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Abstract 19 

Geopotential height (H) is a widely used metric for atmospheric circulation. H has been 20 

reported to be rising under global warming, but the amplitude and mechanism of this rise are not 21 

clear. Based on reanalysis datasets and climate models participating in CMIP6, this study 22 

quantitatively evaluates the sensitivity of H to global mean surface air temperature (Ts), i.e., 23 

dH/dTs. Reanalysis datasets and model simulations consistently show that dH/dTs increases 24 

monotonically with altitude in the troposphere, with a global averaged value of about 24.5 gpm/K 25 

at 500 hPa, which overwhelms the interannual H variability. Diagnosis based on the hypsometric 26 

equation shows that the rise in H is dominated by temperature-driven expansion, i.e., expansion 27 

of the air column due to warming-induced reduction of air density, while moisture-driven 28 

expansion and the surface pressure effect play only minor roles. Therefore, the magnitude of 29 

dH/dTs is determined largely by a vertical integration of the warming profile below the pressure 30 

level. Since the anthropogenic forced rise in H is rather horizontally uniform and proportional to 31 

Ts change, past and projected future changes in the global H field at each pressure level can be 32 

reproduced by change in Ts multiplied by a constant historical dH/dTs value. The spatially 33 

uniform rise in H reproduces the past and projected future expansion of the widely used H=5880 34 

gpm contour at 500 hPa, suggesting that it does not indicate enhancement of the subtropical high 35 

but is simply caused by thermal expansion of the atmosphere. 36 

Keywords: geopotential height, global warming, thermal expansion, hypsometric equation 37 

  38 
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1. Introduction 39 

Geopotential height (H) is a widely used variable in meteorology. It is key in generating 40 

daily weather charts, and it is also a useful metric for the variability of atmospheric circulation, 41 

particularly high and low pressure systems (e.g., Sickmöller et al. 2000; Chan et al. 2019; 42 

Pedatella and Harvey 2022; Sharma et al. 2022), and ridges and troughs (Wang et al. 2009; 43 

Mishra et al. 2012; Liu et al. 2018; Zhang et al. 2022a). A positive H anomaly usually indicates an 44 

anomalously strong high pressure (or ridge) system or an anomalously weak low pressure (or 45 

trough) system (e.g., Wei et al. 2014; Bowerman et al. 2017; Kawasaki et al. 2021). Characteristic 46 

contours of H are also widely adopted to define the boundary of a pressure system. For example, 47 

the H=5880 gpm contour at 500 hPa is widely used as the boundary of subtropical high pressure 48 

systems in the mid-troposphere, such as the western North Pacific subtropical high (WNPSH, 49 

e.g., Li et al. 2021; Nie et al. 2022; Yang et al. 2023; Tang et al. 2023; Zhang et al. 2023) and the 50 

Iran high (e.g., Ninomiya and Kobayashi 1998; Rasul et al. 2005; Mashat et al. 2021; Chen et al. 51 

2023; Zhang et al. 2023), and the H=12500 gpm contour at 200 hPa is widely used as the 52 

boundary of the South Asian high (e.g., Sugimoto and Ueno 2012; Wei et al. 2014; Choi et al. 53 

2015; Wang and Wang 2021; Cha et al. 2021; Zhang et al. 2023) in the upper troposphere. 54 

Since H is an important metric for atmospheric circulation systems, it is important to 55 

investigate long-term changes in the global H field. A rising trend in H has been noted by many 56 

studies, based on multiple reanalysis datasets (Yang and Sun 2003; Hafez and Almazroui 2014; 57 

Huang et al. 2015; Wu and Wang 2015) and climate model simulations under increasing 58 

greenhouse gas forcing (Liu et al. 2014; Christidis and Stott 2015; He et al. 2015; Sun et al. 59 

2022). It appears that the rise in H under global warming is a global phenomenon that can be 60 

attributed to forcing by anthropogenic greenhouse gases (Christidis and Stott 2015). The 61 

amplitudes of the rising trends in H differ among pressure levels, and it seems that H is rising 62 

more rapidly in the upper troposphere than in the middle and lower troposphere (Nassif et al. 63 

2020). However, there is still no global-scale quantitative evaluation on the amplitude of the rise 64 

in H under global warming, and it is unclear what determines the amplitude of this rise at each 65 

pressure level. 66 

By definition, H at a given pressure level P is the height (in units of gpm) of the top of an air 67 

column between the land/ocean surface and the pressure level P. The top of the air column may 68 

rise if the entire air column is lifted upward (schematically shown in the left-hand portion of Fig. 69 

1) or the length of the air column increases (schematically shown in the right-hand portion of Fig. 70 

1). As a result of increasing atmospheric water vapor content under global warming (Trenberth 71 
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and Smith 2005; Yang et al. 2016; Allan et al. 2022; Borger et al. 2022), global total air mass is 72 

increasing and leading to an overall increase in surface pressure, which acts to lift the air column 73 

upward and increases the H value for the air column even if the length of the air column is fixed. 74 

