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A B S T R A C T   

The Mid-Piacenzian Warm Period (MPWP; 3.0–3.3 Ma), a warm geological period about three million years ago, 
has been deemed as a good past analog for understanding the current and future climate change. Based on 12 
climate model outputs from Pliocene Model Intercomparison Project Phase 2 (PlioMIP2), we investigate tropical 
atmospheric circulation (TAC) changes under the warm MPWP and associated underlying mechanisms by 
diagnosing both atmospheric static stability and diabatic processes. Our findings underscore the advantage of 
analyzing atmospheric diabatic processes in elucidating seasonal variations of TAC compared to static stability 
assessments. Specifically, by diagnosing alterations in diabatic processes, we achieve a quantitative under-
standing and explanation the following TAC changes (incl. Strength and edge) during the MPWP: the weakened 
(annual, DJF, JJA) Northern Hemisphere and (DJF) Southern Hemisphere Hadley circulation (HC), reduced 
(annual, DJF) Pacific Walker circulation (PWC) and enhanced (annual, JJA) Southern Hemisphere HC and (JJA) 
PWC, and westward shifted (annual, DJF, JJA) PWC. We further addressed that the increasing bulk subtropical 
static stability and/or decreasing vertical shear of subtropical zonal wind - two crucial control factors for changes 
in subtropical baroclinicity - may promote HC widening, and vice versa. Consequently, our study of spatial 
diabatic heating and cooling, corresponding to upward and downward motions within the TAC, respectively, 
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provides a new perspective for understanding the processes controlling seasonal TAC changes in response to 
surface warming.   

1. Introduction 

The Mid-Piacenzian Warm Period (MPWP, ~3.264~3.025 Ma) was a 
geologically warm period about 3 million years ago (McClymont et al., 
2020; Dowsett et al., 2016; Haywood et al., 2013). This period was 
similar to the present-day in many aspects, such as land-sea distribution 
and CO2 concentrations (~400 ppm) (Zhang et al., 2022; Haywood 
et al., 2016; Martínez-Botí et al., 2015; Bartoli et al., 2011; Pagani et al., 
2010). Therefore, the MPWP climate is often used for comparison to 
today’s climate. The MPWP climate has also been considered as a future 
analogue of today’s climate, because it has higher global surface tem-
peratures compared to the pre-industrial (PI) period (1.7–5.2 ◦C) 
(Berntell et al., 2021; McClymont et al., 2020; Tierney et al., 2020; 
Haywood et al., 2020, 2013; Burke et al., 2018; Dowsett et al., 2016, 
2013; IPCC Jansen et al., 2007). 

Climate reconstructions and proxy data syntheses, as well as model 
simulations have been conducted to examine the large-scale features of 
the MPWP (Feng et al., 2022; Haywood et al., 2013, 2020, 2013; 
Dowsett et al., 2013, 2016; Pound et al., 2014; Salzmann et al., 2013). 
The Pliocene Research, Interpretation and Synoptic Mapping (PRISM) is 
an ongoing project, begun over 30 years ago, to extract the MPWP 
climate signal from proxy data and to provide the boundary conditions 
for conducting climate simulations during the Pliocene (Haywood et al., 
2000, 2013, 2020; Sun et al., 2018; Dowsett et al., 2016; Sun et al., 2016; 
Dowsett et al., 2011; Sloan et al., 1996; Chandler et al., 1994; Dowsett 
et al., 1994, 1999). Global surface warming during the MPWP compared 
to the PI is 1.8–3.6 ◦C in PlioMIP1 and 1.7–5.2 ◦C in PlioMIP2, respec-
tively (Baatsen et al., 2021; Zhang et al., 2021; Chan and Abe-Ouchi, 
2020; Feng et al., 2020; Haywood et al., 2020, 2013; Li et al., 2020; 
Tan et al., 2020; Hunter et al., 2019; Zheng et al., 2019; Chandan and 
Peltier, 2018). The MPWP surface warming is spatially heterogeneous, 
with more pronounced warming in the polar regions than in the lower 
latitudes (e.g., Haywood et al., 2020, 2013; Hopcroft et al., 2020), and 
land warming is higher than ocean (Haywood et al., 2020). Within 
PlioMIP2, the MPWP surface warming is found to be caused by increased 
CO2 concentrations, paleogeographic changes (Chan and Abe-Ouchi, 
2020; Haywood et al., 2020; Stepanek et al., 2020; Chandan and Pelt-
ier, 2018; Kamae et al., 2016), prescribed vegetation and ice sheet state 
(Feng et al., 2022; Haywood et al., 2020; Lunt et al., 2010). 

