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Abstract

Recent studies have shown that the westerly jet and Hadley-cell (HC) edge 

in the Southern Hemisphere (SH) have systematically shifted poleward during 

the last few decades. These trends are qualitatively well reproduced by climate 

model simulations, and projected to continue in the future climate. However, it 

is unclear whether opposite trends held in the paleoclimate when the global 

surface air temperature was much colder than the present climate. To better 

understand zonal-mean circulation change in a wide range of climate states, 

the present study compares the westerly jet and HC edge in the Last Glacial 

Maximum (LGM), the latest cold period of the Ice Ages about 21,000 years ago,

Pre-Industrial (PI) condition, and Extended Concentration Pathway 4.5 

(ECP4.5) by analyzing coupled model simulations archived for the 

Paleoclimate Modelling Intercomparison Project phase 3 (PMIP3) and the 

Coupled Model Intercomparison Project phase 5 (CMIP5). Only SH circulations, 

which can be largely explained by zonal-mean dynamics, are considered in the 

equilibrium state of each model simulation. 

In all six models analyzed in this study, the HC edge systematically shifts 

poleward from LGM to PI and to ECP4.5 conditions. However, the jet latitude 

presents non-robust changes. Although all models exhibit a poleward shift of 

the westerly jet in a warm climate as in HC edge change, they show mixed 

responses in a cold climate. Only three models show equatorward jet shift, 

whereas the other three show the jet moving poleward in the LGM condition. 
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This large intermodel spread in jet-latitude change is closely related with 

uncertainty in tropical upper-tropospheric temperature change. By integrating 

a dynamic core GCM with imposed tropical upper-tropospheric warming or 

cooling, it is shown that a systematic poleward shift of zonal-mean circulation 

in a warm climate and nonsystematic change in a cold climate can be largely 

explained by quasi-geostrophic zonal-mean dynamics. It is also found that the

jet shift in the cooling experiment has a larger uncertainty than in the 

warming experiment. Some cooling experiments in particular reproduce 

poleward shift of jet with HC contraction. These results from the dynamic core, 

which are similar to those from LGM simulations, imply that this simple 

numerical analysis could be the key to understanding the inconsistent jet 

shifts among models in a colder climate than today.

Keywords: Hadley circulation, eddy-driven jet, CMIP5, PMIP3, Last glaocial 

maximum, RCP4.5, dynamic core

Student number: 2015-22653
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1. Introduction

Hadley circulation (HC) in the tropics and westerly wind at the mid-

latitude play significant roles in the global circulation. The Hadley cell is 

thermal circulation that redistributes energy from a lower to higher latitude. 

The air rising near the equator descends in the subtropical region by angular 

momentum conservation and compresses adiabatically. This keeps the 

subtropics dry at an approximately 30° latitude, which is known as the outer 

boundary of HC. Thus, the HC is an important feature in the global hydrological 

circulation as well as energy distribution of the Earth. Recently, many studies 

have suggested that HC in observations is widening toward the pole with 

increasing greenhouse gases (GHGs) and stratospheric ozone depletion (Choi 

et al. 2014, Lucas et al. 2014, Seidel et al. 2008, Thompson and Solomon, 2002). 

This tropical expansion has also been shown in several types of global climate 

models. HC expansion was found in models that had participated in the 

Intergovernmental Panel on Climate Change (IPCC) Assessment Report (AR4)

(Lu et al. 2007) and also observed in the Chemistry-Climate Model Validation 

(CCMVal) and CCMVal Phase 2 (CCMVal-2) by examining the circulation 

change in the Southern Hemisphere (SH) related to the influence of 

stratospheric ozone (Son et al. 2008, 2010). Meanwhile, in the response to the 

carbon dioxide (CO2) concentration change, global circulation showed robust 

widening by doubling the CO2 concentration in the simulation in the Coupled 
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Model Intercomparison Project phase 5 (CMIP5) (Vallis et al. 2015). 

As HC expansion occurs, the shift of the westerly jet in response to global 

warming is also focused on because a close relationship between HC and jet 

have been found in reanalysis data and further global coupled models

(Caballero 2007, Ceppi and Hartmann 2013, Kang and Polvani 2011). A strong 

westerly wind located an the mid-latitude is called an eddy-driven jet because 

the westerly jet is maintained through the convergence of eddy momentum in 

the extratropical regions in both hemispheres (Vallis 2006). Jet has a great 

impact on the weather system and climate at the mid-latitude since it 

accompanies storm tracks, cyclones and anticyclones. The jet center is 

currently found between a 45° and 50° latitude. The role of jet is different in 

the southern and northern hemispheres. In the SH, the westerly winds impact 

on not only the atmospheric but also the ocean`’s overturning circulation, 

controlling the Antarctic Circumpolar Current (ACC) which is a wind-driven 

current in the upper ocean. The ACC is aligned to the jet position over the SH. 

Furthermore, the stronger ACC, driven by the stronger westerly winds, works

to draw much of deep and dense water directly up to the surface. Therefore, it 

is obvious that the change in westerly wind in the SH plays a crucial role in the 

modifying atmosphere and ocean globally. 

Seidel et al. (2008) reviewed the poleward movement of westerly and Son 

et al. (2010) hold that the jet is strengthened and shifted poleward with ozone 

depletion in the stratosphere. The CMIP5 models also show the poleward 
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shifted jet in global warming scenarios (Barnes and Polvani 2013, Vallis et al. 

2015). Although most climate models have an equatorward bias to the 

observed jet location in both hemispheres, CMIP3 and further CMIP5 models 

have reproduced jet shifting at approximately 2° latitude in the SH and 1°

latitude in the North Atlantic and Pacific between the historical and RCP8.5 

integrations. Since the SH has a zonally symmetric structure, without much 

land, we can easily detect and compare the change in the jet stream under 

global warming in the SH than in the Northern Hemisphere (NH). 

