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Compared to the well-known polar amplification in a warmer or cooler world,
the trend of tropical surface air temperature gradient is frequently overlooked.
Through analyzing various observations, assimilation data, proxy data, and
modeling, here we show that annual- and zonal-mean tropical (30°S-30°N)
meridional surface air temperature gradient (TMSTG) exhibits small changes
in a wide range of climates from extremely cold to extremely hot. This phe-
nomenon is robust to CO, concentration, solar constant, land-sea configura-
tion, vegetation coverage, heat transport, and cloud parameterization. The
quasi-invariance of the TMSTG is maintained by the small gradient of incoming
solar radiation and by the dynamics of horizontal weak temperature gradient
(WTG) and convective moist adiabat (CMA) in the tropics. When planetary
obliquity or rotation period is increased, the quasi-invariant region becomes
larger. TMSTG'’s quasi-invariance is a fundamental and useful law that can be
used to reconstruct or predict Earth’s tropical climate in the past and future.

Meridional surface air temperature gradient has important effects on
the climate system through affecting the Hadley and Ferrel cells,
subtropical and midlatitude jets, eddies and waves, and polar ice and
snow coverages'®. In general, the equator-to-pole surface temperature
gradient becomes larger in a cooler climate and smaller in a warmer
climate, with the high latitudes being more sensitive than low latitudes,
known as “polar amplification”’"°. Besides the widely known sea ice
and snow albedo feedback, poleward energy transport, cloud feed-
back, water vapor feedback, lapse rate feedback, and Planck feedback
also contribute to the polar amplification’®®. Contrast to the polar
amplification, here we show that zonal-mean tropical meridional sur-
face temperature gradient (TMSTG) nearly does not change in a wide
range of climates. This finding has critical implications for recon-
structing past climate and predicting future climate change.

Tropical surface temperature gradient is much smaller than that
in the middle and high latitudes. For example, under the present-day
climate, the equator-to-30°S/N zonal-mean surface temperature dif-
ference is ~6.6 °C whereas it is ~20.1°C for 30°S/N to 60°S/N and
~30.5°C for 60°S/N to 90°S/N. More importantly, the changes of
TMSTG under external forcings such as increasing CO, are very small.

In observations, the surface temperature changes in the tropics from
30°S to 30°N are nearly uniform during the last few decades™. In the
doubling CO, experiment using the model EC-Earth, the warming
magnitude at 30°S/N, -1.9°C, is very close to that at the equator,
~2.0 °C (Fig. linref. 15). In abrupt 4xCO, experiments, the multimodel-
mean warming magnitude at 30°S(N), 5 °C, is nearly the same as that at
the equator (Fig. 2c of ref. 16). Similar phenomenon of the small
change in surface temperature gradient between the equator and
30°S/N was found in other studies of global warming'®'*"-*2, However,
the range of the climate states investigated in their studies is narrow,
within ~7 K in global mean compared to present. Due to the narrow
range of the climates investigated in previous studies, the small change
of the TMSTG was usually viewed as a coincidence rather than as a
physical rule; as a result, the trend of TMSTG was usually overlooked.
An exception is the study by ref. 19, within which the highest CO,
concentration examined is 16 times the pre-industrial (PI) level and the
changes in tropical surface temperature are about 10-12 °C. However,
ref. 19 focused on the hemispheric asymmetry in polar warming
amplification rather than tropical surface temperature responses. In
this study, the range of CO, concentration covers from 0.04 times to
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Surface temperature difference (°C)

Fig. 1| Surface temperature differences between the equator and other lati-
tudes as a function of global-mean surface temperature (GMST). Circles:
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The gray dashed line, with a slope of —0.08 and an intercept of 6.95, is the linear

between the equator (5°S-5°N average) and 30°S/N (TSeq.30); triangles: between the
equator and 60°S/N (TSeq.¢0); diamonds: between the equator and 90°S/N (TSeq.00)-

regression between TSeq.30 and global-mean surface temperature (GMST). Different

colors represent different datasets. More details about the datasets are shown in the
“Methods”.
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Fig. 2 | Surface temperatures and their changes in different datasets. a Surface
temperature changes between 2013-2022 and 1979-1988 in National Centers for
Environmental Prediction (NCEP) and ECMWF Reanalysis 5th Generation (ERAS)
reanalysis data; b surface temperature differences between Last Glacier Maximum
(LGM)/Paleocene-Eocene Thermal Maximum (PETM) and pre-industrial (PI) in
modeling data and assimilation data; c differences between abrupt 4xCO, and PI
experiments in the Coupled Model Intercomparison Project Phase 6 (CMIP6)

simulations. d-f are paleo-climate modeling data from ref. 31: d zonal-mean surface
temperatures, e surface temperature differences between different periods and PI,
and (f) zonal-mean surface temperature gradient in units of °C km™. In panels (d)-(f),
lines in cool colors represent relatively cold climates, and lines in warm colors

represent relatively hot climates. Gray shading indicates the tropical region where
we focus.

