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ABSTRACT: While there is substantial evidence for tropospheric jet shift and Hadley cell expansion in response to

greenhouse gas increases, quantitative assessments of individual mechanisms and feedback for atmospheric circulation

changes remain lacking. We present a new forcing–feedback analysis on circulation response to increasing CO2 concen-

tration in an aquaplanet atmospheric model. This forcing–feedback framework explicitly identifies a direct zonal wind

response by holding the zonal mean zonal wind exerting on the zonal advection of eddies unchanged, in comparisonwith the

additional feedback induced by the direct response in zonal mean zonal wind. It is shown that the zonal advection feedback

accounts for nearly half of the changes to the eddy-driven jet shift and Hadley cell expansion, largely contributing to the

subtropical precipitation decline, when the CO2 concentration varies over a range of climates. The direct response in

temperature displays the well-known tropospheric warming pattern to CO2 increases, but the feedback exhibits negative

signals. The direct response in eddies is characterized by a reduction in upward wave propagation and a poleward shift of

midlatitude eddy momentum flux (EMF) convergence, likely due to an increase in static stability from moist thermody-

namic adjustment. In contrast, the feedback features a dipole pattern in EMF that further shifts and strengthensmidlatitude

EMF convergence, resulting from the upper-level zonal wind increase seen in the direct response. Interestingly, the direct

response produces an increase in eddy kinetic energy (EKE), but the feedback weakens EKE. Thus, the forcing–feedback

framework highlights the distinct effect of zonal mean advecting wind from direct thermodynamic effects in atmospheric

response to greenhouse gas increases.
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1. Introduction

It is well recognized that the zonally averaged global at-

mospheric circulation will experience significant changes in

response to greenhouse gas increases. In association with the

tropospheric warming and stratospheric cooling in response to

CO2 increases, an expansion of the Hadley cell has been found

in both the observations and future climate projections (e.g.,

Lu et al. 2007; Hu and Fu 2007; Previdi and Liepert 2007; Seidel

et al. 2008; Birner 2010; Ceppi and Hartmann 2013; Tao et al.

2016; Grise and Davis 2020), and the midlatitude jet streams

and storm tracks are predicted to shift poleward under future

climate warming (e.g., Yin 2005; Lorenz and DeWeaver 2007;

Lu et al. 2008; Kidston and Gerber 2010; Wu et al. 2011; Chang

et al. 2012; Barnes and Polvani 2013; Simpson and Polvani

2016; Mbengue and Schneider 2017). Together with the in-

creased atmospheric water vapor content in a warming climate,

these circulation responses to greenhouse gas increases could

lead to profound changes in the hydrological cycle (e.g., Chou

and Neelin 2004; Held and Soden 2006; Scheff and Frierson

2012; Lau and Kim 2015; Norris et al. 2019). While a large

number of studies have investigated global atmospheric circu-

lation changes in a warming climate, quantitative assessments of

individual mechanisms and feedback to the circulation changes

are still lacking (Shaw 2019; Held 2019). In this paper, we will

present a new forcing–feedback perspective for the zonal mean

zonal wind in response to greenhouse gas increases analogous

to the climate sensitivity framework developed for surface

temperature.

The mechanisms for the circulation changes in a warming

climate can be roughly divided into two interrelated aspects

[see reviews by Vallis et al. (2015) and Shaw (2019)]. The first

one is focused on the effects of robust thermodynamic char-

acteristics of greenhouse gas increases on the Hadley cell cir-

culation. Held (2000) made a scaling argument for the width of

the Hadley cell, in which the width is determined by the lati-

tude where the thermally forced Hadley cell becomes bar-

oclinically unstable. Given the increased static stability or the

tropopause height rise under global warming (e.g., Manabe

and Wetherald 1967), this scaling argument predicts that the

increased static stability or lifted tropopause would lead to

an expansion of the Hadley cell. This is supported by many

modeling studies in which the static stability or tropopause

of a climate model is perturbed (Williams 2006; Lorenz and

DeWeaver 2007; Frierson 2008;Mbengue and Schneider 2017).

The other perspective is centered on what determines the lat-

itudes of midlatitude eddy-driven jets by studying the changes

in the spatiotemporal properties of baroclinic eddies. The

poleward shift of midlatitude jets has been attributed to changes

to eddy phase speed (Chen et al. 2007, 2008), eddy length scale

(Kidston et al. 2011), barotropic instability (Kidston and Vallis

2012), the type and frequency of Rossby wave breaking (Rivière
2011), or the reflection of baroclinic waves (Lorenz 2014).
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This line of research is often related to the impacts of the

Antarctic ozone hole on the tropospheric jet [see the review by

Thompson et al. (2011)], in which changes in static stability or

tropopause height are relatively small. Furthermore, changes

in the Hadley cell and midlatitude eddy-driven jets are often

correlated (Waugh et al. 2018). Thus, the complicated inter-

actions between the tropics and extratropics and between the

zonal circulations and baroclinic eddies prevent a simple expla-

nation of the circulation response to greenhouse gas increases.

Compared with the traditional diagnosis of eddy–zonal flow

interactions, Chen et al. (2020, hereafter CZL20) developed a

unified forcing–feedback framework in which the interactions

between the westerly jet and synoptic eddies are synthesized

by a zonal advection feedback (see section 2 and the schematic

in Fig. 1). This may be related to an initial-value large-ensemble

approach used to understand the transition of atmospheric

circulation from an equilibrated state to a new one for an in-

stantaneous change to climate forcing in comprehensive cli-

mate models (e.g., Wu et al. 2012; Chemke and Polvani 2020)

or idealized ones (e.g., Chen et al. 2013; Sun et al. 2013; Lu et al.

2014). In the early stage of the transition when the changes in

zonal wind are small, it is expected that the feedback due to

zonal wind changes plays a minor role compared with that in

the equilibrated state. The forcing–feedback framework is

designed to disable the zonal wind feedback so as to isolate the

early stage of circulation changes, called the direct response, as

compared with the later stage when the feedback makes a

larger contribution. In the present study, we employ this

forcing–feedback framework to quantify the direct response in

zonal wind and the circulation feedback using an aquaplanet

model so as to extend the dry atmospheric dynamical core used

in CZL20 to a more realistic model with a hydrological cycle

and thermodynamic effects of water vapor.

This paper is organized as follows: section 2 introduces the

forcing–feedback framework and the overriding approach.

Section 3 describes the model setup, experiment design, and

the evaluation of the approach. In section 4, we compare the

direct response with the contribution of the zonal advection

feedback in the zonalmean circulation responses to quadrupling

CO2. Section 5 further investigates the relative contributions of

the direct response and circulation feedback among a range of

climates (with a quarter, half, double, and quadruple the pre-

industrial CO2 concentration, respectively). Section 6 discusses

the eddymechanism in the direct response and zonal advection

feedback. Finally, the conclusions are summarized in section 7.

2. Forcing–feedback framework

a. The direct response to climate forcing versus zonal

advection feedback

As described in CZL20, the zonal wind response to climate

change can be quantified in a forcing–feedback framework

for zonal mean zonal wind similar to the climate sensitivity

framework for global mean surface temperature (Roe 2009).