Numerous mechanisms have been proposed to explain the poleward jet 

shift. One group of studies suggests that low-level baroclinicity controls where

the jet is located and its change drives poleward jet shift (Yin 2005). On the 

other hand, others posit that an increase in static stability is more important 

for a jet location change than baroclinicity (Lu et al. 2010). Furthermore, 

Butler et al. (2010) hold that upper tropical heating responsible for the jet 

shift. Another group of studies posits that changes in the upper troposphere 

and lower stratosphere modify wave propagation characteristics and lead to 

jet shift (e.g., Chen and Held 2007, Butler et al. 2010). It is also well known that 

these mechanisms are not mutually exclusive, and some may act 

simultaneously. 

As described above, most previous researchers have studied the change in 

HC and jet only in relation to global warming; thus, few studies assume global 

cooling. However, exploring circulation change in a colder climate than at
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present would give us an opportunity to understand HC and jet change better. 

Some might think that the HC and jet in the colder period would have moved 

equatorward together, if compared with those in the present and future

warmer climates. For example, Toggweiler and Russell (2008) indeed 

suggested that jet in cold period should move equatorward, an opposite sign to

that in a warm period. This speculation was partly evaluated by the model 

simulations archived for the Paleoclimate Modelling Intercomparison Project 

phase 2 (PMIP2; Braconnot et al. 2007) and phase 3 (PMIP3; Braconnot et al. 

2012). Many PMIP2 and PMIP3 results showed a slightly narrower HC, but 

inconsistent jet shift among models during the LGM compared with during the

PI condition (Rojas 2013). 

However, the quantitative evaluation of LGM circulation and its 

comparison to present and future climate have not been conducted. Following 

Chavaillaz et al. (2013), who examined SH westerlies in the PMIP3 and CMIP5 

models, these issues are addressed in this study by comparing multi-model 

datasets archived for both PMIP3 and CMIP5. (Chavaillaz et al. 2013, Harrison 

et al. 2015). In this study, HC and jet shifts are examined in both global 

warming and cooling simulations compared with the present and then 

analyzed with metrics. 

To compare the change in HC and westerly wind from a colder to warmer 

world, we used three simulations from both CMIP5 (Taylor et al. 2012) and 

PMIP3, which are state-of-the-art model groups. Unlike the transient climate
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simulations in the previous studies, equilibrium simulations are examined in 

the present study. The Last Glacial Maximum (LGM) scenario is examined for 

the cooling condition by comparing it with the Pre-Industrial (PI) and 

Extended Representative Concentrate Pathway 4.5 (ECP4.5). The LGM 

condition, which occurred 21,000 years ago, is a glacial termination in the 

history of the Earth. It has a lower level of CO2 concentration (~ 185 ppmv, 

Monnin et al. 2001). This CO2 concentration difference leads to the 

temperature change in the LGM compared with that of the PI of approximately

4.5 ℃ for the multi-model mean (MMM), which is comparable to the 

temperature difference between the PI and ECP4.5 scenarios of approximately 

2.9 ℃ (Table 2). 

First, we investigate the long-term change of the HC’`s outer boundaries 

and jet positions reproduced in the LGM and ECP4.5 scenarios compared with 

the PI scenario. In Section 3.2 we explore the seasonal and inter-annual 

variability of the HC and jet briefly. After that we discuss the circulation 

changes related to the baroclinic instability and meridional temperature 

gradient in the upper and lower troposphere. We expect that circulation 

response in the cooling scenario will not be the same as the circulation 

response to the warming forcing only. Lastly, we conduct a numerical model 

experiment by using a simple idealized dry dynamic core from the 

Geophysical Fluid Dynamics Laboratory (GFDL) GCM to distinguish dynamical 

process from other physical and moisture effects. Both cooling and warming 
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experiments which mimic the LGM and ECP4.5 respectively are examined to 

revisit the responses of HC and jet in the results from the Section 3.1 in the 

present study. This simple model analysis is expected to help us to explain the 

dynamical mechanism of HC and jet changes from cold to warm scenarios in 

the results from coupled models. 
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2. Data and Methodology

2.1. Data and experiment design

GCMs that participated in both CMIP5 and PMIP3 are examined in the 

context of westerly jet and HC changes in the SH. The model data used in this 

study are summarized in Table 1. A total of six models are available for the

LGM, PI, and ECP4.5 simulations. To check the HC and jet in the equilibrium 

state, data from only the last 100 years are used in each scenario. ECP4.5 is the 

extended version of Representative Concentration Pathway 4.5 (RCP4.5) from 

2201 to 2300 for the equilibrium state. The period 2201-2300 is used in 

ECP4.5 because the former data were a transient simulation in ECP4.5. The 

present work does not include the RCP8.5 scenario because GHGs

concentrations and the related radiative forcings are designed to be stabilized 

in around 2250 in the RCP8.5 scenario (Meinshausen et al. 2011). FGOALS-g2 

is the only exception since its data are available only up to 2275. In FGOALS-g2, 

a period within 2201-2275 is used for 100 year climatology. To reduce the 

uncertainty associated with different data resolutions, all model outputs are 

first interpolated into the common resolution of 2.5° latitude by 2.5° longitude. 

In the vertical, they are log-linearly interpolated into 17 pressure levels. MMM

is then constructed by averaging these interpolated data across all available 
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models. 

There are some reasons why LGM is effective for comparison with the 

present and future climate. First of all, In the history of the Earth the real LGM 

period has very similar conditions compared with today in the concepts of the 

Milankovitch cycles, such as eccentricity, axial tilt, and precession. These 

similarities allow the LGM to be compared with the present in many aspects. 

The other reason why LGM is generally used as a representative cooling 

simulation is the CO2 concentration. The CO2 concentration in the LGM of 

approximately 185 ppmv, is much lower than that in PI (~280 ppmv) and 

ECP4.5 (~540 ppmv in 2250) so the LGM simulation has a quite different

condition to that of global warming simulations (Braconnot et al. 2012). 

Finally, the LGM simulations in PMIP3 are designed with some confined 

conditions unlike environments in the real LGM. For instance, the LGM in 

PMIP3 has the same solar constant, aerosols, and land-sea mask as those in 

CMIP5 PI. The main differences are orbital parameters, ice sheet extension, 

and trace gas concentrations.

