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Moist heatwaves in the tropics and subtropics pose substantial risks to
society, yet the dynamics governing their intensity are not fully understood.
The onset of deep convection arising from hot, moist near-surface air

has been thought to limit the magnitude of moist heatwaves. Here we use
reanalysis data, output from the Coupled Model Intercomparison Project
Phase 6 and model entrainment perturbation experiments to show that
entrainment of unsaturated air in the lower-free troposphere (roughly

1-3 km above the surface) limits deep convection, thereby allowing much
higher near-surface moist heat. Regions with large-scale subsidence and
adry lower-free troposphere, such as coastal areas adjacent to hot and

arid land, are thus particularly susceptible to moist heatwaves. Evenin
convective regions such as the northernIndian Plain, Southeast Asia and
interior South America, the lower-free tropospheric dryness strongly affects
the maximum surface wet-bulb temperature. As the climate warms, the
dryness (relative to saturation) of the lower-free tropospheric air increases
and this allows for alarger increase of extreme moist heat, further elevating

the likelihood of moist heatwaves.

Moist heat, encompassing the combined stress of temperature and
humidity on human physiology, is especially pertinent to human health:
highmoist heat interferes with the body’s ability to dissipate metabolic
heat and maintain a normal core temperature, leading to hyperther-
miaand even heat death', The high physiological strain during moist
heatwaves can aggravate the risks of cardiovascular and respiratory
diseases®’, reduce the physical work capacity of outdoor workers®’
and increase heat-related hospitality and mortality'®", substantially
affecting societal health and economic welfare'> ', Being warm, moist
and densely populated, the tropics and subtropics have the largest
potential exposure to moist heatwaves and are projected to have the
most pronounced enhancement of exposure as climate warms®™. It
is therefore crucial to understand the environmental control of the
magnitude and spatial distribution of moist heatwavesin these tropi-
cal and subtropical regions.

Thereare asuite ofindices to measure moist heat”* . The wet-bulb
temperature (WBT) has been widely used in the past decade, especially
whendiscussing the physical climate conditions associated the extreme
moist heat"'**?*2¢. WBT is closely related with moist enthalpy” >’ and
also withmoist static energy (MSE) (Methods) provided the orographic

heightis modest (whichis typical for places with high moist heat). For-
tunately, boundary-layer MSE in the tropicsis constrained by tropical
convection and dynamics®*~¢ and, in some circumstances, may set an
upper limit on the magnitude of moist heat.

Recent studies have employed theories of tropical convectionand
dynamics to understand the constraint on moist heat extremes®?’ and
temperature extremes® . The fundamental ingredients that form the
constraintare: (1) convective quasi-equilibrium (QE)***, which states
that convecting atmospheres are close to being neutrally buoyant and
(2) The weak temperature gradient (WTG) approximation®*°, which
states that tropical free-tropospheric temperatures are close to being
spatially uniform, particularly along the zonal direction. Quantitatively,
QE can be expressed in an idealized form as MSE,,,, = MSEzo, where
MSE,,, is the near-surface MSE and MSEz, is the saturated MSE at
500 hPa. When MSE,,, exceeds MSEZ,,, the boundary layer becomes
unstable, resulting in deep convection and limiting further increases
in MSE,,,. The WTG approximationimplies that the local MSEz, value
(which is a function of temperature alone) is approximately equal to
its zonal-mean value ((MSE’;OO)ZM). Together, the QE and WTG condi-
tions imply that (MSE’;OO)ZM provides a constraint on MSE,,,, and
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Fig.1|Spatial distribution of extreme moist heat days and the associated
convective conditions. a, The location and fractional occurrences (colour) of
the top 1% daily mean WBT sampled, respectively, for land, ocean and coast. The
fractional occurrence is defined as the number of occurrences of the spatio-
temporally sampled top 1% days at each location to the total number of the
spatio-temporally sampled top 1% days. Locations without days in the top 1% are
masked and not coloured. b, The location and fractional occurrences of the top
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1% daily mean MSE at the reference height (MSE,,,) sampled, respectively, for
land, ocean and coast. ¢,d, The corresponding boundary-layer instability
measure (c), defined as the deviation of MSE,,,, from the zonal-mean saturated
MSE at 500 hPa ((MSEZoo )z and lower-free tropospheric dryness measure (d),
defined as the subsaturation at 850 hPa (Subsatgs,) minus the local MSEzo,
anomalies from the zonal-mean value ((MSEz,)"), of these top 1% WBT days. See
Methods for details of the sampling method and the calculation of each quantity.

thereby a constraint on near-surface moist heat. Local moist heat
extremesinthetropics, regardless of the heterogeneous local surface
and meteorological conditions, will need to behave under the con-
straint of (MSEs0)-

The line of argument presented above neglects the limiting
impacts of free-tropospheric dry air entrainment on convection*"*,
We demonstrate that dry air aloft (in the lower-free troposphere
(LFT)) has a substantial effect on the magnitude and occurrence of
surface moist heat extremes. Lower-free tropospheric dry air curtails
convection, allowing the build-up of greater boundary-layer instabil-
ity. This pushes MSE,,, to greater extremes than would otherwise be
encountered. Accounting for dry air entrainment also explains why
extreme WBT values can occur in both climatologically precipitating
and non-precipitating tropical regions (for example, the Red Sea and
the Persian Gulfin Fig. 1a) where convective QE will not hold.