In this framework, the zonal circulation response to climate

forcing can be understood in a two-step procedure, as illus-

trated in Fig. 1. The first step computes the direct response in

zonal circulation, when the climate forcing (e.g., greenhouse

gas increases) is applied to the atmosphere with the zonal mean

FIG. 1. Schematic of a forcing–feedback framework for the zonal mean zonal wind response to climate forcing. The changes in zonal

mean zonal wind, induced by climate forcing (e.g., greenhouse gas increases), can alter the zonal advection of eddies and associated eddy

fluxes of vorticity, heat, and water vapor, which, in turn, provide feedback to the zonal wind changes. The zonal wind changes without the

zonal advection feedback are referred to as the direct response. The direct response plus the zonal advection feedback gives the full

response to climate forcing.
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zonal wind acting on the zonal advection of vorticity, temper-

ature, and moisture being held the same as the undisturbed

atmosphere. This step is designed to disable the influence of

the direct response in zonal wind on the zonal advection of

eddies [e.g., the increased eastward propagation of eddies due

to the zonal wind acceleration as proposed in Chen et al.

(2007)], and thus it is likely dominated by the thermodynamic

effects of greenhouse gas increases. We will refer to the influ-

ence of the direct response in zonal mean zonal wind on the

zonal advection of eddies as the zonal advection feedback

(hereafter, zonal advection feedback for short). In the second

step, the zonal advection feedback is calculated by imposing

the direct response in zonal mean zonal wind from the first step

to the zonal advection of eddies, and thus one can obtain ad-

ditional changes in zonal circulation due to changes in eddy

vorticity, temperature, and moisture fluxes (e.g., the eddy re-

sponse to a faster jet); the additional changes in zonal wind will

be further applied to the zonal advection of eddies to produce

more changes to eddy fluxes. We integrate the model until a

new equilibration between zonal wind and eddy fluxes is

reached. As such, the forcing–feedback framework divides the

zonal mean circulation response to climate change into two

components: 1) the direct zonal wind response to the climate

forcing by holding the zonal mean zonal wind exerting on the

zonal advection of eddies undisturbed, and 2) additional

feedback induced by the changes in zonal mean zonal wind

through the zonal advection feedback.

Mathematically, let us denote the zonally averaged zonal

wind in a vector form as Z (m s21), whose length is the number

of latitudinal grid points times the number of vertical levels

used to discretize the atmosphere. In the time average, we

could write an equation for zonal-mean zonal wind as (e.g.,

Ring and Plumb 2008)

MZ5E , (1)

where M (s21) describes all the processes for the zonally

symmetric dynamics, including the horizontal and vertical

advection and the thermal and frictional damping rates. The

term E (m s22) has the same dimension of Z, representing all

the eddy terms that are not resolved in the zonally symmetric

dynamics. Since both Z and E are denoted by vectors, M is a

square matrix that contains both local and remote relations

between Z and E. We will assume thatM does not change with

climate forcing.

In response to an effective zonal momentum forcing F in-

duced by climate forcing (e.g., greenhouse gas increases), the

changes in zonal mean wind are

DZ5M21(F1DE) . (2)

Here DE describes all the eddy changes resulting from climate

forcing, which can be further expanded to the first order of the

zonal wind changes as

DE5DE
0
1 (›E/›Z)DZ , (3)

where DE are the eddy changes independent of zonal wind

changes, and ›E/›Z is a squarematrix that measures the spatial

pattern of zonal advection feedback. Unlike the simple thermal

or mechanical forcing used in previous studies (e.g., Ring and

Plumb 2008; Hassanzadeh and Kuang 2016; CZL20), the com-

putation of the effective zonal momentum forcing F for realistic

climate change scenarios is challenging. However, since the

feedback depends on the changes in zonal wind [(›E/›Z)DZ
in Eq. (3)], the direct response may be thought of as the cir-

culation response to climate forcing in the early stage of the

transition from an equilibrated state to a new one for an

instantaneous change to climate forcing in the initial-value

large-ensemble approach, whereas the feedback becomesmore

important at a later stage when the zonal wind undergoes

substantial changes.

The direct response in zonal wind is given by excluding the

influence of zonal wind changes on the eddies:

DZ
0
5M21(F1DE

0
) . (4)

It is noteworthy that the direct response here differs from a

zonally symmetric response to given mechanical or thermal

forcing discussed in the literature (e.g., Haynes et al. 1991;

Kushner and Polvani 2004; Ring and Plumb 2008; Sun et al.

2013), because it may include the effect of the eddy changes

that are independent of zonal wind changes, DE0 (e.g., due to

changes in static stability). Substituting Eq. (3) into Eq. (2) and

after some rearrangements, the full response in zonal wind is

related to the direct response as

DZ5 (I2M21›E/›Z)21DZ
0
, (5)

where I is an identity matrix.

More detailed formulations of this forcing–feedback frame-

work and the comparison between the jet sensitivity and climate

sensitivity were described in detail in CZL20. Similar to climate

sensitivity, one can compute the feedback matrix, M21›E/›Z,

through Green’s function perturbations to the zonal mean zonal

wind acting on the zonal advection of eddies (Hassanzadeh and

Kuang 2016). As shown in Eq. (5), this feedback matrix bridges

the direct response in zonal wind to an arbitrary climate forcing

and the full response with zonal advection feedback, which is

analogous to the feedback parameter in the climate sensitivity

framework. In this paper, we will focus on the application of this

framework in CZL20 to an atmospheric model with a hydro-

logical cycle and thermodynamic effects of water vapor.

b. Overriding method for the zonal advection feedback

This forcing–feedback framework was supported by exam-

ining the sensitivity of the westerly jet stream in a dry atmo-

spheric dynamical core to a number of idealized mechanical

and thermal forcings, using an overriding method for zonal

mean zonal wind analogous to overriding SST for the sensi-

tivity of surface temperature to greenhouse gas increases

(CZL20). In this study, we will extend this overriding method

to an aquaplanet model with moisture’s impacts on radiation

and convection such that we can quantify the contribution of

zonal advection feedback to the zonal circulation responses to

greenhouse gas increases with more realistic radiative and

moist processes. More specifically, we prescribe the zonal-

mean zonal wind used in the zonal advection of eddies in the

overriding version of an atmosphere model by using the zonal
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wind taken from the standard control simulation, while the zonal-

mean zonal wind remains a predictive variable in the overriding

model. This is implemented numerically by overriding the effects

of anomalous zonal flow on the zonal advection of vorticity z,

temperature T, and specific humidity Q as

DOvrdz

Dt
5
Dz

Dt
1

(uOvrd 2u)

a cosu
›z

›l
, (6)

DOvrdT

Dt
5

DT

Dt
1

(uOvrd 2u)

a cosu
›T

›l
, and (7)

DOvrdQ

Dt
5
DQ

Dt
1
(uOvrd 2 u)

a cosu
›Q

›l
, (8)

where l is longitude, u is latitude, and a is Earth’s radius;D/Dt

denotes the total derivative of vorticity, temperature, or mois-

ture. Overbars denote zonal means. As such, the zonal mean

zonal wind in the zonal advection of eddies u is replaced by

uOvrd, and the model-generated zonal mean zonal wind cannot

directly influence the eddies by zonal advection. In practice,

uOvrd uses the 6-hourly zonal-mean zonal wind from the stan-

dard control run. The 6-hourly data are linearly interpolated in

time within the 6-hourly interval to provide a continuously

varying time series as input for the overriding model.