2.2. Definition of Hadley cell

The Hadley cell has zonally symmetric structure and thus there are 

many kinds of HC definitions in the zonal-mean atmosphere (Lucas et al. 

2014). In this work, definitions determined by mass stream function (ψ) and 
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sea-level pressure (SLP) are compared. The mass stream function at 500 hPa

(ψ500) is used to confine the HC in the zonal-mean sense. ψ500 can be

calculated as a pressure-weighted integrated zonal-mean meridional wind:

�500 =
2������

�
� [�]������
���	���

��	���

				(1)

where a is the radius of the earth, φ is the latitude, g is the gravitational 

acceleration, and v is the meridional wind. The HC boundary is determined as

the latitude where ψ500 is equal to zero. The HC intensity is defined as the 

maximum mass stream function at 500 hPa within 20-40 ° latitude. The 

definition of HC is less sensitive to the height. 

The HC is directly related to the eddy momentum flux in this definition. 

The time-mean zonal momentum equation in the quasi-geostrophic zonal-

mean dynamics can be written as follows:

�[�]����

��
= −

1

������

�[�∗�∗]�������������

��
+ �[�]���� −

[�]����

�
= 0												(2)

where the asterisk denotes the deviation from the zonal mean, u is the 

zonal wind, f is the Coriolis parameter, and τ is the time scale of surface 

friction. By integrating this equation from 10 to 500 ha, we can obtain the 

relationship between ψ500 and the vertically integrated eddy momentum flux 

divergence: 

�500 =
2�

��

1

����
�

�[�∗�∗]�������������

��
��	.													(3)

���	���

��	���
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This indicates that ψ500 is determined by the eddy momentum flux 

divergence in the upper troposphere. The HC edge, the zero-crossing latitude 

of ψ500, is then located at the latitude of the maximum (minimum) eddy 

momentum flux in the NH (SH) subtropics. 

On the other hand, the HC quantified by SLP is the hydrostatical 

definition. In this method, Hadley cell is confined to the belt of maximum SLP 

near the tropics because the outer boundary of the HC allows the surface to be 

dry. These two definitions are closely linked to each other (Choi et al. 2014). 

We choose the � definition for dynamical consistence because the two 

definitions are similar to each other regarding the SH (Fig. 2). The HC 

mentioned in this study after this figure is mainly the HC by the mass stream 

function. 

2.3. Definition of Jet 

Because of the imbalanced distribution of the radiation, the cyclones 

and anticyclones, named eddies, carry the bulk of the heat and momentum. 

This eddy momentum flux is converged in the upper troposphere and 

enhances the eastward wind flow in the background. These strong westerlies 

are maintained at the surface so that the converged momentum can be 

released by surface friction. Based on these processes, we can easily find the 

strong eastward wind regions at the mid-latitude in both hemispheres. From 

the above mechanisms, jet acquires another nickname: eddy-driven jet. 
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Although jet has a barotropic structure, defining eddy-driven jet in the 

upper troposphere is less accurate because subtropical jet is much stronger

than eddy-driven jet in the upper level. From these reasons westerly jet is 

defined at 850 hPa, which is effective for avoiding both the surface friction 

effect and sufficiently low for detecting eddy-driven jet without the impact of

the subtropical jet. 

Several methods are found in the literature to quantify the eddy-driven 

jet. One group of studies has used the definition with simple geometric 

statistics, and the zonally averaged zonal wind maximum near the surface is

generally used as the definition of jet. In this case, the NH is separated in some 

sectors (e.g., North Atlantic and North Pacific), whereas the whole SH could be 

defined as one sector because of its zonal symmetry. Some studies have 

focused on the difference in SLP to detect the westerly wind. Many others have 

used more sophisticated methods such as empirical orthogonal function 

(EOF)-based analysis to compute the anomaly pattern. 

This study focuses on the geometric method The latitude, where zonally

averaged zonal wind at 850 hPa shows its maximum within a 40- 60° latitude, 

is determined as the location of the westerly wind and the wind speed is 

defined as the intensity of eddy-driven jet in this study. The latitude with 

maximum point zonal-mean zonal wind in the subtropics is located using the 

cubic spline interpolation method within 1°	latitude. A test with jet definition 

in the other levels, such as 700 hPa, is also examined and it is found that jet
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definition is not particularly sensitive to the level (not shown).

It is also well documented that jet is closely related to the eddy 

momentum flux divergence, like HC. When Eq. (2) is integrated vertically in 

the mid-latitude, the zonal wind in Eq. (2) can be proportional to the vertically 

integrated eddy momentum flux convergence. 

[�]����

�
∝ −

1

������

�[�∗�∗]�������������

��
											(4)

The above equation indicates that the maximum location of zonal wind, 

or jet position, is somewhat related to the maximum point of the eddy 

momentum flux convergence. 

The above exercise suggests that the properties of HC and jet are to a 

large extent modulated by the latitudinal distribution of the eddy momentum 

flux. It is worthwhile to note that the eddy momentum flux does not explicitly 

appear in the linear baroclinic instability theory, although HC widening and 

poleward jet shift have been often related to linear baroclinicity change (e.g., 

Lu et al. 2007). Instead, it has been organized by the decaying stage of the 

baroclinic eddy life cycle (e.g., baroclinic growth followed by barotropic decay; 

Simmons and Hoskins 1978). This suggests that the relationship between 

changes in circulation and baroclinicity is not necessarily linear.
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3. Results

3.1. Long-term changes

In the present study, temperature, mass stream function and zonal 

wind quantities were investigated in terms of the zonal-mean. The 

temperature responses to the different conditions in the LGM and ECP4.5 are 

shown in the MMM of all six models (Figs. 1a, d). The characteristics of 

temperature response in the global warming scenario are also well 

represented in the ECP4.5 MMM, particularly the strong warming in the upper 

troposphere of the tropics and surface polar regions. 

