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Abstract

We compare the radiative feedbacks resulting from a uniform warming and cooling of sea surface temperatures by 4 K in an

ensemble of global climate models. The global-mean net feedback is less stabilising in response to warming in all nine models.

This is primarily due to a stronger tropical water vapour feedback, with a smaller contribution from the shortwave cloud

feedback. The zonal-mean feedbacks are similarly robust across the ensemble. In the extra-tropics, more positive shortwave

cloud feedback under warming is associated with further poleward migration of the mean Southern Hemisphere jet latitude in

some models. However, additional experiments with an aquaplanet version of the HadGEM3 model suggest that the asymmetry

of the jet shift is not driving that in the cloud feedbacks at these latitudes. In the tropics, stronger water vapour feedback under

warming is offset by a weaker shortwave cloud feedback. The result is that the ensemble spread in the differences between the

global feedbacks under warming and cooling is mainly determined by their differences in the tropics. The spatial distribution of

the feedbacks largely reflects the zonal mean behaviour, although there is considerable intermodel variation in the regional cloud

feedbacks, particularly in the tropical shortwave cloud feedback. Comparison with CO2- and solar-forced coupled experiments

suggests that the global-mean longwave cloud feedback is nearly invariant to warming and cooling, regardless of the nature of

the forcing. The shortwave cloud feedback is generally more positive under warming in the coupled models, consistent with the

uniform SST perturbation experiments.
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Key Points: 9 

• The global climate feedback is less stabilising under warming compared to cooling. 10 

• This behaviour is primarily driven by the responses of clouds and water vapour in the 11 
tropics. 12 

• Simplified climate model experiments are a valuable tool to help us understand climate 13 
feedbacks in colder and warmer climates. 14 

  15 
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Abstract 16 

We compare the radiative feedbacks resulting from a uniform warming and cooling of sea 17 
surface temperatures by 4 K in an ensemble of global climate models. The global-mean net 18 
feedback is less stabilising in response to warming in all nine models. This is primarily due to a 19 
stronger tropical water vapour feedback, with a smaller contribution from the shortwave cloud 20 
feedback. The zonal-mean feedbacks are similarly robust across the ensemble. In the extra-21 
tropics, more positive shortwave cloud feedback under warming is associated with further 22 
poleward migration of the mean Southern Hemisphere jet latitude in some models. However, 23 
additional experiments with an aquaplanet version of the HadGEM3 model suggest that the 24 
asymmetry of the jet shift is not driving that in the cloud feedbacks at these latitudes. In the 25 
tropics, stronger water vapour feedback under warming is offset by a weaker shortwave cloud 26 
feedback. The result is that the ensemble spread in the differences between the global feedbacks 27 
under warming and cooling is mainly determined by their differences in the tropics. The spatial 28 
distribution of the feedbacks largely reflects the zonal mean behaviour, although there is 29 
considerable intermodel variation in the regional cloud feedbacks, particularly in the tropical 30 
shortwave cloud feedback. Comparison with CO2- and solar-forced coupled experiments 31 
suggests that the global-mean longwave cloud feedback is nearly invariant to warming and 32 
cooling, regardless of the nature of the forcing. The shortwave cloud feedback is generally more 33 
positive under warming in the coupled models, consistent with the uniform SST perturbation 34 
experiments. 35 

 36 

Plain Language Summary 37 

A longstanding question in climate science is whether the study of cooler past climates can help 38 
us to understand future climate change in response to increasing CO2 and other greenhouse 39 
gases. Answering this question is difficult because when the Earth was much colder the climate 40 
itself was quite different from today’s. This means that we cannot be sure that feedbacks in the 41 
climate system operated as they do now, or as they might do in the future. To simplify the 42 
problem we have examined climate model experiments in which the surface temperature of the 43 
oceans is alternately warmed and cooled by a fixed amount relative to the present day. This 44 
provides us with a baseline for understanding the differences between more realistic scenarios of 45 
past and future climates. We highlight the role of clouds and atmospheric water vapour in 46 
determing these differences and the relative importance of the tropics compared to higher 47 
latitudes. 48 
  49 
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1 Introduction 50 

Do past, cooler climates provide us with useful insights into future global warming? This 51 
depends to a large degree on whether climate feedbacks are “symmetric”. That is, if warming 52 
and cooling of the same magnitude lead to equal and opposite responses. We also need to 53 
account for known asymmetries in the forcing, such as the location and extent of the major ice 54 
sheets or changes in the Earth’s orbit around the Sun. 55 

