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Abstract 19 

Based on theory and climate model experiments, previous studies suggest most of the 20 

uncertainties in projected future changes in meridional energy transport and zonal mean surface 21 

temperature can be attributed to cloud feedback. To investigate how radiative and dynamical 22 

adjustments modify the influence of cloud-radiative changes on energy transport, this study 23 

applies a cloud-locking technique in a fully-coupled climate model, CESM. Under global 24 

warming, the impacts of cloud-radiative changes on the meridional energy transport are 25 

asymmetric in the two hemispheres. In the Northern Hemisphere, the cloud-radiative changes 26 

have little impact on energy transport, because 89% of the cloud-induced heating is balanced 27 

locally by increasing outgoing longwave radiation. In the Southern Hemisphere, on the other 28 

hand, cloud-induced dynamical changes in the atmosphere and the ocean cause enhanced 29 

poleward energy transport, accounting for most of the increase in energy transport under 30 

warming. Our experiments highlight that the local longwave radiation adjustment induced by 31 

temperature variation can partially offset the impacts of cloud-radiative changes on energy 32 

transport, making the estimated impacts smaller than those obtained from directly integrating 33 

cloud-radiative changes in previous studies. It is also demonstrated that the cloud-radiative 34 

impacts on temperature and energy transport can be significantly modulated by the oceanic 35 

circulation, suggesting the necessity of considering atmospheric-oceanic coupling when 36 

estimating the impacts of cloud-radiative changes on the climate system.    37 
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1. Introduction 38 

Meridional energy transport plays an important role in modulating the response of the climate 39 

system to external forcings. Despite its important influence on regional climate, the response of 40 

meridional energy transport to increasing CO2 concentration exhibits large uncertainty across 41 

climate models (Huang and Zhang 2014; Zelinka and Hartmann 2012). A large portion of the 42 

inter-model diversity is attributed to the uncertainty in cloud-radiative changes, based on 43 

diagnostics of global climate model (GCM) outputs (Huang and Zhang 2014; Zelinka and 44 

Hartmann 2012) or highly simplified models (Armour et al. 2019; Bonan et al. 2018; Frierson 45 

and Hwang 2012; Hwang and Frierson 2010; Roe et al. 2015) that do not fully account for 46 

radiative and dynamical adjustments. In this study, we investigate these adjustment processes, 47 

with the goal of understanding the impacts of the cloud-radiative changes under warming on 48 

energy transport and meridional temperature structure.   49 

1.1. Meridional energy transport under unperturbed and warmer climate 50 

From an energetic perspective, meridional energy transport is tightly linked to the radiation 51 

imbalance at the top-of-atmosphere (TOA) by the zonal-mean energy budget of an atmosphere-52 

ocean column, 53 

𝑑𝐻

𝑑𝑡
= 𝑅𝑇𝑂𝐴 − ∇ ∙ 𝑀𝐸𝑇, (𝐸𝑞. 1) 54 

where 
𝑑𝐻

𝑑𝑡
 represents the heat content tendency of the atmosphere and ocean. 𝑅𝑇𝑂𝐴 represents the 55 

downward net TOA fluxes, and 𝑀𝐸𝑇 represents the meridional energy transport. Ignoring the 56 
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tendency term, the connection between meridional energy transport and net TOA fluxes can be 57 

obtained by integrating Eq. 1 from the South Pole to a latitude ∅, 58 

𝑀𝐸𝑇(∅) = ∫ ∫ 𝑅̂𝑇𝑂𝐴
2𝜋

0

𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅
∅

−
𝜋
2

, (𝐸𝑞. 2𝑎) 59 

where 𝑎 represents the radius of the earth, 𝜆 represents longitude, and the hat indicates anomalies 60 

from the global mean. 61 

Under global warming, the meridional structure of net TOA fluxes changes due to the 62 

greenhouse gas (GHG) forcing and a variety of local feedbacks, implying changes in meridional 63 

energy transport. Global climate models predict a robust increase in poleward atmospheric 64 

energy transport under global warming (Huang and Zhang 2014; Zelinka and Hartmann 2012). 65 

In the tropics, the increase of poleward atmospheric energy transport is attributed to the increase 66 

in dry static energy transport in the upper branch of the Hadley cell, which is associated with the 67 

increased depth of the Hadley cell and the reduced lapse rate under warming; in the mid-68 

latitudes, the increase of poleward atmospheric energy transport is associated with the latent 69 

energy transported by eddy mixing (Donohoe et al. 2020; He et al. 2019; Held and Soden 2006; 70 

Hwang and Frierson 2010; Wu et al. 2011). GCMs also predict a robust decrease in poleward 71 

oceanic energy transport that partially offsets the anomalous atmospheric energy transport 72 

(Huang and Zhang 2014). In the tropics, the decrease in poleward oceanic energy transport is 73 

attributed to the slowdown of the subtropical cell in the Indo-Pacific basin (He et al. 2019; 74 

Huang and Zhang 2014); in the Northern Hemisphere extra-tropics, the anomalous southward 75 

energy transport is suggested to be associated with the slowdown of the Atlantic Meridional 76 

Overturning Circulation (Hazeleger, 2005; Stouffer et al., 2006), while in the Southern 77 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-20-0949.1.Brought to you by IMPERIAL COLLEGE LONDON | Unauthenticated | Downloaded 07/21/21 07:41 AM UTC



5 
 

Hemisphere extra-tropics, the anomalous northward energy transport may be attributable to the 78 

advection of temperature anomalies carried by the climatological oceanic circulation (Armour et 79 

al. 2016). The total meridional energy transport, however, has a large inter-model spread, with 80 

the multi-model mean values showing an increased poleward meridional energy transport 81 

(Huang and Zhang 2014).  82 

1.2. Attributing the anomalous meridional energy transport to different feedback processes 83 

To better understand the source of uncertainty in the anomalous meridional energy transport 84 

under warming, previous studies (e.g. Huang and Zhang 2014; Zelinka and Hartmann 2012)  85 

have attributed the anomalous meridional energy transport to different feedback processes 86 

through Eq. 2b below. 87 

∆𝑀𝐸𝑇(∅) = ∫ ∫ (𝛴𝑖∆𝑅̂𝑖 + 𝐹𝑔̂)𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅
2𝜋

0

∅

−
𝜋
2

 88 

∆𝑀𝐸𝑇𝑖(∅) ≡ ∫ ∫ ∆𝑅̂𝑖𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅
2𝜋

0

∅

−
𝜋
2

, (𝐸𝑞. 2𝑏) 89 

where 𝐹𝑔 represents the forcing, and ∆𝑀𝐸𝑇𝑖 represents the implied changes in energy transport 90 

corresponding to a certain feedback process ∆𝑅̂𝑖. Among all the feedback processes, the cloud 91 

feedback, which represents the cloud-radiative changes associated with a 1K warming of global 92 

mean temperature, has been suggested to strongly contribute to the inter-model spread in energy 93 

transport anomalies (Huang and Zhang 2014; Hwang and Frierson 2010; Zelinka and Hartmann 94 

2012). The multi-model mean values suggest cloud feedback increases the poleward energy 95 
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transport in the mid-latitudes of both hemispheres and induces a southward cross-equator energy 96 

transport in CMIP3 (Zelinka and Hartmann 2012) and CMIP5 models (Huang and Zhang 2014), 97 

although the inter-model spread is large. The multi-model mean enhancement of poleward 98 

energy transport associated with cloud feedback may be explained by the robust LW cloud 99 

feedback in the tropics and negative SW cloud feedback in mid-to-high latitudes (Ceppi et al. 100 

2016a, 2016b; Gettelman and Sherwood 2016; Hartmann and Larson 2002; Zelinka et al. 2012a, 101 

2012b), which enhances the equator-to-pole energy gradient and implies anomalous poleward 102 

energy transport. 103 

Decomposing the total changes in energy transport into components due to different feedbacks 104 

improves our understanding of the physical mechanisms that affect the energy budget. This 105 

method has the advantage that the partitioning is always exact: as the summation of feedbacks 106 

and forcing will always equal the net TOA fluxes, so will their implied energy transport. 107 

However, the approach does not consider the interactions among feedback processes. In other 108 

words, for a certain feedback process, the anomalous heating relative to its global mean value 109 

must be balanced by the relative cooling in other regions regardless of the distance. This is not 110 

necessarily true, however, as the heating induced by a certain feedback process can also interact 111 

locally with other feedbacks. For example, when there is heating due to cloud-radiative changes 112 

within a latitude band, the temperature will rise, increasing outgoing longwave radiation (OLR) 113 

cooling to offset the original cloud-induced heating. Based on this implied energy transport 114 

calculation, the increased OLR cooling would be attributed to the temperature feedback. 115 

However, as the OLR cooling is caused by the cloud-induced heating, it could also be considered 116 

as a response to cloud feedback. In the situation that a large portion of the cloud-radiative 117 
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heating is offset by the OLR cooling, the responses of energy transport would be much smaller 118 

than predicted by the implied energy transport.  119 

To account for the local interactions among feedback processes, an alternative approach for 120 

estimating the influence of anomalous TOA fluxes on meridional energy transport is by using a 121 

diffusive energy balance model (EBM, e.g. Roe et al. 2015; Rose et al. 2014), which is a one-122 

dimensional diffusive atmospheric model that predicts the responses of surface temperature and 123 

atmospheric energy transport to external forcing. At each grid box, the energy imposed into the 124 

model is partially offset by the anomalous TOA flux that is parameterized by anomalous surface 125 

temperature. In its simplest version, the EBM parameterizes surface temperature (Planck) 126 

feedback by assuming a globally uniform dependence of anomalous OLR on temperature 127 

anomalies, and the anomalous TOA fluxes caused by other feedback processes are treated as a 128 

prescribed forcing in the EBM. With this EBM setting, which considers the local interaction 129 

between Planck feedback and other feedback processes when attributing the changes in energy 130 

transport, the cloud feedback is found to increase the poleward energy transport in the mid-131 

latitudes, albeit with a large inter-model spread (Frierson and Hwang 2012; Hwang and Frierson 132 