Tropical atmospheric circulation which consists mainly of the 
meridional overturning circulation (Hadley circulation, HC) and the 
zonal overturning circulation (Walker circulation, WC), plays an 
important role in maintaining the precipitation pattern in low and 
middle latitudes. Considerable efforts have been made to investigate the 
changes in the intensity and boundary of the tropical atmospheric cir-
culation in the current climate context, as well as the future projections 
of the weakening of the strength and shifting of the boundary of the 
atmospheric circulation (Xia et al., 2020; Hu et al., 2013; Sun et al., 
2013). Tropical atmospheric circulation has undergone significant 
changes during the MPWP. For example, the HC was weakened in 
strength and the boundary expanded towards the poles (Feng et al., 
2020; Corvec and Fletcher, 2017). The ascending branch of WC in the 
Indo-Pacific warm pool (IPWP) moved westward (Han et al., 2021; 
Hunter et al., 2019; Kamae et al., 2011, 2016; Sun et al., 2013). Many 
studies have extensively investigated the mechanisms behind changes in 
tropical atmospheric circulation, such as Adam et al. (2014) showed that 
the HC poleward shift during the observational period and modeling 
studies suggested that the HC poleward shift and weakening strength 
during the Pliocene all caused by global warming and the weakened 
meridional temperature gradient (Sun et al., 2013; Brierley et al., 2009). 
Kamae et al. (2011) used the model MRI-CGCM2.3 to study HC and WC 

changes, and concluded that weakened intensities of both were caused 
by reduced meridional and zonal temperature gradients, respectively. 
Subsequent analyses suggested that changes in topography and vege-
tation during the MPWP were the dominant contributors to HC changes, 
but a detailed mechanism was not presented (Kamae et al., 2016). Using 
the model IPSL-CM5A-LR, Sun et al. (2013) analyzed the changes and 
mechanisms of HC and WC, but lacked a comparison with other PlioMIP 
models. Feng et al. (2020) analyzed the strengths of HC and WC during 
the MPWP period using three versions of the CESM model and stated 
that both HC and WC were weakened, and explained the weakened HC 
by the change of meridional temperature gradient and the weakened WC 
via a link to the El Niño phenomenon. Using multiple PlioMIP2 models 
to analyze the boundary change of HC and WC, it is shown that HC is 
influenced by the movement of ITCZ to the north, and WC continues to 
move to the west. However, detailed mechanistic explanation is not 
given (Han et al., 2021). 

In addition, changes in the static stability of the tropical and sub-
tropical atmosphere are another frequently used indicator to explain the 
weakening strength and boundary shifts in the tropical atmospheric 
circulation in different climate backgrounds. The weakened HC and WC 
are often qualitatively interpreted by increased static stability of the 
upper tropical atmosphere, but this interpretation is also controversial 
(Chemke and Polvani, 2021; Seo et al., 2014; Mitas and Clement, 2006), 
especially since the seasonal enhancement of HC and WC still corre-
sponds to increased static stability. The increased static stability of the 
atmospheric in the subtropics prevents the penetration of baroclinicity 
Rossby wave from mid-latitudes into the subtropics, which in turn ex-
plains the poleward shift of the HC boundary (Lu et al., 2007). However, 
the contribution of vertical zonal wind shear - another important factors 
affecting the baroclinicity of the subtropic - to the shift in the HC 
boundary during the MPWP is not well understood. In short, previous 
studies of tropical atmospheric circulation during MPWP have either 
been based on single-model analyses or have not explored underlying 
mechanisms in detail (Corvec and Fletcher, 2017; Kamae et al., 2011). 

In this study, we (1) use PlioMIP2 models to perform a comprehen-
sive and systematic analysis of the characteristics and physical processes 
of HC and WC changes in the Pliocene; (2) provide a new perspective to 
quantitatively explain changes in the intensity of annual and seasonal 
HC and WC, and as well as WC position shifts, via tropical diabatic 
processes; (3) clarify the relative contribution of two factors (static 
stability and vertical wind shear) affecting the baroclinicity of the sub-
tropical atmosphere to the shifts of the HC boundary during the MPWP. 

2. Data and methods 

2.1. PlioMIP2 models 

We analyzed the changes in the tropical atmospheric circulation 
during the MPWP based on the Pliocene Model Intercomparison Project 
Phase 2 (PlioMIP2) model ensemble (see Table 1 for details). Exposing 
the various models to the same boundary conditions from PRISM4 when 
performing MPWP simulations (Eoi400) enables direct comparisons 
among different model’s outputs. In particular, the PRISM4 MPWP 
boundary conditions comprise closure of the Bering Strait, the Canadian 
Arctic Islands being part of a land connection, a reduction of the 
Greenland Ice Sheet area to 25% of its current size, and the CO2 level 
being set to 400 ppmv (Haywood et al., 2021; Dowsett et al., 2016; 
Haywood et al., 2016). In addition to simulation Eoi400, each partici-
pating model needed to carry out a PI control experiment (E280), and 
the CO2 level being set to 280 ppmv. We select the last 30 years of 
modeling outputs to represent the corresponding climatology in each 
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model for the last 30 years have reached a state of equilibrium. 