On the other hand, the length of an air column is inversely proportional to air density, assuming 75 

the air column has a fixed mass content, and the top of an air column may rise if the length of the 76 

air column increases due to reduced air density. Since warmer and moister air has lower density, 77 

air density can be reduced by rising temperature (Ren et al. 2018; Zhou et al. 2018; Ren et al. 78 

2023) and increased atmospheric moisture content under global warming (Trenberth and Smith 79 

2005; Held and Soden 2006; Borger et al. 2022). The above factors may act to increase H, but the 80 

relative contribution of each is unclear. 81 

Observational evidence suggests a substantial expansion of the areal coverage of 82 

characteristic contours of H in recent decades, such as the H=5880 gpm contour at 500 hPa, 83 

which has been interpreted as an expansion and enhancement of the subtropical high (e.g., Yan et 84 

al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al. 2021). Meanwhile, an "extremely strong" 85 

subtropical high has frequently been reported in recent years. For example, the summertime 86 

WNPSH was reported to be exceptionally strong and extended farther westward than normal in 87 

2020 (e.g., Takaya et al. 2020; Qiao et al. 2021; Zhou et al. 2021; Shi and Fang 2022), as well as 88 

in 2021 (Ke et al. 2022; Ma et al. 2022; Zhang et al. 2022b) and 2022 (Chen and Li 2023; Li et al. 89 

2023; Zhang et al. 2023). In the summer of 2022, maybe for the first time, the characteristic 90 

contour of H=5880 gpm covered the Tibetan Plateau and encircled the globe, possibly indicating 91 

an extremely strong subtropical high and drawing wide attention from the research community 92 

(Mallapaty 2022; Chen and Li 2023; Zhang et al. 2023). 93 

The frequent occurrence of an "exceptionally strong" subtropical high in recent years may be 94 

connected to a long-term trend, because recent years are compared with the past "climate normal" 95 

during real-time climate monitoring and extreme event attribution. If a variable has a substantial 96 

positive (negative) trend, it may bias the "anomaly" in recent years toward a positive (negative) 97 

value based on such comparison (Livezey et al. 2007; Arguez and Vose 2011), similar to the well-98 

known fact that warm anomalies are more frequent and stronger than cold anomalies due to the 99 

rising temperature trend (Hulme et al. 2009; Rahmstorf and Coumou 2011; Hansen et al. 2012; 100 

Lorenz et al. 2019). The long-term expansion of the characteristic H=5880 gpm contour is robust 101 

in observational records (e.g., Yan et al. 2011; Sun and Li 2018; Li et al. 2021) and also in future 102 

climate projection experiments (Liu et al. 2014), but it is still uncertain whether this suggests 103 

expansion and enhancement of the subtropical high (He et al. 2015, 2018; Huang and Li 2015; 104 
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Huang et al. 2015; Wu and Wang 2015). By definition, two factors may result in the expansion of 105 

the characteristic H contour. One is a uniform rise in global H, which has no relation to 106 

atmospheric circulation, and the other is a pattern change in the H field, which is associated with 107 

change in circulation. It is unclear which factor dominates the past and projected future changes 108 

in the H field and the characteristic contour. 109 

This study focuses on the sensitivity of H to global mean surface air temperature (Ts) and 110 

addresses the following two questions: 1) How strong is the response of H at each pressure level 111 

to Ts warming, and what determines the amplitude of dH/dTs? 2) What controls the past and 112 

projected future change in the global H field and the characteristic contours of H? To address 113 

these two questions, Section 2 introduces the data and methods. Section 3 quantitatively evaluates 114 

dH/dTs and the mechanism controlling its amplitude, and tries to constrain the past and projected 115 

future change in H based on the temporal evolution of Ts. Section 4 summarizes the major 116 

findings. 117 

2. Data and Methods 118 

2.1. Reanalysis and model data 119 

In this study, the observed global mean surface air temperature (Ts) is based on the Met 120 

Office Hadley Centre observation dataset version 5 (Morice et al. 2021), spanning from 1850 to 121 

2022. Five reanalysis datasets are also adopted in this study: 1) the ERA5 reanalysis (Hersbach et 122 

al. 2020; Bell et al. 2021), 2) the NCEP-NCAR reanalysis (NCEP1, Kalnay et al. 1996), 3) the 123 

NCEP-DOE reanalysis version 2 (NCEP2, Kanamitsu et al. 2002), 4) the Japanese 55-year 124 

Reanalysis (JRA55, Kobayashi et al. 2015), and 5) the Modern-Era Retrospective Analysis for 125 

Research and Applications, version 2 (MERRA2, Gelaro et al. 2017). Since the ERA5 dataset has 126 

a long temporal coverage from 1940 to 2022, it is the main reanalysis dataset analyzed in this 127 

work. The other four reanalysis datasets have relatively short temporal coverage, and we use the 128 

common period of 1980-2022 for these four datasets to address the uncertainty among the 129 

reanalysis datasets (Collins et al. 2013; Simmons et al. 2017; Ramon et al. 2019). 130 

