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Abstract 18 

The Earth’s solar reflectance is reduced through rapid climate adjustments to increasing CO2, via a decrease 19 

in total cloud cover over ocean. Perturbations to marine boundary-layer clouds are essentially important for the 20 

global radiative balance at the top of the atmosphere. However, the physical robustness of low cloud adjustments 21 

to increasing CO2 has not been assessed systematically. Here we show that low cloud adjustment is distinct from 22 

that in total cloud and is seasonally variant. Among multiple climate models, marine boundary-layer clouds over 23 

the subtropics and extratropics (especially over the Northern Hemisphere) are consistently increased in the rapid 24 

adjustment, while middle and high clouds are greatly reduced. The increase in low cloud cover is only found during 25 

summer, associated with a summertime enhancement of lower tropospheric stability. We further examine 26 

mechanisms behind the rapid adjustments of low cloud and inversion strength of the boundary layer, using land 27 

surface temperature prescribing experiments in an atmospheric general circulation model (AGCM). Summertime 28 

increases in low cloud and enhanced inversion strength over the ocean simulated in this AGCM are attributed to 29 

(1) CO2-induced land warming; and (2) reduced radiative cooling in the lower troposphere due to increased CO2. 30 

The seasonality in the cloud adjustment implies an importance of seasonal variations in background cloud and 31 

atmospheric circulation related to the Hadley and monsoon circulations for radiative forcing, feedback and climate 32 

sensitivity. 33 

Keywords: Cloud adjustment, instantaneous radiative forcing, inversion strength, low cloud 34 

  35 
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1. Introduction 36 

Cloud responses to external forcing (e.g. greenhouse gases and aerosols) imposed on the Earth’s climate 37 

system are very important for perturbing the radiative balance at the top of the atmosphere (TOA) and surface air 38 

temperature (SAT). Clouds are the major source of uncertainty in estimating climate sensitivity, determined as 39 

global-mean SAT increase in response to doubling of atmospheric CO2 concentration (e.g. Cess et al. 1989; 40 

Boucher et al. 2014; Bretherton 2015; Kamae et al. 2016a; Ceppi et al. 2017). By using numerical model 41 

simulations, uncertainty in cloud response to CO2 increases can be divided into two processes: fast cloud 42 

adjustment to increasing CO2; and slow cloud response mediated by global-mean SAT increase (Gregory and Webb 43 

2008; Andrews et al. 2012; Kamae et al. 2015; Sherwood et al. 2015). There are large uncertainties across different 44 

climate models for both processes (e.g. Vial et al. 2013; Webb et al. 2013; Zelinka et al. 2013). Previous studies 45 

found that cloud adjustment and cloud feedback are anticorrelated among climate models, which is important for 46 

the resultant uncertainty spread in climate sensitivity (Shiogama et al. 2012; Webb et al. 2013; Ringer et al. 2014). 47 

Chung and Soden (2018) demonstrated that marine boundary-layer cloud is the key for the adjustment-feedback 48 

compensation among multiple models that participated in the Coupled Model Intercomparison Project phase 5 49 

(CMIP5; Taylor et al. 2012). However, physical mechanisms responsible for the compensation of cloud adjustment 50 

and feedback are still unclear and further work is required to reduce the uncertainty. 51 

Previous studies demonstrated that the key processes responsible for tropospheric cloud adjustments are: 52 

the land-sea warming contrast related to the land response to increased CO2 (Dong et al. 2009; Wyant et al. 2012; 53 

Kamae and Watanabe 2013; Chadwick et al. 2014); tropospheric warming and resultant drying (Kamae and 54 
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Watanabe 2012; Kamae et al. 2015); and enhanced stability in lower troposphere due to tropospheric warming 55 