Recognising these complexities, the Cloud Feedback Model Intercomparison Project 56 
(CFMIP; Webb et al., 2017) includes a simple uniform cooling experiment in which SSTs are 57 
everywhere reduced by 4 K from their present-day values. This complements the standard 58 
warming experiment in which SSTs are increased by 4 K. The aims are to isolate the basic 59 
responses to warming and cooling, identify any fundamental differences between the resulting 60 
feedbacks, and provide a baseline for comparisons of more realistic past and future climates.   61 

We can identify two kinds of asymmetry: (i) feedbacks could have the same sign but 62 
different magnitudes under warming and cooling, or (ii) feedbacks could have the opposite sign. 63 
In practice we find that (ii), which is clearly a more complex physical situation, rarely occurs at 64 
the global scale in the models we examine here, although we note one or two examples. Local 65 
asymmetry in the feedbacks is, however, more common, particularly in relation to cloud 66 
feedbacks. 67 

The first global climate model (GCM) study to examine such idealized scenarios was 68 
Schneider et al. (1978), who described uniform 2 K SST warming and cooling experiments with 69 
the NCAR model for perpetual January conditions. They found symmetric cloud feedbacks in 70 
response to cooling and concluded that this added confidence to the results they obtained under 71 
warming. 72 

Cess et al. (1990) also performed uniform SST +/-2 K experiments, this time for 73 
perpetual July conditions, to examine cloud feedbacks in an ensemble of climate models. Their 74 
focus, however, was to use the 4 K SST difference to increase the signal-to-noise ratio for the 75 
feedback calculation, i.e., there was an implicit assumption of symmetry. The experiments 76 
continued to be used in this way when they were adopted by CFMIP (Ringer et al., 2006).  77 

More recently, both Ringer et al. (2014) and Qin et al. (2022) demonstrated the value of 78 
uniform SST +4 K warming experiments for interpreting feedbacks in fully coupled models 79 
under the abrupt-4xCO2 scenario, providing motivation that uniform cooling experiments might 80 
be similarly informative. 81 

Yoshimori et al. (2009) compared Last Glacial Maximum (LGM) and 2xCO2 simulations 82 
using the MIROC 3.2 model coupled to a 50 m mixed layer (“slab”) ocean and described a 83 
framework for analysing the responses to warmer and cooler climates. They included an 84 
experiment in which only the greenhouse gas concentrations were set to LGM levels i.e., the ice 85 
sheets and other boundary conditions were left at their control values: this allowed them to 86 
examine the model’s feedbacks in response to warming and cooling more generally. They found 87 
that the difference in the climate sensitivity between warming and cooling was due to a 88 
weakening of the positive shortwave cloud feedback under cooling, and in their full LGM 89 
experiment the sign of the global shortwave cloud feedback actually reversed. 90 

The continuing relevance of understanding the climate response to global cooling is 91 
emphasised by Sherwood et al. (2020), who show that the LGM provides the strongest constraint 92 
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on the upper end of their Effective Climate Sensitivity (ECS) distribution. They make 93 
assumptions about the state dependence of feedbacks, that they are not the same for warming and 94 
cooling, which are based on comparisons of proxy evidence for warm and cold climates. 95 

Here we examine a nine-member ensemble of uniform 4 K SST warming and cooling 96 
experiments submitted to CFMIP3/CMIP6 to address the three aims listed above. Our focus is on 97 
the robust differences between feedbacks under warming and cooling across the ensemble, 98 
although we do consider some aspects of model spread and diversity. We also compare global 99 
feedbacks and climate sensitivity estimates between these experiments and both CO2- and solar-100 
forced coupled-model warming and cooling scenarios. These are themselves idealised 101 
experiments which aim to provide insights into past climates, e.g., the CO2-forced experiments 102 
are analogous to the Yoshimori et al. greenhouse gas only simulation. Recent studies using these 103 
idealised warming and cooling experiments have suggested that asymmetries in the global 104 
surface temperature response are driven primarily by the forcing (Mitevski et al., 2022), the 105 
feedbacks (Bloch-Johnson et al., 2021), or a combination of both (Chalmers et al., 2022). 106 