In order to extract the anthropogenic forced signal, this work uses monthly outputs of the 131 

historical, SSP1-2.6, SSP2-4.5, and SSP5-8.5 experiments based on 40 coupled climate models 132 

(the SSP1-2.6 experiment is unavailable for 3 of the 40 models) participating in the 6th phase of 133 

the Coupled Model Intercomparison Project (CMIP6). The historical experiment is forced by 134 

observed year-to-year concentrations of external forcing agents (greenhouse gases, aerosols, etc.) 135 

until 2014, and the SSP1-2.6, SSP2-4.5, and SSP5-8.5 experiments are performed under low, 136 
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moderate, and high emission scenarios from 2015 to the end of the 21st century, in which the 137 

radiative forcing reaches 2.6, 4.5, and 8.5 W/m2 until the year 2100 (Eyring et al. 2016; O'Neill et 138 

al. 2016). The first realization ("r1i1p1f1") of each model is selected by default, and another 139 

realization is selected if "r1i1p1f1" is unavailable or missing key variables. The names of the 140 

models and realizations adopted are listed in Supplementary Table S1. We focus on boreal 141 

summer in this study, and all the monthly reanalysis and model data are converted into June-July-142 

August (JJA) mean values and interpolated onto a common 1°×1° grid. 143 

2.2. Method 144 

In order to examine the rise in H and its dependence on Ts, we quantify the rise in H under 145 

global warming as the linear regression slope of H onto Ts based on the 83 summers from 1940 to 146 

2022 (denoted as dH/dTs), similar to previous studies (e.g., Held and Soden 2006; Mishra et al. 147 

2012; Zhou and Wang 2017), which indicates the amplitude of the rise in H corresponding to 1 K 148 

of Ts warming. Here, Ts is the time series of global mean surface air temperature, while H refers 149 

to either a 2-D geopotential height field or the global averaged value at a pressure surface. As the 150 

historical experiment terminates in 2014, we extend it to 2022 using the SSP2-4.5 experiment in 151 

order to match the temporal coverage of the ERA5 reanalysis data. The dH/dTs value for each 152 

model is calculated based on the 1940~2022 period, and the multi-model mean (MMM) value 153 

among all available models represents the anthropogenic forced signal. 154 

For large-scale motion, hydrostatic equilibrium requires the vertical pressure gradient force 155 

to balance the gravity force,  156 

d𝑃d𝐻 = −𝜌𝑔       (1) 157 

where P, ρ, and H are the air pressure, density, and geopotential height, respectively, and 158 𝑔=9.80665 m/s2 is gravitational acceleration (globally constant 𝑔  is assumed in this study). 159 

Inverting Eq. (1) into d𝐻/d𝑃 = −1/(𝜌𝑔) and integrating it from the surface (Ps) to pressure 160 

level P, the length of the air column can be expressed as 161 

H(P)−Hs=
1𝑔∫ 1𝜌𝑃𝑃𝑠 d𝑝′     (2) 162 

where H(P) is the geopotential height at pressure level P, and Hs is the geopotential height of 163 

the surface determined by topography. Eq. (2) shows that the geopotential height at pressure level 164 

P may increase if: 1) the length of the air column increases due to reduced air density (ρ), or 2) 165 

the entire air column is lifted upward due to increased surface pressure Ps. This is consistent with 166 

the schematic illustration in Fig. 1. 167 
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The density of air depends on pressure and virtual temperature via the equation of state, 168 

P=ρRdTv       (3) 169 

 where Rd=287 J/(kg·K) is the constant of dry air, and virtual temperature Tv is a function of 170 

temperature T and specific humidity q, i.e., Tv=(1+0.608q)T. Eliminating ρ in Eq. (2), we obtain 171 

H(P)= Hs+
𝑅𝑑𝑔 ∫ (1 + 0.608𝑞) 𝑇𝑝′

𝑃𝑠𝑃 d𝑝′        (4) 172 

Eq. (4) states that H at a pressure level P is a function of temperature (T), specific humidity 173 

(q), and surface pressure (Ps), i.e., H=H(T, q, Ps). Based on the temperature, specific humidity, 174 

and surface pressure data, Eq. (4) well reconstructs the climatological H field (Supplementary 175 