Extreme moist heat spatial distributionin current
climate

Thetight link between surface WBT and MSE,,, extremesisillustratedin
Fig.1a,b. Extreme WBT occurs where MSE,, is high. Over land, extreme
moist heatoccurs over northernIndia, Southeastand East Asia, interior
South America and west and central Africa, consistent with observa-
tional findings'>**. Over oceans, these high moist heat days are found
over the West Pacific Warm Pool, the Bay of Bengal, the Arabian Sea
and the equatorial South Pacific. These land and oceanic regions are
warm, humid and typically having active deep convection. In addi-
tion, coastal regions adjacent to hot and dry land are also hot spots of
the extreme moist heat days such as the Red Sea, the Persian Gulf, the
gulfs of California and Mexico, and seas around northern Australia
and Madagascar.

The top 1% WBT days correspond to times when the boundary
layer is highly unstable (Fig. 1c), where the instability is measured by
the exceedance of MSE,,, over (MSE?OO)ZM. The large MSE,,, exceed-
ance tends to be accompanied by relatively large magnitudes of LFT
subsaturation (Fig. 1d). Here, LFT subsaturation is the saturation
deficitat 850 hPa—ameasure of the tropospheric dryness (Methods).
Regions with both high MSE,,, and large LFT subsaturation are home
to the most extreme moist heat cases. We discuss in more detail the

relationship between the MSE,,, exceedance and the LFT subsatura-
tion below.

More extreme moist heat under entraining QE
Weincorporatethe LFT dry air effects to the QE-WTG framework and
consider an ‘entraining QE’. We use the LFT subsaturation (Subsatgs,)
torepresent theintegrated properties of LFT entrained air. Empirical
evidence suggests that a buoyancy measure that incorporates this
LFT subsaturation is a strong indicator of tropical convective activ-
ity***©*8 By considering the entrainment effect and keeping a term
representing the deviations from WTG (whichis small compared with
the entrainment term) (see Methods for further details) entraining
QE-WTG canberepresented by:

(MSE, — (MSEso0)7v)
boundary — layer instability measure

oy
+ (wSubsatgsy — (MSEzpg)’) = 0.

LFT dryness measure

The relative contribution of the boundary-layer instability and LFT
dryness to convective buoyancy depends on the weighting w of LFT
environmental air typically entrained by convecting plumes. Observa-
tions suggest that both the boundary layer and LFT contribute nearly
equally to the properties of a convective plume*****, yielding approxi-
mately equal weighting®” of the instability and dryness measures, that
is, w=1inequation (1). Climate models with slightly different entrain-
ment could have slightly different values of w, but the overall effects
would be similar.

Figure 2 shows thejoint frequency distribution of boundary-layer
instability and LFT subsaturation measures thatappearinequation (1).
This figure format allows us to evaluate extreme moist heat incidence
inrelationto theidealized QE-WTG theory, and the crucial role of LFT
entrainment. The green and brown shadings show the frequency of
raining and non-raining days, respectively. The boundary-layer instabil-
ity measures the buoyancy of anon-entraining convective plume. Under
idealized (non-entraining) QE, this measure should be either around
zero (neutrally buoyant convection; purple line in Fig. 2) or negative
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Fig.2|Thejoint frequency distribution between boundary-layer instability
and lower-free tropospheric dryness measures, and its relationship to
extreme WBTSs. a,b, The frequency of non-raining (daily mean precipitation
rate P< 0.5 mm per day; brown shadings) and raining (P> 6 mm per day; green
shadings) conditions, and the top 1% WBT days (red dots) as a function of the
two measures, for land plus coast (a) and ocean (b) in ERAS. The corresponding
distribution that only include grid cells over land is shown in Extended Data
Fig.1. The vertical purple line marks the position of value zero on the x axis,
where acombination of idealized theories of QE and WTG sets the constraint for

MSE,,,, = (MSEZog)z (k) kg™)
Boundary-layer instability

MSE,,... The slanted purple line is the 1:-1line of the boundary-layer instability
measure and the lower-free tropospheric dryness measure which we refer to as
the ‘entraining QE’ line. The cyan stars show the mean of the two measures (values
denoted in the parentheses) for raining conditions. The dark red stars show

the mean of the two measures for the top 1% WBT days. ¢,d, The joint frequency
distribution for land plus coast in CAMS runs; from runs without entrainment

(c) and with standard entrainment (d). The orange lines show the bin-maximum
WBTSs, indicating conditions where these WBT values start to occur. The WBT
value averaged over the 1% WBT days is given at the upper right corner.

(stableto deep convection). However, inrealistic situations, both over
land plus coast (Fig. 2a) and over ocean (Fig. 2b), a large number of
samples in non-raining conditions and almost all samples in raining
conditions lie to the right of the purple line. The occurrence of large
MSE,,,exceedance over (MSE;kOO)ZMis explained afterincorporating the
effects of LFT entrainment asin equation (1).

