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Abstract

Geopotential height (H) is a widely used metric for atmospheric circulation. H has been
reported to be rising under global warming, but the amplitude and mechanism of this rise are not
clear. Based on reanalysis datasets and climate models participating in CMIP6, this study
quantitatively evaluates the sensitivity of H to global mean surface air temperature (7y), i.e.,
dH/dT;. Reanalysis datasets and model simulations consistently show that dH/dT; increases
monotonically with altitude in the troposphere, with a global averaged value of about 24.5 gpm/K
at 500 hPa, which overwhelms the interannual H variability. Diagnosis based on the hypsometric
equation shows that the rise in H is dominated by temperature-driven expansion, i.e., expansion
of the air column due to warming-induced reduction of air density, while moisture-driven
expansion and the surface pressure effect play only minor roles. Therefore, the magnitude of
dH/dT; is determined largely by a vertical integration of the warming profile below the pressure
level. Since the anthropogenic forced rise in H is rather horizontally uniform and proportional to
T, change, past and projected future changes in the global H field at each pressure level can be
reproduced by change in 7, multiplied by a constant historical dH/dT; value. The spatially
uniform rise in H reproduces the past and projected future expansion of the widely used H=5880
gpm contour at 500 hPa, suggesting that it does not indicate enhancement of the subtropical high

but is simply caused by thermal expansion of the atmosphere.

Keywords: geopotential height, global warming, thermal expansion, hypsometric equation
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1. Introduction

Geopotential height (H) is a widely used variable in meteorology. It is key in generating
daily weather charts, and it is also a useful metric for the variability of atmospheric circulation,
particularly high and low pressure systems (e.g., Sickmoller et al. 2000; Chan et al. 2019;
Pedatella and Harvey 2022; Sharma et al. 2022), and ridges and troughs (Wang et al. 2009;
Mishra et al. 2012; Liu et al. 2018; Zhang et al. 2022a). A positive H anomaly usually indicates an
anomalously strong high pressure (or ridge) system or an anomalously weak low pressure (or
trough) system (e.g., Wei et al. 2014; Bowerman et al. 2017; Kawasaki et al. 2021). Characteristic
contours of H are also widely adopted to define the boundary of a pressure system. For example,
the H=5880 gpm contour at 500 hPa is widely used as the boundary of subtropical high pressure
systems in the mid-troposphere, such as the western North Pacific subtropical high (WNPSH,
e.g., Li et al. 2021; Nie et al. 2022; Yang et al. 2023; Tang et al. 2023; Zhang et al. 2023) and the
Iran high (e.g., Ninomiya and Kobayashi 1998; Rasul et al. 2005; Mashat et al. 2021; Chen et al.
2023; Zhang et al. 2023), and the H=12500 gpm contour at 200 hPa is widely used as the
boundary of the South Asian high (e.g., Sugimoto and Ueno 2012; Wei et al. 2014; Choi et al.
2015; Wang and Wang 2021; Cha et al. 2021; Zhang et al. 2023) in the upper troposphere.

Since H is an important metric for atmospheric circulation systems, it is important to
investigate long-term changes in the global H field. A rising trend in H has been noted by many
studies, based on multiple reanalysis datasets (Yang and Sun 2003; Hafez and Almazroui 2014;
Huang et al. 2015; Wu and Wang 2015) and climate model simulations under increasing
greenhouse gas forcing (Liu et al. 2014; Christidis and Stott 2015; He et al. 2015; Sun et al.
2022). It appears that the rise in H under global warming is a global phenomenon that can be
attributed to forcing by anthropogenic greenhouse gases (Christidis and Stott 2015). The
amplitudes of the rising trends in H differ among pressure levels, and it seems that H is rising
more rapidly in the upper troposphere than in the middle and lower troposphere (Nassif et al.
2020). However, there is still no global-scale quantitative evaluation on the amplitude of the rise
in H under global warming, and it is unclear what determines the amplitude of this rise at each

pressure level.

By definition, H at a given pressure level P is the height (in units of gpm) of the top of an air
column between the land/ocean surface and the pressure level P. The top of the air column may
rise if the entire air column is lifted upward (schematically shown in the left-hand portion of Fig.
1) or the length of the air column increases (schematically shown in the right-hand portion of Fig.