2010). Some recent studies modify the EBM to consider a latitude-dependent feedback 133 

parameter, which is determined by the ratio between anomalous TOA fluxes and local surface 134 

temperature anomalies, representing the joint impact of all feedback processes (Armour et al., 135 

2019; Bonan et al., 2018; Roe et al., 2015; see section 2.3 for details). In response to CO2 136 

forcing, the influences of a certain feedback are examined by varying the feedback parameter, to 137 

mimic the changes in that specific feedback’s magnitude and meridional structure. It is found 138 

that the inter-model spread of feedback strength in the lower latitudes strongly influences the 139 

inter-model spread of energy transport, which results in uncertainty in temperature changes 140 
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globally; at higher latitudes, on the other hand, the inter-model spread of feedback strength 141 

causes uncertainty in local temperature anomaly (Armour et al., 2019; Bonan et al., 2018; Roe et 142 

al., 2015). In particular, cloud feedback is suggested to be the most important contributor to the 143 

uncertainty in the meridional pattern of warming (Bonan et al. 2018).  144 

Despite offering great insights, the assumption of a globally uniform diffusivity may lead to 145 

biases in its estimation of energy transport (Peterson and Boos 2019). In addition, although the 146 

radiative responses associated with each feedback are allowed to interact through their impacts 147 

on surface temperature, the magnitudes and structures of the feedbacks themselves are pre-148 

determined in the EBM and are not interactive. For example, the surface temperature anomalies 149 

caused by varying cloud feedback may be amplified or damped by water vapor feedback, but the 150 

magnitude and meridional structure of water vapor feedback would not change because it is 151 

prescribed. Moreover, the EBM inhibits the interactions among feedbacks and oceanic processes. 152 

Many recent studies point to the important role of ocean dynamics or ocean heat content in 153 

modulating the atmospheric energy transport (Chiang and Friedman 2012; Green and Marshall 154 

2017; Green et al. 2019; Hawcroft et al. 2017; He et al. 2019; Kang et al. 2017, 2018; Kay et al. 155 

2016; Schneider 2017; Yu and Pritchard 2019). To fully account for the dynamical and 156 

thermodynamic impacts of cloud feedback, a “cloud-locking” method, in which the cloud-157 

radiative feedback is disabled, is used in some recent studies (more details in Section 2.1; Albern 158 

et al. 2019, 2020; Ceppi and Hartmann 2016; Ceppi and Shepherd 2017; Middlemas et al. 2019, 159 

2020; Trossman et al. 2016; Voigt et al. 2019; Voigt and Shaw 2016). It is found that the cloud-160 

radiative changes under warming lead to the poleward shift of mid-latitude jets (Albern et al. 161 

2019, 2020; Ceppi and Hartmann 2016; Voigt et al. 2019; Voigt and Shaw 2016), enhanced 162 

poleward atmospheric energy transport (Trossman et al. 2016), and can lead to amplified 163 
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warming in the Arctic region via remote impacts (Middlemas et al. 2020). Trossman et al. (2016) 164 

demonstrated that the oceanic processes can interact with cloud feedback: while the oceanic 165 

processes act to slow down the pace of warming, they also stabilize the lower troposphere and 166 

help to maintain the low cloud amount in the mid-latitudes of the Northern Hemisphere, resulting 167 

in less-positive cloud feedback. Building upon previous studies investigating the impacts of 168 

cloud-radiative changes on the climate system, our study documents the impacts of cloud-169 

radiative changes on energy transport in a fully-coupled GCM, and provides a linkage to the 170 

conventional estimation of implied energy transport.  171 

  172 
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2. Methodology 173 

2.1 Experimental design 174 

We use CESM1 (Hurrell et al., 2013) with the f19_g16 grid of approximately 2° horizontal 175 

resolution in the atmospheric model (CAM5) and approximately 1° in the ocean model (POP2). 176 

The cloud-locking method is applied (Ceppi and Hartmann 2016; Mauritsen et al. 2013; Voigt 177 

and Shaw 2016), in which the radiative properties of clouds are prescribed rather than being 178 

interactive in the radiation calculation. By doing so, the cloud-radiative properties are always 179 

identical to those in either the unperturbed simulations or the warming simulations, which allows 180 

us to isolate the cloud-driven changes and the non-cloud-driven changes under warming.  181 

The cloud-locking method consists of two steps. First, a 50-year-long control simulation (CTL) 182 

is performed with pre-industrial conditions and interactive clouds, along with a 30-year-long 183 

warming experiment (4xCO2) in which the CO2 concentration is quadrupled abruptly. The time 184 

scale of 30 years of the warming experiments allows one to investigate the “fast response” of 185 

global warming, during which the atmosphere and shallow wind-driven oceanic circulation reach 186 

their quasi-equilibrium state while the deep ocean is still slowly adjusting. In these simulations, 187 

at every radiative time step, the instantaneous cloud properties that are necessary for the 188 

radiation calculation are saved. These variables include liquid and ice cloud fraction, in-cloud 189 

liquid/ice/snow water path, effective diameter for ice and snow, and size distribution parameters 190 

of liquid drops. The initial conditions of these simulations are obtained from another unforced 191 

simulation with pre-industrial conditions, in which the radiation and dynamical fields are 192 

coupled every hour (the default CESM setting). To reduce the data size of cloud properties 193 

needed for the cloud-locking method, in all simulations used in this study, the radiation module 194 
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is called every two hours instead of every hour. The changes in radiative coupling time result in a 195 

climate drift of -0.05 K/decade of global mean temperature in the first 30 years of the CTL 196 

simulation. As the signals of climate drift should exist in all experiments, they are expected to 197 

cancel out, at least in part, when two simulations are differenced. 198 

Next, a set of pre-industrial and warming simulations with several ensemble members are 199 

performed, summarized in Table 1. In these simulations, the cloud properties from the CTL or 200 

4xCO2 simulations saved beforehand are used for the radiation calculations, instead of the 201 

interactive cloud properties. Therefore, in these simulations, the clouds are decoupled from the 202 

background climate. The impacts of cloud-radiative changes on the climate system can then be 203 

obtained by 204 

∆𝑋𝑐𝑙𝑜𝑢𝑑 =
1

2
[(𝑋𝐹1𝐶2 − 𝑋𝐹1𝐶1) + (𝑋𝐹2𝐶2 − 𝑋𝐹2𝐶1)].    (𝐸𝑞.  3𝑎)  205 

where X represents the field of a certain variable. The subscripts of F and C denote forcing and 206 

cloud properties, respectively: 𝐹1  and 𝐶1  correspond to the CO2 concentration and cloud 207 

properties in the CTL simulation, while 𝐹2 and 𝐶2 correspond to those in the 4xCO2 simulations. 208 

The two terms on the right-hand side of Eq. 3a represent the differences between the two 209 

experiments under the same CO2 scenarios, while the cloud-radiative properties are fixed to two 210 

different climate evolutions. We define the “cloud impacts” on X as ∆𝑋𝑐𝑙𝑜𝑢𝑑, which can be thought 211 

of as the responses of X to the cloud-radiative changes under warming in a coupled climate system 212 

in which the atmospheric and oceanic processes are free to adjust. The cloud-radiative changes are 213 

estimated as the kernel-adjusted cloud-radiative effects (Appendix A1), demonstrated in Fig. 1. 214 

Similarly, the “non-cloud impacts” on X are defined as 215 
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∆𝑋𝑛𝑜𝑛_𝑐𝑙𝑜𝑢𝑑 =
1

2
[(𝑋𝐹2𝐶1 − 𝑋𝐹1𝐶1) + (𝑋𝐹2𝐶2 − 𝑋𝐹1𝐶2)],    (𝐸𝑞.  3𝑏)  216 

which represent the responses of X to increased CO2 concentration without cloud-radiative 217 

changes. The total warming response under the prescribed-cloud framework can be expressed as 218 

∆𝑋𝑡𝑜𝑡𝑎𝑙 = ∆𝑋𝑐𝑙𝑜𝑢𝑑 + ∆𝑋𝑛𝑜𝑛_𝑐𝑙𝑜𝑢𝑑 = 𝑋𝐹2𝐶2 − 𝑋𝐹1𝐶1,    (𝐸𝑞.  3𝑐) 219 

where ∆𝑋𝑡𝑜𝑡𝑎𝑙 represents the responses of X under warming, with the nonlinear interaction 220 

between cloud-radiative changes and the background environment ignored. When comparing the 221 

total responses to quadrupled CO2 concentration under the prescribed-cloud framework (Eq. 3c) 222 

to those in the standard interactive-cloud simulations (4𝑥𝐶𝑂2 − 𝐶𝑇𝐿), the prescribed-cloud 223 

framework captures the zonal-mean responses of surface temperature and meridional energy 224 

transport reasonably well (Figs. 2a, 2b), suggesting the nonlinear interaction between cloud-225 

radiative changes and background environment is weak. 226 

 227 

2.2 Energy transport 228 

2.2.1 Atmospheric energy transport 229 

The total atmospheric energy transport can be estimated indirectly by the atmospheric energy 230 

budget, 231 

𝐴𝐸𝑇(∅) = ∫ ∫ (𝑅̂𝑇𝑂𝐴 − 𝑄̂𝑠𝑓𝑐)
2𝜋

0
𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅

∅

−
𝜋

2

, (𝐸𝑞.  4) (Hartmann 1994) 232 
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where 𝑄𝑠𝑓𝑐 represents downward surface flux. By assuming that the local energy gain of the 233 

atmosphere is balanced by the energy transport divergence, this method provides an accurate 234 

estimation of the atmospheric energy transport, as the atmospheric heat content tendency is 235 

usually negligible over sufficiently long timescales.  236 

Another approach to estimating the atmospheric energy transport, which can be used to separate 237 

the contributions from mean flow and eddies, is by zonally and vertically integrating the moist 238 

static energy (MSE) transport, 239 

𝐴𝐸𝑇𝑀𝑆𝐸(∅) = ∫ ∫ 𝑣 𝑀𝑆𝐸 𝑎
2𝜋

0

𝑐𝑜𝑠∅ 𝑑𝜆 
𝑑𝑝

𝑔

𝑃𝑠

0

, (𝐸𝑞.  5𝑎) 240 

where p represents pressure, PS represents the surface pressure, v is the meridional velocity, and 241 