TheLFT drynessdilutes theinitial MSE of the boundary-layer air as
itascends throughthe troposphere. Higher MSE,,, values can therefore
be attained without triggering convection. The slanted purple line in
Fig. 2 is the ‘entraining QE line’, illustrated as 1:-1 (w =1in equation
(1)). Conditions around this line are in a state of neutral entraining
buoyancy, where the boundary-layer instability perfectly compensates
forthe LFT entrainment effect. The entraining QE line shifts the upper
bound on MSE,,,, (or moist heat) to larger values, because conditions
that are unstable by the non-entraining measure can now be stable by
the new measure thatincorporates entrainment. The raining samples
(greenshading), instead of following the non-entraining QE limit, align
alongthis entraining QE line. These raining samples represent the con-
vective regime of the high MSE,,,, cases. The mean values of ERA5 MSE,,,

exceedance and the entrainment effect for the convective regime are
around 7 k) kg™ for bothland plus coast and ocean (Fig. 2a,b, cyanstars).
In addition to the convective regime, shifting the idealized QE line to
this entraining QE line also permits the existence of a wedge-shaped
non-raining ‘dry-inhibition regime’. In thisregime, the boundary layer
is warm and moist (high MSE,,, exceedance), but the LFT is too dry to
foster deep convection (Fig. 2d).

Toillustrate where extreme moist heat days occur, we show the top
1% WBT days in Fig. 2a,b as the red dots: they coincide with times hav-
ingthe highest boundary-layer instability values. All these top 1% WBT
days exceed the MSE,,, bound placed by an idealized, non-entraining
QE constraint. More detailed correspondence of WBT values to the
magnitude of this exceedance is shownin Extended DataFig.2. The top
1% WBT days—the averages of them are marked by a dark red star with
ameanintensity of about 27 °C—lie either in the convective regime or
the dry-inhibition regime. Days with moderate LFT subsaturation tend
to lie around the entraining QE line and are more likely to be raining.
Dayswithlarger LFT subsaturation tend to lie within the dry-inhibition
regime; these days accumulate large values of boundary-layer MSE
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Fig.3|Large-scale dynamical conditions of the convective regime, the
dry-inhibition regime and days with extreme WBT values. a,b, Vertical
velocity at 500 hPa (ws,,, averaged in each conditional bin) corresponding to
Fig.2a,b; negative values represent ascending motion and are coloured red while
positive values represent descending motion and coloured blue. The bins with
counts less than 3 are masked. The thin red lines mark the bin-maximum WBTs
of28 °Cand 30 °C, indicating conditions where these health-threatening WBT
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daysstartto occur. c-f, The conditional mean precipitation rate (P) (c), s, (d),
fraction of non-raining days (P < 0.5 mm per day) (e) and fraction of days with
downward motion at 500 hpa (ws,, > 0) (f) for the top 1% WBT days. The sampling
of c-fisthe same asin Fig.1a,c,d, where the top 1% WBT days are sampled
spatio-temporally and respectively over land, ocean and coast. Data are from
ERAS (ref. 69).

but do not reach the convective, entraining QE state on account of
excessive LFT dryness.

Theimpacts of entrainment on moist heat extreme magnitudes is
further verified using a parameter perturbation experiment with ver-
sion 5 of the Community Atmospheric Model (CAMS5)*. A control run
with standard entrainment and anon-entraining run with zero entrain-
ment are used (Methods). The joint frequency distribution over land
plus coast for the non-entraining and the default entraining cases are
showninFig.2c,d. Without entrainment, the idealized, non-entraining
QE-WTG linerestricts the MSE,,,, values inboth raining and non-raining
conditions. In particular, the raining conditions lie close to a state of
non-entraining QE. With entrainment, asubstantial number of samples
under both raining and non-raining conditions exceed the idealized
QElimit. The raining days align along the entraining QE line, while the
non-raining days are situated in the dry-inhibition regime—similar to
thereanalysis data (Fig. 2a). WBTs in the entraining and non-entraining
runsindeed differ (orange contours): the run with entrainment exhibits
higher WBT values, with the top 1% days having a mean WBT value of
26.2°C, in contrast to 24.4 °Cin the non-entraining run.

Theentraining QE and the dry-inhibition regimes exist under dif-
ferent large-scale conditions. Figure 3a,b shows the corresponding
vertical velocity at 500 hPa (ws,): the convective regimeis in ascend-
ing motion and the dry-inhibition regime, on average, experiences

subsiding motion. This subsidence, whether transient or seasonal,
contributes to maintaining the LFT dryness within the dry-inhibition
regime®. Some of the highest surface WBT values (see the dark red WBT
contours of 28 °C and 30 °C) occur within this regime.