The strong warming in the upper tropics can be explained by the 

moisture adjustment of tropospheric lapse rate. Under global warming, the 

large air parcels ascend in the tropics, releasing their latent heating in the 

upper troposphere. Lapse rate feedback to global warming also makes the 

temperature in the upper troposphere higher, increasing. The static stability 

and suppressing baroclinic eddy growth over the subtropics (Frierson et al. 

2007, Lu et al. 2010, Grise and Polvani 2016). In addition, this process

contributes to an enhanced meridional temperature gradient (MTG) in the 

upper and lower troposphere. Interestingly, the spatial distribution of 
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temperature difference is opposite to that of LGM. Figure 1(a) shows strong 

cooling in the upper troposphere in tropics, the same region where the 

strongest warming exists in the ECP4.5 results, and weaker cooling in the 

polar regions in the LGM temperature response. In this regard, the cooling 

response of the LGM is successfully explained by the same mechanisms that 

act in the global warming scenario.

The mean meridional circulation changes are further illustrated in 

Figs. 1d and 1e which show the changes in the HC in MMM from a cold to a

warm climate. To focus on the tropical circulation, these are represented from 

60°S to the equator. In Figs. 1b and 1e, the contours denote the climatological 

HC in PI and the shading indicates a positive difference in � and, 

strengthened clockwise circulation of mass. The positive ∆� near the 10°S in 

200 hPa indicates a downward contraction of the HC in LGM. In the subtropics, 

a positive ∆� near 30°S is evident, suggesting a narrower LGM HC than that 

of the PI. in terms of the zero-crossing latitude of ψ500. A remarkable opposite 

sign exists in the response of the meridional circulation in ECP4.5 shown in Fig. 

1(d), suggesting a systematic change of HC from a cold to a warm climate. 

Extratropical circulations, especially westerly jets, are investigated in 

Figs. 1(c) and (f) in terms of the zonal-mean zonal wind. Climatological zonal 

wind in PI has a barotropic structure within 45-50°S indicating that jets are 

located near this region. At the maximum latitude of the zonal wind, defined in 

this study as an eddy-driven jet, ∆� is negative in LGM and positive in ECP4.5,
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indicating the changes in jet properties both in LGM and ECP4.5. However, it is 

hard to detect the jet positions in LGM because of the ambiguous signage near 

the jet unlike the robust, poleward shift of jets in ECP4.5 which are positive on 

the pole-side jet flank. Therefore, a detailed analysis is needed to understand 

these circulation changes. 

Changes in the HC and jet were quantitatively investigated for all six 

models (Fig. 3). As expected, all models showed HC edges moving 

systematically from LGM to ECP4.5. HCs are expanded in ECP4.5 and 

contracted in LGM unlike the HCs in PI. The jet position is non-systemic from 

LGM to ECP4.5, unlike the robust HC widening. Although all models in ECP4.5 

have jet shifted poleward, this trend is not shown in LGM. While three of the 

six models moved equatorward, the other three moved poleward.

Figure 3 also shows that the inter-model spread of the HC widening

and poleward shift of the jet is substantial. While IPSL-CM5A-LR shows more 

than a 4° latitude HC widening and jet shift from the LGM to the ECP4.5 

conditions, others only show a 2-3° latitude shift. The factors that control this 

difference are unclear. While Son et al. (2010) highlighted that zonal-mean 

circulation changes to a given forcing are sensitive to model mean biases, these 

are difficult to evaluate with the limited sample size used in this study. Further 

studies using more models are necessary to identify the factors that control 

quantitatively different circulation changes in the same external forcing.

HC strength changed non-systematically from LGM to ECP4.5. Only 
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three of six models show stronger HCs in LGM than those in PI while all 

models represent weakened HCs shown in Fig. 4. Otherwise, jet intensities are 

strengthened in LGM and weakened in ECP4.5 in most models except for 

CSSM4 which has strengthened jets in both the LGM and ECP4.5 scenarios. 

Since HC is dependent on the season, it is worthwhile to explore the 

circulation changes not only in terms of annual mean but also insight into

seasonal variability. 

3.2. Seasonal changes

Since circulation is largely dependent on the seasonal radiation change, it 

is essential to investigate the variability of the seasonal cycle of HC and jet

between scenarios. As seen in Figure 3, colored lines denote the HC center 

over tropics, HC edges in subtropics near 30°S, and jet positions within 40-

50°S. The colors blue, green and red indicate variables in LGM, PI, and ECP4.5 

scenarios respectively. It is evident that the seasonal variabilities in HC edges 

and jet positions are not much larger than their long-term changes. HC 

strengths and jet intensities were also examined but there were no noticeable 

changes (not shown).

The seasonality of inter-annual variability is also examined within HC and 

jet (Fig. 5). The inter-annual variability is expressed in both December-

January-February (DJF, denoted as red dots in Fig. 6) and June-July-August (JJA,
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blue dots in Fig. 4) for each year. The inter-annual relationship between HC 

and jet is stronger in JJA than in DJF, because the effect of eddies is stronger in 

JJA, which is winter in SH. The seasonal differences of inter-annual variability 

between DJF and JJA in LGM and ECP4.5 are similar to those in the PI scenario. 

It is also well presented that HC and jet are shifted with ratio of 1:2 inter-

annually especially in austral summer as explored by Kang and Polvani (2011). 

When HC shifts 1° latitude, jet moves almost 2° latitude in almost scenarios, 

except for scenarios of MIROC-ESM and ECP4.5 of FGOALS-g2. This indicates

that HCs and jets in LGM, PI, and ECP4.5 scenarios have similar inter-annual 

and long-term changes in seasonality. In short, these results support the point 

of view in this study that investigating circulation change in terms of the 

annual-mean is reasonable. 

3.3. Statistical analysis

To the increasing GHGs, the response of global temperature and 

circulation in the model can be interpreted as climate and dynamic sensitivity 

respectively. Grise and Polvani (2016) have introduced four major mechanisms

driving circulation change under global warming: increased subtropical static 

stability, increased mid-latitude static stability, increased upper troposphere 

MTG, and decreased surface MTG. 