The value of the uniform warming and cooling simulations is not necessarily to establish 107 
whether feedbacks are different under warming and cooling but rather to see if these differences 108 
can be reproduced in such an idealised framework: they are a component of the wider 109 
experimental hierarchy designed to increase our understanding of global climate feedbacks. 110 

2 Data and Methods 111 

The control experiment for this analysis is the standard amip simulation for the period 112 
January 1979 to December 2014. The perturbation experiments are uniform warming (amip-p4K) 113 
and cooling (amip-m4K), respectively, of the SSTs by 4 K over the same period, with the sea-ice 114 
distribution remaining unchanged. A full description of the CFMIP experimental protocols is 115 
given in Webb et al. (2017). 116 

Radiative feedbacks in the warming and cooling experiments are defined as the 117 
differences in the top-of-atmosphere fluxes from the amip simulation divided by the global-mean 118 
change in the surface air temperature, ΔT. Note that the magnitude of ΔT is greater than 4 K 119 
because the land is free to respond to the warming and cooling. We also consider analogous 120 
aquaplanet versions of these experiments (aqua, aqua-p4K, aqua-m4K) using the HadGEM3-121 
GC3.1-LL model (Section 5), in which the feedbacks are estimated in the same way. 122 

In addition, we derive feedbacks and radiative forcing from CO2- and solar-forced 123 
coupled model experiments: abrupt-2xCO2/abrupt-0.5xCO2 and solar-p4p/solar-m4p. These are 124 
also part of CFMIP and are described in Webb et al. (2017). In this case the global-mean 125 
feedbacks are estimated using 150 years of annual mean differences from the corresponding 126 
piControl experiments – the “Gregory plot” (Gregory et al., 2004). 127 

Differences between the ensemble-mean amip-p4K and amip-m4K responses are tested 128 
using a two-sided t-test, the null hypothesis being that the expected difference is zero. Given the 129 
small sample size of nine models, we take a cautious approach and only consider statistical 130 
significance at the 1% level (p < 0.01) to be indicative of robust differences between the 131 
responses to warming and cooling. 132 

We first consider the global-mean responses and feedbacks (Section 3), then examine the 133 
regional responses in more detail (Section 4). In Section 5 we discuss the poleward shift of the 134 
mid-latitude jet in the Southern Hemisphere and its relationship to cloud feedbacks. Finally, in 135 
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3 Global responses 151 

3.1 Surface warming 152 

Differences between the magnitude of the global-mean surface warming and cooling are 153 
relatively small in the nine models we examine here (Table 1), and are, by design, driven by the 154 
differences over land (Figure 1). Nonetheless, both the global-mean difference of 0.15 K and the 155 
0.4 K difference in the magnitude of the land surface temperature change are statistically 156 
significant at the 1% level. The ensemble-mean ratio of the land to ocean temperature changes 157 
(the “land/sea contrast”) is 1.35 in amip-p4K and 1.25 in amip-m4K. As the models are all 158 
subject to the same SST forcing the similarities across the ensemble in the land/sea contrast 159 
under both warming and cooling, and in the differences between them, are expected. 160 

Using an earlier version of the Met Office Hadley Centre climate model, Joshi et al. 161 
(2008) estimated a land/sea contrast of 1.4 and 1.3 under uniform 4 K warming and cooling, 162 
respectively. Our results are thus consistent with their proposed mechanism to explain the 163 
land/sea contrast, which applies to both global warming and cooling. The small difference 164 
between the warming and cooling experiments then arises because of the inherent non-linearities 165 
in this mechanism due to its dependence on the Clausius-Clapeyron relation. 166 

3.2 Global-mean feedbacks 167 

The global-mean net climate feedback in amip-p4K is less negative (i.e., less stabilizing 168 
and implying a higher climate sensitivity) than under amip-m4K in all nine models and the 169 
ensemble mean difference is 0.13 Wm-2 K-1 (Fig. 2a). For context, this difference in the feedback 170 
would lead to an ensemble-mean difference of around 0.5 K in the estimated effective climate 171 
sensitivity: this is discussed further in Section 6. The ensemble mean feedbacks for the two 172 
experiments are summarized in Table 2. 173 