It is readily seen that the above overriding formulation does

not directly modify the zonal mean of the nth power of vorticity,

temperature, and specific humidity, that is,DOvrdzn/Dt5Dzn/Dt,

DOvrdTn/Dt5DTn/Dt, and DOvrdQn/Dt5DQn/Dt. These rela-

tions ensure global conservations (e.g., energy or enstrophy) in

the overriding model, although the added terms may introduce

local sources or sinks owing to the difference between pre-

scribed uOvrd and model-generated u. Physically speaking, this

overriding method can be thought of as modifying the zonal

propagation speed of eddies by uOvrd 2 u, similar to a Doppler

shift. It is important to note that the zonal advection feedback

is much stricter than generic eddy feedback mechanisms dis-

cussed in the literature, as for instance it may exclude the im-

pact of changes in static stability on a zonal jet. Hassanzadeh

and Kuang (2016) directly analyzed the eddy feedback from

the changes in temperature in a dry atmospheric dynamical

core, but it is unclear how their analysis could be extended to

models with more realistic radiative and moist processes.

More generally, the overriding method may be written as

DOvrdx

Dt
5

Dx

Dt
1

(uOvrd 2u)

a cosu
›x

›l
. (9)

Here in accordance with Eqs. (6)–(8), x approximately denotes

potential temperature, water vapor, and potential vorticity (by a

combination of vorticity and temperature), respectively. This

indicates that the zonal advection feedback represents the in-

fluence of zonal wind on quasi-conservative tracers through the

speed of zonal advection. Since the added terms will not directly

alter the zonal means of dynamical fields (DOvrdx/Dt5Dx/Dt),

the zonal advection feedback indeed represents an eddy feed-

back mechanism, and thus one can use the conventional di-

agnostics of eddy–zonal flow interactions to understand the

underlying mechanisms. Additionally, while only zonal mean

zonal wind is considered for feedback, temperature will vary

consistently with the changes in zonal wind through the

thermal wind balance, and the changes in mean meridional

circulation are still constrained by the angular momentum

budget.

In this study, we will not directly compute the feedback

matrix as in CZL20 but will focus on the distinctions between

the direct response and zonal advection feedback in terms of

temperature, zonal wind, energy, and hydrological cycles un-

der greenhouse gas increases. The direct response is expected

to capture the thermal structure of the atmosphere under

greenhouse gas increases, whereas the feedback component is

thought to reflect the dynamical processes due to changes in

zonal advecting speed of synoptic weather systems.

3. Numerical model and experiments

a. Experiment design

The numerical model used in this study is an idealized moist

general circulationmodel (GCM) described in Clark et al. (2018),

based on the GFDL spectral atmospheric dynamical core. The

model uses a simplified Betts–Miller parameterization of con-

vection (Frierson 2007). When water vapor condenses through

large-scale atmospheric processes or the convection scheme,

condensational heat is released instantaneously, and con-

densed water leaves the atmosphere as rainfall (Merlis et al.

2013). Because condensed water falls out as precipitation im-

mediately, there are no parameterizations of clouds or no cloud

radiative effects in the model. The model is coupled to a slab

ocean as the boundary condition with a depth of 1m for fast

equilibration. Furthermore, a gray-atmosphere scheme with a

comprehensive radiative transfer is employed to allow the

water vapor–radiation feedback (Paynter and Ramaswamy

2014). The simulations are run with zero obliquity and eccen-

tricity to remove any seasonal cycle in solar insolation (i.e., the

perpetual equinox condition). The carbon dioxide concentra-

tion is varied over a broad range of values (to be described

below), while the mixing ratios of other important well-mixed

greenhouse gases, such as methane and nitrous oxide, are

prescribed to present-day values. A hemispherically symmet-

ric, latitudinally and vertically varying profile of ozone is pre-

scribed to the radiation scheme as in Blackburn et al. (2013).

To assess the contributions of zonal advection feedback to

the zonal circulation response to CO2 changes, we have con-

ducted five simulations with different values of carbon dioxide

concentration and five corresponding overriding simulations,

respectively. The standard control simulation is performed

with the preindustrial (PI) CO2 concentration (i.e., 280 ppm,

referred to as the PI_Full run hereafter). The other four full

runs use the quarter, half, double, and quadruple of the pre-

industrial CO2 value (referred to as 1/4 3 CO2_Full, 1/2 3
CO2_Full, 23 CO2_Full, and 43 CO2_Full runs, respectively,

hereafter). In the corresponding five overriding simulations,

the settings are the same as the quartering, halving, PI, dou-

bling, and quadrupling CO2 experiments, respectively, except

that the overriding approach is applied with the zonal wind

used for zonal advection held the same as those from PI_Full

run (referred to as 1/43 CO2_Ovrd, 1/23 CO2_Ovrd, PI_Ovrd,
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2 3 CO2_Ovrd and 4 3 CO2_Ovrd run, respectively). All the

simulations are listed in Table 1. Each experiment was run for

30model years, with the first 6 years discarded as spinup. The time

mean quantities in the PI_Full or PI_Ovrd run are regarded as the

reference state. The response to CO2 changes in the full simula-

tions is obtained as the deviation from the PI_Full run and named

as the full response. Similarly, the response in the overriding

simulations is computed as the deviation from the PI_Ovrd run.

Since the zonal wind used in the zonal advection of the overriding

runs is held unchanged from PI_Full, the response in overriding

runs represents the direct response of zonal circulation to CO2

changes. The full response minus its corresponding direct re-

sponse describes the circulation changes due to the zonal advec-

tion feedback [Eq. (5)].Wewill evaluate the linearity between the

direct response and the zonal advection feedback in the next

section.

b. Evaluation of the overriding method

Before we conduct the feedback analysis for the model

over a range of CO2 concentrations, it is important to verify

that the overriding method would not significantly alter the

climatology and unforced variability of the control simulation.

We first present the time mean and the leading empirical or-

thogonal function (EOF1) of daily zonal mean zonal wind in

the PI_Full run and PI_Ovrd run (Figs. 2a,b). The spatial

patterns of zonal mean zonal wind climatology in these two

runs are almost the same. The leading mode of variability (i.e.,

the annular mode) in the standard control simulation, PI_Full

run, features an equivalent barotropic pattern that represents

the north–south vacillation of the jet stream (Fig. 2a). This

pattern is well reproduced in the PI_Ovrd run (Fig. 2b). The

daily temporal evolution of zonal mean zonal wind at 200 hPa

and its jet latitude in the full run and overriding run are shown

in Figs. 2c–e. The zonal jet variation is similar in the two runs

over the time scales of longer than 10 days, with slightly less

meridional vacillation in the overriding run. The low-frequency

variability of midlatitude water vapor is also similar between the

two control runs (Fig. 2f). Given the chaotic nature of the at-

mosphere, the similarity in low-frequency variability between

the PI_Full and PI_Ovrd runs can be only attributed to the eddy

forcing that is largely organized by the same anomalous ad-

vecting zonal wind used for zonal advection. This comparison

explicitly demonstrates that the zonal mean zonal wind used in

the zonal advection of eddies plays a critical role in the spatial

structure and low-frequency variability of a zonal jet. The dif-

ferences between the standard and overriding runs are induced

by the inconsistency on short time scales in the overriding run

between the model-generated zonal wind and the prescribed

zonal mean zonal wind for the advection of vorticity, tempera-

ture, and specific humidity, but these differences become minor

on long time scales. This is consistent with previous findings on

the annular mode feedback that eddies are stochastic on short

time scales but are organized by the zonal jet on long time scales

(e.g., Lorenz and Hartmann 2001; Ring and Plumb 2008; Chen

and Plumb 2009). Thus, the combination of the standard and

overriding runs can be used to study the jet sensitivity to

climate forcing.