The regional precipitation condition and vertical motion of
extreme moist heat days are shown in Fig. 3c-f. The top 1% WBT days
over the northern India Plain, Southeast Asia, South America, West
Pacific Warm Pool and tropical South Pacific are in the deep-convective
regime: the fraction of non-raining days is low (Fig. 3e), conditional
mean P is high (Fig. 3¢) and wsq, is on average upward (Fig. 3d,f).
Extreme moist heat daysin these regions lie around the entraining QE
line in Fig. 2a,b. By contrast, the top 1% WBT days over those coastal
oceans adjacent to hotand arid land are in the subsiding dry-inhibition
regime: the fraction of non-raining days is high and ws,, is on average
downward. These extreme moist heat days constitute the long tail of
red dots that have large LFT subsaturationin Fig. 2a,b.

Faster increase of the extreme moist heat under
warming

We now examine how entraining QE and its relations with the extreme
WBT days change in a warmer climate. We compare simulations
under the 4x CO, and the base climate states using climate model
output from Phase 6 of the Coupled Model Intercomparison Project

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01498-y

Joint frequency distribution, CESM2, warm season

Ctrl
a Land + coast b
20 Mean top 1%
WBT: 26.4°C

20

(8.6, -7.9)

-20

) (kg ™)
) (kg ™)
8

500!
*

500
|

IN

o

-40

*

-60

-80

Subsatgg, - (MSE

Lower-free tropospheric dryness
Subsatgg, - (MSE

-100 -100

-120 -120

30 20 -0 O 10 20 30 40 50
MSE,,, ~ (MSE2o0)z (k) kg™
Boundary-layer instability

4x CO,

-}

C Land + coast

20 Mean top 1%

8, -12.3) WBT: 31.9°C

*oo) (ki kg™
A
o

&
3

-80

Subsatgg, - (MSE

-100

Lower-free tropospheric dryness
Subsatgg, - (MSEZ,)' (kJ kg™)

-100

-120 -120

30 20 -10 O 10 20 30 40 50
MSE,, - (MSEZ0) (kJ kg™
Boundary-layer instability

Fig. 4| Climate model simulated instability/dryness joint frequency
distribution and extreme moist heat days. a-d, Similar to Fig. 2, but with the
results from the base climate state (Ctrl) for land plus coast (a) and ocean (b) and
theresults from the 4x CO, climate state for land plus coast (c) and ocean (d) in
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WBT of 28 °C and 30 °C, marking conditions where these health threatening WBT
daysstarttooccur.

(CMIP6)™. Figure 4 displays the joint frequency distribution of the
instability/dryness measures, overlaid with the top 1% WBT days (red
dots)—as in Fig. 2a,b but from Community Earth System Model Ver-
sion 2 (CESM2)* simulations. In both the base (Fig. 4a,b) and the 4x
CO, (Fig. 4c,d) climate states, the top 1% WBT days exceed the ideal-
ized non-entraining constraint by tens of k] per kg. The base-state
jointdistribution simulated by CESM2 is similar to thatin ERAS. Mul-
tiple other CMIP6 models also show qualitatively similar patterns
(Extended Data Fig. 3).

Asclimate warms, two factors affect the extreme WBT values. First,
an overall thermodynamic increase of MSE,,,, with warming resulting
fromtheincrease of surface air temperature and the increase of specific
humidity due to the Clausius-Clapeyron effect®****’. This thermody-
namic increase of MSE,,,, by the traditional reasoning of idealized
QE-WTG, changes with (MSEsq),,7>"***". Second, which we highlight,
an excessive increase of extreme MSE,,, beyond the increase of
(MSE§00)2M~ In CESM2, the mean MSE,,,, exceedance in raining condi-
tionsincreases fromabout 9 k] kg'in the base climate toabout15 k) kg™
in the 4x CO, climate over land plus coast. Similar increases are
observed over the ocean. This higher MSE,, exceedance in a warmer
climate is accompanied by more subsaturated LFT. For instance, the
mean raining LFT subsaturation over land plus coast changes from
about-8to-12kJ kg™. The projected increasesin tropospheric dryness

under global warming®*° thus can play animportant role insetting the
magnitude of surface WBT extremes in awarmer climate.

Inthe CESM2 warm season, the top 1% WBT days have amean WBT
value of about 26 °C over land, 27 °C over coast and 27 °C over oceanin
the base climate. These valuesincrease toabout 32 °C,33 °Cand 33 °C
inthe 4x CO,climate. The average rate of the top 1% WBT increase per
degree tropical mean warming is 0.9 °C °C™. These top 1% WBT days
encompass an ambient dry bulb temperature of 27-40 °C and a rela-
tive humidity of 30-95%. According to the results from physiological
experiments®>® and a physiology-based heat index model>®, under
these conditions, human core temperature would start toriseata WBT
0f26-30 °C (the exact value can vary for different metabolic rates and
other environmental conditions such as the wind speed). AWBT higher
than31°Cisrarely observedinthe current climate,and aWBT beyond
28 °C is among the highest observed values"'”**, Here, in Fig. 4, we
mark the conditional bin-maximum WBT values of 28 °Cand 30 °Cwith
darkred contourstoindicate where these health-threatening WBT start
to occur. Not surprisingly, as climate warms, the distribution surpasses
these contours much more frequently. This increased frequency of
health-threatening moist heatwave days coincides with increases in
the range of boundary-layer instability and LFT dryness measures.