The longwave clear-sky feedback is also less negative under warming in all the models 174 
(Fig. 2b). Note that non-linearities in the Stefan-Boltzmann law and the Clausius-Clapeyron 175 
relation mean that some asymmetry is “built in” to the experimental design. This can be 176 
understood by reframing the experiments as two successive 4 K warmings, i.e., from amip-m4K 177 
to amip and from amip to amip-p4K. Rather than a dependence on warming or cooling we can 178 
then consider the differences as a function of the control state (cf. Colman and McAvaney, 179 
2009). Starting from the warmer amip control state results in a more stabilising (more negative) 180 
Planck feedback compared to starting from amip-m4K. It also leads to a stronger (more positive) 181 
water vapour feedback, even though the relative humidity remains approximately constant (e.g. 182 
Colman and McAvaney, 2009). In addition, if the atmosphere remains close to a moist adiabatic 183 
profile with warming, the lapse rate feedback will also be stronger (more negative) when starting 184 
from a warmer base state. The water vapour feedback effect thus appears to dominate the 185 
longwave clear-sky feedback difference. 186 

The longwave cloud feedbacks (LW CRE) lie close to the 1:1 line (Fig 2e). The robust 187 
difference in the global-mean net feedback is, therefore, primarily the result of a stronger water 188 
vapour feedback and a generally more positive shortwave cloud feedback (SW CRE, Fig. 2f) 189 
under warming. 190 
 191 

In two models the sign of the global shortwave cloud feedback is different under 192 
warming and cooling, although the magnitude of the feedbacks is small in both cases. These are 193 
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the only examples of such asymmetry at the global scale. The difference in the net cloud 204 
feedback (Fig. 2d) is thus largely determined by the shortwave component: the net cloud 205 
feedback itself is robustly positive, although it is very close to zero in one model in amip-m4K. 206 

The constraint of using fixed sea ice limits the shortwave clear-sky response and the 207 
feedbacks lie close to the 1:1 line (Fig. 2c), with one exception. This is BCC-CSM2-MR model 208 
and appears to be due to an unusual response in the tropics (see below). 209 

We have also estimated the global feedbacks from the differences between the amip-p4K 210 
and amip-m4K experiments, i.e., without reference to the control simulations (not shown). They 211 
are very close to the mean of the amip-p4K and amip-m4K feedbacks because the magnitude of 212 
the global-mean warming is similar in both cases. 213 

The formal statistical test shows that the differences between the net, longwave, and 214 
longwave clear-sky feedbacks are significant at the 1% level (Table 2), consistent with Fig. 2. 215 
We also estimate the 95% confidence interval for the differences in the mean feedbacks using a 216 
bootstrapping procedure (resampling 10000 times with replacement). This suggests that the 217 
differences in the shortwave and longwave CRE feedbacks may be indicative of a robust 218 
response, i.e., the 95% confidence interval does not span zero (Table 2). However, we emphasise 219 
caution in over interpreting these findings due to the small sample size. 220 

The “state dependence” argument described above should in principle also apply to 221 
further warming. For example, Block and Mauritsen (2013) show that the global-mean net 222 
feedback increases by 0.19 Wm-2 K-1 in their amip-p8K experiment compared to amip-p4K. 223 
Furthermore, the water vapour feedback also increases, and the combined lapse rate and Planck 224 
feedback becomes more stabilizing. 225 

4 Regional Feedbacks 226 

Are the differences between the global-mean feedbacks under warming and cooling 227 
representative of the regional or local responses in the models? We start by examining the zonal-228 
mean feedbacks, focussing initially on the ensemble mean responses. 229 

The net feedback is more positive under warming everywhere except for two relatively 230 
small sections of the tropics and sub-tropics in both hemispheres (Fig. 3a). This suggests that the 231 
global-mean difference is, to a large extent, a robust indicator of the regional behaviour. The 232 
exceptions arise from subtle differences between cancellation of the differences in the longwave 233 
clear-sky (water vapour) and cloud feedbacks (see below; Fig. 4d). In these and all subsequent 234 
plots of zonal-mean feedbacks the values are latitude weighted so that their contribution to the 235 
global mean can be more easily assessed. 236 