We have also compared the global mean surface tempera-

ture and radiative balance at the top of atmosphere (TOA)

for the standard and overriding runs with a wide range of CO2

concentrations (Fig. 3). The global mean surface temperature

rises almost linearly with the exponential increase of CO2

concentration (Fig. 3a), in line with many previous studies and

IPCC reports (IPCC 2013). Since there is no cloud or sea ice in

this idealized aquaplanet model, the primary radiative feed-

backs are Planck and water vapor feedbacks. The warming

planet emits more outgoing longwave radiation at TOA, which

is balanced by the changes in shortwave radiation absorption

due to the enhanced water vapor (Figs. 3b,c). The differences

in global mean surface temperature and TOA radiation bal-

ance are negligible between the full and overriding runs as

compared to their responses to CO2 perturbations, further

corroborating that the overridingmethod does not significantly

influence the global energy balance.

As demonstrated in section 2, the full response of the zonal

mean circulation can be decomposed into two components, the

direct response and the zonal advection feedback, and thus it is

necessary to evaluate the linearity between these two compo-

nents in the model simulations. To achieve this aim, we con-

ducted an additional overriding experiment to directly isolate

the effect of zonal advection on eddies due to changes in zonal

mean zonal wind. In this additional overriding simulation,

CO2 is kept at PI levels while u
Ovrd or zonal advection is taken

from the 43 CO2 full simulation (named as PI_ZA_43 CO2

run and listed in the Table 1). The difference between the

PI_ZA_43CO2 run and the PI_Ovrd run is the effect of zonal

TABLE 1. Description of model experiments.

No. Experiment name Experiment description

1 1/4 3 CO2_Full 1/4 of PI CO2 value

2 1/2 3 CO2_Full 1/2 of PI CO2 value

3 PI PI CO2 (280 ppm)

4 2 3 CO2_Full 2 times of PI CO2 value

5 4 3 CO2_Full 4 times of PI CO2 value

6 1/4 3 CO2_Ovrd Same as 1, but using zonal wind from PI for zonal advection

7 1/2 3 CO2_Ovrd Same as 2, but using zonal wind from PI for zonal advection

8 PI_Ovrd Same as 3, but using zonal wind from PI for zonal advection

9 2 3 CO2_Ovrd Same as 4, but using zonal wind from PI for zonal advection

10 4 3 CO2_Ovrd Same as 5, but using zonal wind from PI for zonal advection

11 PI_ZA_4 3 CO2 Same as 8, but using zonal wind from 5 for zonal advection
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advection on eddies due to changes in zonal mean zonal wind,

in the absence of any direct response to CO2 changes. The sum

of the direct response and zonal advection feedback can be

used to assess the nonlinearity in the full response. Here we

compare the sum of two components to the full response in

Fig. 4 for the zonal-mean zonal wind at 100 and 925 hPa, re-

spectively. There is some nonlinearity in the tropical upper

troposphere, and this is expected from the nonlinear interac-

tion between the Hadley cell and westerly jet (Lee and Kim

2003) and also discussed in CZL20. Nevertheless, the sum of

two components is quantitatively close to the full response over

the subtropics and midlatitudes (208–558N/S) where the westerly

jet is located, indicating that the direct response and the zonal

advection feedback are largely linearly additive, especially for

the eddy-driven jet. Thus, in the following sections, the zonal

advection feedback is indirectly taken as the difference be-

tween the full response and the direct response. This simplifi-

cation greatly reduces the computational costs for the zonal

advection feedback.

4. Contrasting the direct response to quadrupling CO2

with zonal advection feedback

In this section, we will describe the characteristics of the

atmospheric response to quadrupling CO2 in the full simulations

(43 CO2_Full2 PI_Full), the corresponding direct response in

the overriding simulations (4 3 CO2_Ovrd 2 PI_Ovrd), and

their difference due to the zonal advection feedback. The results

are approximately opposite in sign for the quartering CO2 ex-

periments (1/43 CO2_Full and 1/43 CO2_Ovrd runs) and thus

are not shown here.

Starting with atmospheric thermal structure, the full and

overriding runs (Figs. 5a and 5c) display the well-known spatial

patterns of the temperature response to an increase in CO2,

with elevated upper tropospheric warming in the tropics, lower

tropospheric warming in the polar regions, and cooling in the

stratosphere (e.g., Manabe andWetherald 1967). The elevated

warming in the tropical upper troposphere can be understood

as themoist adiabatic lapse rate adjustment to surface warming

in a moister atmosphere (e.g., Manabe and Wetherald 1967);

the near-surface warming in the polar region is expected from a

moist diffusive energy balance model (EBM) in a warming

climate even without any surface albedo feedback (e.g., Merlis

and Henry 2018). These tropospheric warming patterns can

affect baroclinic instability (e.g., measured by the Eady growth

rate) by increased static stability in the tropics and subtropics,

decreased meridional temperature gradient in the lower tropo-

sphere, and increased meridional temperature gradient in the

upper troposphere and lower stratosphere. Consistent with the

temperature changes and thermal wind balance, the full and

direct responses in zonal mean zonal wind are characterized by

an upward and poleward shift in the westerly jet, with a large

zonal acceleration near the tropopause (Figs. 5b and 5d).

The zonal advection feedback, obtained as the difference

between the full and overriding runs, results from the influence

of the direct response in zonal wind on the zonal advection of

eddies, as described in section 2a. CZL20 found that the zonal

wind acceleration near the tropopause in the direct response

FIG. 2. Comparison of zonal mean zonal wind between the full

and overriding PI simulations. (a),(b) Leading EOF (EOF1) of

daily zonal mean zonal wind over the Northern Hemisphere in the

PI_Full and PI_Ovrd simulations. Contours in (a) and (b) are the

climatological means of zonal mean zonal wind. (c),(d) Daily

evolutions of 300-hPa zonal mean zonal wind over the Northern

Hemisphere midlatitudes in the PI_Full and PI_Ovrd simulations.