28 times PI, and the changes of tropical surface temperature reaches
30 °C, much larger than that in previous studies.

Whether the independent feature of the TMSTG to background
state can be applied to much cooler or hotter climates is unknown.
Under large external forcings, the spatial distributions of land-sea
configuration, cloud feedback, and ocean heat transport in the tropics
may change. For example, if more lands locate at the subtropics than
that at the deep tropics or vice versa, the meridional gradient of sur-
face albedo can change significantly. Under this condition and other
similar changes, it is important to know whether the meridional gra-
dient of surface air temperature will also have large responses. Here,
we plan to uncover this mystery through multivariate data analyses,
energy budget analyses, and sensitivity and mechanism-denial
experiments for a wide range of climates.

We explore the changes of TMSTG when the background climate
states undergo very large changes, from 6.2 to 36.1 °C in global mean.
We focus on annual- and zonal-mean properties and ignore west-to-
east difference (such as the warm pool—cold tongue contrast), basin-
specific changes (such as the tropical Pacific), land-sea contrast, and
the warming asymmetry between the two hemispheres, which were
investigated in past works such as refs. 23-26. We use TSeq-30,
defined as the averaged surface temperature in the belt of 5°S-5°N
minus the averaged surface temperature at 30°S and 30°N, to
quantify the TMSTG. Multiple datasets, including observations,
proxy data, assimilation data, and modeling (see “Methods”) are
employed in this study. The TMSTG remains largely unchanged

despite the great fluctuations in global-mean surface tempera-
ture (Fig. 1).
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Results

Small changes of TMSTG in a wide range of climate states
Figure 1 shows the surface temperature differences between the
equator and other latitudes (30°S/N, 60°S/N, and 90°S/N) in different
datasets. Among all the datasets, the global-mean surface temperature
varies from 6.2 to 36.1°C. Clearly, the changes of TS¢q30 are much
smaller than that between the equator and 60°S/N or 90°S/N. The
statistical slope of the linear regression of TScq.30 and global-mean
surface temperature is —0.08 (gray dashed line in Fig. 1), meaning that
for each 50 °C increase or decrease in global-mean surface tempera-
ture, TSeq.30 would change by only 4.0 °C. Meanwhile, among the dif-
ferent datasets, there are significantly divergences in the surface
temperature difference between the equator and 60°S/N or between
the equator and 90°S/N, but the trend in TS¢q30 is very consistent.

The small change of TSeq.30 is robust. Two groups of reanalysis
data (Figs. 1 and 2a), three groups of assimilation data (Figs. 1 and 2b),
three groups of proxy data, and 14 groups of numerical global-climate
experiments (Figs. 1 and 2c) are used in the analyses. The proxy data
consists of seven different periods, ~70, 50, 30, 5 million years ago
(Ma), Last Glacier Maximum (LGM; ~21,000 years ago), Holocene
(-6000 years ago), and Paleocene-Eocene Thermal Maximum (PETM;
~56 Ma)®*"*, The assimilation data include three different periods,
LGM, Holocene, and PETM. CO, concentration in the numerical
simulations covers a wide range, from 10 to 3374 ppmv in Valdes’s
study” and from 280 to 7840 ppmv in Li’s study®®, as well as solar
constant from 1305 to 1365 W m™ in Valdes’s study® and from 1302 to
1361Wm™ in Li's study®. Various fully coupled atmosphere-ocean
models are used, including CESM1.2, HadCM3, and 17 models in the
Coupled Model Intercomparison Project Phase 6 (CMIP6). This implies
that the conclusion does not depend on the models used, especially on
convection and cloud parameterization schemes.

In all these climates, not only the global-mean surface tempera-
ture, but also other components of the climate system such as global
monsoon pattern related to the large changes of land-sea configura-
tion, the strengths of the Hadley cells and Walker circulation, the
location of the intertropical convergence zone (ITCZ), the strengths of
baroclinic instability and jets, the strength and/or direction of wind-
driven and thermohaline circulations, and the coverages of polar ice
and snow, vary dramatically®***'¢, but the TMSTG exhibits small
decreases or increases. This indicates that the tropical zonal-mean
surface temperature gradient is not determined by the details of the
above processes and is mainly determined by some simple factors or
processes.

A clear example for the insensitivity of the TSeq30 is shown in
Fig. 2d-f from the simulation data of the climate evolution during the
past 540 million years®. The changes of land-sea configuration and
CO, concentration are quite large in their experiments. The global-
mean surface temperature ranges from 12.7 °C for 290 Ma to 26.4 °C
for 480 Ma, and the equator-to-pole surface temperature difference
varies from 59.2°C for the pre-industrial period (PI) to 22.3°C for
230 Ma (Fig. 2e). However, the changes of TSeq30 are small, within
3.1°C as shown in Fig. 2e; this can also be clearly seen from Fig. 2f,
which shows the meridional surface temperature gradient in units of
°C per km. In this wide range of climate states, the changes of tropical
surface temperature gradient are within 0.2 °C per 100 km, whereas
the changes in the high latitudes are 5-10 times larger, reaching
1.0-2.0 °C per 100 km.

