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Abstract 1 

Anthropogenic aerosols are effective radiative forcing agents that perturb the Earth’s climate. 2 

Major emission sources shifted from the western to eastern hemisphere around the 1980s. An 3 

ensemble of single-forcing simulations with an Earth System Model reveals two stages of 4 

aerosol-induced climate change in response to the global aerosol increase for 1940-1980 and the 5 

zonal shift of aerosol forcing for 1980-2020, respectively. Here, using idealized experiments 6 

with hierarchical models, we show that the aerosol increase and shift modes of aerosol-forced 7 

climate change are dynamically distinct, governed by the inter-hemispheric energy transport and 8 

basin-wide ocean-atmosphere interactions, respectively. The aerosol increase mode dominates in 9 

the motionless slab ocean model but is damped by ocean dynamics. Free of zonal-mean energy 10 

perturbation, characterized by an anomalous North Atlantic warming and North Pacific cooling, 11 

the zonal shift mode is amplified by interactive ocean dynamics through Bjerknes feedback. Both 12 

modes contribute to a La Niña-like pattern over the equatorial Pacific. We suggest that a global 13 

perspective that accommodates the evolving geographical distribution of aerosol emissions is 14 

vital for understanding the aerosol-forced historical climate change. 15 

 16 

Keywords: Aerosol forced response | Aerosol increase mode | Aerosol shift mode | Energetics | 
Coupled atmosphere-ocean coupling | Hierarchical modeling 

 17 

1. Introduction 18 



 3

Anthropogenic aerosols mask a considerable fraction of greenhouse warming through scattering 19 

and absorbing shortwave radiation and altering microphysical and radiative properties of clouds 20 

[1–3]. In contrast to well-mixed greenhouse gases, anthropogenic aerosols are geographically 21 

distributed because of localized emission sources and the short atmospheric residence time. 22 

Spatial inhomogeneity of anthropogenic aerosol forcing leads to distinct regional responses in 23 

the hydrological cycle through changes in large-scale atmospheric circulation. For example, 24 

anthropogenic aerosols during the second half of the 20th century are suggested to have caused a 25 

southward shift of the zonal-mean intertropical convergence zone (ITCZ) with a peak in the 26 

1980s [2–4], a weakening of the South Asian summer monsoon [5] and the north drying and 27 

south wetting trends in eastern China since the 1950s [6], and the prolonged drought and a partial 28 

recovery in the African Sahel before and after 1980, respectively [7,8].  29 

 Global emissions of anthropogenic aerosols steadily increased through the 20th century. 30 

Previous studies have emphasized the effects of this global increase in aerosol forcing, often in 31 

comparison with greenhouse warming [9]. Around the 1980s, anthropogenic aerosol sources 32 

shifted from the western hemisphere to the eastern hemisphere (Fig. S1 online) as aerosol 33 

emissions from North America and Europe have declined due to air quality regulations while 34 

emissions from Asia have continued to increase [10]. A large ensemble of single-forcing 35 

simulations with the Community Earth System Model version 1 (denoted CESM1 LE AER; 36 

Materials and methods) reveals a two-stage evolution of aerosol-induced climate change [11]: 37 

the aerosol forcing from 1940−1980 has produced a general Northern Hemisphere cooling except 38 

over a small area in the subpolar North Atlantic (Fig. 1b; [12]) while from 1980−2020, it has 39 

caused the North Pacific to cool and the North Atlantic to warm (Fig. 1c). The distinct sea 40 

surface temperature (SST) response pattern gives rise to distinct precipitation responses, 41 
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including a decrease in Asian monsoon rainfall throughout the late 20th century [13] and Sahel 42 

drought until the 1980s and the recovery afterward [11,14,15] (Fig. 1e, f).  43 

To illustrate the effect of a zonal shift in aerosol forcing, here we conduct a set of 44 

idealized experiments, where the insolation is reduced at different longitudes to mimic the 45 

regional aerosol forcing (Fig. S2 online). The radiative cooling over Asia represents the eastern 46 

hemisphere aerosol forcing and that over North America and Europe represents the western 47 

hemisphere aerosol forcing. We emphasize that our experiments are not intended to reproduce 48 

every detail of the aerosol-forced climate response but rather to highlight important governing 49 

dynamics. Specifically, we keep the radiative cooling in the eastern and western hemispheres of 50 

the same magnitude and in the same latitudinal band so the zonal shift mode is free of zonal-51 

mean energy perturbations. The average of the eastern and western hemisphere radiative cooling 52 