The longwave clear-sky feedback difference (Fig. 3b) is largely confined to the tropics 237 
and, following the discussion above, results from the dominant effect of the difference in the 238 
water vapour feedback (more positive under warming) compared to the differences in the Planck 239 
and lapse rate feedbacks. For completeness, Figure 3c illustrates how the water vapour itself 240 
depends on the control state via the Clausius-Clapeyron relation: the relative change in the 241 
precipitable water (the vertical integral of specific humidity) is the same at all latitudes if we 242 
consider the experiments as two successive warmings starting from the cooler (amip-m4K) and 243 
warmer (amip) control states. This is also shown, though in a slightly different way, in Fig. 5(b) 244 
of Yoshimori et al. (2009). 245 
  246 
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Figs. 4a-c show how the difference in the zonal-mean net cloud feedback under warming 252 
and cooling is mainly determined by that in the shortwave component, which is again consistent 253 
with the global-mean responses. There appear to be two distinct effects: local modification of a 254 
quasi-fixed cloud distribution in the tropics (30°N – 30°S) and poleward migration with warming 255 
at higher latitudes. Examination of the zonal-mean shortwave CRE, rather than the responses, in 256 
all three experiments (not shown) indicates an approximately 3° poleward shift for each 4 K SST 257 
warming. This is based on the location of the mid-latitude minimum (largest negative) shortwave 258 
CRE in both hemispheres and is considered in more detail in Section 5. Once again, these 259 
changes can also be viewed either as responses to warming and cooling relative to the present 260 
day or as two successive warmings. For example, poleward migration with warming and 261 
equatorward migration with cooling can be thought of as further poleward migration with 262 
successive warmings. A further point of interest is that differences in the poleward shift can lead 263 
to the shortwave and net CRE feedback locally being of opposite sign in the amip-p4K and amip-264 
m4K experiments, e.g., between around 46 – 51°S in the Southern Hemisphere. 265 

The zonal-mean differences between the amip-p4K and amip-m4K feedbacks (Fig. 4d) 266 
illustrate two key points: (i) poleward of 40° in both hemispheres the difference in the net 267 
feedback is positive (matching the global-mean difference) and is determined primarily by the 268 
difference in the net cloud feedback; and (ii) equatorward of 40° the difference in the net 269 
feedback is determined by the degree of cancellation between the differences in the longwave 270 
clear-sky feedback (positive, due to the water vapour feedback effect) and the cloud feedback 271 
(generally negative and dominated by the shortwave component). A smaller secondary effect 272 
occurs over land in the Northern Hemisphere and results from differences in the snow retreat 273 
(not shown) in response to the warming from amip-m4K to amip-p4K. 274 

The zonal-mean net cloud feedback in the nine individual models (Fig. 5) highlights the 275 
robustness of the ensemble mean response. Although they are not identical, the models are 276 
clearly very similar to each other and to Fig. 4c. This is also highlighted in Fig. 6, which shows 277 
how the dominance of the cloud feedback differences in the extra-tropics and the degree of 278 
cancellation between the longwave clear-sky and net CRE feedbacks in the tropics are also 279 
robust features across the ensemble.  280 

Figure 6 also illustrates some model specific features. An unusual shortwave clear-sky 281 
feedback in the BCC-CSM2-MR model (not shown) means that the longwave clear-sky/net CRE 282 
cancellation does not apply in the tropics as it does in other models. This may be due to a 283 
similarly unusual aerosol response to cooling, but we have been unable to isolate the precise 284 
cause. IPSL-CM6A-LR has close to zero difference in the tropical net CRE feedback (Fig. 6g) 285 
due to cancellation of the shortwave and longwave effects (Fig. 5g). This results in the net 286 
feedback in the tropics being almost exactly equal to the longwave clear-sky feedback. The same 287 
behaviour, although limited to the deep tropics, also occurs in GFDL-CM4 (Figs. 6e, 5e). 288 
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We use the method described by Grise and Polvani (2016, 2017) to define the location of 392 
the mid-latitude eddy-driven jet as the latitude where the zonal-mean, zonal wind at 850 hPa 393 
reaches its peak value. The results are summarized in Table 3. For eight of our nine models we 394 
also include values for the abrupt-4xCO2 experiment from Curtis et al. (2020). The shift per 395 
degree of global-mean temperature change in the coupled models under abrupt-4xCO2 is well 396 
predicted by the amip-p4K experiment. This gives us confidence that the warming versus cooling 397 
comparison is legitimate. 398 