1). As a result of increasing atmospheric water vapor content under global warming (Trenberth
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and Smith 2005; Yang et al. 2016; Allan et al. 2022; Borger et al. 2022), global total air mass is
increasing and leading to an overall increase in surface pressure, which acts to lift the air column
upward and increases the H value for the air column even if the length of the air column is fixed.
On the other hand, the length of an air column is inversely proportional to air density, assuming
the air column has a fixed mass content, and the top of an air column may rise if the length of the
air column increases due to reduced air density. Since warmer and moister air has lower density,
air density can be reduced by rising temperature (Ren et al. 2018; Zhou et al. 2018; Ren et al.
2023) and increased atmospheric moisture content under global warming (Trenberth and Smith
2005; Held and Soden 2006; Borger et al. 2022). The above factors may act to increase H, but the

relative contribution of each is unclear.

Observational evidence suggests a substantial expansion of the areal coverage of
characteristic contours of H in recent decades, such as the H=5880 gpm contour at 500 hPa,
which has been interpreted as an expansion and enhancement of the subtropical high (e.g., Yan et
al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al. 2021). Meanwhile, an "extremely strong"
subtropical high has frequently been reported in recent years. For example, the summertime
WNPSH was reported to be exceptionally strong and extended farther westward than normal in
2020 (e.g., Takaya et al. 2020; Qiao et al. 2021; Zhou et al. 2021; Shi and Fang 2022), as well as
in 2021 (Ke et al. 2022; Ma et al. 2022; Zhang et al. 2022b) and 2022 (Chen and Li 2023; Li et al.
2023; Zhang et al. 2023). In the summer of 2022, maybe for the first time, the characteristic
contour of H=5880 gpm covered the Tibetan Plateau and encircled the globe, possibly indicating
an extremely strong subtropical high and drawing wide attention from the research community

(Mallapaty 2022; Chen and Li 2023; Zhang et al. 2023).

The frequent occurrence of an "exceptionally strong" subtropical high in recent years may be
connected to a long-term trend, because recent years are compared with the past "climate normal”
during real-time climate monitoring and extreme event attribution. If a variable has a substantial
positive (negative) trend, it may bias the "anomaly" in recent years toward a positive (negative)
value based on such comparison (Livezey et al. 2007; Arguez and Vose 2011), similar to the well-
known fact that warm anomalies are more frequent and stronger than cold anomalies due to the
rising temperature trend (Hulme et al. 2009; Rahmstorf and Coumou 2011; Hansen et al. 2012;
Lorenz et al. 2019). The long-term expansion of the characteristic H=5880 gpm contour is robust
in observational records (e.g., Yan et al. 2011; Sun and Li 2018; Li et al. 2021) and also in future
climate projection experiments (Liu et al. 2014), but it is still uncertain whether this suggests

expansion and enhancement of the subtropical high (He et al. 2015, 2018; Huang and Li 2015;
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Huang et al. 2015; Wu and Wang 2015). By definition, two factors may result in the expansion of
the characteristic H contour. One is a uniform rise in global H, which has no relation to
atmospheric circulation, and the other is a pattern change in the H field, which is associated with
change in circulation. It is unclear which factor dominates the past and projected future changes

in the H field and the characteristic contour.

This study focuses on the sensitivity of H to global mean surface air temperature (7%) and
addresses the following two questions: 1) How strong is the response of H at each pressure level
to 7y warming, and what determines the amplitude of dH/dT,? 2) What controls the past and
projected future change in the global H field and the characteristic contours of H? To address
these two questions, Section 2 introduces the data and methods. Section 3 quantitatively evaluates
dH/dT; and the mechanism controlling its amplitude, and tries to constrain the past and projected
future change in H based on the temporal evolution of 7. Section 4 summarizes the major

findings.

2. Data and Methods
2.1. Reanalysis and model data

In this study, the observed global mean surface air temperature (75) is based on the Met
Office Hadley Centre observation dataset version 5 (Morice et al. 2021), spanning from 1850 to
2022. Five reanalysis datasets are also adopted in this study: 1) the ERAS reanalysis (Hersbach et
al. 2020; Bell et al. 2021), 2) the NCEP-NCAR reanalysis (NCEP1, Kalnay et al. 1996), 3) the
NCEP-DOE reanalysis version 2 (NCEP2, Kanamitsu et al. 2002), 4) the Japanese 55-year
Reanalysis (JRASS, Kobayashi et al. 2015), and 5) the Modern-Era Retrospective Analysis for
Research and Applications, version 2 (MERRAZ2, Gelaro et al. 2017). Since the ERAS5 dataset has
a long temporal coverage from 1940 to 2022, it is the main reanalysis dataset analyzed in this
work. The other four reanalysis datasets have relatively short temporal coverage, and we use the
common period of 1980-2022 for these four datasets to address the uncertainty among the

reanalysis datasets (Collins et al. 2013; Simmons et al. 2017; Ramon et al. 2019).