The first three mechanisms listed above are directly tied to the global 

SAT change unlike the indirect relationship between the surface temperature 
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gradient and global SAT. These relationships are based on the inhomogeneous

warming response of the atmosphere. Due to moist adiabatic adjustment and 

other climate feedbacks, temperature changes in the tropical upper 

troposphere are typically stronger than those in the lower troposphere. The

strong warming in the upper troposphere enhances MTG in the upper 

troposphere and also leads increased static stability in subtropics and mid-

latitudes, which could lead to the widening of HC and a poleward shift of the 

mid-latitude jet (Butler et al. 2010, Wilcox et al. 2012, Gerber and Son 2014,

Grise and Polvani 2016).

Until now, the question of what contributes to the polar warming has 

been highly controversial. Various mechanisms have been regarded to work

simultaneously, such as ice-albedo feedback and stratospheric path way. It is 

also well known that polar amplification could lead to a equatorward shift of 

the jets (Butler et al. 2010, Vallis et al. 2015, Grise and Polvani 2016). 

The above exercise suggests that circulation properties are to a large 

extent modulated by the latitudinal distribution of the eddy momentum flux. 

In this regard, it is worthwhile to note that the eddy momentum flux does not 

explicitly appear in the linear baroclinic instability theory. It is instead

organized in the decaying stage of the baroclinic eddy life cycle (e.g., baroclinic 

growth followed by barotropic decay; Simmons and Hoskins 1978). This 

suggests that the relationship between circulation changes and baroclinicity 

changes is not necessarily linear.
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The latitudinal temperature distribution also varies from one climate 

to the other and thus it can effectively change the linear baroclinicity in the 

subtropics. In this study, baroclinicity is quantified by the Phillips’ 

supercriticality, C, which could combine both wind shear and gross static 

stability (Phillips 1954)

C ≡
��(���������)

���(���������)
. (5)

To briefly compare the contribution between wind shear and static 

stability, this study just brings up the simple form from baroclinic instability. 

The zonal wind and potential temperature difference between 500 hPa and 

850 hPa are expressed as vertical wind shear and static stability in this work. 

All variables are zonally averaged and the latitudinal range is ±10° latitude 

from the HC edge of each model. As a result, in reagrds to HC change in the SH, 

static stability is much more dominant than wind shear, as shown in Figs. 3(a) 

and (b). This result is consistent with the previous studies which 

demonstrated the function of increase in mid-latitude static stability to the HC 

change (Frierson et al. 2006, 2007, Lu et al. 2007, 2008). In other words, the 

decrease in static stability under global cooling contracts HC in the same way 

as the increase in static stability under global warming does. On the other 

hand, wind shear which serves as increasing baroclinicity is not crucial in both 

conditions. The same results can be found in JJA, while in DJF, the summer 

season on the SH, there is no significant HC response to the either wind shear 

or static stability. This is because the HC is not well defined in summer due to 
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weakened mass transport. Jet shift does not show any significant relationship 

to baroclinic instability or static stability (not shown). 

The relationship between jet positions and temperature changes was 

explored because the upper temperature gradient may represent the wave 

propagation to the upper level and surface temperature gradient as well. 

Temperature gradient is defined as the area-averaged temperature difference 

between the polar region (60°S − 90°S) and tropics (0°S − 30°S). The upper 

troposphere level was selected to be 250 hPa, which shows the highest 

correlation with HC and jet change. The relationship that HC and jet change 

have to the upper temperature gradient and surface temperature gradient are 

examined separately. HC has strong relationship with both upper temperature 

gradient and surface temperature gradient, even the correlation coefficient r

between HC edge change and surface temperature gradient change is higher 

than 0.9. Otherwise, jet is associated with upper MTG rather than the surface 

MTG. In other words, both shift of HC edges (r=-0.92) and jet positions (r=-

0.73) are significantly linked to the upper MTG. In particular, the upper 

tropical temperature change is more closely related to the circulation change

than the upper polar temperature change (Table 3). To better understand 

circulation changes, analyses of daily eddy fluxes are necessary. Such datasets, 

however, are not available in most models.
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3.4.Numerical experiments

A series of experiments are designed to examine how circulation 

responds to climate change-like thermal forcings, both cooling and warming, 

such that they would not provide quantitative reproductions of the LGM and 

ECP4.5 responses. The experiments are aimed to compare the contributions of 

upper tropical temperature change and polar temperature change and 2) to 

reproduce the circulation responses to the upper tropospheric cooling and 

warming forcings in the tropics using an idealized model. 

3.4.1. Model descriptions

Several sets of experiments were conducted on climate change-like 

thermal forcing using a dry dynamic core developed by the Geophysical Fluid 

Dynamics Laboratory (GFDL). The dynamic core used in the present study has 

horizontally T42 resolutions where the number refers to the maximum 

number of zonal waves present. This spectral model is a standard hydrostatic, 

sigma coordinate, and semi-implicit, with 20 vertical levels equally spaced in 
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sigma. A leapfrog scheme was used for time stepping with a model time step of 

180 seconds. All cases presented here were integrated for 3,000 days after

discarding the first 500 days as spin-up time.

All simulations in this study assume the absence of topography. 

Although real general circulation could be affected by topographical features, 

the effect of the topography was excluded for the purpose of this study. In 

addition, since the SH is mostly composed of the ocean, a flat surface is proper 

for the simple experiments focused on the dynamic process of SH circulation.

The control run was forced by relaxing temperature toward the

prescribed equilibrium temperature, and other forcings were the same as 

those in Held and Suarez (1994). The equilibrium temperature is explained as 

follows: 

�� = max	{200�, [315� − Δ����
�� − Δ� log �

�

��
� ����� − Δ�����](

�

��
)�}, (6)

where Δ� is an meridional temperature difference at the surface, 60 K, Δ� is 

a static stability parameter, 10 K, �� is a surface pressure, 1000 hPa, �=2/7 

and � is a latitude. Based on this radiative equilibrium, these simulations 

have a positive static stability. 