2.2. Analysis methods 

2.2.1. Diagnosis method of tropical circulation 
The mass stream function (MSF) is the most widely used method to 

describe the zonal mean meridional circulation as the derivation of MSF 
follows the conservation of mass (Zhang et al., 2023; Sun et al., 2019; 

Nguyen et al., 2018; Hu et al., 2018; Feng et al., 2016, 2015; Oort and 
Yienger, 1996). A brief description for the deduction of the MSF is given 
as follows: if the circulation has no mass flux (i.e., no mass divergence) 
in zonal direction, it can be expressed as ∂v

∂y+
∂ω
∂p = 0, where v is the 

meridional velocity along the latitude axis y, and ω is the vertical ve-
locity along the pressure axis p (Hu et al., 2018). According to the 
mathematical law, there must exist an MSF that can describe both the 
meridional and vertical motions (Cook, 2003): 

Table 1 
Details of the PlioMIP2 models used in this study.  

Model ID Sponsor(s), 
Country 

Atmosphere Top 
Resolution 
& Model 
References 

Ocean Resolution 
Z Coord., Top BC, 
& Model References 

Vegetation (Static – 
Salzmann et al., 2008 or 
Dynamic) 

References 

CESM 1.0.5 IMAU, Utrecht 
University, the 
Netherlands 

CAM4 
Top = 2 hPa 
FV (2.5◦ × 1.9◦) 
L26 
Neale et al. (2010) 

POP2 
Bipolar Curvilinear 
320◦ × 384◦(formal 1◦) 
L60 
Smith et al. (2010) 

Salzmann et al. (2013) Baatsen et al. 
(2021) 

CCSM4-UofT University of Toronto, 
Canada 

Top = 2Pa 
FV1.25◦ × 0.9◦

L26 
Neale et al. (2010) 

0.27 ◦–0.54◦ × 1.1◦

L60, Depth, free surface 
Smith et al. (2010), Danabasoglu et al. 
(2012), Chandan and Peltier (2018) 

Salzmann et al. (2013) Chandan and 
Peltier (2018) 
Peltier and 
Vettoretti (2014) 

CESM2 National Center for Atmospheric 
Research 

Top = 2 hPa 
FV0.9◦ × 1.25◦

(~1◦) 
L32 (CAM6) 
(Danabasoglu 
et al., 2020) 

G16 (~1◦), 
L60 depth, rigid lid, 
updated mixing scheme 

Salzmann et al. (2013) Feng et al. (2020) 

COSMOS Alfred Wegener Institute, Germany Top = 10 hPa 
T31 (3.75◦ ×

3.75◦), 
L19 
Roeckner et al. 
(2003) 

Bipolar orthogonal curvilinear 
GR30, L40 depth, free surface 
Marsland et al. (2003)  

Dynamic Stepanek et al. 
(2020) 

EC-Earth 3.3 Stockholm University, 
Sweden 

IFS cycle 36r4 
Top = 5 hPa 
1.125◦ × 1.125◦

L62 
Döscher et al. 
(2020) 

NEMO3.6, 
ORAC1 
1.0◦ × 1.0◦, 
L46 
Madec (2008) 

Salzmann et al. (2013) Zheng et al. 
(2019) 

GISS-E2-1-G Goddard Institute for Space Studies, 
United States of America 

Top = 0.1 mb 
2.0◦ × 2.5◦ , 
L40 
Kelley et al. (2020) 

1.0◦ × 1.25◦, 
P*, free surface 
Kelley et al. (2020) 

Salzmann et al. (2013) Chandler et al. 
(2013) 

HadCM3 University of Leeds, United Kingdom Top = 5 hPa 
2.5◦ × 3.75◦, 
L19 
Pope et al. (2000) 

1.25◦ × 1.25◦, 
L20 
Depth, rigid lid 
Gordon et al. (2000) 

Salzmann et al. (2013) Hunter et al. 
(2019) 

IPSL-CM6A- 
LR 

Laboratoire des Sciences du Climat et de 
l’Environnement (LSCE), France 

Top = 1 hPa 
2.5◦ × 1.26◦, 
L79 
Hourdin et al. 
(2020) 

1◦ × 1◦, refined at 1/3◦ in the tropics, 
L75 
Free surface, Z- coordinates Madec 
et al. (2017) 

Salzmann et al. (2013) Lurton et al. 
(2020) 

IPSLCM5A2.1 LSCE 
France 

Top = 70 km 
3.75◦ × 1.9◦, 
L39 
Hourdin et al. 
(2006, 2013) 
Sepulchre et al. 
(2020) 

0.5◦–2◦ × 2◦, 
L31 
Free surface, Z- coordinates 
Dufresne et al. (2013); 
Madec and Imbard (1996); 
Sepulchre et al. (2020) 

Salzmann et al. (2013) Tan et al. (2020) 

IPSLCM5A LSCE 
France 

Top = 70 km 
3.75◦ × 1.9◦, 
L39 
Hourdin et al. 
(2006, 2013) 

0.5◦–2◦ × 2◦, 
L31 
Free surface, Z- coordinates 
Dufresne et al. (2013); 
Madec and Imbard (1996) 