Underlying mechanisms

The two main mechanisms of the quasi-invariance of the TMSTG are the

meridional distribution of solar radiation and the key dynamical pro-

cesses of constraining the tropical climate: weak temperature gradient

(WTG) and convective moist adiabat (CMA), as illustrated in Fig. S1.
For the incoming solar radiation, its tropical meridional gradient

of modern Earth is small. At the equator, the annual-mean incoming

solar radiation at the top of the atmosphere (TOA) is 415 W m2 while it
is 361 W m™2 at 30°S/N, indicating a difference of 54 W m™ or 13% of the
equatorial value. If the effect of a planetary albedo of ~0.3 is included,
the difference decreases from 54 to 38 W m™2. The underlying reason is
the moderate obliquity of modern Earth (23.3°) and thereby the
incoming solar radiation is approximately a cosine function of latitude,
which has small gradients at low latitudes. In historical Earth, for all the
datasets shown in Fig. 1, the changes of planetary obliquity and
eccentricity are small, within 2° and 0.06, respectively. Therefore, the
changes of the meridional gradient of the incoming solar radiation are
tiny even when solar constant changes greatly (Fig. 3a).

At the surface, after being scattered and absorbed by atmosphere
and clouds, the meridional gradient of tropical solar radiation
becomes even smaller than that at TOA (Fig. 3b). The cloud shortwave
radiative effect (negative, reflecting back to the space) in the deep
tropics (between ~15°S and 15°N) is relatively higher than that in the
subtropics (Fig. 2a, b). The deep tropics is the region where deep
convection and large-scale upwelling motions (related to the Hadley
cells) occur, so that more clouds form there. The clear-sky shortwave
absorption by the air (positive) in the deep tropics is also relatively
greater than that in the subtropics (Fig. S2c), mainly because the deep
tropics has higher water vapor concentration. As a result, both the
cloud shortwave radiative effect and the shortwave absorption by
water vapor act to reduce the meridional solar radiation gradient,
making the surface shortwave radiation in the tropics being more
uniform than that at TOA.

Correspondingly, the forced changes of surface temperature
gradient due to the change in solar radiation are teeny, within 0.8 °C
(Fig. S3a; also see ref. 33). If the obliquity is artificially increased from
23.3° to 40° with all other factors being unchanged and thereby the
meridional gradient of incoming solar radiation weakens, the value of
TSeq-30 decreases greatly from 10.8 to 4.9 °C (Fig. 4a, b for an aqua-
planet with no meridional ocean heat transport). Meanwhile, the
meridional range of the small change of the TMSTG expands poleward.
When the obliquity is artificially decreased from 23.3° to 0°, TSeq30
increases (Fig. 4b).

For the dynamical processes, in horizontal direction, due to the
smallness of the Coriolis force within 30° of both hemispheres, large
free-tropospheric temperature gradients cannot be sustained, and
gravity waves and the Hadley cells are effective to homogenize the
horizontal air temperature, named as the WTG approximation” *., Any
perturbation in isobaric surface cannot be maintained by the balance
between the Coriolis force and pressure gradient but otherwise will be
eventually diminished by the outward propagation of gravity waves
and the effect of the Hadley cells on horizontal heat transport.

In the vertical direction, the free troposphere above the planetary
boundary layer nearly follows CMA in the tropics from the equator to
30°S/N of all the climate states (Fig. S5). Why is the subtropical tem-
perature profile close to moist adiabat, given that the subtropics (from
~15°S/N to 30°S/N) is in large-scale downwelling motions? Several
processes influence the air temperature in the subtropical regions,
including adiabatic compression heating related to large-scale down-
welling, radiative cooling associated with atmospheric longwave
emission to the space, and horizontal heat transport/adjustment
related to the Hadley cells, eddies, and internal gravity waves. In
Chapter 18.4 in ref. 40, the author stated that: “In a process analogous
to geostrophic adjustment, internal waves propagating away from
convection maintain weak horizontal temperature gradients and ensure
that the lapse rate does not deviate too far from saturated adiabatic
anywhere in the tropics”.