3.4.2. The model response to climate change-like thermal forcings

Axisymmetric climate change-like thermal forcings are imposed to 

the equilibrium temperature profile to mimic LGM and ECP4.5 scenarios. 

Thermal forcings in this study follow those of Son and Lee (2005) and Butler 
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et al. (2010) but for cooling as well as warming forcings.

To mimic the spatial distribution of temperature in LGM, two major 

cooling forcings were considered. The forcings were imposed in the upper 

tropical troposphere and over the pole. Cooling in the upper troposphere was

centered at the 300 hPa and equator to mimic the moisture adjustment 

feedback and polar cooling was associated with the snow-ice-albedo feedback.

All thermal forcings in this first set of experiments had the same maximum 

heat rate (�� ) of -0.5 K/day when following Butler et al. (2010) to 

qualitatively reproduce climate change and to compare the contribution of 

upper tropical and polar forcings. Specific equations for thermal forcings are 

described in Table 4. Forcings in the ECP-like simulation were designed the 

same as the forcings in the LGM-like simulation but for a heat rate of 0.5 K/day. 

In other words, the sizes and shapes of the thermal forcings were the same,

only the signs were different in these experiments.

In this set of experiments, the atmospheric circulation response to the

upper tropical and surface polar forcing was explored, both respectively and 

together. The simulations with each tropical or polar forcing are named 

‘heat_trop’, ‘heat_pole’, ‘cool_trop’, and ‘cool_pole’ in Fig. 6 (a)-(b), and 6(d)-€. 

Simulations imposed by both forcings simultaneously are represented in

‘heat_mult’ and ‘cool_mult’, as shown in Figs. 6(c) and (f).

The responses of temperature, meridional circulation, and zonal wind 

to the thermal forcing are shown in Fig. 7 and Fig. 8. Figure 7 presents the 
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zonal-mean responses to the tropical cooling in left column, polar cooling in 

central column and multiple cooling in the rightmost column. Variables in 

control run present as contour lines. Responses to the tropical, polar, and 

multiple coolings were shown in Fig. 8. Since the experiments are designed to 

be a symmetrical around the equator, SH and NH are regarded as ensemble 

members.

The temperature response extends to the lower troposphere near 30°

latitude, demonstrating the impact of the HC. In spite of correct opposite 

forcing, the temperature response to the upper tropical cooling forcing 

spreads much deeper than that of the upper tropical warming forcing, as 

shown inFigs. 7(a) and Figs. 8(a). This is because the cooling in the upper 

troposphere makes the atmosphere in the tropics unstable while warming in 

the same region enhances the stability of the tropics. In addition, thermal 

forcings also impact the circulations. Tropical cooling made the HC narrower 

and polar cooling made the HC wider as compared to the control run. The jets 

also moved equatorward in the ‘cool_trop’ experiment but poleward in the

‘cool_pole’ experiment. Since the impact of tropical cooling is much larger than 

that of polar cooling, these multiple forced experiments showed an

equatorward shift for both HCs and jets. As in the cooling simulations, heating 

in the tropical upper troposphere allowed HC and jet to move poleward and 

heating in the poles moved HC and jet toward the equator at the same time. 

Furthermore, the HC with LGM-like simulations had a higher top and the HC in 
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ECP-like simulation had a lower top than the HC in the control run. These 

results were similar to the previous coupled model results in this study. 

The changes in HC edges and jet positon in these idealized model 

experiments are quantitatively explored with the same metrics described in 

Section 2 (Figure 9). As seen in Figs. 7 and Figs.8, HCs and jets move poleward 

with tropical heating, equatorward with polar heating, and multiple heating 

allows circulation to move poleward since the impact of polar heating on 

circulation change is much weaker than that of upper tropospheric heating. All 

cooling simulations produce opposite response in HCs and jets. These are 

consistent with the results of the analysis in Section 3.3 where both HC and jet 

were more strongly affected by the upper equator-to-pole temperature 

gradient than the lower equator-to-pole temperature gradient. 

In addition, the uncertainty of the jet position in all cooling 

simulations is larger than that in all heating simulations. These results are also

the same as the results from coupled model analysis, indicating that the 

inconsistent jet shifts in LGM simulations are partly explained by the dry 

dynamic process. These idealized model experiments indicate that the 

dynamic process closely links the relationship between circulation and upper 

tropical temperature change. 

3.4.3. Heating rate sensitivity test

As discussed in section 3.3 and 3.4.2, the strong relationship between 
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circulation changes and upper tropical temperature change was shown from 

cold to warm scenarios in CMIP5 models and further reproduced in the 

idealized model experiments. Hence, in this set of experiments, we focus on 

the thermal forcings in the upper troposphere of the tropics. All experiments 

were run with various heating rates from 0.03 to 0.5 K/day with zonally 

symmetric thermal forcing as Section 3.4.2. Total ten ensemble members with 

a running time of 3,000 days are used for every experiments except for control 

simulation, which run for 4,500 days. Since both hemispheres are symmetric 

about the equator in this idealized model, each hemisphere is regarded as a 

different ensemble member. 

All warming simulations showed a simultaneous poleward movement 

of HC and a poleward jet shift. In cooling cases, most cases represented

narrower HCs and equatorward shifted jets than those in the control 

simulation. However, experiments with cooling forcings had larger 

uncertainty than those with heating forcings (Table 4). Thus, a narrower HC 

and poleward shifted jet were found in the experiments with weak heating 

rates, the -0.05 and -0.03 K/day cases. 