Salzmann et al. (2013) Contoux et al. 
(2012) 

MIROC4m Center for Climate System Research 
(Uni. 
Tokyo), National Inst. For Env. Studies, 
Frontier Research 
Center for Global Change, (JAMSTEC), 
Japan 

Top = 30 km 
T42 (~2.8◦ × 2.8◦) 
L20 
K-1 Developers 
(2004) 

0.5 ◦–1.4◦ × 1.4◦, 
L43 
Sigma/depth free surface 
K-1 Developers (2004) 

Salzmann et al. (2013) Chan and 
Abe-Ouchi (2020) 

NorESM-F NORCE Norwegian Research Centre, 
Bjerknes Centre for Climate Research, 
Bergen, Norway 

Top = 3.5 hPa 
1.9◦ × 2.5◦ , 
L26 (CAM4) 

~1◦ × 1◦, 
L53 isopycnal layers 

Salzmann et al. (2013) Li et al. (2020)  
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Fig. 1. The changes of mass stream function (left) and Walker circulation stream function (right) in Mid-Piacenzian warm period (MPWP; units: 1010 kg/s; shaded) 
relative to pre-industrial (PI; units: 1010 kg/s; contours) in terms of annual mean (top panel), boreal winter (December-January-February, DJF, middle panel) and 
boreal summer (June-July-August, JJA, bottom panel), as inferred from the Pliocene Model Intercomparison Project Phase 2 (PlioMIP2) multi-model ensemble 
(MME) average. The arrows in the figure diagram illustrate the direction of the atmospheric circulation, white indicates clockwise circulation, blue indicates 
counterclockwise circulation. 

Fig. 2. Boxplots show the strengths of HC in two periods: PI and MPWP (left panel) and differences between MPWP and PI period (right panel). NHCI (SHCI) is the 
intensity of HC in the Northern (Southern) Hemisphere, respectively. The green, blue and red colors are used to distinguish the results of annual mean, DJF, JJA, 
respectively. 
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v=
g

2πa cos θ
∂ψ
∂p

(1)  

ω= −
g

2πa cos θ
∂ψ
∂θ

(2)  

Where ψ is the MSF, the overbar indicates the latitude and time average, 
g is the Earth’s gravitational acceleration, a is the mean Earth radius, 

and θ is the geographic latitude. Therefore, we can derive from equation 
(1) the expression of the mean meridional circulation via vertical inte-
gration of the zonal mean meridional velocity: 

ψ =
2πa cos θ

g

∫ p

0
v dp (3) 

The vertical motion of the atmosphere can be decomposed into two 
parts: the meridional circulation and the latitudinal circulation (Nguyen 

Fig. 3. Same as Fig. 2, except that boxplots show the Northern and Southern boundaries of HC in two periods: PI and MPWP (left panel) and differences between 
MPWP and PI period (right panel). NHCE (SHCE) is the edge of HC in the Northern (Southern) Hemisphere. 

Fig. 4. Boxplots show the Western boundaries of PWC in two periods (left panel): PI and MPWP (left panel) and differences between MPWP and PI period (right 
panel). PWCE is the western edge of PWC. 

Fig. 5. Same as Fig. 2, except that boxplots show the strengths of PWC in two periods: PI and MPWP (left panel) and differences between MPWP and PI period (right 
panel). PWCI is the intensity of PWC. 
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et al., 2018; Schwendike et al., 2014). In consequence we can depict the 
Pacific Walker circulation (PWC) as a vertical integral of divergent 
components of the zonal winds: 

ψ =
2πa

g

∫ p

0
uddp (4)  

Where ud is the divergent component of the zonal wind. 

2.2.2. Definitions of positions and strengths of tropical atmospheric 
circulation 

The HC consists of the Hadley cell that spreads over latitude in both 
the Northern and Southern Hemispheres. The intensity of the Northern/ 
Southern Hadley cell is defined as the maximum/minimum MSF in the 
Northern/Southern tropics (Feng et al., 2020; Sun et al., 2019; Hu et al., 
2011, 2007; Oort and Yienger, 1996). The poleward extent limit of the 
HC is defined as the latitude where the amplitude of the MSF at 500 hPa 
equals zero in each hemisphere’s subtropics (Sun et al., 2019; Hu et al., 
2011; Hu and Fu, 2007). 

The westward extent of the PWC is defined as the longitudinal po-
sition where the zonal stream function at 500 hPa is zero (Sun et al., 
2013). Intensity of the tropical PWC is defined as the maximum zonal 
stream function between 120 ◦E and 90 ◦W. 