Fig. S1) and the H field for an individual year (Supplementary Fig. S2). As T, q, and Ps may 176 

change under global warming, the response of H to global warming can be decomposed as the 177 

sum of these three contributing factors based on the chain rule 178 

d𝐻d𝑇𝑠 = ∂𝐻∂𝑇 d𝑇d𝑇𝑠 + ∂𝐻∂𝑞 d𝑞d𝑇𝑠 + ∂𝐻∂𝑃𝑠 d𝑃𝑠d𝑇𝑠    (5) 179 

We name the three terms on the right-hand-side of Eq. (5) T-driven expansion, q-driven 180 

expansion, and the Ps effect, which arise from changes in temperature, moisture, and surface 181 

pressure, respectively. Each of these three terms is estimated by artificially reconstructing the 182 

year-to-year H value based on Eq. (4) with the other two contributing factors fixed. For example, 183 

synthetic H in each year is reconstructed based on Eq. (4) using actual year-to-year T values and 184 

climatological q and Ps values, and the regression slope of it onto Ts is the contribution of T-185 

driven expansion to the rise in H. Similarly, the contribution of q-driven expansion (Ps effect) is 186 

estimated by retaining q (Ps) variability and fixing the other two factors. 187 

3. Results 188 

3.1 Magnitudes of dH/dTs and the contributing factors 189 

Fig. 2a shows dH/dTs at 500 hPa based on the ERA5 data, and Fig. 2b-d shows the 190 

contributions of the three terms in Eq. (5). It is obvious that H rises globally, with a global 191 

average of 23.1 gpm/K (Fig. 2a). The amplitude of the rise in H is rather smooth in the tropics but 192 

shows a wavy pattern in the mid-latitudes. T-driven expansion contributes the most to the rise in 193 

H, with a global average of 20.2 gpm/K (Fig. 2b), accounting for about 90% of the total rise in H. 194 

Although global moisture content increases (Trenberth and Smith 2005; Borger et al. 2020; Allan 195 

et al. 2022), the consequent q-driven expansion contributes only 0.7 gpm/K (Fig. 2c), and its 196 
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effect on H can be neglected. The Ps effect acts to increase H over plateau regions and the 197 

subtropical Southern Hemisphere but reduces H over subpolar regions in the Southern 198 

Hemisphere, which amounts to a global averaged value of 2.2 gpm/K (Fig. 2d). The sum of the 199 

three terms (Fig. 2e) shares a very similar spatial pattern and global averaged amplitude (23.1 200 

gpm/K) with dH/dTs as shown in Fig. 2a. Evidently, T-driven expansion dominates most of the 201 

rise in H in recent decades by reducing air density. The column-averaged change in temperature 202 

between the surface and 500 hPa (Fig. 2f) shows a very similar pattern to T-driven expansion 203 

(Fig. 2b), suggesting that a larger (smaller) rise in H occurs where there is stronger (weaker) 204 

warming. 205 

The anthropogenic forced dH/dTs at 500 hPa based on the MMM of 40 models shows a 206 

positive trend at all grid points (Fig. 3a), with a global average of 24.5 gpm/K. The MMM-207 

simulated dH/dTs has a much smoother spatial pattern compared with that based on the ERA5 208 

data, but the global averaged values are very close to each other, suggesting that the discrepancy 209 

in spatial pattern may result from internal climate variability in recent decades such as the 210 

southern/northern annualar mode (Baldwin 2001; Marshall 2003; Visbeck 2009). Based on the 211 

MMM, T-driven expansion also explains about 90% of the anthropogenic forced rise in H, while 212 

q-driven expansion and the Ps effect play minor roles (Fig. 3b-d). The sum of the three 213 

contributing factors (Fig. 3e) accurately reconstructs the spatial pattern and magnitude of dH/dTs 214 

(Fig. 3a). A higher rate of dH/dTs near the North Pole (Fig. 3a) is reproduced by the T-driven 215 

expansion (Fig. 3b). Indeed, the anthropogenic forced increase in temperature is greater near the 216 

North Pole (Fig. 3f) known as "polar amplification" (e.g., Holland and Bitz 2003; Bekryaev et al. 217 

2010; Stuecker et al. 2018; Chylek et al. 2022), and it results in a stronger reduction in air density 218 

and larger T-driven expansion near the North Pole under anthropogenic forcing. 219 

We also use the amplitude of the interannual H variability as a benchmark and compare it 220 

with the magnitude of dH/dTs, similar to the concept of the "signal-to-noise" ratio (Chen et al. 221 

2020; Auger et al. 2021; Ying et al. 2022). A 9-year high-pass Fourier filter is applied to the time 222 

series of H at each grid point before the standard deviation (σ(H)) is calculated. The MMM and 223 

ERA5 dataset consistently show that σ(H) is below 10 gpm in the tropics and increases with 224 

latitude (Fig. 4a). The ratio between dH/dTs and σ(H) is above 4 in the deep tropics (Fig. 4b), and 225 

the tropical (30°S-30°N) averaged ratio is 3.9, suggesting that the increase in H per 0.25 K of 226 

warming is comparable with the amplitude of interannual H variability in the tropics. The 227 

magnitude of dH/dTs is also greater than σ(H) over the mid- to high latitudes in the Northern 228 

Hemisphere, and the global averaged ratio between dH/dTs and σ(H) reaches 2.6. Since 229 
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geostrophic wind proportional to the horizontal gradient of H is a good approximation of 230 

atmospheric circulation off the equator, we calculate the meridional and zonal gradients of H, i.e., 231 