MSE is defined by 242 

𝑀𝑆𝐸 = 𝐶𝑝𝑇 + 𝑔𝑧 + 𝐿𝑣𝑄,  243 

where the three terms on the right-hand side represent the internal energy, potential energy, and 244 

latent energy, respectively. The MSE transport contributed by the mean-flow circulation can be 245 

written as 246 

𝐴𝐸𝑇𝑚𝑒𝑎𝑛𝑓𝑙𝑜𝑤(∅) = ∫ ∫ 𝑣 𝑀𝑆𝐸 𝑎
2𝜋

0

𝑐𝑜𝑠∅ 𝑑𝜆 
𝑑𝑝

𝑔

𝑃𝑆

0

, (𝐸𝑞.  5𝑏) 247 

where the overbar indicates the mean seasonal cycle of monthly data. The mean-flow transport 248 

with seasonal variation is calculated using monthly outputs, and the annual average is taken 249 
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afterward. To eliminate the spurious vertically-integrated mass transport (𝑣𝑠) arising from the 250 

procedure of interpolating the CESM outputs from a sigma-pressure vertical coordinate to a 251 

pressure coordinate, we remove the non-conserved mass transport in 𝑣  following Yang et al. 252 

(2015),  253 

𝑣𝑠 = ∫ ∫  𝑣 𝑎𝑐𝑜𝑠∅
2𝜋

0

 𝑑𝜆
𝑑𝑝

𝑔

𝑃𝑠

0

/  ∫ ∫ 𝑎𝑐𝑜𝑠∅
2𝜋

0

 𝑑𝜆 
𝑑𝑝

𝑔

𝑃𝑠

0

,  254 

𝐴𝐸𝑇𝑚𝑒𝑎𝑛𝑓𝑙𝑜𝑤
∗ (∅) = ∫ ∫ (𝑣 − 𝑣𝑠)𝑀𝑆𝐸 𝑎

2𝜋

0

𝑐𝑜𝑠∅ 𝑑𝜆 
𝑑𝑝

𝑔

𝑃𝑆

0

.       (𝐸𝑞.  5𝑐) 255 

After removing the spurious mass transport, Yang et al. (2015) showed that the climatological 256 

atmospheric energy transport obtained by the integrated MSE transport (Eq. 5c) is close to that 257 

obtained by the energy budget method (Eq. 4) in CESM. In this study, we estimate the total 258 

atmospheric energy transport by Eq. 4, and estimate the contribution of mean-flow transport by 259 

Eq. 5c. The eddy-induced atmospheric energy transport is estimated as the difference between 260 

the total atmospheric energy transport and mean-flow transport, 261 

 𝐴𝐸𝑇𝑒𝑑𝑑𝑦 = 𝐴𝐸𝑇 − 𝐴𝐸𝑇𝑚𝑒𝑎𝑛𝑓𝑙𝑜𝑤
∗ .       (𝐸𝑞.  5𝑑) 262 

To further understand the changes in eddy-induced atmospheric energy transport, we assume 263 

that, based on a diffusive perspective, the eddy-induced atmospheric energy transport is 264 

proportional to the near-surface MSE gradient (Mooring and Shaw 2020), 265 

𝐴𝐸𝑇𝑒𝑑𝑑𝑦 = 𝑎𝑐𝑜𝑠∅ 𝐷∗ 𝑀𝑆𝐸𝑦,   (Eq.  6a) 266 
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where MSEy is the zonal-mean meridional MSE gradient at 900 hPa, and D* is the diffusivity 267 

(kg/s), which represents the rate of mass exchange.  268 

We calculate the diffusivity D* by the ratio of eddy-induced energy transport to the zonal-mean 269 

meridional MSE gradient, divided by the circumference of the latitude. We can further relate the 270 

cloud impacts on anomalous eddy-induced energy transport to the changes in MSE gradients and 271 

diffusivity: 272 

∆(𝐴𝐸𝑇𝑒𝑑𝑑𝑦)𝑐𝑙𝑜𝑢𝑑 = 273 

𝑎𝑐𝑜𝑠∅ [𝐷∗ ∆(𝑀𝑆𝐸𝑦)
𝑐𝑙𝑜𝑢𝑑

+ ∆𝐷∗
𝑐𝑙𝑜𝑢𝑑 𝑀𝑆𝐸𝑦 + ∆𝐷∗

𝑐𝑙𝑜𝑢𝑑 ∆(𝑀𝑆𝐸𝑦)
𝑐𝑙𝑜𝑢𝑑

 ].    (Eq.  6b)  274 

2.2.2 Oceanic energy transport 275 

CESM resolves oceanic energy transport caused by Eulerian-mean transport and parameterizes 276 

the energy transport due to mesoscale eddies, sub-mesoscale eddies, and diffusion. The total 277 

oceanic energy transport is the summation of the energy transport caused by the above processes. 278 

In this study, all the terms other than the Eulerian-mean transport are combined and defined as 279 

sub-grid processes.  280 

The Eulerian-mean transport, calculated as the product of velocity (V) and potential temperature 281 

(T), can be decomposed to 282 

𝑉𝑇 = 𝑉 𝑇 + 𝑉′𝑇′̅̅ ̅̅ ̅̅ , (Eq.  7a) 283 
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where the prime indicates a departure from the mean seasonal cycle. The first term on the right-284 

hand side of Eq. 7a is defined as mean-flow transport. The second term, which is associated with 285 

large-scale eddies, is defined as eddy-induced transport.  286 

The cloud impacts on the anomalous mean-flow transport can be further decomposed to 287 

∆(𝑉 𝑇)
𝑐𝑙𝑜𝑢𝑑

= 𝑉 ∆𝑇cloud + 𝑇 ∆𝑉𝑐𝑙𝑜𝑢𝑑 + ∆𝑉𝑐𝑙𝑜𝑢𝑑 ∆𝑇𝑐𝑙𝑜𝑢𝑑.          (𝐸𝑞.  7𝑏) 288 

The three terms on the right-hand side of Eq. 7b represent the contributions of anomalous 289 

oceanic energy transport due to changes in temperature, changes in circulation, and the nonlinear 290 

term, respectively. 291 

 292 

2.3 Descriptions of the EBM 293 

Similar to that used in earlier works (Armour et al., 2019; Bonan et al., 2018; Roe et al., 2015), 294 

the EBM used here is a one-dimensional diffusive model, predicting the response of temperature 295 

and energy transport to a given prescribed forcing 𝐹𝐸𝐵𝑀, 296 

𝐹𝐸𝐵𝑀 + 𝜆 𝛿𝑇𝑠 = −𝐷∗
𝜕2𝛿𝑀𝑆𝐸𝑦

𝜕𝑦2
.    (𝐸𝑞.  8) 297 

In response to the net forcing 𝐹𝐸𝐵𝑀, the EBM predicts the anomalous TOA fluxes caused by the 298 

local surface temperature anomalies (𝜆𝛿𝑇𝑠) and the divergence of atmospheric energy transport 299 

(right-hand side of Eq. 8a), both of which are parameterized to be functions of surface 300 
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temperature anomalies δ𝑇𝑠. The latitude-dependent radiative feedback 𝜆 represents the 301 

anomalous TOA fluxes corresponding to a unit change of surface temperature, which is 302 

estimated by decomposing the anomalous radiative fluxes under warming with radiative kernels 303 

(Appendix A1). A key difference between the EBM setting in this study and previous studies 304 

(Armour et al. 2019; Bonan et al. 2018; Roe et al. 2015) is in the calculation of feedback 305 

parameter 𝜆. To be consistent with our GCM simulations in which the cloud feedback is 306 

deactivated, we estimate 𝜆 by the differences in radiative fluxes between F2C1 and F1C1 307 

simulations (e.g. warming without cloud feedback; Table 1), in contrast to the conventional way 308 

to estimate 𝜆 by the anomalies in a 4xCO2 simulation. Therefore, 𝜆 includes feedbacks by 309 

temperature, water vapor, surface albedo, and the residual term in the kernel decomposition. The 310 

specific calculation method for 𝜆 is not critical to our conclusions. Diagnosing 𝜆 from the 311 

standard interactive-cloud simulations (4xCO2) and excluding cloud feedback from the net 312 

feedback 𝜆 would yield similar EBM responses. The EBM assumes a diffusive atmospheric 313 

energy transport that is proportional to the anomalous meridional MSE gradient at the surface 314 

(𝛿𝑀𝑆𝐸𝑦) and the diffusivity D*.  A fixed relative humidity of 80% is assumed when calculating 315 

MSE. A uniform diffusivity D* of 9.6x109 kg/s is used, following Armour et al. (2019) and 316 