2.2.3. Tropical diabatic processes used to explain HC and WC changes 
In the tropics, the thermodynamic equation can be highly simplified 

to Q ≈ − ω × Sp , where Q is diabatic heating (cooling), Sp is the stability 
parameter, and ω is the pressure velocity, representing the equilibrium 
between diabatic heating and upward adiabatic cooling of the air mass 
(Sohn et al., 2016). This form of the thermodynamic equation has been 
widely used in previous work to explain observed long-term trends in 
tropical circulation and projected future changes in tropical atmospheric 
circulation (Seo et al., 2014; Lu et al., 2007). However, it is not clear 
whether the simplified thermodynamic equations can describe the 
climatological upward and downward motions of the tropical atmo-
spheric circulation, which is a prerequisite for explaining changes in the 
tropical circulation by changes in diabatic processes. Changes in static 
stability σ have typically been used to qualitatively understand changes 
in tropical circulation in previous studies (Mitas and Clement, 2006). 
Furthermore, the role of changes in static stability in changes in tropical 
atmospheric circulation is controversial (Chemke and Polvani, 2021; 
Seo et al., 2014; Mitas and Clement, 2006). 

In this study, we first evaluate the mean diabatic processes of the 
tropical atmosphere using the simplified thermodynamic equations to 
examine the relationship between diabatic heating (cooling) and the 
rising (sinking) of the tropical atmospheric circulation. Then we 

Fig. 6. Surface temperature (units: ◦C) in PI period in terms of annual mean (a), DJF (b) and JJA (c), and the changes of surface temperature in MPWP relative to PI 
in terms of annual mean (d), DJF (e) and JJA (f). Dotted areas indicate significant anomaly, MPWP-PI, at the 95% confidence interval. 
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decompose the changes in diabatic processes into the diabatic processes 
induced by the respective changes in Sp and ω i.e., Ṡp× ω (thermody-
namic process) and ω̇ × Sp (dynamical process). Thus we quantify the 
contribution of the two components to the tropical circulation changes 
during the MPWP. 

3. Results 

3.1. Generally weakened and widened HC with seasonal variation 

We first examine the spatial distribution of the tropical atmospheric 
circulation response to MPWP surface warming based on the PlioMIP2 
multi-model ensemble (MME) mean (pattern of individual model can be 
seen in Fig. S1), as changes in both the strength and boundary of the 
tropical atmospheric circulation depend on spatial patterns in the 
response. The HC consists of an ascending branch near the equator and a 
descending motion in the subtropics of both hemispheres (contours, 
Fig. 1a-b-c). Compared to PI (contours, Fig. 1a), the annual mean HC 
during the MPWP shows significant changes in the tropics and subtro-
pics, manifested in an anomalous cross-equatorial counterclockwise 
circulation in the tropics (20◦S~20◦N) and anomalous clockwise cir-
culation in the northern subtropic (20◦N~40◦N) (shaded, Fig. 1a). 

The HC exhibits strong seasonality in terms of mean states and 
changes during the MPWP compared to PI (Fig. 1b and c). As for the 
mean state, HC is much stronger in the winter hemisphere than it is in 
the summer hemisphere (contours, Fig. 1b and c). Compared to PI, the 
Northern Hemisphere HC (NHC) and Southern Hemisphere HC (SHC) 

show different changes in boreal winter (DJF) during the MPWP, char-
acterized by anomalous clockwise circulation in the SHC domain and 
south-to-north dipolar counterclockwise tropical circulation and clock-
wise subtropical circulation in the NHC domain (shaded, Fig. 1b). In 
contrast, a strong counterclockwise circulation anomaly occupies the 
area of SHC in boreal summer (JJA) during the MPWP, while the NHC in 
JJA during the MPWP shows clockwise and counterclockwise dipole 
structures in the upper and lower troposphere (shaded, Fig. 1c). 

3.2. A westward shift and seasonally weakened PWC 

The MME-based PI simulation can reasonably reproduce the 
observed features of annual, DJF, JJA mean PWC for the PI period, 
which is characterized by a rising branch in the tropical Indo-western 
Pacific and descending motion in the tropical eastern Pacific (Fig. 1d- 
e-f, contours). The response of the PWC to surface warming during the 
MPWP shows a spatially non-uniform distribution (pattern of individual 
model can be seen in Fig. S2). The annual mean stream function shows a 
triple response (from left to right, positive, negative, positive stream 
function anomalies; shaded in Fig. 1d). In contrast, PWC response to 
MPWP surface warming in DJF is characterized by negative, positive, 
negative stream function anomalies in Fig. 1e (left to right, shaded). In 
contrast to triple responses of PWC in annual and DJF, zonal dipole 
structure of PWC response to MPWP surface warming is observed in JJA, 
as manifested by narrow negative stream function anomalies on the left 
and broad positive stream function anomalies on the right (shaded, 
Fig. 1f). Spatially different responses of PWC among annual, DJF and 

Fig. 7. The diabatic heating and cooling processes for ERAI, PI, and the MPWP (left to right, shaded, 10− 5K/s) compared to MSF (contours, 1010 kg/s) in terms of 
annual mean, DJF, JJA (top to bottom). The arrows in left panels schematically show the direction of HC. 
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JJA lead to different behaviors of PWC intensity (PWCI) in annual, DJF 
and JJA during the MPWP (e.g., weakened PWCI in annual and DJF, 
enhanced PWCI in JJA). There is a statistically significant positive 
anomaly in the stream function in response to MPWP surface warming 
on the western side of the PWC in annual, DJF and JJA (clockwise cir-
culation). These positive stream function anomalies push the edge of 
PWC toward the west in annual, DJF and JJA (Fig. 4b). 