Due to the combined dynamical constraints of WTG and CMA, any
change of air temperature (increasing or decreasing) in the free tropo-
sphere should link to a change in surface temperature, and vice versa.
Therefore, the changes of free-tropospheric air temperature and surface
air temperatures are nearly uniform in the tropics (Figs. 3¢, d and 2d).
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(a) Incoming solar radiation at TOA (W m)

(b) Net shortwave flux at the surface (W m?)
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Fig. 3 | Underlying mechanisms. a Incoming solar radiation at the top of the
atmosphere (TOA). b The net shortwave radiation flux at the surface. ¢ Air tem-
perature at 500 hPa (other levels in the free troposphere have the same trend,
shown in Fig. S4). d Changes in air temperature at 500 hPa, relatively to the pre-
industrial (PI) experiment. e Changes in clear-sky greenhouse effect at TOA.

f Changes in downward longwave radiation flux at the surface. In (a-c), the black

line is for the ERAS reanalysis data for the period of 2013-2022. All other data are
from CESML.2 simulations from 540 Ma to PI. All variables are for zonal and annual
mean. The clear-sky greenhouse effect (G,) is defined as the difference between
surface upwelling longwave flux and clear-sky outgoing longwave radiation at TOA
(OLRc), G, = oT* — OLRc, where T is surface temperature and o is the Stefan-
Boltzmann constant.

Another view to understand the quasi-invariance of the TMSTG
is radiation transfer. The change of zonal-mean clear-sky greenhouse
effect (G.) and of the downward longwave radiation at the surface in
different climate states exhibit a meridional uniform pattern in the
south-north direction (Fig. 3e, f). The variation of G, is contributed
by the changes in greenhouse gas concentrations (mainly water
vapor and CO,), vertically-mean air temperature, and lapse rate.
Detailed analyses are shown in Fig. S6. The mixing ratios of CO,, CH4
and N,O are nearly uniform in both horizontal and vertical directions
at least in the troposphere. Water vapor concentration roughly fol-
lows the Clausius-Clapeyron relation, and thereby its greenhouse
effect has a peak over the equator. However, the lapse rate feedback
is negative and has a valley over the equator, which compensates the
meridional heterogeneity in water vapor greenhouse effect. The

strong negative lapse rate feedback in the tropics is caused by the
amplification of upper-tropospheric warming in a warmer
climate*>**, The strength of temperature feedback is basically con-
stant in the tropics. The direct CO, forcing in the subtropics is rela-
tively higher than that in the deep tropics, due to the masking effect
of high-concentration water vapor and deep convective clouds in the
deep tropics*’. Overall, due to the above compensation processes,
the clear-sky greenhouse effect exhibits a uniform pattern in the
tropics. Thereby, the corresponding forced tropical surface tem-
perature changes are nearly uniform (Fig. S3b). Moreover, in differ-
ent climate states, the changes of clear-sky greenhouse effect are
several to ten times larger than that of other factors such as cloud
radiative effect and meridional heat transport (see also Figs. S3c-e,
Fig. 6 in ref. 33, and Fig. S2 in ref. 45).
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Fig. 4 | Results of sensitivity experiments. a Incoming solar radiation in the
experiments of changing obliquity (0°, 23.3°, and 40°). Surface temperatures in the
experiments of (b) changing obliquity, (c) changing ocean heat transport (OHT;
100%, 40% and 0% of pre-industrial level), (d) turning off cloud radiative effects,
and (e) changing planetary rotation rate (4, 1, and 1/10 of modern rate (Q)). f Air
temperatures at 500 hPa in the experiments of changing planetary rotation rate. In
each group, the CO, concentration is the same except the dashed lines. The black
dashed line in (b) is an experiment in which the obliquity is 23.3°, but the CO,
concentration is increased from 1120 (solid lines) to 2240 ppmv (dashed line). The

red dashed lines in (e, f) is for the experiment of the rotation rate being Q./10, but
CO, concentration is increased from 280 (solid lines) to 1120 ppmv (dashed line).
The vertical dotted lines in (e) indicate the corresponding latitudes where the
surface temperature difference between the equator and the specific latitude is
8°C. All the sensitivity experiments are performed using a slab-ocean model; the
varying obliquity experiments (a, b) are under an aqua-planet configuration with no
lands, and the other experiments are with modern Earth’s land-sea configuration
(see “Methods”).

Figure S7 shows the annual- and zonal-mean effective emission
level of the climate system (atmosphere and surface), and the differ-
ences in the effective emission level between each paleoclimate
experiment and PI experiment. The effective emission temperature is
calculated as: Te=(OLR/a)4l where OLR is the outgoing longwave
radiation and o is the Stefan-Boltzmann constant, and the effective
emission level is the pressure where the air temperature is equal to the
effective emission temperature. It is clear that the emission pressure
level in different latitudes is not the same and it has large changes
among different experiments, but the changes between different
experiments are nearly uniform, especially in the tropics. This again
suggests that the changes of tropical air temperature and surface air
temperature should be nearly uniform.

From Figs. 3c and S4, one can find that the WTG region is limited
to between 20°S and 20°N. However, the quasi-invariance of the
TMSTG can extend to 30°S and 30°N (Figs. 1 and 2). This implies that
the combined effect of the three key factors (shortwave radiation,

WTG and CMA) can make the response of the surface air temperature
to external forcing(s) be more uniform than that suggested by the
WTG only. Therefore, in this paper, we focus on the region from 30°S
to 30°N, not limited to the range from 20°S to 20°N only.