In order to extract the anthropogenic forced signal, this work uses monthly outputs of the
historical, SSP1-2.6, SSP2-4.5, and SSP5-8.5 experiments based on 40 coupled climate models
(the SSP1-2.6 experiment is unavailable for 3 of the 40 models) participating in the 6th phase of
the Coupled Model Intercomparison Project (CMIP6). The historical experiment is forced by
observed year-to-year concentrations of external forcing agents (greenhouse gases, aerosols, etc.)

until 2014, and the SSP1-2.6, SSP2-4.5, and SSP5-8.5 experiments are performed under low,
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moderate, and high emission scenarios from 2015 to the end of the 21st century, in which the
radiative forcing reaches 2.6, 4.5, and 8.5 W/m? until the year 2100 (Eyring et al. 2016; O'Neill et
al. 2016). The first realization ("rlilplfl") of each model is selected by default, and another
realization is selected if "rlilplfl" is unavailable or missing key variables. The names of the
models and realizations adopted are listed in Supplementary Table S1. We focus on boreal
summer in this study, and all the monthly reanalysis and model data are converted into June-July-

August (JJA) mean values and interpolated onto a common 1°x1° grid.

2.2. Method

In order to examine the rise in H and its dependence on T, we quantify the rise in H under
global warming as the linear regression slope of H onto 7§ based on the 83 summers from 1940 to
2022 (denoted as dH/dT;), similar to previous studies (e.g., Held and Soden 2006; Mishra et al.
2012; Zhou and Wang 2017), which indicates the amplitude of the rise in H corresponding to 1 K
of T, warming. Here, T is the time series of global mean surface air temperature, while H refers
to either a 2-D geopotential height field or the global averaged value at a pressure surface. As the
historical experiment terminates in 2014, we extend it to 2022 using the SSP2-4.5 experiment in
order to match the temporal coverage of the ERAS reanalysis data. The dH/dT; value for each
model is calculated based on the 1940~2022 period, and the multi-model mean (MMM) value

among all available models represents the anthropogenic forced signal.

For large-scale motion, hydrostatic equilibrium requires the vertical pressure gradient force

to balance the gravity force,

dp

=PI )
where P, p, and H are the air pressure, density, and geopotential height, respectively, and

g=9.80665 m/s* is gravitational acceleration (globally constant g is assumed in this study).

Inverting Eq. (1) into dH/dP = —1/(pg) and integrating it from the surface (Ps) to pressure

level P, the length of the air column can be expressed as

H(P)—HA:é L. %dp’ )

where H(P) is the geopotential height at pressure level P, and H; is the geopotential height of
the surface determined by topography. Eq. (2) shows that the geopotential height at pressure level
P may increase if: 1) the length of the air column increases due to reduced air density (p), or 2)
the entire air column is lifted upward due to increased surface pressure P,. This is consistent with

the schematic illustration in Fig. 1.
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The density of air depends on pressure and virtual temperature via the equation of state,
P=pR,T, (3)

where R/=287 J/(kg-K) is the constant of dry air, and virtual temperature 7, is a function of

temperature 7 and specific humidity ¢, i.e., 7,=(1+0.608¢)7. Eliminating p in Eq. (2), we obtain
Rg Ps T ,
H(P)= H+ [,*(1 + 0.608q) - dp (4)

Eq. (4) states that H at a pressure level P is a function of temperature (7), specific humidity
(9), and surface pressure (Py), i.e., H=H(T, g, P,). Based on the temperature, specific humidity,
and surface pressure data, Eq. (4) well reconstructs the climatological H field (Supplementary
Fig. S1) and the H field for an individual year (Supplementary Fig. S2). As T, g, and P, may
change under global warming, the response of H to global warming can be decomposed as the
sum of these three contributing factors based on the chain rule

aH _0HAT | 0Hdq | 0H dPs
dT, = 0T dTs = 0q dTs = 9P dT;

&)

We name the three terms on the right-hand-side of Eq. (5) T-driven expansion, g-driven
expansion, and the P effect, which arise from changes in temperature, moisture, and surface
pressure, respectively. Each of these three terms is estimated by artificially reconstructing the
year-to-year H value based on Eq. (4) with the other two contributing factors fixed. For example,
synthetic H in each year is reconstructed based on Eq. (4) using actual year-to-year 7 values and
climatological ¢ and P, values, and the regression slope of it onto 7y is the contribution of 7-
driven expansion to the rise in H. Similarly, the contribution of g-driven expansion (P, effect) is

estimated by retaining g (P;) variability and fixing the other two factors.