3.3. Mechanisms of tropical atmospheric circulation changes 

Changes in meridional SST gradient and static stability Sp are two 
suggested processes to explain a poleward shift in the HC edges and a 
reduction in its strength (Chemke and Polvani, 2021; Carrapa et al., 
2019; Adam et al., 2014; Seo et al., 2014; Kamae et al., 2011; Brierley 
et al., 2009; Mitas and Clement, 2006). Compared with PI period, the 
global mean surface air temperature during the MPWP show a polar 
amplification (Fig. 6), which also occurs in other research on the Plio-
cene (de Nooijer et al., 2020). This reduces the surface temperature 
gradient between the equator and pole, which could be a qualitative 
explanation for a weakened and widened HC during the MPWP. In 
addition, the increased static stability of the tropical atmosphere is 
another mechanism that qualitatively served to understand the reduced 
strength of the tropical atmospheric circulation (Fig. S3 and Fig. S4). 

Nevertheless, in this study, we (1) used the diabatic heating and 
cooling processes and their comparison with ascending and descending 
motions of the tropical atmospheric circulation to quantify the changes 
in HC strength and PWC strength and the shift in the ascending branch of 
PWC. (2) Decomposition of changes in subtropic baroclinicity during the 
MPWP into contributions by changes in subtropical bulk static stability 
and by changes due to vertical wind shear changes. 

3.3.1. Tropical diabatic processes and tropical atmospheric circulation 
Given the HC and WC represent thermally direct circulation, a highly 

simplified thermodynamic equation is used to diagnose the large-scale 
behavior of HC and WC. Before evaluating the suitability of this dy-
namics analysis method for model simulations, we first used ERA- 
Interim reanalysis data obtained by assimilating conventional observa-
tions and satellite data (Berrisford et al., 2011) to investigate the spatial 
correspondence between diabatic processes and tropical atmospheric 
circulation motions over the observation period. In climatological con-
ditions, the diabatic processes in ERAI spatially match well with the 
ascending and descending branches of HC and WC (Figs. 7 and 8), i.e., 
annual mean diabatic heating (cooling) in the tropics (subtropics) cor-
responds to the ascending (descending) motion (Fig. 7a). In addition, 
seasonality of diabatic heating/cooling processes coincides well with the 
seasonality of ascending/descending branch of HC in ERAI reanalysis 
(Fig. 7d and g). The simulated diabatic heating and cooling processes 
also agree well with the upward and downward motions of HC in the PI 
and MPWP periods (Fig. 7b-e-h; and c-f-i). The diabatic heating and 
cooling processes capture not only the large-scale feature of the HC, but 
also the rising and sinking branches of the PWC in the ERAI reanalysis 
and the simulations of the PI and MPWP periods (Fig. 8). 

The definitions of the HC and PWC intensity depend on the spatial 
distributions of the response of the HC and PWC to warming. We 
therefore expect the changes in diabatic processes that are able to pro-
vide a further explanation for the spatial distribution of the HC and PWC 
responses, and thus enable us to use changes in diabatic processes to 
explain the changes in the strengths of the HC and PWC and the 
displacement of the PWC rising branch during the MPWP. 

We firstly examine the changes in diabatic heating/cooling processes 
compared to the spatial distribution of the HC response during the 
MPWP. HC response to surface warming of the MPWP in the annual 
mean, DJF, and JJA is highly consist with changes in diabatic processes 
in the tropical atmosphere (Fig. 9a-d-g), i.e., anomalously rising airflow 
corresponds to anomalous diabatic heating (Fig. 9a-d-g, red shaded), 
and sinking airflow anomalies correspond to diabatic cooling anomalies 

Fig. 8. Same as Fig. 7, except for diabatic heating and cooling processes compared to the stream function that represents PWC.  
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(Fig. 9a-d-g, blue shaded). The changes in diabatic processes are linearly 
decomposed into a contribution from changes in atmospheric circula-
tion at constant static stability (dynamic contribution; Fig. 9b-e-h) and a 
contribution from changes in static stability at constant atmospheric 
circulation (thermodynamic contribution; Fig. 9c-f-i), as described in 
Section 2.2.3. Changes in tropical diabatic processes in the annual and 
DJF during the MPWP are mainly due to the dynamical contribution 
(Fig. 9a and b; d-e), while the thermodynamic contribution is opposite to 
the changes in diabatic heating and cooling in the annual and DJF 
during the MPWP (Fig. 9a–c; 9 d-f). In contrast, the changes in diabatic 
processes in JJA during the MPWP result from the combined effects of 
thermodynamic and dynamical contributions (Fig. 9g-h-i). 