Hy=∂H/∂y and Hx=∂H/∂x, to measure the associated change in atmospheric circulation. As shown 232 

in Fig. 4c,d, the anthropogenic forced changes in the H gradient (both Hy and Hx) with Ts are one 233 

order of magnitude smaller than the amplitude of interannual variability, suggesting that the rise 234 

in H under global warming is rather spatially uniform and has little relation to changes in the H 235 

gradient and atmospheric circulation. 236 

Since the anthropogenic forced rise in H is rather spatially uniform, we focus primarily on 237 

the global average. In the following discussion, the terms "H" and "dH/dTs" refer to the global 238 

averaged values unless otherwise stated. To take into account the uncertainty among the 239 

reanalysis datasets (Collins et al. 2013; Simmons et al. 2017; Ramon et al. 2019), the global 240 

averaged values of dH/dTs are calculated based on multiple reanalysis datasets and are shown in 241 

Table 1 and Fig. 5a. Obviously, dH/dTs is positive throughout the troposphere and increases 242 

monotonically with altitude based on the MMM and all reanalysis datasets (Fig. 5a), indicating 243 

that it is a robust phenomenon that H in the upper troposphere is more sensitive to Ts warming 244 

than in the lower troposphere. The MMM-simulated dH/dTs lies within the range based on 245 

reanalysis datasets in the lower and middle troposphere, but the MMM shows a larger dH/dTs 246 

value in the upper troposphere than the reanalysis datasets (Fig. 5a). At 500 hPa, the dH/dTs value 247 

is about 24 gpm/K for both the MMM and all reanalysis datasets. At 200 hPa, the dH/dTs value 248 

reaches 62.1 gpm/K based on the MMM, which is greater than all of the reanalysis datasets by 249 

about 10 gpm/K. The cause for this discrepancy in the upper troposphere will be addressed in the 250 

next subsection. 251 

3.2 Explaining the vertical profile of dH/dTs 252 

Since T-driven expansion dominates the rise in H, we need to understand how the vertical 253 

profile of dH/dTs is controlled by T-driven expansion. Suppose that the warming in the 254 

troposphere follows a vertical profile Γ(P) such that the amplitude of warming at level P can be 255 

expressed by the surface warming, i.e., ∆T(P) = Γ(P)·∆Ts. Neglecting the contribution of moisture 256 

to air density in Eq. (4), the rise in H (∆H) due to T-driven expansion can be expressed as  257 ∆𝐻(𝑃) = 𝜀(𝑃) ∙ ∆𝑇𝑠     (6) 258 

where 259 𝜀(𝑃) = 𝑅𝑑𝑔 ∫ 𝛤(𝑃)𝑝′
𝑃𝑠𝑃 d𝑝′      (7) 260 
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This relationship suggests that the amplitude of rise in H is proportional to the amplitude of 261 

rise in Ts, and the scaling factor is determined by the vertical integrated warming profile below 262 

the pressure level. Fig. 5b shows the vertical profile of 𝜀(𝑃). In general, 𝜀(𝑃) reproduces dH/dTs 263 

in terms of magnitude and vertical shape, suggesting that dH/dTs is determined largely by the 264 

vertical accumulated T-driven expansion below the pressure level. 𝜀(𝑃) also largely reproduces 265 

the discrepancy in the dH/dTs values among the reanalysis datasets and the MMM. For example, 266 

the 𝜀 value at 200 hPa based on the MMM is greater than in all of the reanalysis datasets (Fig. 267 

5b), which is consistent with the higher dH/dTs value at 200 hPa than in the reanalysis datasets 268 

(Fig. 5a), suggesting that the discrepancy results from the different vertical profiles of warming 269 

between the models and the reanalysis. 270 

Fig. 5c,d shows the vertical profiles of warming (Γ) and the fractional change in air density 271 

due to T-driven expansion. Corresponding to surface air warming by 1 K, the troposphere warms 272 

by about 0.8~1.4K below 300 hPa (Fig. 5c), and the air density decreases by about 0.3~0.6% 273 

(Fig. 5d). Compared with the reanalysis datasets (colored curves in Fig. 5c), the MMM shows a 274 

greater warming in the mid-to-upper troposphere (black curve in Fig. 5c), which has already been 275 

noted in previous studies (Fu et al. 2011; Santer et al. 2017; Po-Chedley et al. 2021). Associated 276 

with the stronger mid-to-upper tropospheric warming, the MMM shows a larger decrease in air 277 

density in the mid-to-upper troposphere (Fig. 5d). Since the dH/dTs value on a given pressure 278 

level is determined largely by the accumulated T-driven expansion below the pressure level, the 279 

stronger mid-to-upper tropospheric warming explains the greater dH/dTs in the upper troposphere 280 

based on the MMM. Further study is needed to address the possible cause for the discrepancy in 281 

the vertical profile of warming between climate models and the reanalysis datasets (Santer et al. 282 