The ensemble-mean difference in the shift between warming and cooling (0.36°) is not 399 
statistically significant (p=0.23). Some models do, however, suggest a large degree of asymmetry 400 
(Fig. 12). Models where there is a larger shift under cooling per degree of global temperature 401 
change (CanESM5, GFDL-CM4, HadGEM3-GC31-LL, IPSL-CM6A-LR) are also those which 402 
suggest the largest degree of asymmetry in the magnitude of the cloud feedback at these latitudes 403 
(cf. Fig. 5). In the remaining five models, where the asymmetry in the jet shift is small or even in 404 
the opposite sense, there is a clearly a shift in the location of the cloud feedback but the 405 
magnitude of the feedback itself remains unchanged. 406 

To test the idea that asymmetry in the cloud feedback is related to asymmetry in the jet 407 
shift we perform uniform 4 K SST warming and cooling experiments with the aquaplanet version 408 
of the HadGEM3-GC31-LL model: we run an additional aqua-m4K simulation to complement 409 
the aqua and aqua-p4K simulations specified in the CFMIP protocol (Webb et al., 2017). 410 

In the aquaplanet simulations there is a symmetric shift in the jet location under warming 411 
and cooling, regardless of the metric chosen to identify the jet position (Table 4, Fig. 13). In 412 
contrast the shift in the amip-p4K/amip-m4K simulations is asymmetric using all metrics, even 413 
when controlling for the possible influence of the time of year and a different solar insolation 414 
(the aquaplanet simulations are for perpetual September). 415 

However, there is still an asymmetric response in the magnitude of the cloud feedbacks 416 
under warming and cooling in the aquaplanet (Fig. 14) and the aquaplanet also reproduces the 417 
anticorrelation between the shortwave and longwave CRE feedbacks at all latitudes (cf. Figs 6 418 
and 7). This suggests that the asymmetry in the cloud feedback – when considering the annual-419 
mean, zonal-mean response – is not driven by the jet shift and is more likely to be a 420 
thermodynamic, rather than a dynamic, response (Ceppi et al., 2014; Ceppi and Hartmann, 421 
2015).  422 

The hypothesis that the asymmetry in the jet location is driving that in the cloud 423 
feedbacks is thus not supported by our aquaplanet warming and cooling experiments, although 424 
this clearly needs to be tested in other models. The asymmetry in the jet shift between the amip-425 
p4K and amip-m4K simulations presumably arises because of the presence of Antarctica and the 426 
global circulation’s response to the fact that the land warms more in amip-p4K than it cools 427 
under amip-m4K (Fig 1; Table 1), including over Antarctica. 428 
  429 
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6 Climate sensitivity and comparison with coupled model feedbacks 450 

6.1 Effective climate sensitivity 451 

We now consider the impact of the differences in the global-mean feedback between 452 
amip-p4K and amip-m4K (Section 1) on estimates of the effective climate sensitivity, S 453 
(Sherwood et al., 2020). We take the radiative forcing to be 3.47 Wm-2 K-1: this is the ensemble 454 
mean value of the intercept of the Gregory plot using 150 years of data from the models’ 455 
corresponding abrupt-4xCO2 experiments. To account for the absence of polar amplification and 456 
the sea-ice feedback in the uniform SST experiments we replace the clear-sky shortwave 457 
feedback with the ensemble mean value from the abrupt-4xCO2 experiments. We then obtain an 458 
ensemble mean value for S of 3.53 K in amip-p4K compared to 3.03 K in amip-m4K, i.e., the 459 
differences in the feedbacks which are represented in the uniform SST experiments lead to a 0.5 460 
K higher sensitivity under warming (p=0.002). There are, though, large contributions from both 461 
the CNRM-CM6-1 and IPSL-CM6A-LR models, with differences of 0.97 and 1.16 K 462 
respectively. Excluding these, the mean difference in S reduces to 0.34 K (p<0.001) for the 463 
remaining seven models. In both models the large difference in the global feedback which leads 464 
to that in the estimate of S arises from a combination of the differences in the longwave clear-sky 465 
and shortwave cloud feedbacks.  466 

The surface albedo feedback is, however, known to weaken, i.e., become less positive, 467 
for warmer climates (e.g., Colman and McAvaney, 2009). To try and account for this effect we 468 
recalculate S in the uniform SST experiments, but this time replace the shortwave clear-sky 469 
feedback in amip-p4K and amip-m4K by the ensemble mean values from the abrupt-2xCO2 and 470 
abrupt-0.5xCO2 experiments respectively. This results in a lower sensitivity estimate from the 471 
amip_p4K experiment (3.81 K) compared to amip_m4K (4.22 K). 472 