(e) Daily time series of 300-hPa jet latitude in the PI_Full and

PI_Ovrd simulations. (f) Daily time series of water vapor in the

troposphere (below 300 hPa) over the midlatitude (308–508N). A

9-day running average is applied in time in (e) and (f), and only a

3-yr period is shown for better illustration.
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leads to an annular mode–like response in the zonal advection

feedback. While the dry model in CZL20 is much simpler than

themoist model used here, their feedback analysis supports the

large zonal acceleration near the tropopause in the direct re-

sponse in Fig. 5d leading to an annular mode–like feedback in

Fig. 5f. Also, the temperature changes from the zonal advec-

tion feedback feature dynamically driven tropical warming

and polar cooling in the stratosphere (Fig. 5e), consistent with

the temperature pattern associated with a poleward jet shift

(Fig. 3c of CZL20). Remarkably, while the direct jet shift in

response to the CO2 increase is comparable in magnitude with

the poleward jet shift due to the zonal advection feedback and

both fulfill the thermal wind balance, the signs of their corre-

sponding temperature changes are different, implying distinct

physical processes. The low stratospheric cold anomalies over

the high latitudes and tropical warming can be thought of as a

dynamical response in the lower branch of the Brewer–Dobson

circulation to changes in the lower-stratospheric wave drag,

which result from the changes in transient eddies that drive the

jet changes. The tropospheric cooling in the extratropics is also

associated with an increase in the jet strength through the

thermal wind relation. And the subsequent changes in water

vapor are likely to provide additional radiative feedback. The

thermodynamic equation will reach a new balance from changes

in both the dynamical effect and radiative effect.

Changes in zonal wind for the direct response and feedback

are accompanied by distinct changes in mean meridional cir-

culation and relative humidity. The full response to quadru-

pling CO2 (Figs. 6a) shows a weaker Hadley cell, with an

upward shift and poleward expansion in the Hadley cell and a

poleward shift in the Ferrel cell. The weakening of the Hadley

cell is larger in the overriding run than that in the full simulation

(Fig. 6c), as the zonal advection feedback tends to strengthen the

mean meridional circulation to counteract the direct response

(Fig. 6e). The feedback also reinforces theHadley cell expansion

(Fig. 6e), consistent with the poleward shift of the westerly jet

(Fig. 5f). These consistent changes between meridional circula-

tion and zonal wind may be at least partly understood by the

near-surface angular momentum budget, in which changes in

the surface friction due to a poleward jet shift must be balanced

by changes in the Coriolis force induced by the meridional cir-

culation. Furthermore, previous studies have suggested that

changes in the Hadley cell and westerly jet could lead to changes

in relative humidity in the atmosphere (e.g.,Wright et al. 2010),

although thermodynamic changes alone may largely explain

the changes to relative humidity and cloud fractions (e.g., Ming

andHeld 2018). The full response to quadrupling CO2 (Fig. 6b)

exhibits a horseshoe-shaped decrease in relative humidity in

the tropical upper troposphere, subtropics, and extratropics,

and an increase in the tropical midtroposphere and the strato-

sphere. The relative humidity changes in the troposphere can be

explained by the poleward shift of mean meridional circulation

(Fig. 6a). The relative humidity increase at the lower strato-

sphere can be attributed to the tropopause lifting due to

greenhouse gas augment (Vallis et al. 2015), and to more water

vapor entering the stratosphere through the tropical tropo-

pause layer due to CO2 increases (e.g., Dessler et al. 2013).

With the suppression of zonal advection feedback, the sub-

tropical decrease and lower stratospheric increase is weakened

in the overriding run (Fig. 6d). By calculating the difference,

we can see that the zonal advection feedback accounts for

about half of the subtropical decrease andmore than half of the

lower stratospheric increase in relative humidity (Fig. 6f).

The above comparison between the direct response to

quadrupling CO2 and zonal advection feedback highlights two

distinct mechanisms (i.e., direct thermodynamic effects versus

changes in zonal mean advecting speed) in the atmospheric

response to greenhouse gas increases: while both the direct

response and feedback exhibit a poleward expansion of the

Hadley cell and a poleward jet shift, the direct response

displays a tropospheric warming pattern almost the same as the

full response, but the feedback component shows very weak

tropospheric cooling. This indicates that the direct response is

predominantly an atmospheric thermodynamic response,

but the feedback is due, by design, to the modulations of the

westerly jet on the zonal advection of eddies. Therefore, we

will further analyze the changes in meridional energy transport

and hydrological cycle, in which the thermodynamic and

zonal momentum processes are expected to be distinct from

each other.

Figure 7 displays individual components of the response to

quadrupling CO2 for 100-hPa zonal-mean zonal wind (de-

noting the subtropical jet changes near the tropopause; see

Fig. 5b), near-surface zonal wind, and meridional energy

FIG. 3. Changes in (a) global mean surface temperature, (b) incoming shortwave radiation at TOA, and (c) outgoing longwave radiation

(OLR) in response to CO2 changes in the full (gray) and overriding (red) simulations. The horizontal axis shows the experiments with

different CO2 concentration listed in Table 1.
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transport. The upper tropospheric jet maximum is located

at 308N/S in the PI_Full run (Fig. 7a, dashed gray line). The

response to quadrupled CO2 gives an increase in jet speed

with more acceleration on the jet’s poleward flank (black line);

the contributions of the direct response and feedback are

comparable for both the shift and intensification of the upper-

level jet (Fig. 7a). Similar contributions of the direct response

and feedback are found for the poleward shift of surface west-

erlies (Fig. 7c). The poleward shift in near-surface zonal winds is

in agreement with the shift in the Hadley cell and Ferrel cell

(Fig. 6). By contrast, the meridional energy transport in the full

response is dominated by the direct response (Fig. 7e), as also

implied by the global energy balance (Fig. 3); the feedback only

weakens the poleward energy transport around 308–408N/S,

where the largest zonal jet responses are located (Fig. 7e). These

results suggest that changes in meridional energy transport

under quadrupling CO2 are dominated not by changes to mean

meridional circulation, but by thermodynamic changes.

The contributions to changes in the hydrological cycle are

presented in the forcing–feedback framework as well. Figure 7b

shows the column-integrated water vapor in the atmosphere, in

which the moisture increase under quadrupling CO2 is due

mostly to tropospheric warming in the direct response; the

zonal advection feedback in fact produces a very weak mois-

ture decrease in the subtropics likely owing to tropospheric

cooling (Fig. 4e). The differences in temperature are also re-

flected in changes to precipitation minus evaporation (P2 E), a

measure of the global water vapor budget. Both the full and

direct responses roughly show a drying effect in the subtropical

regions where mean P 2 E , 0 and a wetting effect in the

extratropics where mean P 2 E . 0 (Fig. 7f), a well-known

thermodynamic mechanism for the hydrological cycle response

to global warming (e.g., Chou and Neelin 2004; Held and

Soden 2006). The direct response also shows significant de-

viations from a pure thermodynamic effect, in particular with

a poleward shift in the edge of subtropical dry zone, where

mean P 2 E 5 0. The feedback, in contrast, contributes

mostly to the subtropical decline in precipitation. Changes

in tropical precipitation are largely cancelled between the di-

rect response and feedback. Furthermore, similar to changes in

P2E, the precipitation response in the full simulation displays

an increase in the extratropics and a decrease in the subtropics,

and thus the midlatitude rainbelt moves poleward along with

the poleward shift in westerlies (Fig. 7d). Interestingly, the

midlatitude increase in extratropical precipitation is dominated by

the direct response (i.e., both an increase in atmospheric moisture

and a dynamical circulation shift), but the decrease in subtropical

precipitation is mainly caused by feedback.