2017; Po-Chedley et al. 2021). 283 

3.3 Relating past and future evolution of H to Ts change 284 

The curves in Fig. 6a and Fig. 6b show the time series of the Ts anomaly (∆Ts) relative to the 285 

1850-1899 baseline period and H at 500 hPa as global averages, based on observations and the 286 

MMM. It is clear that the temporal evolution of H resembles the evolution of ∆Ts, in terms of 287 

both past changes and projected future changes under multiple scenarios. Since the above 288 

evidence indicates that change in H is almost proportional to change in Ts, we reconstruct the 289 

temporal evolution of H based on the time series of ∆Ts. Based on the MMM of the models, the 290 

climatological H value for the baseline period is 5666.0 gpm and the dH/dTs value is 24.5 gpm/K 291 

at 500 hPa, so we show 5666.0+24.5∆Ts as hollow circles in Fig. 6b. It is clear that the 292 

reconstructed H accurately matches the temporal evolution of H in terms of past changes and 293 
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projected future changes under all three scenarios, and it also matches the decadal change in H 294 

from 1940 to 2022 based on ERA5 dataset despite some internal variability. 295 

Based on the MMM-projected changes in H (∆H) and ∆Ts in each year from 2015 to 2099 296 

under the three scenarios relative to the baseline (1850-1899) period, Fig. 7 further shows the ∆H 297 

value at each pressure level as a function of ∆Ts. At each pressure level, the (∆H, ∆Ts) pairs are 298 

located along the ∆H = k∆Ts lines (thin black lines in Fig. 6) where k is the dH/dTs value at the 299 

pressure level listed in Table 1. For example, the projected future change in H at 500 hPa (200 300 

hPa) can be approximated by ∆H=24.5∆Ts (∆H=62.1∆Ts) according to the ∆Ts value under all 301 

three scenarios. A rise in Ts of 1.5 K (2.0 K) relative to the baseline period results in a rise in 302 

global H of about 37 gpm (49 gpm) at 500 hPa, which is consistent among the SSP1-2.6, SSP2-303 

4.5, and SSP5-8.5 scenarios (Fig. 7a), and it can be simply reproduced as ∆H=24.5∆Ts. This also 304 

confirms that future change in H at each pressure level is dominated by the amplitude of Ts 305 

warming, and it offers a simple way to estimate the change in global H based on the amplitude of 306 

Ts warming. 307 

The H=5880 gpm contour at 500 hPa, which has been widely used as the boundary of the 308 

subtropical high in the mid-troposphere (see Supplementary Figs. S1, S2), has expanded 309 

substantially in the past decades (e.g., Yan et al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al. 310 

2021) and is projected to continue expanding in the future (Liu et al. 2014). Here, we define an 311 

area index (AI) as the number of global grid points (on a 1°×1° grid) with an H value above 5880 312 

gpm, shown as curves in Fig. 6c. The expansion of this contour may be induced by either a 313 

uniform rise in H or a pattern change in the H field. In order to assess the effect of the uniform 314 

rise in H on the increase of AI, we reconstruct an idealized evolution of global H field by adding a 315 

global uniform value of 24.5∆Ts (unit: gpm) according to the ∆Ts value in each year to the 316 

climatological H field of the baseline period, i.e., Hc(x,y)+24.5∆Ts, where Hc(x,y) is the 317 

climatological H field of the baseline period. Based on such a reconstructed temporal evolution of 318 

H field subject to a global uniform rising trend, a reconstructed AI is calculated and shown as 319 

hollow circles in Fig. 6c. The hollow circles and the curves almost overlap each other in Fig. 6c 320 

for historical experiment and all scenarios, suggesting that the historical and future evolution of 321 

AI can be accurately reproduced by the reconstruction subject to a global uniform rise in H. The 322 

residual of the reconstruction associated with change in H pattern is small and negligible (figure 323 

not shown). This suggests that the expansion of the H=5880 gpm contour is driven primarily by 324 

thermal expansion of the atmosphere and has little relation to atmospheric circulation. 325 
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Unlike the linear relationship between H and Ts, AI has a nonlinear relation with ∆Ts (Fig. 326 

7b). AI increases sharply with ∆Ts when ∆Ts is below 1.8 K, and the increase in AI is moderate 327 

when ∆Ts exceeds 1.8K (Fig. 7b). By definition, the sensitivity of AI to Ts depends on the number 328 

of additional grid points whose H values reach the threshold of 5880 gpm. Overall, the H value is 329 

higher in tropics than mid-high latitudes (see Supplementary Fig. S1), and the H gradient is weak 330 

in the tropics due to the weak temperature gradient (Sobel et al. 2001; Polvani and Sobel 2002; Su 331 

et al. 2003). There is a large number (about 104) of tropical grid points with an H value within the 332 