(aerosol increase mode hereafter) mimics the concurrent increase of aerosols over Asia, North 53 

America, and Europe during 1940-1980 while the difference (aerosol shift mode) mimics the 54 

aerosol increase in Asia and decline in the western hemisphere during 1980-2020. We show that 55 

the two modes not only capture the distinct evolution of aerosol-forced climate response in 56 

CESM1 LE AER but also are governed by distinct coupled dynamics. The aerosol increase mode 57 

involves a marked response in ocean-atmospheric overturning circulation across the equator to 58 

balance the strong zonal-mean energy perturbation, while the aerosol shift mode is not subject to 59 

a zonal-mean energy perturbation and is rather shaped by basin-scale coupled ocean-atmosphere 60 

dynamics. To isolate the role of interactive ocean dynamics, we utilize a hierarchy of models by 61 

applying the same perturbation to an atmospheric general circulation model coupled to either a 62 

slab ocean model (SOM) or a dynamic ocean model (DOM). 63 

 64 
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2. Materials and methods 65 

The aerosol-forced climate trends during the two periods of the historical period, 1940-1980 vs 66 

1980-2020, are obtained by contrasting the Community Earth System Model version 1 (CESM1) 67 

Large-Ensemble (LE) all-forcing simulations (ALL) [16] with the recently performed CESM1 68 

LE aerosol single-forcing simulations, which use the same forcing protocol as ALL except one 69 

forcing agent that is held fixed at 1920 conditions [11]. There are a 20-member ensemble with 70 

fixed industrial aerosols (XAERind) and a 15-member ensemble with fixed biomass-burning 71 

aerosols (XAERbmb). The aerosol-forced response is computed by summing the contributions of 72 

both types of aerosols, which is obtained as the difference between the ensemble-mean of 73 

XAERind (or XAERbmb) from the ensemble-mean of ALL. The linear trends are based on least-74 

squares regression analysis. Since the idealized experiments are conducted with the Geophysical 75 

Fluid Dynamics Laboratory (GFDL) model, we contrast CESM1 LE with the aerosol single-76 

forcing simulations from GFDL CM3, which are integrated up to 2005 with three members [17]. 77 

The global surface temperature trend is correlated in space at 0.81 between 1940 and 1980 while 78 

the pattern correlation drops to 0.06 between 1980 and 2005 (Fig. S3 online). The precipitation 79 

trend between 30°S and 30°N is correlated at 0.34 and 0.01 for the respective period (Fig. S4 80 

online). The lower pattern correlations for precipitation compared to temperature are likely a 81 

result of model differences in precipitation mean state, different treatments of aerosol 82 

microphysics, and small signal-to-noise for the GFDL ensemble. The lower pattern correlations 83 

for the later period (1980-2005) compared to the earlier period (1940-1980) may reflect the 84 

shorter time interval and thus small signal-to-noise.  85 

We conduct the idealized experiments with the developmental version of the GFDL 86 

Atmospheric Model version 4 (AM4) [18] coupled with the ocean model used in GFDL 87 
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Forecast-Oriented Low Ocean Resolution model [19]. Both the atmospheric and oceanic models 88 

have an approximate 1° horizontal resolution. The atmospheric model has 32 vertical levels and 89 

the oceanic model has 50 vertical levels. The experiments are designed to probe the coupled 90 

ocean-atmosphere response to a zonal shift in radiative cooling from the western to eastern 91 

hemisphere. The equilibrated pre-industrial simulation is perturbed by reducing insolation by 0.4 92 

PW between 45°-65°N confined to a limited domain over Asia or North America or western 93 

Europe, which amounts to 67 W m−2 when averaged over the forcing region (Fig. S2 online). We 94 

prefer the insolation perturbation to the aerosol emission perturbation because the radiative 95 

forcing magnitude can be easily constrained. Although the cloud response is likely to depend on 96 

the forcing type, we suspect perturbing the aerosol emissions would offer a similar picture to our 97 

insolation-reduced experiments as the total aerosol (i.e., direct, semidirect and indirect) effects 98 

are shown to drive the same interhemispheric asymmetry in cooling and the ITCZ shift [3]. 99 

While net radiation response to aerosol forcing is of order 10 W m−2 at a regional scale [20], we 100 

perturb the system with a stronger forcing to allow for a clear estimation of the forced response. 101 