If planetary rotation rate is decreased, the WTG region becomes
wider and the value TScq.30 decreases substantially. When the plane-
tary rotation rate is decreased to 1/10 of modern value, the WTG region
expands from ~30°S/N to ~60°S/N (Fig. 4f), and the meridional range of
the small change of the TMSTG also expands poleward (red dashed
line versus red solid line in Fig. 4f). Meanwhile, the width of the Hadley
cells exhibits the same trend (Fig. S8), because the latitudinal bound-
ary of the Hadley Cell is inversely proportional to the rotation angular
velocity***¢. The expansion of the Hadley cells transports more energy
poleward, also acting to extend the WTG area.

Besides of the incoming solar radiation and clear-sky greenhouse
effect, changes in other factors, including surface albedo, cloud
feedback, and meridional heat transport, can also influence the
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TMSTG, but their effects are small. Three examples are shown in
Fig. S9, including the 480 Ma experiment within which almost all of the
continents were joined together in the Southern Hemisphere (named
as the Gondwana supercontinent), the 250 Ma experiment within
which all major lands were assembled into one continent in the low and
middle latitudes (known as the Pangea supercontinent), and the 10 Ma
experiment within which the land-sea configuration is close to modern
Earth. For all these three experiments, CO, concentration is
2800 ppmv and solar constant is the same as modern Earth
(1361 W m™), so the results are ready to more clearly exhibit the effect
of varying land-sea configuration.

As shown in Fig. S9e, surface albedo changes dramatically among
the three experiments due to the migration of the continents and the
changes of land vegetation distributions, but surface temperature and
its meridional gradient nearly do not change in the tropics. The
underlying mechanism is that planetary albedo nearly does not change
(Fig. S9f), which in turn is due to the fact that ~88% of planetary albedo
is contributed from atmospheric processes, and surface albedo makes
a small contribution (Fig. S10). Atmospheric processes (mainly short-
wave absorption/scattering and cloud reflection) greatly attenuate the
contribution of surface to planetary albedo®’.

The global ocean overturning circulation and therefore mer-
idional ocean heat transport changes largely in these three experi-
ments (Fig. S9i-1), but they also have a small effect on the TMSTG
(Fig. S9d). In order to further verify the effect of ocean heat transport,
we did several sensitivity experiments: As the ocean heat transport is
reduced to 40% of the modern level or even zero, the value of TSeq30
increases from 8.0 to 11.1°C or 12.7°C, respectively (Fig. 4c). These
results indicate that the change of ocean heat transport does affect the
TMSTG, but its effect is limited within ~4.7 °C. Moreover, the changes
of tropical cloud radiative effects are small (Figs. S3 and S9g). If the
cloud radiative effects were artificially turned off, the surface is
~20.3 °C hotter in global mean, but the value of TSeq30 exhibits a small
decrease (Fig. 4d). These sensitivity experiments further confirm the
robustness of the quasi-invariance of the TMSTG.

Discussion

We find that the changes of tropical meridional surface zonal-mean air
temperature gradient under different climate states are small in a wide
range of climate states. Analyses and sensitivity experiments suggest
that the quasi-invariance of the TMSTG is robust to the data used
(observation, proxy, assimilation, and simulation) and to various fac-
tors such as the type of external radiative forcing (CO, concentration
or solar constant), land-sea configuration, land vegetation coverage,
and the strength of cloud radiative effect.

The main factors dominating the quasi-invariance of the tropical
surface temperature gradient are the weak gradient of tropical solar
radiation and two tropical dynamical processes: WTG and CMA. The
dynamical processes cause the clear-sky greenhouse effect at the top
of the atmosphere and the downward longwave radiation flux at the
surface to be nearly uniform in the tropics.

Earth climate is a very complex system, so it is extremely difficult
but important to find the fundamental rules. Here we uncover one of
the rules. Until now, we have not found any other paper that clearly
concluded that the changes of tropical meridional surface air tem-
perature gradient should be small under large external forcings. We
believe that the reason is that most of previous studies employed
relatively small changes of external forcings and meanwhile they
focused on the polar amplification, the warming contrast between land
and ocean, or the warming asymmetry between the two hemispheres.
The topic we discuss here was largely overlooked in previous studies.

Our finding is crucial because it can be used to reconstruct surface
air temperature in the past as paleoclimate proxy data is always rare.
For a certain period, as long as the zonal-mean surface temperature at
one latitude in the tropics is known, the whole tropical zonal-mean

surface temperature can be roughly estimated. The tropics (30°S-
30°N) covers 50% area of Earth’s surface. This rule is also useful for
predicting future climate change as it implies that the zonal-mean
tropical meridional surface temperature gradient will not change
much even under very large anthropogenic emissions of greenhouse
gases. This rule can also be used to constrain the free parameter—
diffusivity in one-dimensional (ID) or 2D simple energy balance
models*®, which do not solve the complex 3D atmospheric and oceanic
circulations. For different climate states, energy balance model should
obtain similar tropical surface temperature gradient through adjusting
the value of the diffusivity. Other climate models should also be
restricted by this rule.