Bonan et al. (2018). The results are not sensitive to the value of D*. Note that the diffusivity D* 317 

defined here differs from what in Eq. 6b: the former is pre-determined and is assumed to be 318 

uniform globally, which makes our results more comparable with previous studies; the latter is 319 

diagnosed from the GCM simulations to understand the changes in eddy-induced energy 320 

transport in the atmosphere.  321 

  322 
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3. Results 323 

First, we examine the responses of the climate system to increased CO2 concentration in CESM. 324 

In response to quadrupled CO2 concentration, the surface temperature increases everywhere and 325 

features amplified warming in the polar regions, which is mostly contributed by non-cloud 326 

impacts at all latitudes (Fig. 2). The cloud impacts enhance the hemispheric asymmetry of 327 

warming, contributing to polar amplification in the Northern Hemisphere and having little 328 

impact in the Southern Hemisphere. This decomposition of surface temperature changes is 329 

consistent with the results in Middlemas et al. (2020). 330 

The responses of energy transport under warming are characterized by the enhanced poleward 331 

atmospheric energy transport and decreased poleward oceanic energy transport that partially 332 

offset each other (Fig.2b), consistent with previous studies (Donohoe et al. 2020; He et al. 2019; 333 

Held and Soden 2006; Huang and Zhang 2014; Hwang and Frierson 2010; Wu et al. 2011; 334 

Zelinka and Hartmann 2012). The anomalous net energy transport is southward at most latitudes. 335 

This anomalous meridional energy transport (Fig. 2b) is close to the multi-model mean values of 336 

CMIP5 models in the Southern Hemisphere; in the Northern Hemisphere, the anomalous 337 

meridional energy transport in CESM1 is more southward than in most of the CMIP5 models 338 

(Fig. 2d).  339 

When decomposed into the contributions of non-cloud and cloud impacts, the non-cloud impacts 340 

again show compensating changes in atmospheric and oceanic energy transport, similar to the 341 

total warming responses (Fig. 2c). The cloud impacts, on the other hand, are associated with an 342 

anomalous southward atmospheric and oceanic energy transport that reinforce each other in the 343 

Southern Hemisphere, while having little impact on energy transport in the Northern Hemisphere 344 
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northward of 30oN. The anomalous net energy transport under warming is contributed by the 345 

non-cloud impacts in the Northern Hemisphere, while the cloud impacts dominate the anomalous 346 

energy transport under warming in the Southern Hemisphere.  347 

As shown in Fig. 2c, the anomalous net energy transport in response to global warming would be 348 

very different if there were no cloud-radiative changes (i.e. only considering the non-cloud 349 

impacts), especially in the Southern Hemisphere, highlighting the importance of the cloud-350 

radiative changes to the meridional structure of anomalous energy transport under global 351 

warming. In the following sections, we will investigate the cloud impacts on energy transports in 352 

more detail. 353 

 354 

3.1 Energetic perspective on the cloud impacts on meridional energy transport  355 

In response to the cloud-radiative changes, there is a significant net southward energy transport 356 

in the Southern Hemisphere and negligible changes in transport in the Northern Hemisphere 357 

extra-tropics. In this section, we perform an energy budget analysis to understand this latitudinal 358 

dependency.  359 

3.1.1 Local energy balance  360 

Recalling the TOA energy budget written in Eq. 1, the cloud impact on the energy budget can be 361 

expressed as 362 
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∆
𝑑𝐻

𝑑𝑡
 𝑐𝑙𝑜𝑢𝑑 = ∆𝑅𝑐𝑙𝑑

𝑐𝑙𝑜𝑢𝑑 + ∆𝑅𝑐𝑙𝑟
𝑐𝑙𝑜𝑢𝑑 − ∆(∇ ∙ 𝑀𝐸𝑇)𝑐𝑙𝑜𝑢𝑑, (𝐸𝑞. 9𝑎) 363 

where 𝑅𝑐𝑙𝑑 represents the cloud-radiative changes, and 𝑅𝑐𝑙𝑟 is defined as the difference between 364 

net TOA fluxes and 𝑅𝑐𝑙𝑑 (Appendix A1). Note the difference between the cloud subscript and 365 

the cld/clr superscript: the former refers to the impacts of clouds on coupled climate estimated by 366 

the cloud-locking experiments (Eq. 3a), while the latter only describes the nature of the radiative 367 

anomalies that are estimated by radiative kernels. For example, ∆𝑅𝑐𝑙𝑟
𝑐𝑙𝑜𝑢𝑑 denotes the clear-sky 368 

radiative change caused by the climate response to cloud feedback. 369 

We approximate 
𝑑𝐻

𝑑𝑡
 by the tendency of ocean heat content, which is calculated as the difference 370 

between zonal-mean surface flux and divergence of oceanic energy transport. Rearranging Eq. 9a 371 

yields 372 

∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑 + ∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑 − ∆(∇ ∙ 𝑀𝐸𝑇)𝑐𝑙𝑜𝑢𝑑 = 0, (𝐸𝑞. 9𝑏) 373 

∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑 ≡ ∆𝑅𝑐𝑙𝑟
𝑐𝑙𝑜𝑢𝑑 − ∆

𝑑𝐻

𝑑𝑡
 𝑐𝑙𝑜𝑢𝑑. 374 

In Eq. 9b, the changes in 𝑅𝑐𝑙𝑟 and local heat content are combined as a local adjustment term 375 

(∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑), and the new equation represents the balance among the cloud-radiative changes, 376 

energy transport divergence, and local adjustments. Since the cloud properties are prescribed in 377 

the simulations, the cloud-radiative changes, ∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑, can be viewed as a forcing imposed on 378 

the climate system, which is shown in Fig. 3a. The zonal structure of the net cloud-radiative 379 

changes features positive TOA fluxes that warm the climate system between 40oS-60oN and peak 380 

in the Northern Hemisphere mid-latitudes around 40oN. In the Southern Hemisphere high 381 
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latitudes, the net cloud-radiative changes result in negative TOA fluxes that cool the climate 382 

system. In response to the local cloud-radiative change — for example, a positive cloud-radiative 383 

change — the local energy balance can be achieved by increasing heat content and OLR locally 384 

(anomalously negative ∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑) and by transporting energy away from the region 385 

(anomalously positive ∆(∇ ∙ 𝑀𝐸𝑇)𝑐𝑙𝑜𝑢𝑑). As shown in Fig. 3a, the relative importance of local 386 

adjustments and energy transport convergence in balancing the net cloud-radiative changes 387 

depends on latitude. In the Northern Hemisphere, the strong negative adjustment term 388 

compensates the energy transport divergence that would otherwise occur, while the anomalous 389 

energy transport plays a dominating role in balancing the cloud-radiative changes in the Southern 390 

Hemisphere.  391 

3.1.2 Implied energy transport   392 

In this section, we link the latitudinal structures of local energy flux changes discussed in Section 393 

3.1.1 to the anomalous energy transport by Eq. 10 below, and further compare the implied 394 

energy transport induced by cloud-radiative changes with the cloud impacts on energy transport 395 

diagnosed from our cloud-locking simulations. Integrating Eq. 9b from the South Pole to a 396 

certain latitude yields 397 

∆𝑀𝐸𝑇𝑐𝑙𝑜𝑢𝑑(∅) = ∫ ∫ ∆𝑅𝑐𝑙𝑑̂
𝑐𝑙𝑜𝑢𝑑 𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅

2𝜋

0

∅

−
𝜋
2

 + ∫ ∫ ∆𝐴𝑑𝑗̂
𝑐𝑙𝑜𝑢𝑑  𝑎2𝑐𝑜𝑠∅𝑑𝜆𝑑∅

2𝜋

0

∅

−
𝜋
2

.  (𝐸𝑞. 10) 398 

The first term on the right-hand side represents the implied energy transport due to the cloud-399 

radiative changes, which is directly determined by the latitudinal distribution of the cloud-400 

radiative changes that are prescribed to the simulations. The second term is the implied energy 401 
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transport due to the anomalous TOA fluxes induced by changes in temperature, water vapor, 402 

albedo, and heat content, representing the modulations caused by those local adjustment 403 

processes. In previous studies diagnosing the outputs of CMIP3 and CMIP5 models (Huang and 404 

Zhang 2014; Zelinka and Hartmann 2012), the impacts of the cloud-radiative changes on energy 405 

transport are estimated by their implied energy transport, which should equal the first term on the 406 

right-hand side of Eq. 10. The second term, however, cannot be diagnosed via standard CMIP 407 

outputs. Through performing cloud locking experiments in a fully coupled model, we allow all 408 

radiative and dynamical processes to operate when evaluating how energy transport and 409 

temperature would respond to the cloud-radiative changes.  410 

As shown by the green line in Fig. 3b, the meridional structure of the cloud-radiative changes 411 

implies a southward energy transport at most latitudes to transport energy from the heating 412 

regions to the cooling regions. This implied energy transport is close to the actual changes in 413 

energy transport in subtropics and mid-latitudes of the Southern Hemisphere (the solid black line 414 

in Fig. 3b), while in the Northern Hemisphere and in the tropics the implied transport is larger 415 

than the actual changes in energy transport. This can be explained by the adjustment term, which 416 

shows a peak of cooling in the Northern Hemisphere mid-latitudes (Fig. 3a), offsetting the cloud-417 

induced heating and reducing the required southward energy transport. 418 

As demonstrated in Fig. 4b, the overall meridional structure of the adjustment term is dominated 419 

by the changes in the longwave (LW) component of 𝑅𝑐𝑙𝑟 (Fig. 4b), and further decomposition 420 

shows that it is mostly contributed by the Planck response (Fig. 4d). In the region of 20oN-60oN 421 

where the cloud-induced heating peaks, the surface warming results in a strong LW cooling, 422 

which offsets 89% of the cloud-induced heating. This LW cooling associated with surface 423 

warming implies a northward energy transport in the Northern Hemisphere, dominating the 424 
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implied energy transport due to the adjustment term. The changes in water vapor and lapse rate 425 

can also significantly contribute to the adjustment term locally, while their modulations of 426 

energy transport are much smaller compared to that of the Planck response.  427 

In summary, from an energetic perspective, we have shown how the meridional energy transport 428 

and local adjustments act together to balance the imposed cloud-radiative changes. It is 429 

demonstrated that the responses of meridional energy transport to the cloud-radiative changes are 430 

asymmetric in the two hemispheres: in the Northern Hemisphere, the strong cloud-induced 431 

heating is largely offset by local OLR cooling; in the subtropics and mid-latitudes of the 432 