The eastern hemisphere aerosol forcing is represented by the northern extratropical Asian 102 

radiative cooling while the western hemisphere aerosol forcing is represented by the average of 103 

North American and western European radiative cooling. While European anthropogenic aerosol 104 

emissions are indeed located at high latitudes around 45°-65°N (Fig. S1 online), the Asian and 105 

North American forcing are prescribed at rather higher latitudes than the actual aerosol emission 106 

regions to separate remote extratropical impacts from local tropical impacts on the tropical 107 

precipitation response. We choose to reduce insolation rather than perturbing aerosol emissions 108 

to constrain the forcing magnitude. Although the cloud response is likely to depend on the 109 

forcing type, perturbing aerosol emissions would offer a similar picture to our insolation-reduced 110 
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experiments as the same interhemispheric asymmetry in aerosol-induced cooling and the ITCZ 111 

shift are driven by the total aerosol effects (i.e., direct, semidirect and indirect effects) [3]. The 112 

average of the climate response to the eastern and western hemisphere radiative cooling defines 113 

the aerosol increase mode whereas the difference defines the aerosol shift mode. Identical 114 

experiments are also performed using GFDL AM4 coupled to a slab ocean model (SOM) with a 115 

50 m mixed layer depth, which only includes a thermodynamic ocean-atmospheric coupling 116 

while full ocean dynamics is absent. All perturbed experiments are integrated for 100 years after 117 

an abrupt reduction of solar flux and the annual-mean responses for the last 70 years are 118 

analyzed. 119 

 120 

3. Results 121 

The SST responses for the aerosol increase and shift modes in DOM (Fig. 2b, c) broadly 122 

compare well with the aerosol forced responses in 1940-1980 and 1980-2020 (Fig. 1b, c), 123 

respectively. The aerosol forced SST response in the former period is correlated in space with the 124 

aerosol increase mode at 0.70 between 45°S and 45°N (Figs. 1b and 2b) while the aerosol shift 125 

mode is correlated with the latter period response at 0.42 (Figs. 1c and 2c). The similarity is 126 

remarkable considering model differences and a considerable idealization of experiment design. 127 

The aerosol increase mode is associated with a pronounced northern extratropical cooling (Fig. 128 

2a, b) whereas the aerosol shift mode induces a North Pacific cooling and a North Atlantic 129 

warming (Fig. 2c) with a negligible zonal-mean response (Fig. 2a). Associated with the similar 130 

SST response pattern, the precipitation response also exhibits a large degree of similarity in 131 

spatial distribution between the idealized DOM experiments and the CESM1 LE AER (compare 132 

Fig. 3b, c with Fig. 1e, f). The pattern correlation of tropical precipitation response between 15°S 133 
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and 15°N amounts to 0.58 between the aerosol increase mode and the aerosol forced response in 134 

the former period while the aerosol shift mode is correlated at 0.43 with the aerosol forced 135 

response in the latter period. Notably, our idealized experiments capture the evolving 136 

precipitation trends over the tropical Pacific and Sahel in the aerosol single-forcing simulations.  137 

 138 

3.1. Energetic constraints on the aerosol increase mode 139 

The aerosol increase mode is dominated by an interhemispheric structure that is largely zonally 140 

symmetric, with a more pronounced cooling in the Northern than the Southern Hemisphere (Fig. 141 

2a, b). The eastern and western hemisphere forcings share a common zonally averaged response 142 

despite the difference in their longitudinal locations, as implied by the small zonal mean 143 

component in the aerosol shift mode. The common zonal mean component closely resembles the 144 

response to a zonally uniform radiative cooling (Fig. S5 online). The robustness of aerosol 145 

increase mode is further confirmed by a strong correlation in the climate response pattern of any 146 

two pairs of three regional cooling experiments as well as the zonally uniform forcing 147 

experiment (Fig. 4).  148 

The results from the motionless SOM (Figs. 2e and 3d) illustrate the origin of the zonal-149 

mean energetics mode. In SOM, the climate response pattern is essentially independent of the 150 

forcing distribution (Fig. 4b). Localized cooling over the continents is advected eastward by 151 

climatological westerlies and midlatitude eddies [21,22], resulting in highly zonally symmetric 152 

temperature responses in the extratropics. The prevalent cooling of the Northern Hemisphere 153 

requires the atmosphere to transport energy from the Southern to Northern Hemisphere by 154 

anomalous Hadley circulation (Fig. S6a, b online) [23,24]. This energetics constraint dictates the 155 

aerosol increase mode with a southward displacement of the zonal-mean ITCZ (Fig. 3a, d).  156 
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A dynamic ocean damps the aerosol increase mode. The ocean adjustment contributes 157 

about 40 % more than the atmosphere to the cross-equatorial northward energy transport to 158 

balance the reduced solar radiation in the mid-latitude Northern Hemisphere in the aerosol 159 

increase mode in DOM (Fig. 5e). In response to the intensified (weakened) trade winds in the 160 