In summary, the feedback analysis of the aquaplanet

model under quadrupling CO2 has identified an eddy feedback

mechanism associated with changes in zonal mean advecting

wind that resembles the feedback in the dry atmospheric dy-

namical core (CZL20). In comparison with the well-known

thermodynamic response to a CO2 increase, the zonal advec-

tion feedback exhibits a lower-stratospheric temperature pat-

tern with tropical warming and polar cooling, and also explains

nearly half of the changes to the eddy-driven jet shift and

Hadley cell expansion and a large portion of the decline in

subtropical precipitation.

5. Assessing the direct response to CO2 changes versus
feedback over a range of climates

Having characterized the influences of zonal advection

feedback on global atmospheric circulation, we further quantify

its contributions to the changes to the Hadley cell and westerly

jet over a range of climates from quartering CO2 to quadru-

pling CO2. In particular, the boundary of the Hadley cell in the

subtropics is defined as the latitude where the zonal mean

meridional streamfunction at 500 hPa is zero. The magnitude

of the Hadley cell is measured by the maximum of zonal mean

meridional streamfunction at 500hPa. The latitude and strength

of the westerly jet are computed for the zonal mean zonal wind

at both 100 hPa and near the surface.

The changes of the Hadley cell boundary and magnitude in

the full and overriding runs are shown in Figs. 8a and 8b. The

FIG. 4. Full response and the sum of the direct response and zonal

advection feedback for the zonal mean zonal wind at (a) 100 and

(b) 925 hPa with 4 3 CO2 forcing. The solid line denotes the full re-

sponse directly calculated as 4 3 CO2 minus PI. The dashed line de-

notes the sum of the direction response (43 CO2_Ovrd2 PI_Ovrd)

and the zonal advection feedback (PI_ZA_4 3 CO2 2 PI_Ovrd).

Note that because the forcing is hemispherically symmetric, the av-

erage of two hemispheres is presented for climatological means, i.e.,

the two hemispheres in each subplot are identical (hereafter the same).
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Hadley cell expands and weakens roughly linearly with an

exponential increase in CO2. In particular, theHadley cell edge

extends poleward by about 28 in response to quadrupling CO2

and shrinks equatorward by about 28 under quartering CO2.

This linearity is also found in the overriding runs, except for a

smaller change in the Hadley cell width. On average, about

56% of the changes in the Hadley cell width are attributed

to the direct response, and 44% is contributed by the zonal

advection feedback. Furthermore, in contrast to the positive

feedback to the Hadley cell expansion, the zonal advection

feedback tends to offset the changes in theHadley cell strength

due to the direct response. While the direct response shows a

linear decrease in the Hadley cell strength with an exponential

growth in CO2, the zonal advection feedback reduces this di-

rect effect by about 29% (Fig. 8b).

Similar to the expansion of the Hadley cell, the latitude of

both the upper-level jet and surface westerlies moves poleward

approximately linearly with an exponential increase in CO2

(Figs. 8c,e). The zonal advection feedback explains about one-

third of the poleward shift in the upper-level jet at 100 hPa and

half of the shift in surface westerlies. It is reasonable that eddy

feedback contributes more to changes in surface westerlies

than the upper-level jet, since surface westerlies are eddy-

driven. In addition, the westerly wind speed increases with

CO2 concentration for both the upper troposphere and the

surface (Figs. 8d,f). The zonal advection feedback explains most

FIG. 5. Responses of (left) temperature and (right) zonalmean zonal wind to quadrupling CO2. (a),(b) Responses

in the 43CO2_Full run (color shading) and the climatologies in the PI_Full run (contour). (c),(d) As in (a) and (b),

but for the 4 3 CO2_Ovrd run. The contours in (c) and (d) denote the climatologies in the PI_Ovrd run. (e),(f)

Zonal advection feedback (color shading) and the climatologies in the PI_Full run (contour). As introduced in

section 2, the zonal advection feedback is calculated as the response in the full run minus the overriding run

(hereafter the same). Red dashed lines in the right column indicate the latitude of the climatological jet. Green lines

indicate the tropopause in their reference states, respectively.
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of the increase in surface westerly strength (;70%), in contrast

to nearly half of the jet strengthening at 100 hPa (;49%).

6. Eddy mechanisms in the forcing–feedback framework

While the forcing–feedback framework can quantify the rel-

ative contributions of the direct response versus zonal advection

feedback to greenhouse gas increases, their underlying mecha-

nisms are not explained. We now return to the conventional

diagnosis of eddy–zonal flow interactions to understand their

underlying mechanisms. We also reiterate that the direct re-

sponse differs from a zonally symmetric response to given me-

chanical or thermal forcing discussed in the literature (e.g.,

Haynes et al. 1991; Kushner and Polvani 2004; Ring and Plumb

2008; Sun et al. 2013), as it includes the eddy forcing not in as-

sociation with the zonal advection feedback. Previous studies

using the initial-value large-ensemble approach have found

different eddy characteristics before and after the westerly jet

starts to shift poleward in response to climate forcing (Chen et al.

2013; Sun et al. 2013; Lu et al. 2014), and the direct responsemay

be thought of the early stage of the temporal evolution of the

zonal circulation in response to climate forcing.

In light of the Eady growth rate for baroclinic instability, an

increase in static stability or a decrease in meridional tem-

perature gradient would suppress eddy activities. We first ex-

amine the responses in static stability (N2) and meridional

temperature gradient (DT/DY). In the full response, the static

stability is increased in the troposphere with quadrupling CO2,

especially over the tropics and subtropics (Fig. 9a), which can

be explained from the moist adiabatic adjustment to surface

warming (e.g., Manabe and Wetherald 1967). The static sta-

bility change is evident only in the direct response that is

dominated by thermodynamic changes (Figs. 9c,e). The me-

ridional temperature gradient is enhanced near the jet core in

FIG. 6. Responses in (left) mean meridional circulation and (right) relative humidity to quadrupling CO2. (a),(b)

Responses in the 43CO2_Full run (color shading) and the climatologies in the PI_Full run (contour). (c),(d) As in

(a) and (b), but for the 43CO2_Ovrd run. The contours in (c) and (d) denote the climatologies in the PI_Ovrd run.

(e),(f) Zonal advection feedback (color shading) and the climatologies in the PI_Full run (contour).
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both the full response and direct response (Figs. 9b,d), which

largely results from the tropospheric warming and the down-

ward tropopause slope with increasing latitude. The zonal

advection feedback also contributes to the enhancement of

meridional temperature gradient to the north of the jet core in

the upper troposphere (Fig. 9f), but this is the result of a dy-

namical response to changes in the zonal mean advecting speed

rather than a thermodynamic effect.

Figure 10 presents the eddy kinetic energy (EKE) clima-

tology in the PI_Full run (contours) and the response in qua-

drupling CO2 (colors) (Fig. 10a). The primary character in the

EKE response is an upward and poleward shift of EKE, con-

sistent with changes in comprehensive climate models under

global warming (e.g., Lorenz and DeWeaver 2007; Wu et al.