Southern Hemisphere, the cloud-radiative changes are mostly balanced by changes in energy 433 

transport, with the local adjustment processes playing a minor role. We will discuss the possible 434 

reasons for these hemispherically asymmetric responses in section 4.1. When comparing the 435 

anomalous energy transport in cloud-locking simulations with the implied energy transport of 436 

cloud-radiative changes, the latter predicts a larger energy transport anomaly in the Northern 437 

Hemisphere because the local adjustment processes are not considered; in the Southern 438 

Hemisphere, on the other hand, both methods predict a southward energy transport anomaly due 439 

to the meridional gradient of cloud-radiative changes. It is worth noting that this meridional 440 

gradient of cloud-radiative changes is dominated by its shortwave component, which may be too 441 

negative over the Southern Ocean because of insufficient supercooled liquid water there in the 442 

baseline climate, as in most of the CMIP5 models (Cesana and Chepfer 2013; Hwang and 443 

Frierson 2013; Kay et al. 2016; Trenberth and Fasullo 2010). This bias is largely reduced in the 444 

CMIP6 models, resulting in a less negative shortwave cloud feedback in the Southern 445 

Hemisphere high latitudes; meanwhile, in the Southern Hemisphere mid-latitudes, however, the 446 
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shortwave cloud feedback becomes more positive, so the meridional gradient of shortwave cloud 447 

feedback is not substantially reduced in the CMIP6 models (Zelinka et al. 2020). 448 

 449 

3.2 Dynamical perspective on the cloud impacts on meridional energy transport  450 

In response to the cloud-radiative changes under global warming, the most significant feature of 451 

anomalous energy transport is the strengthened poleward transport in the Southern Hemisphere. 452 

In the mid-to-low latitudes, the ocean plays a more important role in carrying additional energy 453 

than the atmosphere, while the opposite is true in high latitudes (Fig. 3b). In this section, we 454 

investigate the circulation changes underlying the anomalous atmospheric and oceanic energy 455 

transport in the Southern Hemisphere.  456 

3.2.1 Oceanic energy transport and circulation changes  457 

First, we examine the mechanisms accomplishing the anomalous oceanic energy transport. In the 458 

subtropics and mid-latitudes, the anomalous transport is dominated by the mean-flow advection, 459 

with negligible contributions from eddy and sub-grid processes. The mean-flow advection is 460 

accomplished via anomalous oceanic circulation (Figs. 5a, 5b, red and orange curves); in 461 

particular, the anomalous energy transport is associated with an anomalous overturning cell 462 

between 30oS and 50oS, with its upper branch tied to the upper 50 meters of the ocean, and its 463 
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lower branch extending vertically to ~800 meters (Fig. 5c1). The anomalous mass transport in the 464 

upper layer is close to the theoretical Ekman transport estimated by the anomalous surface zonal 465 

wind stress (Fig. 5d), suggesting the upper branch of the overturning cell is wind-driven. The 466 

anomalous surface Ekman transport converges around 50oS, where the water subducts and 467 

moves equatorward following the isotherms, forming the lower branch of the overturning cell. 468 

The overall energy transport associated with this overturning cell can be thought of as the 469 

residual of the energy transport in the upper and lower branches. As the temperature is higher in 470 

the near-surface layer in the ocean, the direction of the overall anomalous energy transport 471 

induced by the overturning cell is determined by the surface Ekman flow, which is southward. 472 

The air-sea coupling through Ekman transport has been proposed by a few recent studies to 473 

explain the anomalous oceanic energy transport in response to a variety of hemispherically 474 

asymmetric forcings (Green et al. 2019; Kang et al. 2017; Kay et al. 2016; Schneider et al. 2014). 475 

The overturning circulation in the ocean is closely linked to the anomalous atmospheric 476 

circulation (Fig. 6). In response to the cloud-radiative changes, the mid-latitude jet shifts 477 

poleward, resulting in anomalous easterlies around 30oS (Fig. 6a) that drive the anomalous 478 

southward Ekman transport in the ocean surface layer (Fig. 5d). The poleward shift of mid-479 

latitude jet in response to the cloud-radiative changes is also reported in previous studies using 480 

GCMs with simplified ocean models, and is explained by the enhanced equator-to-pole gradient 481 

of SST (Ceppi and Hartmann, 2016; Ceppi et al. 2014) and the enhanced upper-troposphere 482 

                                                           
1 Note that we show the Eulerian-mean circulation here, rather than the residual-mean 

circulation, because the oceanic energy transport is dominated by mean-flow advection in the 

regions we focus on. 
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temperature gradient (Voigt et al. 2019; Voigt and Shaw 2016) induced by the cloud-radiative 483 

changes. 484 

3.2.2 Atmospheric energy transport and circulation changes  485 

Next, we examine the anomalous southward atmospheric energy transport, which accounts for 486 

1/3 of the anomalous energy transport around 30oS. Consistent with the poleward shift of the 487 

mid-latitude jet in the Southern Hemisphere, there is anomalous eddy momentum flux 488 

divergence in the regions around 30oS (Fig. 6b). An anomalous southward motion in the upper 489 

troposphere is required as the divergence of eddy momentum flux must be balanced by the 490 

Coriolis acceleration. Therefore, a counter-clockwise overturning circulation is driven around 491 

30oS (Fig. 6c). As the MSE is larger in the upper troposphere where air moves southward, this 492 

anomalous overturning circulation resulting in the net southward mean-flow energy transport 493 

anomalies (Fig.7a). The anomalous southward energy transport is reinforced by the changes in 494 

the vertical MSE profile, as the MSE difference in the upper and lower troposphere is enhanced 495 

by the warming in the upper troposphere (Fig. 6d). In the high latitudes of the Southern 496 

Hemisphere, the eddy-induced energy transport anomalies outweigh those accomplished by 497 

mean-flow advection (Fig. 7a). When eddy-induced energy transport is approximated by the 498 

product of diffusivity and near-surface MSE gradient (Eq. 6), the changes in eddy-induced 499 

energy transport are primarily caused by the enhanced MSE gradient. Despite the reduced mass 500 

exchanging rate of eddy mixing, the efficiency of energy exchange increases due to the enhanced 501 

MSE gradient, resulting in an enhanced eddy-induced energy transport (Fig. 7b). The enhanced 502 

MSE gradient is associated with the enhanced gradient of moisture. A large portion of the 503 
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anomalous moisture gradient can be explained by the enhanced temperature gradient caused by 504 

the cloud-radiative changes, which alters saturated water vapor pressure (Fig. 7c).  505 

3.2.3 Diffusive atmospheric energy transport  506 

The EBM is additionally applied to understand the anomalous atmospheric energy transport in 507 

the extratropics from a diffusive perspective. Two forcing profiles (i.e. 𝐹𝐸𝐵𝑀 in Eq. 8) are 508 

prescribed to the EBM to mimic the effects of cloud-radiative changes, with and without 509 

considering the anomalous surface flux induced by the cloud-radiative changes. The first forcing 510 

profile is the zonal-mean change in net cloud-radiative changes shown in Fig. 1, and the second 511 

forcing profile is obtained by subtracting the zonal-mean surface flux anomalies over the ocean 512 

surface from the first forcing profile, to capture the effects of anomalous oceanic circulation and 513 

heat content induced by the cloud-radiative changes. The comparison between the responses of 514 

the EBM to the two forcing profiles represents the modulation of oceanic processes to the 515 

anomalous temperature and energy transport. When the changes in ocean heat uptake are not 516 

considered, the EBM overestimates the warming in the regions northward of 30oS (Fig. 8a), 517 

which is accompanied by a more southward atmospheric energy transport compared to the GCM 518 

simulations (Fig. 8b). By including the anomalous surface flux, the distribution of surface 519 

temperature anomalies simulated by the EBM is closer to that in the GCM simulations, and the 520 

anomalous atmospheric energy transport around 40oS is captured. These results suggest 521 

important roles for changes in oceanic heat uptake and circulation (discussed in section 3.2.1) in 522 

modulating the responses of temperature and energy transport. In contrast to the extratropical 523 

atmospheric energy transport which exhibits a more diffusive nature (Armour et al. 2019) that 524 
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would tend to smoothen the warming pattern, our experimental setting highlights that the oceanic 525 

processes can play an active role in building the temperature anomalies.  526 

In summary, various processes are in charge of accomplishing the increased poleward energy 527 

transport caused by cloud-radiative changes in the Southern Hemisphere. In the regions around 528 