North (South) Pacific (Fig. 2b, e), an anomalous shallow overturning cell develops (Fig. 5a) with 161 

a northward heat transport across the equator [25,26]. The deep Atlantic Meridional Overturning 162 

Circulation (AMOC) strengthens (Fig. 5c) as the surface cooling and increased salinity, from 163 

reduced precipitation and less freshwater input from Arctic sea ice, make the surface waters in 164 

the North Atlantic denser, enhancing the deep water formation in the Labrador Sea. The 165 

strengthened ocean meridional overturning circulation induces anomalously northward heat 166 

transport (Fig. 5e), reducing the meridional SST gradients across the equator (Fig. 2a, d). This is 167 

consistent with a weaker Hadley circulation response (Fig. S6a, b online), a reduced ITCZ shift 168 

(Fig. 3a, d), and less significant Sahel rainfall response (Fig. 3b, e) in DOM compared to SOM 169 

[27]. Our DOM experiment exhibits a rather small Sahel drying response (Fig. 3b), as compared 170 

to earlier studies attributing the Sahel drought in the 1970s and 1980s partly to aerosol forcing 171 

[2,8,28]. This is possibly because the North American radiative cooling is prescribed at higher 172 

latitudes than the actual radiative forcing with a peak around 30°N.  173 

 174 

3.2. Positive ocean dynamical feedback in the zonal shift mode 175 

Now we proceed to discuss the aerosol shift mode, which is related to the aerosol-forced climate 176 

responses since the 1980s. The aerosol shift mode features strong zonal variations between the 177 

North Pacific cooling and the North Atlantic warming (Fig. 2c), with a negligible zonal-mean 178 

surface temperature response (Fig. 2a). Cold advection from Asia produces cold anomalies over 179 
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the North Pacific, intensifying the climatological northeasterlies over the subtropical North 180 

Pacific. The associated anomalous anticyclonic atmospheric circulation over the mid-latitude 181 

North Pacific is present in both DOM and SOM (Fig. 2c, f). Then, the North Pacific cooling is 182 

propagated southwestward via wind-evaporation-SST (WES) feedback [29] (Fig. 2c, f). Hence, 183 

the extratropical surface cooling reaches the equatorial Pacific through the central to the western 184 

basin, resulting in anomalous easterlies in the western equatorial Pacific (Fig. 2f). When coupled 185 

to a dynamic ocean model, these strengthened easterly trades lead to a strengthening of the 186 

shallow overturning circulation in the Pacific (Fig. 5b), intensifying cold upwelling along the 187 

equator, thereby driving a La Niña-like cooling pattern (Fig. 2c). A cooling of the water 188 

subducted in the northern subtropical cell would also contribute to La Niña-like Pacific cooling 189 

by reducing the temperature of water that is upwelled in the equatorial Pacific [30,31]. The 190 

equatorial Pacific cooling is amplified through Bjerknes feedback in DOM, featuring a westward 191 

shift of western Pacific deep convective activity, a drier equatorial Pacific and a wetter northern 192 

ITCZ (Fig. 3c) [32]. This positive ocean dynamical feedback explains a more prominent aerosol 193 

shift mode in DOM than SOM, which is particularly evident from the precipitation response in 194 

the tropical Pacific (Fig. 3c, f). This, together with the ocean dynamic damping of the aerosol 195 

increase mode, makes the contributions from the two modes comparable to tropical precipitation 196 

change, both in the zonal mean and variation (Fig. 3).  197 

Over the North Atlantic, the reduction in aerosols from North America produces warm 198 

anomalies, which propagate southwestward with the weakened easterlies (Fig. 2c, f). The AMOC 199 

slightly weakens with a warming and freshening North Atlantic (Fig. 5d), damping the North 200 

Atlantic warming in DOM compared with SOM (Fig. 2c, f). As a result, a northward Atlantic 201 

