MSE exchange between the ABL, the surface and the free
troposphere (Figure 1).

Although our results pertain to summer and global mean states, they can inform the development of a predictive
framework for 7,, at finer time and spatial scales. Identifying conditions conducive to high L, such as strong
tropospheric stability (Raymond et al., 2021), and shallowness of the ABL (Mishra et al., 2020) may improve the
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prediction of extreme humid heat episodes. We wish to point out that humid heat behaves differently from dry
heat in the ABL on land. (Humid heat is measured by T, and dry heat is measured by T.) In particular, reduction
in entrainment suppresses air temperature rise in the ABL (Lee, 2018) and therefore the dry heat intensity, but it
enhances humid heat as discussed above.

The tight relationship between 7, and L, presented in this study is a global mean property. Whether this rela-
tionship holds for extreme 7, and how the relationship in a specific location is linked to the local hydrological
cycle are yet to be determined. Another limitation of this study is that daily mean variables may be inadequate for
quantifying extreme heat. Future efforts should investigate patterns and processes at hourly timesteps.
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Text S1. Observed sensitivity of 7w to L,

In our study, the modelled relationship between Tw and L; was evaluated against observations at
168 radiation measurement sites on land between 60°S and 60°N. These sites were selected from
the FLUXNET Network (Pastorello et al., 2020), the U.S. Surface Radiation Budget Network
(Augustine et al., 2000), the Baseline Surface Radiation Network (Driemel et al., 2018) and the
Lake Taihu Eddy Flux Network (Zhang et al., 2020).

We developed a set of standards for site selection. First, sites located outside the spatial scope of
our study are excluded. In other words, we do not consider high-latitude sites or ocean sites that
are located on small islands. Second, sites without concurrent temperature, humidity, and
pressure measurements are excluded. Third, we evaluate data quality of each site by visually
checking the raw time series of longwave radiation, humidity, air temperature and air pressure.
Data records that fall out of the physically possible range, that show sudden step changes, and
that do not follow the pattern of seasonal change of any variable are deleted. Fourth, sites with
observational length less than four summers are excluded. We need enough data samples to
ensure the statistical reliability of site-specific Tw versus L, relationship. A total of 168 sites

remains in our collection after we applied these data screening criteria.

We used daily values of air temperature, humidity and air pressure to calculate the daily Tw. Only
data in the summer season were used. The sensitivity of Tw to L, for each site was obtained as the
linear regression slope of Tw versus L;. An example is given in Figure S1d. We based our results
on daily observations instead of summer means to avoid bad representation caused by data gaps

at a specific site.



Table S1. CMIP6 models used in this study. Letter “Y” denotes data availability.

Models Native resolution  Historical SSP126  SSP245  SSP370  SSP585
ACCESS-CM2 144 x 192 Y Y Y Y Y
ACCESS-ESM1-5 145 x 192 Y Y Y Y Y
AWI-CM-1-1-MR 192 x 384 Y Y Y Y Y
AWI-ESM-1-1-LR 96 x 192 Y

BCC-CSM2-MR 160 x 320 Y Y Y Y Y
CanESMb5 64 x 128 Y Y Y Y Y
CESM2 192 x 288 Y

CESM2-FV2 96 x 144 Y

CESM2-WACCM 192 x 288 Y Y Y Y Y
CESM2-WACCM-FV2 96 x 144 Y

CMCC-CM2-HR4 192 x 288 Y

CMCC-CM2-SR5 192 x 288 Y Y Y Y Y
CMCC-ESM2 192 x 288 Y Y Y Y Y
EC-Earth3 256 x 512 Y Y Y Y Y
EC-Earth3-AerChem 256 x 512 Y Y
EC-Earth3-CC 256 x 512 Y Y Y
EC-Earth3-Veg 256 x 512 Y Y Y Y Y
EC-Earth3-Veg-LR 160 x 320 Y Y Y Y Y
FGOALS-f3-L 180 x 288 Y

FGOALS-g3 80 x 180 Y Y Y Y Y
GFDL-ESM4 180 x 288 Y Y Y Y Y
IITM-ESM 94 x 192 Y Y Y Y Y
INM-CM4-8 120 x 180 Y Y Y Y Y
INM-CM5-0 120 x 180 Y Y Y Y Y
IPSL-CM5A2-INCA 96 x 96 Y Y Y
IPSL-CM6BA-LR 143 x 144 Y Y Y Y Y
KACE-1-0-G 144 x 192 Y Y Y Y Y
KIOST-ESM 96 x 192 Y Y Y Y
MIROC6 128 x 256 Y Y Y Y Y
MPI-ESM-1-2-HAM 96 x 192 Y

MPI-ESM1-2-HR 192 x 384 Y Y Y Y Y
MPI-ESM1-2-LR 96 x 192 Y Y Y Y Y
MRI-ESM2-0 160 x 320 Y Y Y Y Y
NorESM2-LM 96 x 144 Y Y Y Y Y
NorESM2-MM 192 x 288 Y Y Y Y Y
SAMO-UNICON 192 x 288 Y

TaiESM1 192 x 288 Y Y Y Y Y
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Figure S1. Observed sensitivity of the wet-bulb temperature to the surface downward longwave
radiation. (a) Spatial distribution of the sensitivity at the 168 surface radiation measurement sites.
(b) Spatial distribution of the sensitivity according to atmospheric reanalysis. (c) Spatial
correlation between observed and reanalysis sensitivity. (d) Relationship between the wet-bulb
temperature Tw and the surface downward longwave radiation L at Bondville (BON), Illinois,
USA. Solid lines in (c)-(d) represent linear relationships with regression statistics noted. Dashed
line in (c) is 1:1.
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Figure S2. Identical changes of the ocean surface temperature and the oceanic wet-bulb
temperature. Solid line represents linear relationship with regression statistics noted. Dashed line
is 1:1.
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Figure S3. Amplification of the land air temperature change in reference to the ocean surface
temperature. Solid line represents linear relationship with regression statistics noted. Dashed line
is 1:1.
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Figure S4. Changes in the land surface wind speed and the static stability of the lower
troposphere. (a) Scenario mean change of the land surface wind speed Au. (b) Scenario mean
change of the static stability of the lower troposphere AI". Box plots show the median (line), 25—
75% range (box), 5-95% range (whiskers) and the mean value (dot).
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Figure S5. Climatology of land wet-bulb temperature for the tropical zone (20°S-20°N). (a)
Relationship between changes in the land wet-bulb temperature and ocean surface temperature.
(b) Relationship between changes in the land wet-bulb temperature and incoming longwave
radiation at the surface. (c) Relationship between changes in the ocean surface wet-bulb
temperature and ocean surface temperature. (d) Relationship between changes in the land air
temperature and ocean surface temperature.
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Figure S6. Oceanic control on the land wet-bulb temperature change at interannual time scale.
(@) Interannual changes of the wet-bulb temperature Tw and the ocean surface temperature Ts
according to NCEP-R1 reanalysis. (b) As in (a) except from CESM2-WACCM historical model
simulation. Solid and dashed lines represent Tw and Ts, respectively. The statistics of linear
regression are also shown.
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Figure S7. Stronger downward longwave radiation with increasing stability of the lower
troposphere. (a) Relationship between the surface downward longwave radiation L and the
tropospheric static stability /" according to NCEP-R1 reanalysis. (b) As in (a) except from
CESM2-WACCM historical model simulation. Solid lines represent linear relationships with
regression statistics noted.
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