5840~5860 gpm interval (Fig. 8a), just slightly below the threshold of 5880 gpm. Since the rise in 333 

H is rather spatially uniform, the amplitude of Ts warming required for the H value to exceed 334 

5880 gpm at a given grid point can be estimated as (5880−H)/24.5, by assuming a dH/dTs value 335 

of 24.5gpm/K at 500 hPa. As shown in Fig. 8b, the H values at a large number of additional grid 336 

points (mostly in tropics) exceed the 5880 gpm threshold under a ∆Ts of 1.3~1.8K (Fig. 8b), 337 

which is consistent with the period of rapid increase in AI in the 2020s and 2030s (Fig. 6c and 338 

Fig. 7b). Therefore, a global uniform rise in H at a constant rate of 24.5 gpm/K explains the 339 

nonlinear rise of the AI, with the rate of rising controlled by the pattern of climatological H field. 340 

Many previous studies suggested an enhancement and expansion of the subtropical high 341 

(e.g., Yan et al. 2011; Sun and Li 2018; Lee et al. 2021; Li et al. 2021), based on the characteristic 342 

contour of H=5880 gpm (or another contour) since it is widely used as the boundary of 343 

subtropical high, but there is still debate about the long-term change in the subtropical high 344 

because other circulation-based metric does not show such a phenomenon (Huang et al. 2015; 345 

Shaw and Voigt 2015; Wu and Wang 2015; He et al. 2017; Cherchi et al. 2018; He and Zhou 346 

2022). Based on our above results, the expansion of the characteristic contour primarily results 347 

from a global uniform rising trend of H, and it is not related to change in atmospheric circulation. 348 

Meanwhile, the rising trend of H may, at least partly, be responsible for the frequent occurrence of 349 

"extremely strong" subtropical high events in recent years, such as the extremely strong WNPSH 350 

events in 2020 (e.g., Takaya et al. 2020; Qiao et al. 2021; Zhou et al. 2021; Shi and Fang 2022),  351 

2021 (Ke et al. 2022; Ma et al. 2022; Zhang et al. 2022b) and 2022 (Chen and Li 2023; Li et al. 352 

2023; Tang et al. 2023; Zhang et al. 2023) based on H anomaly or characteristic H contour. This 353 

is because a recent year is compared with a "climate normal" based on past decades in attribution 354 

studies, and the strong rising trend of H may push the H anomaly (and also the anomalous AI for 355 

subtropical high) in recent years toward a positive anomaly in comparison to a past "climate 356 

normal" (Livezey et al. 2007; Arguez and Vose 2011; Rahmstorf and Coumou 2011; Hansen et al. 357 

2012). More comparison among different metrics is needed in the explanation of extreme climate 358 

events from atmospheric circulation perspective. 359 
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4. Summary 360 

Previous studies have noted a rising trend in H under global warming, and this work 361 

quantitatively evaluates the rise in H in the troposphere in terms of its sensitivity to Ts warming, 362 

based on multiple reanalysis datasets and climate models participating in CMIP6. Reanalysis data 363 

and climate models consistently show that it is a global phenomenon that H rises under global 364 

warming, and the amplitude of rise in H increases monotonically with altitude in the troposphere 365 

due to vertically accumulated thermal expansion. As a global average, H at 500 hPa rises at a rate 366 

of 24.5 gpm/K due to anthropogenic forcing, which is about 4 times the amplitude of interannual 367 

H variability in the tropics. The anthropogenic forced rise in H is rather spatially uniform, and the 368 

associated change in the horizontal gradient of H is one order of magnitude smaller than its 369 

interannual variability, suggesting that the rise in H has little relation to atmospheric circulation. 370 

Based on the hypsometric equation, this work identifies three contributing factors to the rise 371 

of H. They include T-driven expansion, q-driven expansion, and the Ps effect, which indicate the 372 

roles of temperature, moisture, and surface pressure, respectively. Diagnosis based on the 373 

hypsometric equation shows that the T-driven expansion of the air column explains a major 374 

fraction (about 90%) of the increase in H by reducing air density, while the effects of q-driven 375 

expansion and a general increase in global surface pressure play minor roles. Given the dominant 376 

role of T-driven expansion, the amplitude and vertical structure of dH/dTs can be approximated 377 

based on a vertical integration of the warming profile, which physically indicates the accumulated 378 

expansion of the air column below the pressure level. 379 

Since the anthropogenic forced change in H is rather uniform and the global averaged 380 

change in H is almost proportional to the change in Ts, the past and projected future changes in H 381 

can be accurately reproduced by the evolution of Ts based on a simple linear relationship. The 382 

H=5880 gpm contour at 500 hPa, which is widely used as the boundary for the subtropical high, 383 

has expanded substantially under global warming. This phenomenon has drawn great attention 384 

from the research community regarding a rapid enhancement of the subtropical high and the 385 

recent frequent occurrence of "exceptionally strong" subtropical high events (e.g., Liu et al. 2014; 386 