ITCZ displacement is clearer in SOM (Fig. 3c, f). Small tropical Atlantic precipitation response 202 
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in DOM is possibly because of our idealized experiment design as the radiative forcing is 203 

prescribed at too high latitudes compared to the realistic aerosol forcing and the western and 204 

eastern hemisphere forcing magnitude is constrained to be same but differs in reality. However, 205 

the accompanying increase in Sahel rainfall is evident regardless of the presence of ocean 206 

dynamics, implying that the observed recovery of Sahel drought in the recent decades may be 207 

partially attributable to a zonal shift in aerosol forcing [11,33]. This is a different perspective for 208 

understanding the Sahelian precipitation recovery in the recent decades from the previous 209 

argument that emphasizes the direct atmospheric response to greenhouse gases [34]. 210 

 211 

4. Discussion 212 

Our idealized experiments offer dynamical insights into the global climate response to aerosol 213 

forcing. We show that the aerosol-forced climate change in the historical period can be largely 214 

decomposed into aerosol increase and shift modes that originate in the extratropics. The aerosol 215 

increase mode dominates the period with a global increase in aerosol emissions from the 1940s 216 

to 1980s, with the predominant zonal-mean component that is governed by the energetics 217 

framework. The framework predicts a differential cooling in the Northern Hemisphere and a 218 

southward displaced zonal-mean ITCZ [35]. By contrast, the aerosol shift mode is important for 219 

the period since the 1980s when the aerosol forcing has shifted zonally from North America and 220 

Europe to Asia and hence the tropical climate response pattern is distinct between the Pacific and 221 

Atlantic basins. Consequently, the aerosol increase mode is robust and not sensitive to the 222 

forcing distribution (Fig. 4) while the aerosol shift mode is dependent on the forcing profile such 223 

as relative location and magnitude. 224 
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Our hierarchical modeling approach allows us to reveal the distinct role of ocean 225 

dynamics in modulating the two modes as summarized in Fig. 6. In the absence of ocean 226 

dynamics, the aerosol increase mode is dominant with a robust zonally symmetric structure while 227 

the aerosol shift mode is insignificant associated with zero zonal-mean radiative forcing. 228 

However, the aerosol increase mode is preferentially damped by ocean dynamical adjustments 229 

(Fig. 3b, e), consistent with the energetics framework as has emerged in recent literature 230 

[25,27,36]. Conversely, the aerosol shift mode is amplified by coupled ocean-atmosphere 231 

dynamics, especially Bjerknes feedback on the equator. As a consequence, the two modes 232 

become comparably important in DOM, but with a distinct spatial pattern (Fig. 3b, c): the aerosol 233 

increase mode induces a southward displacement of the tropical precipitation while the aerosol 234 

shift mode causes a westward shift of the western Pacific precipitation, a drier equatorial Pacific 235 

and a wetter northern ITCZ. Although the two modes induce a distinct tropical precipitation 236 

response, they share a common La Niña-like cooling pattern over the equatorial Pacific (Fig. 2b, 237 

c). The results suggest that the persistent aerosol-forced North Pacific cooling may have 238 

contributed to the observed La Niña-like cooling of the equatorial Pacific in the recent decades 239 

[37,38]. We propose that the evolving spatial distribution of aerosol forcing needs to be 240 

considered in interpreting the multidecadal variability of tropical climate. As aerosol emissions 241 

in Asia eventually decrease in the future, it would induce a climate response opposite to the 242 

aerosol increase mode, boosting the greenhouse warming and reorganizing rainfall patterns 243 

around the world. 244 

Our radiative forcing is highly idealized, with a theoretical appeal that keeps the zonal 245 

shift mode free of zonal-mean energy perturbations. By confining the radiative perturbations 246 

north of 45°N, we show that marked climate response penetrates deep into the tropics as required 247 
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by interhemispheric energy transport and/or through coupled ocean-atmospheric feedbacks. 248 

More realistic distributions of aerosol forcing would certainly improve the realism of simulated 249 

climate response on local to regional scales, especially around major emission sources. For 250 

example, our idealized experiments fail to reproduce the drying trends over South Asia since the 251 

1940s (Fig. 3), which are primarily driven by local aerosol emissions [14,39,40]. Also, our 252 

aerosol increase mode (Fig. 3b) does not capture the early period drying over South America and 253 