As NHCI (Northern Hadley circulation Intensity) weakens in the 
annual mean, DJF and JJA, and SHCI (Southern Hadley circulation In-
tensity) increases in the annual mean and JJA while weakening in the 
DJF (Fig. 2b), this reflects the changes in different diabatic processes 
that contribute to seasonal changes in NHCI and SHCI (Fig. 9). Changes 
in diabatic processes due to the dynamic contribution lead to a weak-
ening of the NHCI during the MPWP in the annual, DJF, JJA (Fig. 9b-e- 
h). In contrast, the dynamic and thermodynamic contributions to the 
changes in diabatic processes strengthen the SHCI during the MPWP in 
annual and JJA, respectively (Fig. 9b–i), while the weakening of the 
SHCI in the JJA is mainly due to the changes in the diabatic processes 
caused by dynamic contribution (Fig. 9e). 

Similarly, the changes in diabatic heating and cooling processes are 
well matched to the rise and sink branches of the PWC anomalies during 
the MPWP (Fig. 10a-d-g). i.e., anomalous diabatic heating (cooling) 

corresponds to anomalous rising (sinking) motion. The weakening of 
PWCI during the MPWP in both annual and DJF is a result of changes in 
diabatic heating and cooling processes due to dynamic contribution 
(Fig. 5b and Fig. 10b-e); while the enhanced PWCI during the MPWP in 
JJA is due to changes in diabatic heating and cooling processes changes 
due to thermodynamic contribution (Figs. 5b and 10i). In addition, the 
rising and sinking anomalies triggered by the anomalous diabatic 
heating of the atmosphere in the western part of the tropical Indian 
Ocean and the anomalous diabatic cooling of the atmosphere in the 
eastern part of the tropical Indian Ocean formed a clockwise circulation 
that shifted the rising branch of the PWC (PWCE) westward (Fig. 10a-d-g 
and Fig. 4b). The changes in diabatic processes in the atmosphere of the 
tropical Indian Ocean are mainly due to the contribution of dynamical 
processes (Fig. 10d-e-h). Therefore, it is the dynamical processes that 
lead to the westward shift of the ascending branch of the PWC during the 
MPWP (Fig. 4b). 

3.3.2. Subtropical baroclinicity and HC edges 
In this section, we explain the shift of the margins of HC and PWC by 

the tropical-subtropical diabatic processes together with the subtropical 
baroclinicity. As an important factor affecting subtropical baroclinicity, 
the increase (decrease) in bulk static stability in the subtropics leads to a 
weakening (strengthening) of subtropical baroclinicity, which explains 
the widening (shrinking) of HC (in the boreal summer) during the 
MPWP (Fig. 11). As another important factor affecting subtropical bar-
oclinicity, the contribution of changes in subtropical baroclinicity 
caused by changes in subtropical vertical shear of the zonal wind to the 

Fig. 9. The changes of diabatic heating/cooling processes (shaded, 10− 7K/s) compared to the changes of MSF (contours, 1010 kg/s) that represents HC. The changes 
of diabatic heating (cooling) in annual mean, DJF and JJA (a), (d), (j), respectively, contributed by the dynamic change (b), (e), (h) and the thermodynamic change 
(c), (f), (i) (shaded). The contours from top to bottom indicate MSF changes in MPWP relative to PI in the annual mean, DJF, and JJA, respectively. The dotted points 
indicate the location of the calculated HC intensity (i.e., maximum MSF value in the Northern Hemisphere and minimum MSF value in the Southern Hemisphere). 
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shift in the HC edges, however, varies seasonally (Fig. 12). There is a 
negative (positive) correlation between the change in the annual NHCE 
(SHCE) and the change in the annual vertical wind shear of the 

subtropical wind in the northern (southern) hemisphere, i.e., the 
decrease in the vertical wind shear in the northern and southern sub-
tropics leads to the expansion of the HC by decreasing the subtropical 

Fig. 10. Same as Fig. 9, except for the changes of diabatic heating (cooling) compared to the changes of stream function that represents PWC. The dotted points 
indicate the location of the calculated stream function intensity (i.e., maximum value). These results are obtained by averaging over the latitudinal band 30◦S~30◦N. 