2011). From the Lorenz energy cycle (Lorenz 1955), EKE gains

energy from available potential energy by baroclinic conver-

sion and loses energy to zonal mean kinetic energy through

barotropic conversion. Remarkably, the direct response is

characterized by an EKE increase over most regions (Fig. 10c),

likely due to an increase in mean available potential energy

from increased upper tropospheric meridional temperature

gradient (Figs. 9b,d,a,c) (e.g., O’Gorman 2010), but the zonal

advection feedback features a broad weakening in EKE

(Fig. 10e), implicative of a negative feedback on EKE owing to

the influence of the direct response in zonal wind. The upward

and poleward shift of EKE in the full response results from the

FIG. 7. Responses in (a) zonal mean zonal wind at 100 hPa, (b) column-integrated water vapor, (c) near-surface

zonal wind, (d) precipitation, (e) meridional energy transport, and (f) precipitation minus evaporation (P 2 E) to

quadrupling CO2. The gray dashed lines indicate the climatological means scaled by a factor of 0.5 in (a) and (b);

0.2 in (c), (d), and (f); and 0.1 in (e). The solid black (red) line is the response in the full (overriding) simulation, and

the solid blue line denotes the zonal advection feedback in each subplot.
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cancellation of two opposite effects on EKE with some mis-

match in their maximum locations.

How could the zonal advection feedback affect EKE?While

the zonal advection feedback adds no extra term in the for-

mulation of the Lorenz energy cycle, it could alter the phase

speed of eddies and thus the vertical phase coupling in baro-

clinic waves, similar to the suppression of baroclinic instability

in the atmosphere by a strong barotropic shear, known as the

‘‘barotropic governor’’ (James 1987). Using an initial-value

large-ensemble approach, Chen et al. (2007) found the instan-

taneous response to a reduction in surface friction in a dry

atmospheric dynamical core is a large reduction of EKE along

with the development of a barotropic shear, which resembles

the direct response in zonal wind to weakened surface friction

(Fig. S7d of CZL20). This seems to corroborate the suppres-

sion of EKE in the aquaplanet model used here, which offsets

the intensification in EKE due to enhanced mean available

potential energy. Future analysis is warranted to better understand

FIG. 8. Responses in theHadley cell andwesterly jet to changes in CO2 in the full (gray) and overriding (red) runs:

(a) the Hadley cell boundary, defined as the subtropical latitude where the zero contour of the meridional mass

streamfunction at 500 hPa is located, (b) the magnitude of the Hadley cell, defined as the maximum of the meridional

mass streamfunction at 500 hPa, (c) the location of the 100-hPawesterly jet, defined as the latitudewhere themaximumof

the zonal mean zonal wind is located, (d) the maximum speed of the 100-hPa jet, (e) the location of the near-surface

westerly jet, defined as the latitude where the maximum of the zonal mean zonal wind at 925 hPa is located, and (f) the

maximum speed of the westerly jet at 925 hPa. The zonal mean variables are interpolated to 0.18 before the analysis.
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the relationship between zonal advection feedback and barotropic

governor.

We further diagnose the eddy forcing exerting on the zonal flow

using the Eliassen-Palm (EP) cross section (Edmon et al. 1980).

The quasigeostrophic EP flux vector is written as F5 (Fu, FP),

with Fu 52a cosuhu*y*i and FP 5 af cosu(hy*u*i/huiP), where
f is the Coriolis parameter, u and y are zonal and meridional

velocities, u is potential temperature, angle brackets denote

a zonal average, a superscript asterisk (*) denotes devia-

tion from the zonal mean, and an overbar denotes a time

average.TheEPfluxdivergence is calculatedas [1/(a cosu)]= � F5
[1/(a cosu)]f[1/(a cosu)][(›/›u)(Fu cosu)]1(›/›P)FPg. The EP

flux vector indicates the direction of wave propagation, and

its convergence measures the wave forcing acting on the zonal

wind. The meridional component of the EP flux is opposite in

sign to the meridional eddy momentum flux (EMF), which

indicates the direction of angular momentum transport by

meridional wave propagation. The EMF divergence corre-

sponds to the convergence of the meridional wave activity flux,

where wave breaking tends to occur and cause the zonal wind

deceleration. Similarly, the EMF convergence corresponds to

the zonal wind acceleration, all other things being equal. From

the perspective of the angular momentum budget, the upper-

level EMF convergence corresponds to surface westerlies,

and thus changes to EMF help explain changes in the eddy-

driven jet.

The climatological mean EP fluxes are typically associated

with baroclinic wave generation in the lower troposphere and

upward propagation to the upper troposphere (Edmon et al.

1980). The subsequent equatorward wave propagation in the

FIG. 9. Responses of (left) static stability (N2) and (right) meridional temperature gradient (DT/DY) to qua-

drupling CO2. (a),(b) Responses in the 4 3 CO2_Full run. The contours in (a) denote the climatology of static

stability (the contours of 0.5, 1, 1.5, 3, 4.5, 6 3 1024 s22 are shown) in the PI run. The contours in (b) denote the

climatology of latitudinal temperature gradient in the PI run (interval: 1026Km21). (c),(d) As in (a) and (b), but for

the 4 3 CO2_Ovrd run. The contours in (c) and (d) denote the climatologies in the PI_Ovrd run. (e),(f) Zonal

advection feedback and the climatologies in the PI run. Red dashed lines indicate the latitude of the climatological jet.
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upper troposphere corresponds to the EMF divergence in the

subtropics and convergence in the midlatitudes (solid and

dashed black lines in Fig. 10b, respectively). Figure 9b shows

the full responses in the EP flux (vector) and EMF divergence

(color) in the quadrupling CO2 scenario. There are predomi-

nantly downward anomalies in the EP flux beneath the jet core,

implicative of less baroclinic waves propagating into the upper

troposphere in response to a CO2 increase, likely due to the

decreased lower tropospheric baroclinicity from increased

subtropical static stability or decreased lower tropospheric

meridional temperature gradient (see Figs. 9a,b). Thus, the

EMF divergence displays an anomalous triple pattern, with a

positive anomaly just below the jet core and negative anoma-

lies on the jet’s two flanks. Compared with the climatological

EMF pattern, this indicates less wave-driven deceleration on

the jet’s equator flank (green shading and solid black lines),

and a poleward shift in the midlatitude wave-driven accelera-

tion (purple and green shading and dashed black lines).

Notably, the direct response gives an anomalous tripole

pattern in EMF divergence similar to the full response, with

less EMF convergence on the jet’s poleward flank (Fig. 10d).