Figure 5a,b shows the multi-model mean changes in the joint
frequency distribution between the two climate states (changes for
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measures, and decomposing the increases in extreme MSE,,,.. a,b, Multi-model
mean changes in the joint instability/dryness frequency distribution between the
4x CO,and the base climate states, for non-raining (daily mean precipitation rate
P<0.5mm per day; orange/purple shadings) and raining conditions (P> 6 mm
per day; red/blue shadings) over land and coast (a) and over ocean (b). The
frequency distributions are averaged across models first before contrasting
between the two climate states. The small non-contiguous blue area within the
red shadingin bis mainly contributed by one individual model CanESM5. The
cyanand the yellow stars mark the mean values of the two measures averaged
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A(MSE300),,and the ‘entrainment component’ AMSE,y,, — (MSE5og))- Also
shownis the change of the LFT dryness measure; all terms are conditioned on the
top 1% MSE,,, days and normalized by the mean change of MSE,,, during raining
conditions (P> 6 mm per day). Each symbol represents an individual model and
the colours separate the scaling for raining (green), non-raining (brown) and all
(black) conditions. Numbers denoted are values averaged over models.

individualmodels are similar; Extended Data Fig. 4). For raining condi-
tions, the distribution shifts approximately along the entraining QE
line, towards a more subsaturated LFT and a higher exceedance of
MSE,,, beyond the (MSE5q),, constraint. This indicates that the con-
vective regime follows asimilar entraining QE inawarmer climate. For
the non-raining conditions, LFT becomes even more subsaturated.
Figure 5c breaks down the rate of change in the extreme (top 1%)
MSE,intothe ‘idealized QE component’, that s, increasesin (MSE;‘OO)ZM,
andthe ‘entrainmentcomponent’, namely, increasesin the MSE,, exceed-
ance. Also shown is the change in LFT subsaturation. The increase of
extreme MSE,,, scales with the mean precipitating MSE,, (ref. 36) by a
factor of 1.1, and similar for both raining and non-raining conditions.
This indicates that extreme MSE,,, (thereby extreme moist heat)
increases at a similar but faster rate than the precipitating MSE,,,. The
idealized QE component increases by 0.8 k] kg™ and the entrainment
component by 0.3 k] kg™ per unit k] kg™ change in mean precipitating
MSE,,,, contributing to increasesin the extreme MSE,,,,by about 73% and
27%, respectively. For raining conditions, increasesin LFT subsaturation
approximately compensatesincreasesin the entrainment component.
For non-precipitating conditions, the LFT is so dry (subsaturated) that

convection cannot develop. Inthe absence of convectionand away from
entraining QE, the LFT subsaturation need not compensate forincreases
in boundary-layer instability. The enhancement in LFT subsaturation
under non-raining conditions correspondingly has alarger magnitude
and alarger spread across models.

Outlook: importance of the LFT for moist heat
assessment

Moist heatwaves, characterized by high near-surface temperature
and humidity, is particularly relevant to human health. Due toits tight
connectionto surface MSE, the onset of deep moist convection might
limit the upper values of WBT. The entrainment of dry air above the sur-
face caninhibit the onset of deep convection even whenthe boundary
layeris unstable from the strict QE perspective. Here, we show that this
entrainment effectincreases the convective limit for the magnitude of
moist heat. Varying the entrainment rate from zero to a default value
in CAMS can lead to simulated extreme WBTs be higher by about 2°.
Moreover, this entrainment effect also allows for a large number of
the extreme moist heat cases to occur in adry-inhibition regime with
subsiding motion and suppressed convection. Consequently, extreme
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moist heatwaves are not only found inregions that are typically warm,
humid and with active convection, but also in regions that have a dry
LFT and a warm, moist boundary layer. Coastal areas adjacent to hot
and arid land are therefore particularly susceptible to extreme moist
heatwaves. As climate warms, the saturation deficit of the LFT increases,
resulting in further increase in the intensity of moist heat beyond the
overall thermodynamic warming effect. Many of these hot spot regions
aredensely populated, makingit particularly urgent tounderstand the
physics and dynamics of moist heatwaves.

Global climate models and the ERAS5 reanalysis simulate quali-
tatively similar distributions of the instability and dryness measures
and extreme moist heat values in relation to them. Nevertheless,
the entrainment perturbation experiment in CAMS shows that the
entrainment parameter within the model convection scheme can affect
the simulated magnitude of the two measures, extent of the convec-
tive and dry-inhibition regimes, and the intensity of moist heat. One
degree difference in moist heatwave intensity may indicate billions
of person-hours exposed to health-threatening conditions®***. Yet
this aspect of convective physics is highly parameterized in standard
global climate models. The results here imply that validation of the
lower-free tropospheric simulationisimportant for assessing projec-
tions of surface moist heatwaves. Process-oriented diagnostics to
constrain entrainment in climate models***"*" and risk assessment
using storm-resolving simulations® are two avenues to reducing uncer-
tainties. In both, the instability-dryness joint distribution presented
inthis study provides a useful framework for improving confidence in
projections of moist heatwave occurrence and intensity.
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Methods

Variables and measures

MSE. MSE isdefinedasMSE =c,T + L,q + gz, wherec, is the specificheat
ofdryair, Tisthedry bulb temperature, L, is the latent heat of vapouri-
zation, g is the specific humidity, gis the gravitational acceleration
and zis the height above sea level. We calculate MSE at the reference
level (2 m above the surface, MSE,,,) using T and q at the reference
level, and the orographical height (using variable orog for models
or surface geopotential for ERAS). In ERAS, dew-point temperature,
dry-bulb temperature and surface pressure are used to calculate g at
the referencelevel.