Fig. 11. Scatter plots showing the relationship between changes in HC edges and changes in bulk static stability in the Northern (top) and Southern (bottom) 
Hemispheres for annual mean, DJF, JJA respectively (from left to right). The dashed line in each figure is the linear regression between the two. Following the work 
of Kim, the bulk static stability θz = (θ500 − θ850) and the vertical wind shear uz = (u500 − u850) are two factors that affect the baroclinicity C ≡

f2uz
βgHθz/θ0

, f, β, g, H, and 
Θ0 are Coriolis parameter, latitudinal gradient, gravitational acceleration, depth scale, and reference potential temperature (Kim et al., 2023). 
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baroclinicity in both subtropics during the MPWP (Fig. 12a–d). A similar 
positive correlation between the SHCE changes and the changes in the 
vertical shear of the subtropical winds in the Southern Hemisphere ex-
ists in boreal winter, yet there is no correlation between the NHCE 
changes and the changes in the vertical shear of the subtropical winds in 
the Northern Hemisphere in boreal winter (Fig. 12b–e). This suggests 
that changes in subtropical vertical wind shear during the MPWP that 
favor the poleward expansion of SHCE in boreal winter (Fig. 12b) but 
contribute insignificantly to the shift in NHCE in boreal winter 
(Fig. 12e). Unlike the relationship in boreal winter, subtropical vertical 
wind shear in the northern and southern hemispheres is negatively 
correlated with the NHCE and SHCE in boreal summer. However, this 
negative correlation shows that the changes in subtropical baroclinicity 
caused by the changes in subtropical vertical wind shear in the northern 
and southern subtropics tend to expand the NHCE and shrink the SHCE, 
respectively, which contrasts with the changes in the NHCE and shrink 
the SHCE during the MPWP (Fig. 3b). 

Anomalies in MSF during the MPWP associated with the changes in 
diabatic processes from the tropics to the subtropics can also be used to 
explain the shift in the HC edges during the MPWP. For example, the 
clockwise circulation anomalies in the Northern Hemisphere caused by 
tropical heating and extratropical cooling can explain the poleward shift 
of the northern limit of the HC in annual, DJF during the MPWP 
(Fig. 9a–d; Fig. 3b). The poleward shift of the southern limit of the HC 
(SHCE) in annual and JJA can be explained by the anti-clockwise cir-
culation anomalies in the Southern Hemisphere due to tropical heating 
and extratropical cooling (Fig. 9a–g; Fig. 3b). In addition, anomalous 
clockwise zonal circulation (60◦E− 180) mainly due to tropical heating 
(30◦E− 90◦E) contributes to a westward shift of the PWCE in annual, DJF 
and JJA during the MPWP (Fig. 10a-d-g; Fig. 4b). 

4. Summary and conclusions 

In this study, we have examined the changes in tropical atmospheric 
circulation (HC and PWC) and associated mechanism in a geologic warm 

period (MPWP) that approximates future scenarios by using 12 climate 
models participating in PlioMIP2. We then focused on the changes in 
tropical atmospheric circulation intensity and boundary shift and 
emphasized that the diabatic heating/cooling processes can be used as a 
new perspective to explain the changes in intensity of HC and PWC as 
well as PWC shift. Our key findings are summarized as follows.  

(1) HC and PWC changes: 

Compared with the PI period, the intensity of the HC during the 
MPWP is characterized by (1) differences in the changes of HC between 
the Northern and Southern Hemispheres and (2) apparent seasonality of 
HC changes even in the same hemisphere. In contrast to the consistent 
weakening of NHCI and SHCI in the DJF, annual and JJA SHCI are 
increased during the MPWP. Unlike a seasonally consistent weakening 
of the NHCI, SHCI weakens in DJF but strengthens in JJA. Similarly, 
unlike the consistently poleward expansion of the SHCE, the poleward 
expansion of NHCE during the MPWP is observed in annual and DJF, but 
it shrinks in JJA. 

The PWCI weakens in DJF and strengthens in JJA as does the 
apparent seasonality of the SHCI during the MPWP, while the PWCE 
during the MPWP moves consistently westward in annual, DJF, JJA.  

(2) Tropical diabatic processes explain the changes of HC and PWC 
strength 

The tropical diabatic processes are not only good at representing the 
upward and downward motion of the tropical atmospheric circulation, 
but their changes also agree well with the spatial distribution of the 
upward and downward motion changes of the tropical atmospheric 
circulation. i.e., diabatic heating corresponds to rising and conversely to 
sinking. Thus, we mechanistically explain changes in weakening of 
NHCI (in annual, DJF, JJA), SHCI (DJF) and PWCI (annual, DJF) and 
strengthening of SHCI (annual, JJA) and PWCI (JJA), and westward shift 
of the PWC ascending branch (annual, DJF, JJA) during the MPWP by 

Fig. 12. Same as Fig. 11, except showing the changes in HC edge versus the changes in the vertical shear of the zonal wind uz.  
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diagnosing changes in diabatic processes.  

(3) Decrease in subtropical baroclinicity shifts the HC edges 
poleward 

Increase and decrease in the subtropical bulk static stability in the 
Northern Hemisphere expand (annual, DJF) and contract (JJA) the 
NHCE by suppressing and increasing the subtropical baroclinicity of the 
atmosphere, respectively. Meanwhile, the poleward expansion of the 
SHCE mainly arises from the weakened subtropical baroclinicity due to 
the increase static stability of the subtropical atmosphere in the South-
ern Hemisphere. 

Changes in vertical shear in the subtropical zonal winds during the 
MPWP contribute to changes in the HC boundary by altering the sub-
tropical baroclinicity, but their role varies seasonally. 
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