This seems to be consistent with the mechanism that the

increased subtropical static stability reduces the baroclinic

instability there andmoves theHadley cell boundary and eddy-

driven jet poleward (Held 2000). It also appears to resemble

the eddy forcing in the early stage of the evolution in response

to uniform SST warming using an initial-value large-ensemble

approach (Fig. 10c of Chen et al. 2013). In contrast, the zonal

FIG. 10. Responses of (left) eddy kinetic energy and (right) eddy momentum flux divergence (color shading) and

EP flux vector (vector) to quadrupling CO2. (a),(b) Responses in the 43CO2_Full run. The contours in (a) denote

the climatology of eddy kinetic energy in the PI run. The contours in (b) denote the climatology of eddymomentum

divergence in the PI run (interval: 1.5m s21 day21). The zero contour is omitted, and the negative values are dashed

in (b). (c),(d) As in (a) and (b), but for the 43CO2_Ovrd run. The contours in (c) and (d) denote the climatologies

in the PI_Ovrd run. (e),(f) Zonal advection feedback and the climatologies in the PI_Full run. Red dashed lines

indicate the latitude of the climatological jet.
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advection feedback, obtained from the difference of the full

and direct responses, presents a salient dipole pattern, with an

EMF divergence anomaly on the equatorward flank of the

jet core and a convergence anomaly on the poleward flank

(Fig. 10f). This dipole pattern about the jet core is similar to

the EMF divergence associated with the annular mode vari-

ability (e.g., Lorenz and Hartmann 2001), in accordance with

the importance of zonal advection feedback for the unforced

annular mode variability in the control simulations (Fig. 2).

Again, additional work is needed to understand the under-

lying eddy–mean flow interactions in the forcing–feedback

framework.

The perspective of eddy–mean flow interactions is sum-

marized as follows. The direct response to an increase in CO2

displays a reduction in upward wave propagation and a poleward

shift of midlatitude EMF convergence in association with a

decrease in subtropical baroclinic instability. The zonal ad-

vection feedback, in contrast, features a dipole pattern in EMF

that further shifts and strengthens midlatitude EMF conver-

gence, which is, by design, caused by the large zonal wind in-

crease in the upper troposphere and lower stratosphere seen in

the direct response. Following the angular momentum budget,

these changes in EMF, in turn, would lead to the poleward shift

and strengthening of surface westerlies (Fig. 8c). Interestingly,

while the direct response produces an increase in EKE, likely

due to the increase in upper tropospheric meridional temper-

ature gradient against the increase in subtropical static stability

(Figs. 9c,d), the feedback weakens EKE, and this may be re-

lated to the suppression of EKE by barotropic shear, known as

the barotropic governor (James 1987).

7. Conclusions and discussion

We have presented a new analysis of the atmospheric circu-

lation response to greenhouse gas increases in an aquaplanet

atmospheric model, using a recently developed forcing–feedback

framework by CZL20. This framework focuses on the zonal

advection feedback of zonal mean zonal wind (i.e., the effects

of the zonal mean zonal wind on the zonal advection of vor-

ticity, temperature, and moisture). Thus, the circulation re-

sponse to a CO2 increase is divided into two components: 1) the

direct zonal wind response by holding the zonal mean zonal

wind exerting on the zonal advection of eddies undisturbed,

and 2) additional feedback induced by the direct response in

zonal wind (Fig. 1).

Several well-known characteristics of atmospheric changes

in a warming climate are examined with and without the zonal

advection feedback, such as changes to the Hadley cell, mid-

latitude jets, storm tracks, and precipitation. It is found that

while the direct response in temperature displays the well-

known tropospheric warming pattern to an increase in CO2

almost identical to the full simulation, the zonal advection

feedback exhibits a weak lower-stratospheric temperature

pattern with tropical warming and polar cooling, similar to that

found in the dry atmospheric dynamical core (CZL20). Given

that the aquaplanet model includes the radiative and convec-

tive effects of moisture, this work extends the analysis in a

dry atmospheric dynamical core in CZL20 to more realistic

radiative and moist processes for the atmospheric response

to greenhouse gas increases. When the CO2 concentration is

varied exponentially from a quarter to quadruple the prein-

dustrial concentration, the zonal advection feedback accounts

for nearly half of the changes to the eddy-driven jet shift and

Hadley cell expansion, with a large portion of the decline in

subtropical precipitation. This demonstrates that the zonal ad-

vection feedback, albeit involving little surface warming, plays an

important role in the circulation response to climate warming.

The forcing–feedback framework highlights the distinction

of zonal mean advecting winds from the thermodynamic ef-

fects in the atmospheric response to greenhouse gas increases.

To the best of our knowledge, it is the first analysis that

attempts to quantify the relative contributions of the direct

thermodynamic response to greenhouse gas increases and the

feedback due to changes in zonal mean advecting winds. On

one hand, the direct response is characterized by a reduction in

upward wave propagation and a poleward shift of midlatitude

EMF convergence. This appears to support the mechanism

that the increased subtropical static stability reduces the bar-

oclinic instability there and moves the Hadley cell boundary

and eddy-driven jet poleward (Held 2000). On the other hand,

the zonal advection feedback features a dipole pattern in EMF

that further shifts and strengthens midlatitude EMF conver-

gence, caused by the large zonal wind increase in the upper

troposphere and lower stratosphere seen in the direct zonal

wind response. This is corroborated by the feedback analysis

with diverse thermal and mechanical forcings in CZL20.

Interestingly, the direct response produces an increase in

EKE, likely due to increased upper-level baroclinicity against

decreased lower-level baroclinicity (Fig. 9) (e.g., O’Gorman

2010). The zonal advection feedback weakens EKE, which

may be related to the suppression of EKE by barotropic shear,

known as the barotropic governor (James 1987).

It is noteworthy that we have separated the eddy feedback

due to the changes in static stability from the eddy feedback

due to the changes in zonal mean advecting winds. This is be-

cause the increase in static stability under climate warming is

much larger than the variation in static stability associated with

the unforced annular mode variability. This separation may

also help us better understand the differences in the circulation

response to greenhouse gas increases versus the Antarctic

ozone hole, as the latter displays a small change in subtropical

static stability [see the review by Thompson et al. (2011)].

More specifically, the positive phase of the annular mode is

characterized by a poleward shift in eddy-driven jet with a

dipolar structure in eddy momentum flux convergence about

the eddy-driven jet (Lorenz and Hartmann 2001). The eddy

feedback from the zonal advection feedback (Fig. 10f) is

largely consistent with the eddy forcing pattern associated with

the unforced jet variability. In contrast, the increase in static

stability under climate warming is evident only in the direct

response (see Fig. 9), and the eddy feedback in the direct

response (Fig. 10d) exhibits a tripolar structure in eddy mo-

mentum flux convergence about the eddy-driven jet. This sug-

gests that the eddy feedback from the changes in static stability

is distinct from the unforced annular mode variability or the

zonal advection feedback.
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This analysis has explicitly separated the contributions of

atmospheric thermodynamic changes and zonal wind feedback

to the circulation changes under climate warming in an aqua-

planet atmospheric model with relatively realistic moist and

radiative processes. However, care must be taken in general-

izing our results to realistic climate projections. For example,

there is no cloud radiative effect in this aquaplanet model

configuration (see section 3a), while the cloud radiative effect,

especially the shortwave radiation, could significantly con-

tribute to the Hadley cell expansion and jet shift despite the

cloud radiative feedback is model dependent (e.g., Ceppi and

Hartmann 2016). Stationary waves, absent in the aquaplanet

model, may also modulate the circulation response to climate

warming, especially at the regional scales. The dynamics of the

zonal advection feedback also warrants further investigation.

For example, how does the feedback control the unforced

variability of the zonal jet and eddy kinetic energy? This

would provide new insights into the fundamental dynamics

of annular modes and the suppression of barotropic shears

on EKE.
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