MSE'. Saturated MSE is defined asMSE = ¢, T + L,g* + gz, where g*is the
saturated specific humidity. We use all variables at the 500 hPa pressure
level to calculate the 500 hPa MSE' (MSEZ,,). ¢ is calculated using the
MetPy’° package with temperature and pressure as input variables.

Subsat. Subsaturatation is defined as the saturation deficit: sub-
sat=L,(q - g*). We calculate the 850 hPa subsaturatation (Subsatgs,)
using all variables at the 850 hPa pressure level.

The boundary-layer instability measure. The boundary-layer instabil-
ity measure is defined as MSE,, — (MSE5oq),,, that is, the exceedance of
MSE,, to the constraint (MSEsqo ), Set by idealized theories of QE and
WTG. (MSE00),y, is the zonal-mean value of MSE5q,. Fromidealized QE,
local MSE,,, is constrained by local MSEz,, to remain neutrally buoyant.
From WTG, anomalies of MSEz,, are rapidly reduced by gravity waves,
and the tropics thus maintains arelatively horizontally homogeneous
MSE5, (set by high local MSEs,). Combining the two, (MSE5yo),y, gives
a limit to local MSE,,.. Boundary-layer air exceeding this limit will be
unstable. QEand WTG hold best in the deep tropics (roughly 20°S-20°N).
Here, we examine 30°'S-30°N to cover more subtropical areawithalarge
population. A sensitivity test that only includes grid cells within
20°S-20°Nis shownin Extended Data Fig. 5.

The LFT dryness measure. The LFT dryness measure is defined as
wSubsatgsy — (MSEzqo)’, Where (MSEzy,)' is the deviation of local MSEz,
from (MSE5o0),- Under entraining QE, to remain stable or neutrally
buoyant, MSE,,, + entrainment effect stays neutral to MSEZo,. We use
wSubsatgs, to represent the entrainment effect of LFT dry air incorpo-
rated into convective plumes; with empirically equal weight to
boundary-layer air*, w = 1. Thus, MSE,, + Subsatgs, < MSEsy, (here
Subsatgs, keeps its sign and is negative). To write the constraintin a
variant form and incorporating deviations from WTG, we have
MSEj, — MSEzgo = MSEpm — ((MSEs0),y + (MSEsqq)") < —SubsatgseThere-
fore, MSE,y, — (MSE5g0), < —(Subsatgsy — (MSEso0)") . Under idealized
QE-WTG, MSE,,,, — (MSEj00),, < O, whereas under entraining QE-WTG,
acertainamount of LFT dry air effects (Subsatgsy — (MSE;‘OO)’)aIIows for
a certain amount of boundary-layer instability (MSE,n, — (MSE5o0))-
Inthe LFT dryness measure, (MSEZ,) is small and Subsatg, is the domi-
nant term. A sensitivity test where we do not include deviations from
WTG s shownin Extended DataFig. 6.

WBT. We calculate WBT using the Davies-Jones method”””". We have
also calculated WBT using the MetPy package as a cross validation,
and the two methods yield very similar results (Extended Data Fig. 7).
In the main text, we present those from the Davies-Jones method.
When using the Davies-Jones method, input variablesinclude 7, g and
surface pressure; when using MetPy, input variablesinclude 7, surface
pressure and the dew point.

Data and experiments

ERA5.Hourly 0.25° x 0.25 ERAS (ref. 69) data wereregriddedinto 1" x I
resolutionand averaged into daily mean values before further analysis.
We used data during 1980-1989, and consider the warm season since

itis the period most susceptible to extreme moist heat events. The
warmseasonis defined asthe 150 days centred on15and 16 July for the
Northern Hemisphere and the 150 days centred on 15 and 16 January
for the Southern Hemisphere.

Climate model outputs. We analyse simulations submitted to the
CMIP6 (ref. 52). We take the first 30 years (1850-1879) in the historical
experiment as the base climate state, and years 121-150 in the abrupt
4x CO, experiment as the 4x CO, climate state. We use 20 years for
CESM2 due to a break of available output during 141-150 for selected
three-dimensional daily variables. We use the output from six models
that have reported daily values of all variables we need for both the
historical and 4x CO, experiments. The six models are: CanESM5,
CESM2, GFDL-CM4, IPSL-CM6A-LR, MIROC6 and MPI-ESM1-2-HR. The
limitation to these specific six models mainly comes from the availabil-
ity of daily three-dimensional variables in the 4x CO, experiment. We
usetheabrupt4x CO,forits clarity of the forcing and large amplitude
of the warming signal to serve our purpose. The results are analysed
for the warm season.