30oS, the poleward shift of the mid-latitude jet results in anomalous easterlies in the boundary 529 

layer, which drives an overturning cell in the ocean and result in an increased southward oceanic 530 

energy transport. Meanwhile, the anomalous eddy momentum flux divergence accompanying the 531 

shift of the mid-latitude jet drives an anomalous counter-clockwise overturning circulation in the 532 

atmosphere, and results in a net southward atmospheric energy transport which cooperates with 533 

the anomalous oceanic transport. In the high latitudes, the eddy-induced atmospheric energy 534 

transport increases because the MSE gradient becomes larger, which increases the efficiency of 535 

energy exchange.  536 

The energetic and dynamical perspectives discussed in this study provide insights on how cloud 537 

feedback shapes the meridional structure of anomalous energy transport. Consistent with the 538 

arguments of Armour et al. (2019), the two perspectives have their advantages and limitations. 539 

The energetic perspective provides a constraint on energy transport by the energy fluxes at the 540 

TOA and surface, which may be easier to understand, without the need for detailed information 541 

about the dynamical response of the atmosphere and ocean, which is associated with complex 542 

physical processes that compensate each other (Donohoe et al. 2020). However, these dynamical 543 

responses can influence the TOA and surface energy fluxes by redistributing energy and 544 

modulating the surface temperature (Fig. 8). The two perspectives are complementary for 545 

understanding the forced response in the coupled climate system.   546 
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4. Discussion  547 

The cloud feedback has been suggested to make a major contribution to the uncertainty in 548 

temperature and energy transport responses to CO2 forcing in previous studies, which attributed 549 

the total warming responses to each feedback process based on their implied energy transport 550 

(Huang and Zhang 2014; Zelinka and Hartmann 2012) or based on EBM estimates (Armour et 551 

al. 2019; Bonan et al. 2018; Frierson and Hwang 2012; Hwang and Frierson 2010; Roe et al. 552 

2015). The attributions in previous studies highlight the direct linkage between radiative 553 

feedbacks and energy transport; however, the interactions among the feedback processes are 554 

highly simplified and not well understood.  555 

In the present study, the cloud-locking method allows one to investigate how the cloud-radiative 556 

changes influence other radiative feedbacks and dynamical processes, and how these adjustments 557 

modulate the anomalous energy transport induced by the cloud-radiative changes. By prescribing 558 

the cloud-radiative properties to the model, the cloud-locking method provides a causal linkage 559 

between the cloud-radiative changes and the responses of the climate system, which is 560 

unavailable in a standard warming experiment with interactive cloud-radiative properties. A few 561 

issues should be kept in mind when interpreting the results. First, the cloud-locking method cuts 562 

off the interactions between cloud-radiative effects and other cloud-related phenomena: for 563 

instance, a certain location can experience latent heat release while being cloud-free to the 564 

radiative fluxes, and vice versa. This decoupling may alter the baseline climate state, and may 565 

influence the responses of the climate system to external forcings through their non-linear 566 

interactions. Nevertheless, we have verified that the non-linear interactions between cloud-567 

radiative decoupling and CO2 forcing have much smaller impacts on energy transport and 568 
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surface temperature compared to the cloud impacts (not shown). Second, the cloud-radiative 569 

properties prescribed to the simulations are obtained from the interactive-cloud 4xCO2 570 

simulations. As a result, the cloud-radiative changes themselves would contain information about 571 

the changes in dynamical and thermodynamical factors under warming, such as temperature, 572 

humidity, and circulation. In particular, previous studies suggest the changes in oceanic 573 

processes and surface albedo can have significant impacts on the meridional structure of cloud 574 

feedback (Feldl et al. 2017; Trossman et al. 2016). While our experiments demonstrate the 575 

differences in the climate state in response to the different cloud states, one should keep in mind 576 

that the causality in an interactive-cloud simulation is more complex as the clouds and the cloud-577 

controlling factors can influence each other. Moreover, as the cloud properties are obtained from 578 

time-evolving simulations (CTL and 4xCO2), prescribing these cloud properties to another 579 

simulation would also introduce the signal associated with the exact temporal evolution in the 580 

CTL or 4xCO2 simulations. In some previous studies, this additional information of temporal 581 

evolutions arising from the experimental setup is eliminated either by randomly rearranging the 582 

timeline of the cloud properties fed into the simulations (Radel et al. 2016), or by obtaining cloud 583 

properties from a single or several selected years with neutral-ENSO conditions in their control 584 

simulation (Benedict et al. 2020; Grise et al. 2019; Middlemas et al. 2019, 2020). Nevertheless, 585 

after time- and ensemble-mean is taken, the signals associated with the temporal evolutions of 586 

cloud properties are expected to be small, and are unlikely to significantly influence our 587 

conclusions.  588 

Despite these caveats, this study reveals a few key mechanisms related to cloud-circulation 589 

interactions. We place them in the context of existing literature in the following paragraphs. In 590 
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particular, we highlight aspects that were not explicitly addressed in previous studies using the 591 

similar cloud-locking technique in a model with simplified ocean.  592 

 593 

4.1 Hemispherically asymmetric responses of the cloud impacts on energy transport 594 

It is demonstrated in our experiments that the cloud-induced heating is balanced locally in the 595 

Northern Hemisphere, while in the Southern Hemisphere the cloud-radiative changes are mostly 596 

balanced by the energy transport divergence. Accordingly, cloud-induced warming in the 597 

Northern Hemisphere mid-latitudes is stronger than in the Southern Hemisphere (blue line in Fig. 598 

2a), despite similar magnitudes of cloud-radiative changes at 40oN and 60oS (Fig. 1). 599 

The different behaviors in the Northern and Southern Hemispheres may arise from two aspects: 600 

1. The intrinsic nature of the climate system, such as the land-sea distribution and 601 

climatological circulations in atmosphere and ocean: For instance, the land fraction is larger 602 

in the mid-to-high latitudes of the Northern Hemisphere. As the air is drier over land, LW 603 

cooling may be more efficient in the Northern Hemisphere because the greenhouse effect 604 

caused by water vapor is weaker. Meanwhile, the larger ocean basin in the Southern 605 

Hemisphere allows for a larger impact of wind torque and may make the energy transport 606 

more efficient. Moreover, the climatological ocean circulation around 60oS may suppress the 607 

local SST anomalies, where the surface temperature is tied to the upwelling seawater below 608 

(Armour et al. 2016), which makes local LW cooling inefficient and anomalous energy 609 

transport is required to balance the local cloud-radiative changes. The difference in the 610 
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efficiency of local LW cooling versus energy transport in the two hemispheres may lead to 611 

hemispherically asymmetric responses to imposed forcing. Using nine fully-coupled GCMs, 612 

Kang et al. (2019) showed that the changes in local temperature are larger in the Northern 613 

Hemisphere than in the Southern Hemisphere in response to an idealized forcing of reduced 614 

insolation in the extra-tropics. This is consistent with the hypothesis here that the 615 

hemispherically asymmetric responses may result from the intrinsic nature of the climate 616 

system.  617 

2. The meridional structure of the cloud-radiative changes: In the Northern Hemisphere, the 618 

cloud-radiative changes exhibit more uniform heating meridionally, while in the Southern 619 

Hemisphere, the cloud-radiative changes exhibit a strong gradient of TOA imbalance. The 620 

larger latitudinal gradient in the Southern Hemisphere may be able to drive stronger 621 

atmospheric and oceanic circulation anomalies and therefore a larger anomalous energy 622 

transport. Further experiments would be needed to verify whether the structure of cloud-623 

radiative changes is an essential cause for the hemispherically asymmetric responses in 624 

energy transport. 625 

 626 

4.2 Inter-model spread in anomalous energy transport and temperature under global warming 627 

Based on the estimations of implied energy transport, previous studies suggest that cloud-628 

radiative changes dominate the uncertainty in energy transport under global warming (Huang and 629 

Zhang 2014; Zelinka and Hartmann 2012). Consistent with these results, our experiments show 630 

that the cloud-radiative changes under warming strongly modulate the anomalous energy 631 

transport, especially in the extra-tropics of the Southern Hemisphere. Accordingly, under the 632 
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scenario of quadrupled CO2 concentration, CMIP5 models exhibit a high correlation between the 633 

anomalous energy transport at 40oS and the gradient of cloud-radiative changes in the Southern 634 

Hemisphere (Fig. 9a). These results suggest a dominant role of clouds on the inter-model spread 635 

of the anomalous energy transport under warming in the Southern Hemisphere. In contrast, in the 636 

Northern Hemisphere, the cloud impacts on the anomalous energy transport are small due to the 637 

local adjustment of anomalous TOA fluxes caused by increasing surface temperature. In 638 

previous studies diagnosing the implied energy transport of each feedback process (Eq. 2b), 639 

these cloud-induced changes in surface temperature and their associated TOA flux anomalies 640 

would have been attributed to temperature feedback, because they are indistinguishable from the 641 

CO2-forced temperature responses. With the cloud-locking method that considers these cloud-642 

induced changes in dynamical and thermodynamical fields, our finding implies that the impacts 643 

of uncertainty in cloud feedback on the anomalous energy transport in the Northern Hemisphere 644 

may be smaller than estimated by previous studies. 645 

The contribution of cloud feedback to the uncertainty in the meridional structure of surface 646 

temperature has also been highlighted in previous studies using the EBM (Bonan et al., 2018; 647 

Roe et al., 2015). Through cloud-locking experiments, our results highlight the linkage between 648 

surface fluxes and cloud-radiative changes. A significant portion of the surface flux contribution 649 

in previous studies should be considered as being part of the oceanic adjustments to cloud-650 

radiative changes, modulating the clouds’ influence on surface temperature.  651 

 652 

4.3 Cross-equatorial energy transport 653 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-20-0949.1.Brought to you by IMPERIAL COLLEGE LONDON | Unauthenticated | Downloaded 07/21/21 07:41 AM UTC