The ratio between HC and jet shifts were also kept as 1:2 in this set 

of experiments. It is noticeable that this ratio does not maintain in cooling 

simulations with large heating rate around -0.5 K/day, while it was well kept 

in all heating cases. 
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4. Summary and Further study

This study explores the responses of HC and jet in cooling and 

warming climates in CMIP5 models. LGM, PI, and ECP4.5 scenarios were 

examined to explore circulation change from cold to warm climate. HCs 

expand to the pole in ECP4.5 scenario and shrink oppositely in LGM in all six 

models. On the other hand, the models did not show systematical changes in 

jet positions. In LGM simulation, only three of the six models showed

equatorward shift of jet, whereas jets in global warming shifted poleward in all 

models. Unlike these inconsistent shifts of jets in LG, the intensities of jet are 

strengthened in LGM and weakened in ECP4.5 in all models. The seasonal 

variability of HC and jet and inter-annual variability were kept similarly in 

most models from LGM to ECP4.5 scenarios as those shown in PI. 

As documented in the previous studies, the enhanced static stability 

leads the HC expansions. The present study applied this process to the HC 
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shrinkage in the ice age. The expansion and shrinkage of HC were mainly 

influenced by the change in gross static stability in subtropics. The shifts of HC 

edges and jet positions were also well explained by the MTG in the upper 

troposphere rather than MTG in the lower troposphere. Furthermore, the 

contribution of the tropical temperature was larger than that of the polar 

temperature in the upper troposphere. This suggests that circulation changes 

are highly tied to the wave propagation changes. Finally, numerical 

experiments were conducted using GFDL dynamic core. The LGM-like and 

ECP-like simulations were designed by heating and cooling in the tropical 

upper troposphere and both polar regions. The LGM-like simulation 

reproduced equatorward shifts of HCs and jets and the opposite responses of 

circulations were shown in the ECP-like simulations. The upper tropical 

cooling leaded the equatorward shifts of HCs and jets while the polar cooling 

makes them move poleward. In addition, the jet shifts in cooling simulations 

had larger uncertainty than those in warming simulations. This is consistent 

with the results from CMIP5 and PMIP3; jets in the LGM scenario had larger

uncertainty than in the ECP scenario. With a weak heating rate, some cooling 

experiments reproduced the poleward shifted jets and equatorward shift of 

HCs, while the warming experiments with the same heating rate had poleward 

shifts of HCs and jets. This supports the results from coupled models and 

emphasize the necessity of further study by analyzing daily eddy momentum 

flux and heat flux to understand the circulation changes from cold to warm 
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scenario better. 
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Tables

Table 1. The PMIP3 and CMIP5 models used in this study. 

Model Resolution (lat°xlon°) Experiments

CCSM4 0.9°x1.25 LGM, PI, ECP4.5, ECP8.5

CNRM-CM5 1.4°x1.4° (T85) LGM, PI, ECP4.5, ECP8.5

FGOALS-g2 2.8°x2.8°, L26 LGM, PI, ECP4.5

GISS-E2-R 2°x2.5° LGM, PI, ECP4.5, ECP8.5

IPSL-CM5A-LR 1.9°x3.75° LGM, PI, ECP4.5, ECP8.5

MIROC-ESM 2.8°x2.8° (T42) LGM, PI, ECP4.5
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Table 2. Global-mean surface air temperature in LGM, PI, ECP4.5 and ECP8.5 

simulations in units of °C. The multi-model mean (MMM) value and the inter-

model standard deviation are also indicated at the bottom row. 

Model LGM PI ECP 4.5 ECP 8.5

CCSM4 8.4 13.3 16.5 22.3

CNRM-CM5 10.6 13.2 16.2 22.9

FGOALS-g2 7.7 12.3 14.4

GISS-E2-R 9.5 14.3 16.5 19.7

IPSL-CM5A-LR 7.4 12.1 15.9 24.0

MIROC-ESM 8.6 13.8 17.0
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MMM 8.7±1.2 13.2±0.8 16.1±0.9 22.2±1.8

Table 3. Correlation coefficient between circulation changes and temperature 

changes in tropics and pole at 250 hPa from LGM to ECP4.5 in six models. The 

values that are statistically significant at the 95 % confidence level are 

denoted with an asterisk.

r Tropical temperature 

change at 250 hPa

Polar temperature change 

at 250 hPa

HC edge change 0.93* -0.33*

JET positon change -0.70* -0.03
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Table 4. Descriptions of forcing imposed in the dynamic core experiments.

Equation for 

forcing y = lat 

(radians), 

z= sigma level

��, ��, ��, 

��

Center of 

heating 

±half depth 

(lat)

Center of heating 

±half depth 

(pressure)

Heating 

(Cooling) in the 

upper tropical 

troposphere

��exp	{−[
(� − ��)

�

2��
�

+
(� − ��)

�

2���
]}

�� = 0.4, 

�� = 0.11, 

��=0, 

�� = 0.3

0° ± 27° 300 ± 125	mb

Heating 

(Cooling) in the 

��[cos	(�

− ��)]
��e�(����)

�� = ±1.57, 

�� = 1
±90° − 18° 1000 − 125	mb
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polar regions

Figures
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Figure 1. Multi-model mean of (a), (d) zonal-mean temperature, (b), (e) mass 

streamfunction and (c), (f) zonal wind differences of (a-c) LGM and (d-f) 

ECP4.5 simulations against the PI simulations. Contours indicate the MMM of 

the PI simulations. Units are K for temperature , 10��	kg	s�� for mass 

streamfunction, and m/s for zonal wind. Note that latitudinal range of the top 

panels is different from that of the bottom panels.
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Figure 2. (a) HC width and (b-c) HC edges in the two hemispheres determined 

by the �500 metric (y axis) and the SLP metric (x axis). Each model and 

climate state are shown by different symbols and colors. The correlation 

coefficient (r) and the coefficient of determination (R2), that are statistically 

significant at the 95-% confidence level, are indicated with an asterisk. See the 

text for details on the �500 and SLP metrics.