3. Results

3.1 Magnitudes of dH/dT; and the contributing factors

Fig. 2a shows dH/dT; at 500 hPa based on the ERAS5 data, and Fig. 2b-d shows the
contributions of the three terms in Eq. (5). It is obvious that H rises globally, with a global
average of 23.1 gpm/K (Fig. 2a). The amplitude of the rise in H is rather smooth in the tropics but
shows a wavy pattern in the mid-latitudes. 7-driven expansion contributes the most to the rise in
H, with a global average of 20.2 gpm/K (Fig. 2b), accounting for about 90% of the total rise in H.
Although global moisture content increases (Trenberth and Smith 2005; Borger et al. 2020; Allan
et al. 2022), the consequent g-driven expansion contributes only 0.7 gpm/K (Fig. 2¢), and its
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effect on H can be neglected. The P; effect acts to increase H over plateau regions and the
subtropical Southern Hemisphere but reduces H over subpolar regions in the Southern
Hemisphere, which amounts to a global averaged value of 2.2 gpm/K (Fig. 2d). The sum of the
three terms (Fig. 2e) shares a very similar spatial pattern and global averaged amplitude (23.1
gpm/K) with dH/dT; as shown in Fig. 2a. Evidently, 7-driven expansion dominates most of the
rise in H in recent decades by reducing air density. The column-averaged change in temperature
between the surface and 500 hPa (Fig. 2f) shows a very similar pattern to 7-driven expansion
(Fig. 2b), suggesting that a larger (smaller) rise in H occurs where there is stronger (weaker)

warming.

The anthropogenic forced dH/dT, at 500 hPa based on the MMM of 40 models shows a
positive trend at all grid points (Fig. 3a), with a global average of 24.5 gpm/K. The MMM-
simulated dH/dT; has a much smoother spatial pattern compared with that based on the ERAS
data, but the global averaged values are very close to each other, suggesting that the discrepancy
in spatial pattern may result from internal climate variability in recent decades such as the
southern/northern annualar mode (Baldwin 2001; Marshall 2003; Visbeck 2009). Based on the
MMM, T-driven expansion also explains about 90% of the anthropogenic forced rise in H, while
g-driven expansion and the P, effect play minor roles (Fig. 3b-d). The sum of the three
contributing factors (Fig. 3e) accurately reconstructs the spatial pattern and magnitude of dH/dT;
(Fig. 3a). A higher rate of dH/dT; near the North Pole (Fig. 3a) is reproduced by the 7-driven
expansion (Fig. 3b). Indeed, the anthropogenic forced increase in temperature is greater near the
North Pole (Fig. 3f) known as "polar amplification" (e.g., Holland and Bitz 2003; Bekryaev et al.
2010; Stuecker et al. 2018; Chylek et al. 2022), and it results in a stronger reduction in air density

and larger 7-driven expansion near the North Pole under anthropogenic forcing.

We also use the amplitude of the interannual H variability as a benchmark and compare it
with the magnitude of dH/dT, similar to the concept of the "signal-to-noise" ratio (Chen et al.
2020; Auger et al. 2021; Ying et al. 2022). A 9-year high-pass Fourier filter is applied to the time
series of H at each grid point before the standard deviation (¢(H)) is calculated. The MMM and
ERAS5 dataset consistently show that o(H) is below 10 gpm in the tropics and increases with
latitude (Fig. 4a). The ratio between dH/dT; and o(H) is above 4 in the deep tropics (Fig. 4b), and
the tropical (30°S-30°N) averaged ratio is 3.9, suggesting that the increase in H per 0.25 K of
warming is comparable with the amplitude of interannual H variability in the tropics. The
magnitude of dH/dT; is also greater than o(H) over the mid- to high latitudes in the Northern

Hemisphere, and the global averaged ratio between dH/dT; and o(H) reaches 2.6. Since
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geostrophic wind proportional to the horizontal gradient of H is a good approximation of
atmospheric circulation off the equator, we calculate the meridional and zonal gradients of H, i.e.,
H,=0H/0y and H,=0H/0x, to measure the associated change in atmospheric circulation. As shown
in Fig. 4c,d, the anthropogenic forced changes in the H gradient (both H, and H) with T are one
order of magnitude smaller than the amplitude of interannual variability, suggesting that the rise
in H under global warming is rather spatially uniform and has little relation to changes in the H

gradient and atmospheric circulation.