Under what condition(s) will the quasi-invariance of the tropical
meridional surface air temperature gradient fail? As shown above, the
underlying three key processes for the quasi-invariance of the tropical
meridional surface air temperature gradient are related to shortwave
radiation, WTG, and CMA. For shortwave radiation, it mainly depends
on the incoming solar radiation, so there will be no exceptions as long
as the planetary obliquity does not change much (see Fig. 4).

Besides of the WTG, a more precise constraint on tropical climate
is weak buoyancy or density gradient, which states the horizontal
gradient of buoyancy or density should be small in the free tropo-
sphere of the tropics**~". For atmosphere mixed with water vapor, the
ideal gas equation can be written as p = pRy T, where p is air pressure,
p is air density, Ry is the gas constant for dry air, and T, is the virtual
temperature. For a given pressure (or isobaric plane), the T, is inver-
sely proportional to p, which is a measure of air buoyancy. So, T, can
be used to represent buoyancy, and for a given pressure level, a high T,
means a lower local buoyancy and vice versa. Therefore, weak buoy-
ancy gradient implies that weak T, gradient in the tropical free tro-
posphere. Fig. S11 shows that indeed the horizontal T, gradient in the
tropical free troposphere is small in a wide range of climates, especially
in the latitudes between 20°S and 20°N.

For CMA, it will not change as long as the tropics or the deep
tropics are in convection. The timescale of convection is always much
shorter than that of large-scale circulation. For example, for modern
Earth, the characteristic height of the tropical troposphere (H) is about
10 km, and the typical vertical velocity of the Hadley cells is about 6 x
102ms™, so that the timescale of the Hadley cells is in the order of
20 days*. Based on mass conservation (or the mass continuity equa-
tion), this timescale can also be obtained based on the typical hor-
izontal velocity of 2 m s™ and the horizontal scale of 3330 km, from the
equator to 30°S or 30°N. While the typical vertical velocity of con-
vection is in the order of 1-10 m s, so that the timescale of convection
is about 10°-10*s, always much shorter than that of the large-scale
circulation. Therefore, moist adiabatic profiles can persist as least in
the deep tropics.

For WTG, the key process is the propagation of gravity waves over
planetary scales. As long as the gravity wave propagation is much
faster than other processes (such as Hadley circulations, eddies, or
radiative transfer), the behavior of WTG can persist. The timescale of
the gravity wave is equal to L/+/gh, where L is the horizontal scale
(3330 km, i.e., the width of the tropics in each hemisphere), g is the
gravity, and h is the equivalent depth. For Earth’s deep tropics, the
value of h is in the range of 12-50 m but can reach as high as 200 m
under deep convective heating™. Therefore, the phase velocity of the
internal gravity wave should be in the range of 10-45 m s, and thereby
the timescale of the gravity wave propagation from the equator to
30°S or 30°N is about 7 x10*-3 x 10°s. The timescale of longwave
radiative cooling process in the atmosphere is approximately equal to
P /4goT >, where ¢, is the specific heat capacity at constant pres-
sure, P, is the surface pressure, o is the Stefan-Boltzmann constant,
and T, is the effective temperature. For modern Earth, the radiation
timescale is about 30 days. However, for extremely hot climate (such
as T.>2000K for hot Jupiters) or very thin atmosphere (such as
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P, <1000 Pa for Mars), the timescale of longwave radiative cooling will
be comparable to or even less than the propagation timescale of
gravity waves, so that the horizontal temperature gradient will be
mainly determined by radiation processes rather than gravity wave
adjustment>>**,

The above analyses suggest that the quasi-invariance of the tro-
pical meridional surface temperature gradient can persist in a wider
range of climates than that shown in this paper, but not for planets
with very thin atmosphere or with temperature higher than about
2000 K. Future work is required to verify this speculation.

Methods

Observations

This study employs reanalysis data from the National Centers for
Environmental Prediction (NCEP) reanalysis project and ECMWF Rea-
nalysis 5th Generation (ERAS). The mean surface air temperatures in
1979-1988 and 2013-2022 are used in Figs. 1 and 2a. The horizontal
resolution of the reanalysis data is 2.5° x 2.5° for NCEP reanalysis data
and 0.25°x 0.25° for the ERAS data. In this manuscript, we focus on
surface air temperature. We have also analyzed surface skin tempera-
ture and found that it has the same trend.