34 
 

Cross-equatorial energy transport plays an important role in determining the location of the 654 

tropical rain belt and in balancing the asymmetry of the energy budgets between the two 655 

hemispheres (Frierson and Hwang 2012; Kang et al. 2008, 2009). In response to a variety of 656 

hemispherically asymmetric forcings, recent studies suggest that the ocean tends to accomplish 657 

most of the change in cross-equatorial energy transport, compensating the anomalous cross-658 

equatorial energy flux carried by the atmosphere and inhibiting the tropical rain belt shift 659 

(Chiang and Friedman 2012; Hawcroft et al. 2017; Kay et al. 2016; Mechoso et al. 2016; Tomas 660 

et al. 2016). This compensation between the anomalous atmospheric and oceanic energy 661 

transport is explained by the trade wind-coupling in previous studies (Green et al. 2019; Held  662 

2001; Schneider 2017). Whenever there is an anomalous cross-equatorial overturning circulation 663 

in the atmosphere, driving anomalous atmospheric energy transport, the wind stress in the 664 

surface layer would drive an anomalous overturning cell in the ocean. To the extent that the 665 

gross stabilities in the atmosphere and ocean do not change significantly, the trade wind-coupling 666 

between the atmosphere and ocean would always result in an anomalous oceanic energy 667 

transport which has the same direction as the anomalous atmospheric transport, and therefore 668 

compensates the anomalous atmospheric energy transport. Changes in the Atlantic Meridional 669 

Overturning Circulation have also been suggested to contribute to the anomalous oceanic energy 670 

transport which compensates the atmospheric responses (Yu and Pritchard 2019). 671 

In our experiments, the cloud-radiative changes under warming lead to the Northern Hemisphere 672 

receiving more energy (0.46 PW, Table 2) than the Southern Hemisphere, implying a southward 673 

cross-equator transport of 0.23 PW. Approximately 52% of the asymmetry in cloud-radiative 674 

changes is offset by the local adjustment term, leaving an actual change in southward cross-675 

equator transport of 0.11 PW (Table 2, Fig. 3b). Consistent with previous studies, this cross-676 
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equatorial energy transport is carried by the ocean. However, the mechanism driving the 677 

anomalous oceanic cross-equator energy transport differs from the trade wind-coupling 678 

mechanism proposed by previous studies (Green et al. 2019; Schneider et al. 2014). The 679 

anomalous oceanic cross-equatorial cell found in these previous works does not appear in our 680 

simulations (Fig. 5c). The anomalous oceanic energy transport across the equator in our 681 

simulations is mostly due to changes in mean-flow advection, and the contributions of changes in 682 

temperature and oceanic circulation are comparable (Fig. 10). The decompositions vary 683 

dramatically with latitude, suggesting that the oceanic circulation changes are more complex 684 

than those in idealized forcing experiments in previous studies. 685 

The responses of atmospheric circulation and energy transport also differ from those in idealized 686 

forcing experiments in previous studies (Green et al. 2019; Schneider et al. 2014). Unlike the 687 

situations in these idealized studies, in which the atmosphere and ocean collaborate to transport 688 

energy from the hemisphere which receives more energy to the other one, in our experiments the 689 

anomalous atmospheric energy transport is northward at the equator, transporting energy into the 690 

hemisphere that receives more energy. The unexpected change in atmospheric cross-equatorial 691 

energy transport could be explained by the distribution of the cloud-radiative changes. The 692 

Northern Hemisphere, as a whole, receives more energy than the Southern Hemisphere, while in 693 

the tropics the situation is reversed (Table 2), which suggests that the direction of atmospheric 694 

cross-equator energy transport may be determined by the asymmetry of cloud-radiative changes 695 

within the tropics, rather than the whole globe. This is consistent with the results in Xiang et al. 696 

(2018), suggesting that tropical forcing is more efficient in driving atmospheric cross-equatorial 697 

energy transport than extra-tropical forcing. 698 

699 
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5. Summary and Outlook 700 

The impacts of cloud-radiative changes on meridional energy transport are investigated under a 701 

prescribed-cloud framework. In addition to confirming the significant influence of cloud-702 

radiative changes on meridional energy transport suggested by previous studies using theoretical 703 

estimations, our study highlights a few radiative and dynamical adjustments that are important 704 

for understanding the influence of clouds on energy transport and temperature distributions. As 705 

summarized in Fig. 11, various processes are found to be important in shaping the latitudinal 706 

distribution of the anomalous meridional energy transport in response to the cloud-radiative 707 

changes: 708 

i. The anomalous LW radiation resulting from the changes in temperature acts to locally 709 

balance the anomalous cloud-induced heating, leading to a small anomalous meridional 710 

energy transport in the Northern Hemisphere mid-latitudes.  711 

ii. The cloud-radiative changes cause a poleward shift of the mid-latitude westerlies. The 712 

resulting anomalous Ekman transport induces an anomalous overturning circulation in the 713 

ocean that accomplishes most of the anomalous energy transport around 30oS. 714 

iii. In the high latitudes of the Southern Hemisphere, the cloud-radiative changes enhance the 715 

near-surface meridional temperature gradient, which increases the moisture gradient and 716 

leads to anomalous poleward transport of energy performed by atmospheric eddy mixing. 717 

Understanding the interaction between radiative fluxes and circulations is important in predicting 718 

the pattern of surface temperature anomalies, which has important impacts on regional climate. 719 

This study highlights the role of energy transport in modulating the responses of surface 720 

temperature to the cloud-radiative changes: the surface temperature anomalies are small in the 721 
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Southern hemisphere due to the anomalous energy fluxes carried by the ocean (process ii listed 722 

above) and the atmosphere (process iii). The wind-driven oceanic process ii plays an active role 723 

in redistributing meridional radiative gradients, which modulates regional temperature anomalies 724 

and anomalous atmospheric energy transport. In contrast, there are larger surface temperature 725 

anomalies in the Northern Hemisphere (process i). The efficiency of these adjustments may 726 

depend on model physics and it remains to be seen how sensitive these findings are to the 727 

particular climate model employed. In addition to the wind-driven oceanic process ii 728 

demonstrated in this study, the evolution of deep ocean circulations may also play an important 729 

role in modulating the warming pattern on centennial timescales. How the deep ocean 730 

circulations respond to cloud-radiative changes could be explored in longer simulations. The 731 

cloud-radiative changes in high latitudes discussed in process iii may also vary when considering 732 

longer timescales.  733 
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Appendix 742 

A1. Radiative kernels 743 

In this study, radiative kernels (Pendergrass et al. 2017) obtained from a set of off-line radiation 744 

calculations are used to adjust cloud-radiative effects (CRE), defined as the differences between 745 

all-sky (𝑅𝑇𝑂𝐴) and clear-sky (CLR) TOA fluxes, to remove the masking effects of clouds and to 746 

decompose the non-cloud TOA fluxes (𝑅𝑐𝑙𝑟). 747 

A1.1 Cloud-radiative changes 748 

The changes in TOA radiative flux associated with clouds (i.e. ∆𝑅𝑐𝑙𝑑) are estimated by  749 

∆𝑅𝑐𝑙𝑑 = ∆𝐶𝑅𝐸 − ∑ (
𝛿𝑅𝑇𝑂𝐴−𝛿𝐶𝐿𝑅

𝛿𝑓
) ∆𝑓𝑓 ,    (𝐸𝑞.  𝐴1𝑎) (Soden et al., 2008) 750 

Where ∆ represents the differences between an experiment and the CTL simulation, and 𝛿 751 

represents the anomalies in the off-line radiation calculations provided by the radiative kernels. 𝑓 752 

represents the non-cloud radiative controlling factors, including temperature, water vapor, 753 

surface albedo, and GHG concentration. The differences between 𝛿𝑅𝑇𝑂𝐴 and 𝛿𝐶𝐿𝑅 represent the 754 

masking effects of clouds on the anomalous TOA fluxes in response to the perturbation of 𝛿𝑓. 755 

After normalizing by 𝛿𝑓 and rescaling by the changes in 𝑓 in our experiments (∆𝑓), the 756 

differences between 𝛿𝑅𝑎𝑙𝑙 and 𝛿𝐶𝐿𝑅 are used to estimate the masking effects in our experiments, 757 

which are then subtracted from ∆𝐶𝑅𝐸 to estimate the cloud-radiative changes. For water vapor 758 

and GHG concentration, a logarithmic rescaling is used rather than a linear one. 759 
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A1.2 Decomposition of non-cloud TOA fluxes 760 

The change in non-cloud TOA fluxes, ∆𝑅𝑐𝑙𝑟, can be further decomposed to the anomalous fluxes 761 

associated with the changes in each non-cloud radiation controlling factors f and a residual term: 762 

∆𝑅𝑐𝑙𝑟 = ∑ ∆𝑅𝑓

𝑓

+ 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙,    (𝐸𝑞.  𝐴1𝑏) 763 

where ∆𝑅𝑓 =
𝛿𝑅𝑇𝑂𝐴

𝛿𝑓
∆𝑓. 764 

This method assumes that the changes in TOA fluxes are linearly or logarithmically related to 765 

the changes in 𝑓. It also assumes that the interactions among the impacts of non-cloud radiative 766 

controlling factors on the TOA fluxes are negligible. The residual term arises from these two 767 

assumptions, but it is negligible in our diagnostics.  768 

  769 
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Tables 967 

 968 

 969 

Table 1. List of the experiments. 970 

 971 

 972 

 973 

Table 2. Regional summation of the cloud-radiative changes and the cross-equatorial energy 974 

transport. Positive values represent downward TOA fluxes (cloud-radiative changes) or 975 

northward energy transport. 976 

 977 

 978 

  979 

Experiment name
CO2

level

Averaging period

(years)