Since the anthropogenic forced rise in H is rather spatially uniform, we focus primarily on
the global average. In the following discussion, the terms "H" and "dH/dT," refer to the global
averaged values unless otherwise stated. To take into account the uncertainty among the
reanalysis datasets (Collins et al. 2013; Simmons et al. 2017; Ramon et al. 2019), the global
averaged values of dH/dT; are calculated based on multiple reanalysis datasets and are shown in
Table 1 and Fig. 5a. Obviously, dH/dT; is positive throughout the troposphere and increases
monotonically with altitude based on the MMM and all reanalysis datasets (Fig. 5a), indicating
that it is a robust phenomenon that H in the upper troposphere is more sensitive to 7; warming
than in the lower troposphere. The MMM-simulated dH/dT; lies within the range based on
reanalysis datasets in the lower and middle troposphere, but the MMM shows a larger dH/dT;
value in the upper troposphere than the reanalysis datasets (Fig. 5a). At 500 hPa, the dH/dT; value
is about 24 gpm/K for both the MMM and all reanalysis datasets. At 200 hPa, the dH/dT; value
reaches 62.1 gpm/K based on the MMM, which is greater than all of the reanalysis datasets by
about 10 gpm/K. The cause for this discrepancy in the upper troposphere will be addressed in the

next subsection.

3.2 Explaining the vertical profile of dH/dT;

Since 7-driven expansion dominates the rise in H, we need to understand how the vertical
profile of dH/dT; is controlled by T7-driven expansion. Suppose that the warming in the
troposphere follows a vertical profile 7{P) such that the amplitude of warming at level P can be
expressed by the surface warming, i.e., AT(P) = I (P)-AT,. Neglecting the contribution of moisture

to air density in Eq. (4), the rise in H (AH) due to T-driven expansion can be expressed as
AH(P) = &(P) - AT (6)

where

_ R (PIO) 4
e(P) =74 "= 2dp )
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This relationship suggests that the amplitude of rise in H is proportional to the amplitude of
rise in Ty, and the scaling factor is determined by the vertical integrated warming profile below
the pressure level. Fig. 5b shows the vertical profile of e(P). In general, e(P) reproduces dH/dT;
in terms of magnitude and vertical shape, suggesting that dH/d7 is determined largely by the
vertical accumulated 7-driven expansion below the pressure level. e(P) also largely reproduces
the discrepancy in the dH/dT; values among the reanalysis datasets and the MMM. For example,
the € value at 200 hPa based on the MMM is greater than in all of the reanalysis datasets (Fig.
5b), which is consistent with the higher dH/dT; value at 200 hPa than in the reanalysis datasets
(Fig. 5a), suggesting that the discrepancy results from the different vertical profiles of warming

between the models and the reanalysis.

Fig. 5c.d shows the vertical profiles of warming (/) and the fractional change in air density
due to T-driven expansion. Corresponding to surface air warming by 1 K, the troposphere warms
by about 0.8~1.4K below 300 hPa (Fig. 5c), and the air density decreases by about 0.3~0.6%
(Fig. 5d). Compared with the reanalysis datasets (colored curves in Fig. 5c), the MMM shows a
greater warming in the mid-to-upper troposphere (black curve in Fig. 5c), which has already been
noted in previous studies (Fu et al. 2011; Santer et al. 2017; Po-Chedley et al. 2021). Associated
with the stronger mid-to-upper tropospheric warming, the MMM shows a larger decrease in air
density in the mid-to-upper troposphere (Fig. 5d). Since the dH/dT; value on a given pressure
level is determined largely by the accumulated 7-driven expansion below the pressure level, the
stronger mid-to-upper tropospheric warming explains the greater dH/dT; in the upper troposphere
based on the MMM. Further study is needed to address the possible cause for the discrepancy in
the vertical profile of warming between climate models and the reanalysis datasets (Santer et al.

2017; Po-Chedley et al. 2021).