How plausible is this? Using the same forcing of 3.47 Wm-2 K-1 together with the global 473 
feedbacks from the abrupt-2xCO2 and abrupt-0.5xCO2 experiments gives estimates for S of 474 
3.54 and 4.04 K respectively, compared to the actual values of 3.69 and 3.41 K respectively. The 475 
impact of the stronger positive shortwave clear-sky feedback in abrupt-0.5xCO2 is compensated 476 
by the opposing effects of the longwave clear-sky and shortwave cloud feedbacks (Fig. 15 477 
below). The larger forcing in the abrupt-2xCO2 experiment (3.65 versus 3.04 Wm-2 K-1) then 478 
dominates the difference in the sensitivities. The difference in the forcing is comparable to that in 479 
the greenhouse gas forcing between 2xCO2 and the LGM (e.g., Sherwood et al., 2020; Zhu and 480 
Poulsen, 2021) and the impact – roughly equal net feedbacks but increased sensitivity – is 481 
consistent with that reported by Yoshimori et al. (2009). More recently, Mitevski et al. (2022) 482 
described abrupt-2xCO2/0.5xCO2 experiments with the CESM-LE and GISS-E2.1-G models. 483 
They found little difference between the net feedbacks under 2xCO2 and 0.5xCO2 due to 484 
compensation between the various components. There was, however, still significantly increased 485 
warming under 2xCO2 due to the larger forcing. Using the CESM1 model, Chalmers et al. 486 
(2022) also found greater warming under 2xCO2 compared to 0.5xCO2 but they ascribed this to 487 
approximately equal contributions from increased forcing and a less stabilizing net feedback. 488 
They similarly noted a compensation between the differences in the feedbacks: more stabilizing 489 
non-cloud feedbacks offset by a more positive shortwave cloud feedback, with the longwave 490 
cloud feedback remaining roughly unchanged. 491 

These estimates are, of course, only illustrative of the potential impact on S of the 492 
differences in the feedbacks alone under warming and cooling. They are not definitive estimates 493 
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of the effective climate sensitivity but show how the uniform SST experiments, if used carefully, 494 
can capture aspects of the behaviour seen in the fully coupled system. Qin et al. (2022) discuss 495 
the separate issue of which of the various combinations of forcings and feedbacks from the 496 
idealised experiments give the best estimate of models’ actual climate sensitivities. 497 

6.2 Feedbacks in coupled models 498 

Estimates of ECS from the uniform warming/cooling experiments are clearly problematic 499 
because of the need to compensate for the lack of sea-ice feedbacks and to make assumptions 500 
about the forcing. Some feedbacks can, however, be more consistently compared with those in 501 
the fully coupled system. This is especially true for cloud feedbacks, as demonstrated by both 502 
Ringer et al. (2014) and Qin et al. (2022). Note that the emphasis here is on whether the uniform 503 
SST experiments can capture the differences between feedbacks under warming and cooling 504 
obtained using the coupled models. 505 

Here we compare amip-p4K minus amip-m4K feedback differences with those derived 506 
from scenarios of increasing/reducing atmospheric CO2 and increasing/reducing the solar 507 
constant (Fig. 15). The clearest feature is that the longwave CRE feedback is almost invariant to 508 
warming and cooling and this appears to be independent of the nature of the forcing (Fig. 15a). 509 
The behaviour of the shortwave (Fig. 15b) and the net CRE (Fig. 15c) feedbacks is more 510 
complex: this limited set of models suggests that the SW CRE feedback departs further from the 511 
1:1 line than suggested by the amip-p4K/m4K comparison, for example. The general tendency is 512 
for both the SW and net CRE feedbacks to be more amplifying (more positive or less negative) 513 
under warming (cf. Yoshimori et al., 2009). The longwave clear-sky feedback is consistently 514 
more positive, i.e., less stabilizing, in response to warming (Fig. 15d), consistent with the 515 
dominant impact on the water vapour feedback (Colman and McAvaney, 2009) which is 516 
captured by the uniform SST experiments. 517 