Mallapaty et al. 2022; Chen and Li 2023; Zhang et al. 2023). Our results show that the past and 387 

projected future expansion of the contour can be accurately reproduced by assuming a global 388 

uniform rise in H of 24.5 gpm/K, suggesting that the expansion of the characteristic contour is 389 

dominated by a uniform rise in H rather than a change in H pattern and circulation. Therefore, 390 

thermal expansion of the atmosphere is responsible for the expansion of the characteristic contour 391 

and it does not suggest enhancement of the subtropical high.  392 
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Table 1 Global averaged value of dH/dTs at various pressure levels based on the MMM of CMIP6 687 

models and multiple reanalysis datasets (unit: gpm/K). The dH/dTs values are obtained based on 688 

the 1940-2022 period based on the MMM and ERA5 dataset, and the 1980-2022 period based on 689 

the NCEP1, NCEP2, JRA55, and MERRA2 datasets. 690 

 MMM ERA5 NCEP1 NCEP2 JRA55 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 33.5 30.8 34.7 35.0 32.1 29.6 

500 hPa 24.5 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 

  691 
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 692 

Fig. 1 Schematic illustration of the mechanisms for the increase in H at a given pressure level 693 

considering an air column below the pressure level. 1) A rise in surface pressure raises the entire 694 

air column, and the height of the top of the air column rises even if the length of the air column is 695 

unchanged (left). 2) The length of the air column increases due to reduced air density, which 696 

raises the height of the top of the air column.  697 

  698 
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 699 

Fig. 2 (a) dH/dTs at 500 hPa (unit: gpm/K) based on ERA5 data, calculated as the regression 700 

slope of H onto the global mean surface air temperature. (b-d) The contributions of T-driven 701 

expansion, q-driven expansion, and the Ps effect to dH/dTs (units: gpm/K). (e) The sum of (b), (c), 702 

and (d). (f) The amplitude of air column warming below 500 hPa, calculated as the regression 703 

slope of vertically averaged temperature below 500 hPa onto Ts.  704 
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 706 

Fig. 3 Same as Fig. 2, but based on the MMM of 40 models participating in CMIP6. 707 

  708 
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 709 

Fig. 4 (a) The interannual standard deviation of H (σ(H), unit: gpm) at 500 hPa based on the 710 

MMM (shading) and ERA5 data (contour starts at 10 gpm with an interval of 10 gpm). (b) The 711 

ratio between dH/dTs and σ(H). (c) The ratio between dHy/dTs and σ(Hy). (d) The ratio between 712 

dHx/dTs and σ(Hx). Here, Hy and Hx stand for the meridional and zonal gradients of H, which are 713 

proportional to the zonal and meridional components of geostrophic wind.  714 
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 716 

Fig. 5 (a) Global averaged vertical profile of dH/dTs (unit: gpm/K) based on the MMM (black 717 

curve) and reanalysis datasets (colored curves). (b) Estimated dH/dTs (ε, unit: gpm/K) based on 718 

vertical integration of the warming profile according to Eq. (7). (c) Global averaged vertical 719 

profile of warming (Γ, unit: K/K) defined as the regression slope of temperature at each pressure 720 

level onto Ts. (d) Global averaged vertical profile of fractional change in air density (unit: %/K) 721 

defined as the regression slope of fractional change in density onto Ts. 722 
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 724 

Fig. 6 (a) Time series for the global mean surface air temperature anomaly (ΔTs, unit: K) relative 725 

to the 1850-1899 baseline period. (b) Time series for global mean H at 500 hPa (unit: gpm, curves) 726 

and reconstructed H (hollow circles). (c) Time series for the area index (AI, curves), defined as 727 

the number of grid points with H above 5880 gpm, and the reconstructed AI (hollow circles). The 728 

reconstructed H field in one year is obtained by adding a global uniform value of 24.5ΔTs to the 729 

climatological H field of the baseline period. 730 
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 732 

Fig. 7 (a) The MMM-projected change in H (ΔH) as a function of ΔTs in each year from 2015 to 733 

2099 based on the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, relative to the 1850-1899 734 

baseline of the historical experiment. The black lines in (a) indicate the ΔH =kΔTs lines where k is 735 

the dH/dTs value at each pressure level listed in Table 1. (b) The MMM-projected change in AI 736 

(number of grid points with an H value above 5880 gpm) as a function of ΔTs in each year from 737 

2015 to 2099 based on the three scenarios, calculated as (5880-H)/24.5 (unit: K) 738 
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 740 

Fig. 8 (a) Distribution of climatological H values at 500 hPa for global grid points at a 1°×1° 741 

resolution, based on the baseline period (1850-1899 average) of the MMM. (b) Distribution of  742 

(5880−H)/24.5 at 500 hPa for global grid points, which indicates the amplitude of ΔTs required 743 

for the H value of grid points to reach 5880 gpm assuming a global uniform rise in H of 24.5 744 

gpm/K. 745 
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