3.3 Relating past and future evolution of H to T change

The curves in Fig. 6a and Fig. 6b show the time series of the T anomaly (ATy) relative to the
1850-1899 baseline period and H at 500 hPa as global averages, based on observations and the
MMM. It is clear that the temporal evolution of H resembles the evolution of ATj, in terms of
both past changes and projected future changes under multiple scenarios. Since the above
evidence indicates that change in H is almost proportional to change in T;, we reconstruct the
temporal evolution of H based on the time series of AT,. Based on the MMM of the models, the
climatological H value for the baseline period is 5666.0 gpm and the dH/dT; value is 24.5 gpm/K
at 500 hPa, so we show 5666.0+24.5AT, as hollow circles in Fig. 6b. It is clear that the

reconstructed H accurately matches the temporal evolution of H in terms of past changes and

10
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projected future changes under all three scenarios, and it also matches the decadal change in H

from 1940 to 2022 based on ERAS dataset despite some internal variability.

Based on the MMM-projected changes in H (AH) and AT in each year from 2015 to 2099
under the three scenarios relative to the baseline (1850-1899) period, Fig. 7 further shows the AH
value at each pressure level as a function of AT. At each pressure level, the (AH, AT) pairs are
located along the AH = kAT, lines (thin black lines in Fig. 6) where k is the dH/dT; value at the
pressure level listed in Table 1. For example, the projected future change in H at 500 hPa (200
hPa) can be approximated by AH=24.5AT; (AH=62.1AT) according to the AT, value under all
three scenarios. A rise in 7y of 1.5 K (2.0 K) relative to the baseline period results in a rise in
global H of about 37 gpm (49 gpm) at 500 hPa, which is consistent among the SSP1-2.6, SSP2-
4.5, and SSP5-8.5 scenarios (Fig. 7a), and it can be simply reproduced as AH=24.5AT;. This also
confirms that future change in H at each pressure level is dominated by the amplitude of T
warming, and it offers a simple way to estimate the change in global H based on the amplitude of

T warming.

The H=5880 gpm contour at 500 hPa, which has been widely used as the boundary of the
subtropical high in the mid-troposphere (see Supplementary Figs. S1, S2), has expanded
substantially in the past decades (e.g., Yan et al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al.
2021) and is projected to continue expanding in the future (Liu et al. 2014). Here, we define an
area index (Al) as the number of global grid points (on a 1°x1° grid) with an H value above 5880
gpm, shown as curves in Fig. 6¢c. The expansion of this contour may be induced by either a
uniform rise in H or a pattern change in the H field. In order to assess the effect of the uniform
rise in H on the increase of Al, we reconstruct an idealized evolution of global H field by adding a
global uniform value of 24.5AT, (unit: gpm) according to the AT, value in each year to the
climatological H field of the baseline period, i.e., Hc(x,y)+24.5AT;, where H.(x,y) is the
climatological H field of the baseline period. Based on such a reconstructed temporal evolution of
H field subject to a global uniform rising trend, a reconstructed Al is calculated and shown as
hollow circles in Fig. 6¢c. The hollow circles and the curves almost overlap each other in Fig. 6¢
for historical experiment and all scenarios, suggesting that the historical and future evolution of
Al can be accurately reproduced by the reconstruction subject to a global uniform rise in H. The
residual of the reconstruction associated with change in H pattern is small and negligible (figure
not shown). This suggests that the expansion of the H=5880 gpm contour is driven primarily by

thermal expansion of the atmosphere and has little relation to atmospheric circulation.
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Unlike the linear relationship between H and T, Al has a nonlinear relation with AT (Fig.
7b). Al increases sharply with AT when AT, is below 1.8 K, and the increase in Al is moderate
when AT exceeds 1.8K (Fig. 7b). By definition, the sensitivity of Al to 7, depends on the number
of additional grid points whose H values reach the threshold of 5880 gpm. Overall, the H value is
higher in tropics than mid-high latitudes (see Supplementary Fig. S1), and the H gradient is weak
in the tropics due to the weak temperature gradient (Sobel et al. 2001; Polvani and Sobel 2002; Su
et al. 2003). There is a large number (about 10*) of tropical grid points with an H value within the
5840~5860 gpm interval (Fig. 8a), just slightly below the threshold of 5880 gpm. Since the rise in
H is rather spatially uniform, the amplitude of 7y warming required for the H value to exceed
5880 gpm at a given grid point can be estimated as (5880—H)/24.5, by assuming a dH/dT value
of 24.5gpm/K at 500 hPa. As shown in Fig. 8b, the H values at a large number of additional grid
points (mostly in tropics) exceed the 5880 gpm threshold under a AT, of 1.3~1.8K (Fig. 8b),
which is consistent with the period of rapid increase in Al in the 2020s and 2030s (Fig. 6¢c and
Fig. 7b). Therefore, a global uniform rise in H at a constant rate of 24.5 gpm/K explains the

nonlinear rise of the Al, with the rate of rising controlled by the pattern of climatological H field.