Central Africa (Fig. 1e), a change for which the tropical biomass burning aerosol forcing is 254 

important (Fig. S1a online). Despite these caveats, a global perspective of large-scale coupled 255 

ocean-atmospheric adjustments to the spatio-temporal evolution of aerosol forcing as presented 256 

here provides a conceptual framework for explaining aerosol-forced climate change during the 257 

historical period. 258 
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Figure captions 371 

Fig. 1. (a) Zonal- and ensemble-mean linear trends of surface temperature between 1940-1980 372 

(blue) and 1980-2020 (red), with the significant responses at the 95% confidence level based on 373 

a two-sided t-test in thicker lines, and spatial map of linear trends in SST 374 

(colors) and horizontal wind vectors at 850 hPa for the period between (b) 1940-375 

1980 and (c) 1980-2020 from CESM LE aerosol single-forcing simulations. (d−f) same as (a−c) 376 

but for precipitation. The black contours in e and f show the 6 mm d−1 isopleth of the 377 

precipitation climatology between 1920-2005 from the control LE ALL simulation (see 378 

Materials and methods). Hatched regions indicate statistically insignificant values at the 95% 379 

confidence level based on a two-sided t-test. 380 

 381 

Fig. 2. (a) Zonal-mean surface temperature anomalies for the aerosol increase (blue) and shift 382 

(red) modes, with the significant responses at the 95% confidence level based on a two-sided t-383 

test in thicker lines, and spatial pattern of SST anomalies (colors) and horizontal wind vectors at 384 

850 hPa for (b) aerosol increase mode and (c) aerosol shift mode, from the idealized experiments 385 

with a dynamic ocean model (DOM). (d−f) same as (a−c) but for slab ocean model (SOM) 386 

experiments. Hatched regions indicate statistically insignificant values at the 95% confidence 387 

level based on a two-sided t-test. 388 

 389 
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Fig. 3. (a) Zonal-mean precipitation anomalies for the aerosol increase (blue) and shift (red) 390 

modes, with the significant responses at the 95% confidence level based on a two-sided t-test in 391 

thicker lines, and spatial pattern of precipitation anomalies for aerosol increase mode (b) and 392 

aerosol shift mode (c), from the idealized experiments with a dynamic ocean model (DOM). (d, e, 393 

f) same as (a, b, c) but for slab ocean model (SOM) experiments. The black contours in the maps 394 

show the 6 mm d−1 isopleth of the precipitation climatology from the preindustrial control 395 

simulation. Hatched regions indicate statistically insignificant values at the 95% confidence level 396 

based on a two-sided t-test. 397 

 398 

Fig. 4. Climate response pattern correlation. Values above the diagonal in green text show the 399 

pattern correlation coefficients for the precipitation anomalies over 30°S and 30°N between any 400 

two pairs of three regional cooling experiments as well as the zonally uniform forcing 401 

experiment (UNIF). Same for values below the diagonal in white text except for the surface 402 

temperature anomalies. (a) is for dynamic ocean model (DOM) and (b) is for slab ocean model 403 

(SOM) experiments. 404 

 405 

Fig. 5. Ocean meridional overturning circulation anomalies in the Indo-Pacific for aerosol 406 

increase mode (a) and aerosol shift mode (b) from the idealized experiments with a dynamic 407 

ocean model (DOM). (c, d) same as (a, b) but for the Atlantic sector. The contours show the 408 

climatology from the preindustrial control simulation. Positive values (red shading and solid 409 

contours) indicate a clockwise circulation and negative values (blue shading and dashed contours) 410 

indicate a counter-clockwise circulation. Northward energy transport response in aerosol 411 

increase mode (e) and aerosol shift mode (f). The solid line indicates the atmospheric moist static 412 
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energy transport response, which is indirectly calculated from the net top-of-atmosphere 413 

radiation and net surface energy fluxes. The dashed line indicates the implied oceanic energy 414 

transport response, which is calculated as the latitudinal integral of net surface energy flux 415 

response. 416 

 417 

Fig. 6. Schematic of distinctive dynamics governing the two modes. In slab ocean model, the 418 

zonal-mean mode, which is explained by the energetics framework, dominates the zonal shift 419 

mode. Ocean dynamical adjustments preferentially damp the zonal-mean mode while amplifying 420 

the zonal shift mode via Bjerknes feedback. Consequently, the two modes are comparably 421 

important in dynamic ocean model. 422 
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