42

Figure 3. Changes in (a) HC edges, (b) jet positions, (c) HC strengths and (d) 

jet intensities in all models. Blue and red bars denote differences in LGM and 

in ECP4.5 compared to those in PI. 
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Figure 4. Monthly mean, zonal-mean values of MMM CMIP5 in (a) PI control 

climatology and (c) 4× CO2 climatology. Shading denotes the 850 hPa zonal 

mean zonal wind (contour interval : 2 ����,for values ≥ 2 ����), and thin

gray lines denote the 500 hPa mean meridional mass stream function (contour 

interval: 2.0×10 10�������; negative contours dashed). The locations of 

ϕu850 and ϕΨ500=0 in the LGM, PI, and ECP4.5 scenarios are indicated by 

the thick blue, green, and red lines, respectively.
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Figure 5. The inter-annual changes in HC edges and jet positions on SH. Red 

circles denote June-July-August (JJA) and blue ones are December-January-

February (DJF). 
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�
′
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Figure 6. HC edge response to the static stability changes and wind shear 

changes. Their relationships are investigated in terms of (a), (d) Annual-mean, 

(b), (e) DJF and (c), (f) JJA.



46

Figure 7. (a), (c) HC edge changes (y axis) and (b), (d) jet position changes in 

response to the meridional temperature gradient at 250 hPa (upper panels) 

and surface temperature gradient (lower panels) (x axis). The difference from 

PI conditions is shown in different colors. Denotations of colors and mark 

shapes are same as in Figure 6. The asterisks denote the significant value of 

correlation coefficient in 95% and 99% percentile. 

���	��	(�)

���	��	(�)

upper�� (�)

upper�� (�)
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Figure 8. The thermal forcing (K	�����) in (a-c) heating and (d-f) cooling 

simulations. Contours in all plots represent the equilibrium temperature in 

FMS. 
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Figure 9. Zonal-mean (a-c) temperature, (d-f) zonal wind, and (g-j) mass 

stream function differences of cool-trop (left), cool-pole (center), and cool-

multiple (right) simulations against the control simulations. Contours indicate 

the value of the control simulations. The units are K for temperature , 

10��	kg	s�� for mass streamfunction, and m/s for zonal wind. Note that 

latitudinal range of the bottom panels is different from that of the others.
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Figure 10. Same as Figure 9 but for (left) heat_trop, (center) heat_pole, and 

(right) heat_multiple simulations. 
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Figure 11. The relationship between Hadley cell edge change and jet position 

change in six simulations against a control simulation. The units of HC edge 

change and jet position change are the same as 1° latitude. Positive sign 

means poleward shift of HCs or jets. Blue means cooling simulations and red 

indicates heating simulations. A Mark denotes the forcing imposed on each 

simulation. 
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Figure 12. Same as Figure 11 but for varying heating rate. Units of HC edge 

change and jet position change are same as 1° latitude. Blue means cooling 

simulations and red indicates heating simulations. A Mark mean the 

experiments with heating (cross) and cooling (X mark) forcings. Colors denote

the experiments with various heating rates. 
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초록

고기후부터 미래기후까지

남반구 대기대순환의 변화 연구
김 서 연

지구환경과학부

석사과정

서울대학교

최근 남반구 해들리 순환이 극 방향으로 팽창하며, 중위도 제트 또한

함께 극 방향으로 남하하고 있음이 밝혀졌다. 이러한 변화는 기후 모형

실험에서도 잘 드러났으며, 지구 온난화를 가정한 미래 기후 모의 실험

에서도 지속적으로 확인되었다. 그러나 이러한 대기 대순환의 반응이 온

난화 기후뿐만 아니라 보다 한랭한 기후에서도 반대로 나타나는지는 아

직 확인되지 않았다. 때문에 대기 대순환 변화를 더 넓은 범주에서 이해

하기 위해 본 연구에서는 21,000년 전 마지막 최대 빙하기 (Last 

Glacial Maximum, LGM) 실험부터 현재 기후를 모의한 산업화 이전 시

기 (Pre-Industrial, PI) 모의 실험, 그리고 미래 기후 평형 실험인

ECP4.5 (Extended Concentration Pathway 4.5)에서 해들리 순환과 제

트의 변화를 탐구하였다. 본 연구를 위해 CMIP5 (Coupled Model 

Intercomparison Project phase 5)와 PMIP3 (Paleoclimate Modelling 

Intercomparison Project phase 3)에 공통으로 참여하며 앞선 세 실험을

모두 갖는 여섯 개의 모형을 전부 사용하였다. 이 때, 남반구 순환을 동
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서방향 평균된 관점에서 각 모형별 모든 실험에서 확인하였다. 

본 연구에 사용된 여섯 개의 모형 모두에서 해들리 순환은 PI 

실험에 대해 LGM 실험에서 팽창하고 ECP4.5 실험에서는 수축하는 체

계적인 변화를 보였다. 그러나 제트의 위치는 이와 같은 뚜렷한 변화를

보이지 않았다. ECP4.5 실험에서는 모든 모형이 극 방향으로 이동한 제

트를 보였으나, LGM 실험에서는 모형마다 반응이 다르게 나타나 여섯

개 모형 중 세 개의 모형에서만 제트가 적도 방향으로 이동했고 나머지

세 모형에서는 극 방향으로 이동했다. 이처럼 제트 변화에서 모형 간의

차이가 큰 것은 열대 상부 대류권의 온도 변화와 밀접한 관련이 있는 것

으로 밝혀졌다. 또한 역학 코어를 사용하여 열대 상부 대류권이 가열되

었을 때에는 제트가 극으로 이동하나 냉각시에는 변화가 체계적이지 않

다는 것을 확인했다. 이러한 역학 코어 실험의 결과는 준지균 동서평균

역학으로 설명될 수 있다. 또한, 한랭 실험에서의 제트는 온난 실험에서

보다 불확실성이 컸으며, 한랭 실험에서도 제트가 극으로 이동하는 경우

또한 확인 가능했다. 이처럼 수치 실험 결과가 앞선 전지구 기후 모형

실험 결과와 일치하는데, 이를 통해 향후 수치 실험을 계속하는 것이 한

랭부터 온난기후에서의 남반구 순환 변화의 이해를 크게 도울 것으로 생

각된다.

주요어: 해들리 순환, 중위도 제트, CMIP5, PMIP3, 마지막 최대 빙하기,

RCP4.5, 역학 코어
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