Many previous studies suggested an enhancement and expansion of the subtropical high
(e.g., Yan et al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al. 2021), based on the characteristic
contour of H=5880 gpm (or another contour) since it is widely used as the boundary of
subtropical high, but there is still debate about the long-term change in the subtropical high
because other circulation-based metric does not show such a phenomenon (Huang et al. 2015;
Shaw and Voigt 2015; Wu and Wang 2015; He et al. 2017; Cherchi et al. 2018; He and Zhou
2022). Based on our above results, the expansion of the characteristic contour primarily results
from a global uniform rising trend of H, and it is not related to change in atmospheric circulation.
Meanwhile, the rising trend of H may, at least partly, be responsible for the frequent occurrence of
"extremely strong" subtropical high events in recent years, such as the extremely strong WNPSH
events in 2020 (e.g., Takaya et al. 2020; Qiao et al. 2021; Zhou et al. 2021; Shi and Fang 2022),
2021 (Ke et al. 2022; Ma et al. 2022; Zhang et al. 2022b) and 2022 (Chen and Li 2023; Li et al.
2023; Tang et al. 2023; Zhang et al. 2023) based on H anomaly or characteristic H contour. This
is because a recent year is compared with a "climate normal" based on past decades in attribution
studies, and the strong rising trend of H may push the H anomaly (and also the anomalous Al for
subtropical high) in recent years toward a positive anomaly in comparison to a past "climate
normal” (Livezey et al. 2007; Arguez and Vose 2011; Rahmstorf and Coumou 2011; Hansen et al.
2012). More comparison among different metrics is needed in the explanation of extreme climate

events from atmospheric circulation perspective.
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4. Summary

Previous studies have noted a rising trend in H under global warming, and this work
quantitatively evaluates the rise in H in the troposphere in terms of its sensitivity to 7y warming,
based on multiple reanalysis datasets and climate models participating in CMIP6. Reanalysis data
and climate models consistently show that it is a global phenomenon that H rises under global
warming, and the amplitude of rise in H increases monotonically with altitude in the troposphere
due to vertically accumulated thermal expansion. As a global average, H at 500 hPa rises at a rate
of 24.5 gpm/K due to anthropogenic forcing, which is about 4 times the amplitude of interannual
H variability in the tropics. The anthropogenic forced rise in H is rather spatially uniform, and the
associated change in the horizontal gradient of H is one order of magnitude smaller than its

interannual variability, suggesting that the rise in H has little relation to atmospheric circulation.

Based on the hypsometric equation, this work identifies three contributing factors to the rise
of H. They include 7-driven expansion, g-driven expansion, and the P; effect, which indicate the
roles of temperature, moisture, and surface pressure, respectively. Diagnosis based on the
hypsometric equation shows that the 7-driven expansion of the air column explains a major
fraction (about 90%) of the increase in H by reducing air density, while the effects of g-driven
expansion and a general increase in global surface pressure play minor roles. Given the dominant
role of 7T-driven expansion, the amplitude and vertical structure of dH/dT, can be approximated
based on a vertical integration of the warming profile, which physically indicates the accumulated

expansion of the air column below the pressure level.

Since the anthropogenic forced change in H is rather uniform and the global averaged
change in H is almost proportional to the change in 75, the past and projected future changes in H
can be accurately reproduced by the evolution of T, based on a simple linear relationship. The
H=5880 gpm contour at 500 hPa, which is widely used as the boundary for the subtropical high,
has expanded substantially under global warming. This phenomenon has drawn great attention
from the research community regarding a rapid enhancement of the subtropical high and the
recent frequent occurrence of "exceptionally strong" subtropical high events (e.g., Liu et al. 2014;
Mallapaty et al. 2022; Chen and Li 2023; Zhang et al. 2023). Our results show that the past and
projected future expansion of the contour can be accurately reproduced by assuming a global
uniform rise in H of 24.5 gpm/K, suggesting that the expansion of the characteristic contour is
dominated by a uniform rise in H rather than a change in H pattern and circulation. Therefore,
thermal expansion of the atmosphere is responsible for the expansion of the characteristic contour

and it does not suggest enhancement of the subtropical high.
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Table 1 Global averaged value of dH/dT; at various pressure levels based on the MMM of CMIP6
models and multiple reanalysis datasets (unit: gpm/K). The dH/dT; values are obtained based on
the 1940-2022 period based on the MMM and ERAS dataset, and the 1980-2022 period based on
the NCEP1, NCEP2, JRASS5, and MERRA? datasets.