CAMS5 experiments. We use two sets of CAMS5 runs following ref. 48,
where the entrainment rate (specifically the parcel fractional mass
entrainmentrate, i.e. the parameter dmpdzin CAMS) (ref. 72) is speci-
fied to be 0 km™ (non-entraining) and 1 km™ (default value in CAMS5).
For each experiment, the modelis run withsea surface temperature and
greenhouse gas concentrations fixed at the year 2000 value. The model
isallowed tospin-up for1year. Three hourly datafromthe subsequent
year during the warm season is used for analysis.

Sampling
ERAS5. We use the land-sea mask file and categorize grid cells with land
areafraction greater than 95% as land grid cells, less than 5% as ocean
grid cells and those in between as coast grid cells. The top 1% days in
Fig.1are sampled from all days and all grid cells over land, ocean and
coast, respectively. We conduct sampling over land, ocean and coast
separately because we are interested in whether there are systematic
differences between land and ocean (and/or a mix of the two, that is,
the coast) inconditions that produce extreme moist heat. In generating
the two-dimensional joint distribution of the boundary-layer instability
measure (MSE,, — (MSE5o),,) and the LFT dryness measure
(Subsatgsy — (MSEzo0)'), we separately sample days with P> 6 mm per
day (raining days) and days with P> 0.5 mm per day (non-raining days),
and respectively aggregate land plus coast grid cells and ocean grid
cells. The total number of samples as days x grid cells for land, ocean
and coast is shown in Extended Data Fig. 8. Raining days constitute
20-30% and non-raining days constitute 30-40% of the total. Then,
forsamples over land plus coast and over ocean, we respectively divide
their ranges (minimum minus 0.5 kJ kg™ and maximum plus 0.5kJ kg™)
of the two measures into 100 portions. For land plus coast, the range
oftheboundary-layer instability measure is —32.68 to 43.04 k] kg and
the bin size is 0.76 k] kg™; the range of the LFT dryness measure is
(-126.01t015.42 k] kg™), and the bin size is 1.43 k] kg™. For ocean, the
range of the boundary-layer instability measure is —29.44 t0 39.84 k) kg™
andthebinsizeis 0.70 k] kg’; and the range of the LFT dryness measure
is-108.14 t019.66 k] kg™) and the bin size is 1.29 k] kg™

For Fig. 2, we calculate the frequency conditioned on the two
measuresineach binfor raining and non-raining days (in units of counts
per bin, where counts is days x grid cells), and then normalize the fre-
quency by the total number of samples over land plus coast and over
ocean, giving us the fractional frequency (in units of counts per counts
perbin) which are plotted as the green and brown shadings. Toreduce
the overlap of the green shading on the brown one, we mask the lowest
values at the edge of the green shading, while enforcing that 99% of
the samples are kept and shown. Overlaid on the frequency distribu-
tions, we sample the top 1% WBT days over land plus coast (the top 1%
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is sampled from the aggregated data of all days x grid cells) and over
ocean, and plot them as scatter dots (each dot represents one day) in
Fig. 2a,b. For Fig. 3a,b, we plot the bin-averaged ws,,. Extended Data
Fig.9in the Extended Data shows contours for absolute bin counts of
10and 100 to provide a further sense of the statistical sampling.

CESM2. We use a similar sampling method as for ERAS. The total
number of samples for land, ocean, and coast is shown in Extended
DataFig.10. To generate the two-dimensional joint distribution of the
boundary-layer instability measure and the LFT dryness measure, we
divide theranges (use the minimum between the control and the 4x CO,
experiment minus 0.5 kJ kg™, and the maximum between the control
andthe4x CO, experiment plus 0.5 k] kg™) of the two measuresinto 100
portions. For land plus coast, the range of the boundary-layer instabil-
ity measureis—40.71t053.25 k) kg™) and the bin size is 0.95 k) kg ’; the
range of the LFT dryness measure is—234.90 t016.34 k] kg™) and the bin
sizeis2.54 k] kg'. For ocean, the range of the boundary-layer instability
measure is —29.60 to 55.83 k] kg™) and the bin size is 0.86 k] kg™; and
the range of the LFT dryness measure is -186.39 to 22.32 k] kg™) and
thebinsizeis2.11kJ kg™

Multi-model mean. To generate the multi-model mean changesinthe
two-dimensionaljoint distributionin Fig. 5, we use the same set of bins
for allmodels and for both the control and the 4x CO, experiment: we
divide the range of (-50 to 50 k) kg™) into 150 portions and use them
as bins for the boundary-layer instability measure, and we divide the
range of (-200 to 20 k] kg™) into 150 portions and use them as bins
for the LFT dryness measure. We average the frequency distribution
across models in each climate state before subtracting the frequency
distribution of the control climate from that of the 4x CO, climate.
To provide a clear visualization, we mask the shading edge of the rain-
ing conditions that are in the lowest 1% cumulative frequency of the
warm-climate joint frequency distribution.