A thorough understanding of these relationships obviously requires further, more 518 
detailed, investigation. For example, the behaviour of the longwave CRE feedback may be 519 
related to the robust nature of the fixed anvil temperature (FAT) hypothesis relating to high 520 
clouds (Zelinka and Hartmann, 2010); and the diversity of the shortwave and net CRE feedback 521 
differences (exemplified by Fig. 9) could be a further manifestation of longstanding uncertainties 522 
in tropical and subtropical low cloud feedbacks (Boucher et al., 2013). Nonetheless, these initial 523 
comparisons suggest that useful insights into the coupled model feedbacks under warming and 524 
cooling scenarios could be determined from the uniform SST experiments. 525 

There are, of course, added complexities when proper account is taken of the radiative 526 
forcing and its potential effects on the feedbacks (Zhu and Poulsen, 2021). These should not be 527 
underestimated, but the simplified experiments help to isolate both the nature of differences in 528 
feedbacks between warming and cooling and to understand the physical mechanisms associated 529 
with them. A particular advantage is that they allow a cleaner diagnosis of the regional feedbacks 530 
than is possible in the coupled experiments. For example, there is no need for regional 531 
regressions and their associated, often large, uncertainties 532 
  533 



534 
535 
536 
537 

 
Figure 15
the amip-p

5: Compariso
p4K/amip-m4

ma

n of the (a) L
4K, abrupt-2x

anuscript subm

LW CRE, (b) S
xCO2/abrupt-

mitted to JGR A

 

SW CRE, (c)
-0.5xCO2 and

Atmospheres 

) net CRE and
d abrupt-solp4

d (d) LW clea
4p/abrupt-sol

ar-sky feedbac
lm4p experim

 

cks in 
ments. 



manuscript submitted to JGR Atmospheres 

 

 538 

7 Conclusions 539 

We have shown that the uniform SST+4K and SST-4K experiments help to simplify the 540 
framework for understanding the climate’s response to global warming and cooling and provide 541 
insights into possible asymmetries in the resulting climate feedbacks. They thus provide a useful 542 
reference (or baseline) for understanding more realistic scenarios of warming and cooling in past 543 
and future climates. This is consistent with previous work demonstrating the utility of uniform 544 
warming experiments and extends that framework to a cooling climate. 545 

We have focussed primarily on the differences between the feedbacks in response to 546 
warming and cooling and to the robust behaviour across our nine-member ensemble. In this 547 
context, asymmetries are predominantly differences in magnitude between feedbacks of the same 548 
sign under warming and cooling. Our main results are: 549 

• The global-mean net feedback is robustly less stabilising (less negative) under warming 550 
compared to cooling, and to first order this is driven by the same behaviour in the 551 
longwave clear-sky feedback. 552 

• The difference in the longwave clear-sky feedback results from the dominance of water 553 
vapour feedback and can be understood in terms of basic physical arguments. 554 

• The large difference in cloud feedbacks in the extra-tropics is a consistent feature across 555 
our ensemble. 556 

• There is far more intermodel spread in tropical cloud feedbacks, which is then the 557 
principal driver of the spread in the global-mean cloud feedbacks. 558 

• A subset of models indicates relatively large asymmetries in the Southern Hemisphere jet 559 
shift under warming and cooling; however, aquaplanet experiments with the HadGEM3-560 
GC31-LL model suggest that this is not driving the asymmetry in the cloud feedbacks at 561 
these latitudes. 562 

• The amip-p4K and amip-m4K experiments provide useful insights into other coupled 563 
warming/cooling scenarios; an example is the global longwave cloud feedback, which 564 
appears to be almost invariant to warming and cooling under different types of forcing 565 
(both CO2 and solar-forced). 566 

We also note that: 567 

• Aquaplanet experiments provide a useful, and even more simplified, baseline for 568 
understanding the differences between responses to warming and cooling; the aqua_m4K 569 
experiment could therefore be a worthwhile addition to CFMIP. 570 

• The idealised framework used here could be extended to atmosphere-only runs forced 571 
with, e.g., LGM SSTs and 2xCO2 SSTs from coupled models to compare the impact of 572 
SST patterns on the feedback differences; this is similar to the “time slice” experiments in 573 
CFMIP (Webb et al., 2017). 574 

• For equilibrium experiments such as these, it is often more instructive to think of them as 575 
successive warmings rather than a warming and cooling; in this case one may then also 576 
refer to the asymmetry as a “state dependence”. 577 
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• Cooling experiments offer an important extra dimension with which to explore the 578 
responses of global climate models to forcing and the associated feedbacks, and for 579 
testing hypotheses related to the mechanisms driving these processes. 580 
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