Proxy data

The proxy data for seven distinct periods (-70, ~50, -30, -5 Ma, LGM,
Holocene, and PETM) utilized in the present work are sourced from
refs. 8,27,55. The global-mean surface temperatures of 70, 50, 30, and
5Ma are from model simulations in ref. 30 since ref. 8 did not show the
global-mean surface temperatures. For LGM and Holocene, the global-
mean surface temperatures are calculated by the respective assimila-
tion data. For PETM, the global-mean surface temperature is calculated
by the simulation that can capture major climatic features of proxy
data (with CO, concentration of 2565 ppmv). TS¢q.30 for each period is
determined by averaging all the proxy data points in the 5°S-5°N belt
and then subtracting the average of all data points between 25°S-35°S
and 25°N-35°N (because the rareness of the data; note that for model
simulation data, the values at 30°S/N are used, please see the main
text). The members of proxy data points used are 2, 12, 5, 13, 68, 68,
and 4 for the tropics, and 4, 9, 6, 18, 48, 53, and 2 for the subtropics.
The error range of each period is calculated as follows: First, we cal-
culate the root mean square of the errors for the equator and 30°.
Then, using the error propagation formula, we get the error between
the equator and 30° by taking the square root of the sum of the squares
of these two errors. Note that the error ranges for 5Ma in ref. 8 are
missing.

Assimilation data

We utilize three groups of assimilation data from refs. 28,55,56. The
data assimilation methods in these three studies are similar. They
combined large collections of proxy data of sea surface temperature
with climate models to generate a new reconstruction of tempera-
tures. The climate model they used is iCESM, an extension of the
Community Earth System Model (CESM) capable of simulating the
transport and transformation of water isotopes in hydrological pro-
cesses. The data assimilation technique is based on ensemble square-
root Kalman filter. Reference * focused on the LGM and late Holocene
(4-0kyrs ago), and ref. 55 studied the PETM. Reference *° focused on
the climate evolution from LGM to present, with time intervals of 200
years. The horizonal resolution of all three groups of assimilation data
is 2.5° x 0.9° in longitude-latitude.

CMIP6

The Coupled Model Intercomparison Project is sponsored by the
Working Group on Coupled Modeling (WGCM) and is currently in its
6th phase (CMIP6). This study uses the abrubt-4xCO, experiments
(forced by an abrupt quadrupling of CO, at year 1) and pre-industrial

control experiments (piControl). A total of 27 experiments from 17
models are analyzed. The final 50 years (years 101-150) of the abrubt-
4xCO, experiments are used. In Fig. 2, we compare each abrubt-4xCO,
experiment with equilibrium state of corresponding model’s piControl
experiment.

PMIP4

Paleoclimate Modeling Intercomparison Project Phase 4 (PMIP4) is one
of the CMIP-endorsed project, aiming to analyze paleoclimate data,
mainly including the past 1000 years, the past 2000 years, the middle
Holocene, the LGM, the middle Pliocene, and the Last Interglacial (-127
thousand years ago, labeled as Ligl27k). We use 39 experiments of 14
models (4 for LGM, 12 for Ligl127k, 14 for Middle Holocene, 4 for Middle
Pliocene, and 5 for past 1000 or 2000 years). The corresponding
piControl experiments in CMIP6 are also used to calculate zonal-mean
surface temperature differences as shown in Fig. 2b.

Other modeling data

Community Earth System Model (CESM) is a fully coupled atmosphere-
ocean general circulation model developed by the National Center for
Atmospheric Research (NCAR). In ref. 30, a group of slice experiments
from 540 Ma to Pl are designed, with time intervals of 10 million years
and horizontal resolution of 3.75°x 3.75°. Solar constant, paleogeo-
graphy, and CO, concentration are chosen as boundary
conditions®***’*%, Dynamic vegetation is used in all the experiments. All
of the three factors vary with time (Group 1). In the other two groups,
CO, concentration is fixed to 2800 ppmv (Group 2) and CO, con-
centration is fixed to 2800 ppmv and meanwhile solar constant is fixed
to 1361 W m™ (Group 3)**,

Reference ¥ conducted several CESM experiments focusing on
the PETM using CESM. They tested four different CO, concentrations
(280, 840, 1680, and 2520 ppmv) and altered cloud microphysical
processes. The horizonal resolution they used is 2.5°x1.9° in
longitude-latitude. Reference ** designed the CESM experiments of
~95, 55, and 14 Ma using different CO, concentrations and vegetation
types. They used the same resolution as ref. 27.