Cloud properties for

radiation calculation

Number of

ensemble members

CTL 1x 1-50 Interactive 1

4xCO2 4x 21-30 Interactive 3

F1C1 1x 21-50 Years 1-25 in CTL 1

F1C2 1x 21-30 Years 1-30 in 4xCO2 3

F2C1 4x 21-30 Years 1-25 in CTL 3

F2C2 4x 21-30 Years 1-30 in 4xCO2 3

90S-30S 30S-Eq Eq-30N 30N-90N

-0.06 PW 0.32 PW 0.27 PW 0.45 PW

Implied cross-equator energy transport

Total:

Atm: 0.02 PW Ocn: -0.13 PW

0.26 PW 0.72 PW

-0.11 PW

-0.23 PW

Regionally-integrated cloud-radiative

changes

Cross-equator energy transport
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Figures 980 

 981 

 982 

Fig. 1. Cloud-radiative changes at TOA in response to quadrupled CO2 concentration in 983 

interactive-cloud simulations (4xCO2-CTL, solid lines), and those corresponding to cloud 984 

impacts (∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑, dashed lines). The cloud-radiative changes are estimated by radiative 985 

kernels (see Appendix A1 for details). 986 
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Fig. 2. (a) Changes in zonal-mean surface temperature (TS) in response to quadrupled CO2 991 

concentration in interactive-cloud (4xCO2-CTL) and prescribed-cloud simulations (∆𝑇𝑆𝑡𝑜𝑡𝑎𝑙), 992 

and the contributions of cloud impacts (∆𝑇𝑆𝑐𝑙𝑜𝑢𝑑) and non-cloud impacts (∆𝑇𝑆𝑛𝑜𝑛−𝑐𝑙𝑜𝑢𝑑). (b) 993 

Changes in energy transport in response to quadrupled CO2 concentration in interactive-cloud 994 

(4xCO2-CTL, dashed lines) and prescribed-cloud (∆𝑀𝐸𝑇/𝐴𝐸𝑇/𝑂𝐸𝑇𝑡𝑜𝑡𝑎𝑙, solid lines) 995 

simulations, and (c) the contributions of cloud impacts (∆𝑀𝐸𝑇/𝐴𝐸𝑇/𝑂𝐸𝑇𝑐𝑙𝑜𝑢𝑑, blue lines) and 996 

non-cloud impacts (∆𝑀𝐸𝑇/𝐴𝐸𝑇/𝑂𝐸𝑇𝑛𝑜𝑛−𝑐𝑙𝑜𝑢𝑑, red lines). See Eqs. 3a-3c for the definitions of 997 

prescribed-cloud warming response, cloud impacts, and non-cloud impacts. (d) Anomalous 998 
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energy transport under warming (4xCO2-CTL, years 21-30) in CMIP5 models (solid lines, with 999 

shadings representing the inter-model spread) and CESM1 (dashed lines).  1000 

 1001 

 1002 
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  1004 
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 1005 

Fig. 3. (a) Zonal-mean structure of net cloud-radiative changes (∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑, green line, same as 1006 

the black-dashed line in Fig. 1), and the cloud impacts on meridional energy transport 1007 

convergence (∆(∇ ∙ 𝑀𝐸𝑇)𝑐𝑙𝑜𝑢𝑑, black-solid) and adjustment term (∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑, black-dashed) (Eq. 1008 

9b). A positive value indicates the earth receives more energy in that latitude. (b) Implied 1009 

northward energy transport (Eq. 10) due to cloud-radiative changes (∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑) and adjustment 1010 

term (∆𝐴𝑑𝑗𝑐𝑙𝑜𝑢𝑑), and the actual changes in energy transport (∆𝑀𝐸𝑇𝑐𝑙𝑜𝑢𝑑). The atmospheric and 1011 

oceanic components of energy transport are shown by the lighter and darker gray lines, 1012 

respectively. See Eq. 3a for the definition of cloud impacts. 1013 
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 1018 

Fig. 4. (a, b) Cloud impacts on adjustment term (∆(𝐴𝑑𝑗)𝑐𝑙𝑜𝑢𝑑), and the components contributed 1019 

by changes in non-cloud TOA fluxes (∆(𝑅𝑐𝑙𝑟)𝑐𝑙𝑜𝑢𝑑) and ocean heat content (∆(𝑑𝐻/𝑑𝑡)𝑐𝑙𝑜𝑢𝑑). (c, 1020 

d) Decomposition of the LW component of non-cloud TOA fluxes (∆𝑅𝑐𝑙𝑟
𝑐𝑙𝑜𝑢𝑑) (see Appendix 1021 

A1 for details). (a, c) Zonal-mean structures, and (b, d) implied northward energy transport. See 1022 

Eq. 3a for the definition of cloud impacts. 1023 
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 1027 

Fig. 5. Cloud impacts on (a) oceanic energy transport (∆(𝑂𝐸𝑇)𝑐𝑙𝑜𝑢𝑑), and the contributions of 1028 

mean-flow (V̅ T̅), eddy (V′T′̅̅ ̅̅ ̅), sub-grid processes, and the interpolation errors. (b) Attribution of 1029 

mean-flow transport (∆(V̅ T̅)𝑐𝑙𝑜𝑢𝑑) to changes in velocity (𝑇̅∆V), temperature (𝑉̅∆T), and 1030 

nonlinear effects (∆V∆T ) (Eq. 7b). (c) Meridional overturning circulation (∆(𝑀𝑂𝐶)𝑐𝑙𝑜𝑢𝑑) of 1031 

global ocean; black and blue contours represent positive and negative values of the climatology 1032 

in the CTL simulation, respectively. The contour interval is 10Sv, with zero contours omitted. 1033 

Shading represents the anomalies due to cloud-radiative changes. Positive values indicate 1034 

clockwise circulation. (d) Oceanic mass transport in the near-surface layer, and the theoretical 1035 

Ekman transport. See Eq. 3a for the definition of cloud impacts.  1036 
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 1037 

Fig. 6. Cloud impacts on (a) zonal-mean zonal wind, (b) eddy momentum flux convergence, (c) 1038 

mass stream function of the atmosphere (positive values indicate clockwise circulation), and (d) 1039 

air temperature. Black and blue contours represent positive and negative values of the 1040 

climatology in the CTL simulation, respectively. The contour intervals are (a) 5m/s, (b) 1041 

2×107m2/s2, (c) 2×1010 kg/s, and (d) 5K, with zero contours omitted. Shading represents the 1042 

anomalies due to the cloud-radiative changes. Dots indicate significance at the 95% confidence 1043 

level. See Eq. 3a for the definition of cloud impacts. 1044 
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 1047 

Fig. 7. Cloud impacts on (a) atmospheric energy transport (∆(𝐴𝐸𝑇)𝑐𝑙𝑜𝑢𝑑), along with the mean-1048 

flow (∆(𝐴𝐸𝑇∗
𝑚𝑒𝑎𝑛𝑓𝑙𝑜𝑤)𝑐𝑙𝑜𝑢𝑑, Eq. 5c) and eddy-induced (∆(𝐴𝐸𝑇𝑒𝑑𝑑𝑦)𝑐𝑙𝑜𝑢𝑑, Eq. 5d) components. 1049 

(b) Attribution of the anomalous eddy-induced energy transport (∆(𝐴𝐸𝑇𝑒𝑑𝑑𝑦)𝑐𝑙𝑜𝑢𝑑) to the 1050 

changes in diffusivity (D*), near-surface MSE gradient (MSEy), and the non-linear term (Eq. 6b). 1051 

(c) Attribution of the MSE gradient component (MSEy) in (b) to the changes in dry static energy 1052 

(DSE), saturated water vapor pressure (Q), and relative humidity (RH). See Eq. 3a for the 1053 

definition of cloud impacts. 1054 
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 1056 

Fig. 8. Responses of (a) surface temperature and (b) atmospheric energy transport to the cloud-1057 

radiative changes (∆𝑅𝑐𝑙𝑑
𝑐𝑙𝑜𝑢𝑑), simulated by the GCM (black lines) and those predicted by the 1058 

EBM, with (red) and without (green) considering the changes in oceanic energy transport and 1059 

ocean heat content induced by the cloud-radiative changes. 1060 
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 1062 

Fig. 9. Anomalous northward energy transport at 40o versus the gradient of cloud-radiative 1063 

changes under warming in CMIP5 models (red dots) and our CESM1 simulations (black dots). 1064 

The gradient of cloud-radiative changes is defined as the difference between area-weighted mean 1065 

cloud-radiative changes in the subtropics (10o-40o) and higher latitudes (40o-70o). The anomalies 1066 

under warming are calculated as the averages of years 21-30 in abrupt4xCO2 simulations minus 1067 

the corresponding 10-year averages in the piControl simulation. These periods are chosen for 1068 

consistency with our diagnostics. 1069 
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 1075 

Fig. 10. Cloud impacts on the anomalous oceanic energy transport (∆(𝑂𝐸𝑇)𝑐𝑙𝑜𝑢𝑑) across 5oS/N 1076 

and at the equator. The decompositions of total changes in oceanic energy transport 1077 

(∆(𝑂𝐸𝑇)𝑐𝑙𝑜𝑢𝑑) are on the left-hand side of the vertical lines, while the right-hand side of the 1078 

vertical lines shows the decompositions of mean-flow transport (∆(V̅ T̅)𝑐𝑙𝑜𝑢𝑑). The 1079 

decompositions are identical to those in Figs. 5a, 5b. See Eq. 3a for the definition of cloud 1080 

impacts. 1081 
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 1085 

Fig. 11. A schematic of the responses of thermodynamical and dynamical fields to the cloud-1086 

radiative changes, and the associated anomalous meridional energy transport in the atmosphere 1087 

and the ocean. 1088 
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