Data availability

ERAS hourly reanalysis data can be downloaded from the ECMWF
Climate Data Store (https://cds.climate.copernicus.eu). CMIP6 model
outputs used in this study can be downloaded from the CMIP6 data
archive (https://esgf-node.lInl.gov/search/cmip6/). The CAMS5 entrain-
ment experiment data used for this study, and post-processed data
underlyingallfigures, inboth the main text and the extended data, have
been deposited in Dryad (https://doi.org/10.5061/dryad.1Inslrn92v).

Code availability

A Python script to calculate the WBT with the Davies-Jones method
can be found public at Dr. Xianxiang Li’s Github repository (https://
github.com/smartlixx/WetBulb). The MetPy package canbeinstalled
following guidance fromits website (https://unidata.github.io/MetPy/

latest/index.html). Codes for conducting the analyses are available
uponrequest.
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Extended Data Fig.1| The joint frequency distribution of the instability/dryness measures for land grid cells only. Similar to Fig. 2, but the left panel is based on
days over land grid cells only. Fig. 2b is repeated in the right panel for reference.
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temperature days (red dots), as a function of the boundary-layer instability and
wet-bulb temperature, for (a) land plus coast, and (b) oceanin ERAS5. The cyan
stars show the mean for raining conditions, and the dark red stars show the mean
for the top 1% WBT days.

boundary-layer instability measure. Anillustration of the correspondence
of wet-bulb temperature (WBT) values to the BL instability: frequency of
non-raining (daily mean precipitation rate P < 0.5 mm/day; brown shadings)
and raining (P > 6 mm/day; green shadings) conditions, and the top 1% wet bulb
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20°S-20°N. For land plus coast, a density center on the stable (left) side of the
idealized QE-WTG limit is weaker in this figure since many of those conditions
are over the subtropical desert. As in Fig. 2, the top 1% wet-bulb temperature days
occur at the highest values of the BL instability measure and are distributed in
both the convective and the dry-inhibition regimes. The similar patterns confirm
that the behavior regimes we show in the main text are robust to the inclusion of
subtropical latitudes 20-30°Sand N.
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Extended DataFig. 6 | The joint frequency distribution of the instability/
dryness measures when not considering the weak temperature gradient
(WTG) component. Sensitivity test (see Methods M1) for comparison to
Fig.2a-b, but without including the WTG component. When not considering
WTG, Subsatg, compensates for the excessive MSE,, to the local column MSEZ,
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to maintain convective neutrality. The frequency distributions in this figure
(a, land plus coast; b, ocean) show similar patterns compared with Fig. 2a,b,
indicating that deviations from WTG play a minor role compared with the LFT
entrainment effect in explaining samples exceeding the idealized QE constraint.
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Extended Data Fig. 7| Cross validation of wet-bulb temperatures calculated by two methods. A comparison of wet bulb temperatures (WBTs) calculated using the
Davies-Jones method (WBT_D)) versus the MetPy package (WBT_MetPy). Each dot represents one day at one grid cell during 1980-1989 warm season in ERAS. The gray

line shows the 1:1for reference.
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Extended Data Fig. 8| An overview of samples used from the ERAS reanalysis data. Overview of sample counts (left panel) and percentages (right panel) for
different categories of precipitation rate over land, ocean and coast in ERAS. The total sample pool for each bar consists of 10 years x 150 warm-season days/year x the
number of land, ocean and coast grid cells.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article https://doi.org/10.1038/s41561-024-01498-y

Joint frequency distribution, ERA5, Warm season
Fractional

- Land + Coast - Ocean frequency [x10%]

)]

@ - 1.0 -1.0

c

— 0 _ 0

'E g E -0.8> [-0.8

v X 20 2 -20 8 X

= =7 = o

g - = € 3

-= o o =

5 B _a0 u —40 "O-GE '0~6§

g 2 z sl @

e | —60 | —60 aQ Q

5 g 2 047 -0.4?

g § -0 T -80 g £

& S 8 o =

L 3 2 -02° -02

%] (2] £

g -100 -100

°

= _12 -120 -00  -00

-30 -20 -10 0 10 20 30 40 50 -30 -20 -10 0 10 20 30 40 50
MSEam — [MSEsqelzm [K)/kg] MSEm — [MSEsqolzm [K/kg]
Boundary-layer instability Boundary-layer instability

Extended Data Fig. 9| The absolute sample counts for the frequency The edges of the frequency distribution with the lowest count values for raining
distribution of the instability/dryness measures. The same frequency conditions (green shadings) are masked for sake of clear visualization; the
distributions as in Fig. 2a-b, but with two contours marking the absolute counts unmasked distribution cover 99% of the raining samples.

10and 100 in each bin for raining and non-raining conditions respectively.
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Extended Data Fig.10 | An overview of samples used from the CESM2 model

data. Overview of sample counts (left panel) and percentages (right panel) for

different categories of precipitation rate over land, ocean and coast in CESM2
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for the control and the 4 x CO, experiments. The total sample pool for each bar
consists of 10 years x 150 warm-season days/year x the number of land, ocean
and coast grid cells.
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