Reference * used a specific version of the Hadley Centre Model,
HadCM3*° with the horizontal resolution of 3.75°x 2.5° in longitude-
latitude. They conducted two groups of 109 climate model simulations
covering the entire Phanerozoic. In the first group, the CO, con-
centrations are the best-fit local regression curve from ref. 60. This
group of experiments is labeled as “Group 1” in Fig. 1. In Group 2, they
selected the CO, values that were influenced by some non-public
paleogeographic reconstructions and best matched the terrestrial
proxy data. The CO, curve in the second group is a heavily smoothed
version of the Foster curve. In their experiments, both solar constant
and paleogeography vary with time*’=5,

Sensitivity experiments

Several sensitivity experiments using the atmospheric component of
CESM are designed to further verify our conclusions. All the experi-
ments are coupled to a well-mixed ocean rather than a dynamical
ocean. Sea surface temperature is calculated based on the prescribed
mixed layer depth and surface energy fluxes®. The prescribed surface
energy fluxes can vary seasonally, but not interannually, and act as
meridional ocean heat transport equivalently. We design four groups
of slab-ocean sensitivity experiments based on the Pl experiment in
ref. 30. The horizontal resolution of the sensitivity experiments is
3.75°x3.75°. All the slab-ocean experiments are run for at least 100
model years, and the last 50-year averages are used for analyses.

In the first group, the latitudinal distribution of incoming solar
radiation is tested. We keep the solar constant unchanged, which is
1361 W m™2. To change the latitudinal distribution of the incoming solar
radiation, we employ two different obliquities, 0° and 40°, and com-
pare with the default obliquity, 23.3°. When the obliquity is larger,
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there is more annual-mean shortwave radiation reaching the polar
regions and meanwhile the tropics has less shortwave radiation
(Fig. 4a). It should be noticed that in this group of experiments, we
apply a hypothetical aquaplanet, whose surface is entirely covered by
water with no landmasses, in order to exclude the hemispherical
asymmetry caused by continents. The horizontal resolution is changed
to 2.5°x1.9° in longitude-latitude. The surface energy flux is set to be
zero, and the ocean mixed layer depth is set to 50 m everywhere.
Moreover, to avoid the planet turning into a snowball Earth state, we
increase the CO, concentration to 1120 ppmv (i.e., 4 times of the value
in the PI experiment). We also run an experiment in which the CO,
concentration is 2240 ppmv and the obliquity is 23.3° to test the
changes of TMSTG. The results are shown in Fig. 4a, b.

In the second group, different surface energy fluxes are examined.
We set the surface energy flux to respectively 100%, 40%, and 0% (i.e.,
no ocean heat of the value in the fully coupled Pl experiment, in order
to explore whether the different energy fluxes can affect the tropical
meridional surface temperature gradient. Other external forcings,
including CO, concentration (280 ppmv), solar constant (1361 W m™),
land-sea distribution, and ocean mixed layer depth, are set to be
consistent with the fully coupled PI experiment. The horizontal reso-
lution is also the same as the fully coupled Pl experiment. The results
are shown in Fig. 4c.

In the third group of slab-ocean sensitivity experiments, we
examine the effect of clouds by turning on or turning off cloud
radiative effects. Other forcings, including CO, concentration, solar
constant, ocean mixed layer depth, and surface energy flux are set to
be the same as that in the fully coupled PI experiment. The results are
shown in Fig. 4d.

Different rotation rates are tested in the fourth group of experi-
ments. Denoting the present rate as Q., three different rotation rates of
4Q,, 1Q,, and Q./10 are chosen. In this group, the surface energy flux is
also set to be zero. By default, the CO, concentration is set to be
280 ppmv. We also run an additional experiment in which the CO,
concentration is 1120 ppmv and the rotation rate is Q./10 to test the
changes of TMSTG. The results are shown in Fig. 4e, f.

Parallel offline radiative transfer (PORT) tool

The Parallel Offline Radiative Transfer (PORT) tool is a tool for con-
ducting radiation transfer calculations®’. As a part of CESM, it facil-
itates radiation computation in isolation, enabling the calculation of
radiative fluxes without climate feedbacks. In this study, we take 10 Ma
as an example and utilize the PORT to compare changes in radiative
forcing resulting from variations in CO, concentration (2800 ppmv
versus 728 ppmv), lapse rate feedback, temperature feedback, and
water vapor feedback. The results are shown in Fig. S6.

Data availability

The data of sensitivity experiments generated in this study have been
deposited in the Figshare database under accession code https://doi.
org/10.6084/m9.figshare.26828143%, The simulation data of the past
540 million years in ref. 31 are archived in https://doi.org/10.6084/m9.
figshare.19920662.v1. The CMIP6 data can be found in https://aims2.
linl.gov/search/?project=CMIP6/. The NCEP reanalysis data can be
found in https://psl.noaa.gov/data/gridded/reanalysis/. The simulation
output in refs. 28, * can be found in https:/doi.org/10.1029/
2021PA004383 and https://doi.org/10.1126/sciadv.aax1874. The
assimilation data in refs. 29,56,57 can be found in https://doi.org/10.
1038/541586-021-03984-4, https://doi.org/10.1038/s41586-020-2617-X,
and https://doi.org/10.1073/pnas.2205326119.

Code availability
All figures were created using NCL (NCAR Command Language), and
the code can be obtained at https://doi.org/10.5281/zenodo.14835818.
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