MMM ERAS NCEP1 NCEP2 JRASS MERRA2
200 hPa 62.1 53.6 51.2 51.3 48.5 56.6
300 hPa 46.2 41.2 44.9 43.8 41.1 42.6
400 hPa 335 30.8 34.7 35.0 32.1 29.6
500 hPa 245 23.1 27.0 25.9 25.2 21.6
600 hPa 17.8 17.3 20.0 19.1 19.4 16.5
700 hPa 12.3 12.2 13.5 13.3 14.3 12.0
850 hPa 5.7 6.0 4.6 5.1 8.0 4.6
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Fig. 1 Schematic illustration of the mechanisms for the increase in H at a given pressure level
considering an air column below the pressure level. 1) A rise in surface pressure raises the entire
air column, and the height of the top of the air column rises even if the length of the air column is
unchanged (left). 2) The length of the air column increases due to reduced air density, which

raises the height of the top of the air column.
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Fig. 2 (a) dH/dT; at 500 hPa (unit: gpm/K) based on ERAS data, calculated as the regression
slope of H onto the global mean surface air temperature. (b-d) The contributions of 7-driven
expansion, g-driven expansion, and the P; effect to dH/dT; (units: gpm/K). (e) The sum of (b), (¢),
and (d). (f) The amplitude of air column warming below 500 hPa, calculated as the regression

slope of vertically averaged temperature below 500 hPa onto 7.
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707  Fig. 3 Same as Fig. 2, but based on the MMM of 40 models participating in CMIP6.
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Fig. 4 (a) The interannual standard deviation of H (¢(H), unit: gpm) at 500 hPa based on the
MMM (shading) and ERAS data (contour starts at 10 gpm with an interval of 10 gpm). (b) The
ratio between dH/dT; and o(H). (c) The ratio between dH,/dT; and o(H,). (d) The ratio between
dH/dT; and o(H;). Here, H, and H, stand for the meridional and zonal gradients of H, which are

proportional to the zonal and meridional components of geostrophic wind.
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Fig. 5 (a) Global averaged vertical profile of dH/dT; (unit: gpm/K) based on the MMM (black
curve) and reanalysis datasets (colored curves). (b) Estimated dH/dT; (e, unit: gpm/K) based on
vertical integration of the warming profile according to Eq. (7). (c) Global averaged vertical
profile of warming (7, unit: K/K) defined as the regression slope of temperature at each pressure
level onto 7. (d) Global averaged vertical profile of fractional change in air density (unit: %/K)

defined as the regression slope of fractional change in density onto 7.
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Fig. 6 (a) Time series for the global mean surface air temperature anomaly (AT, unit: K) relative
to the 1850-1899 baseline period. (b) Time series for global mean H at 500 hPa (unit: gpm, curves)
and reconstructed H (hollow circles). (¢) Time series for the area index (Al, curves), defined as
the number of grid points with H above 5880 gpm, and the reconstructed Al (hollow circles). The
reconstructed H field in one year is obtained by adding a global uniform value of 24.5AT; to the

climatological H field of the baseline period.
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Fig. 7 (a) The MMM -projected change in H (AH) as a function of AT} in each year from 2015 to
2099 based on the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, relative to the 1850-1899
baseline of the historical experiment. The black lines in (a) indicate the AH =kAT, lines where k is
the dH/dT; value at each pressure level listed in Table 1. (b) The MMM -projected change in Al
(number of grid points with an H value above 5880 gpm) as a function of AT} in each year from

2015 to 2099 based on the three scenarios, calculated as (5880-H)/24.5 (unit: K)
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Fig. 8 (a) Distribution of climatological H values at 500 hPa for global grid points at a 1°x1°
resolution, based on the baseline period (1850-1899 average) of the MMM. (b) Distribution of
(5880—H)/24.5 at 500 hPa for global grid points, which indicates the amplitude of AT required
for the H value of grid points to reach 5880 gpm assuming a global uniform rise in H of 24.5
gpm/K.
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