(Webb et al. 2013; Ogura et al. 2014; Qu et al. 2015a). CO2-induced land warming found in atmospheric general 56 

circulation model (AGCM) simulations with prescribed sea surface conditions (temperature and sea ice) changes 57 

the large-scale atmospheric circulation and induces tropospheric warming (Chadwick et al. 2014; He and Soden 58 

2015, 2016; Shaw and Voigt 2015, 2016), which are important for cloud adjustments over land and ocean (Colman 59 

and McAvaney 2011; Kamae and Watanabe 2012, 2013; Kamae et al. 2015). The land surface and atmosphere 60 

above are also greatly influenced by the plant physiological response to imposed CO2 forcing (reduced 61 

evapotranspiration due to stomatal closure; e.g. Boucher et al. 2009; Doutriaux-Boucher et al. 2009; Abe et al. 62 

2015), leading to reduced cloud cover over land (Andrews et al. 2012). 63 

In addition to the land-mediated cloud responses, perturbations to the atmospheric radiative heating profile 64 

due to increased CO2 is also critically important for the cloud adjustment (see Fig. S1). Longwave radiative heating 65 

(i.e. reduced radiative cooling of the troposphere; Sugi and Yoshimura 2004; Collins et al. 2006; Colman and 66 

McAvaney 2011; Kamae and Watanabe 2013; Ogura et al. 2014; Merlis 2015) due to instantaneous radiative 67 

forcing of CO2 (Hansen et al. 2002) results in a shoaling of the planetary boundary layer (e.g. Watanabe et al. 2012; 68 

Wyant et al. 2012; Bretherton et al. 2013; Kamae and Watanabe 2013; Zelinka et al. 2013) and reduction of total 69 

cloud amount over the ocean, then increases effective radiative forcing of CO2 via the tropospheric adjustment 70 

(Kamae and Watanabe 2012; Bretherton et al. 2013; Zelinka et al. 2013; Kamae et al. 2015). However, modeled 71 

low-cloud adjustment still shows a large spread among different modeling studies (Wyant et al. 2012; Bretherton 72 
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et al. 2014; Kamae et al. 2015; Blossey et al. 2016; Xu et al. 2018), suggesting uncertainty in the relative 73 

importance of the physical processes discussed above. 74 

One of the key limitations in our understanding of the cloud adjustment to imposed CO2 forcing is due to 75 

the difficulty in decomposing the adjustment into individual processes including atmospheric radiation, land 76 

warming, and the plant physiological response. Shine et al. (2003) conducted a set of prescribed land temperature 77 

experiments in an intermediate complexity GCM to estimate radiative forcing and climate sensitivity. In contrast 78 

to fixed sea surface temperature (SST) simulations in AGCMs, such prescribed land temperature experiments are 79 

useful to evaluate the effective radiative forcing independently from land surface warming. However, this method 80 

has not been widely applied to the CMIP ensembles due to the technical difficulty in prescribing land surface 81 

temperatures. Recently, Ackerley and Dommenget (2016) proposed a new method for decomposing the effects of 82 

instantaneous radiative forcing, increases in SST, increases in land surface temperature, and the plant physiological 83 

response from conventional AGCM simulations. Under this framework, Ackerley et al. (2018) conducted a suite 84 

of AGCM simulations and made their output available for facilitating wider studies including those focusing on 85 

atmospheric circulations and rainfall patterns (Chadwick et al. 2018). In our study, we aim to examine the physical 86 

processes that control robust and uncertain parts of the cloud adjustment to increasing CO2 by using the prescribed 87 

land surface temperature simulations described in Ackerley et al. (2018). Results from these simulations clearly 88 

show seasonal difference in the cloud and tropospheric temperature responses to seasonally-uniform CO2 increases, 89 

which is very important for the seasonal migration of the Intertropical Convergence Zone (ITCZ) and monsoons 90 

(Kamae et al. 2014, 2016b; Shaw and Voigt 2015; Chen and Bordoni 2016; Chadwick et al. 2018). Seasonal 91 
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variations found here improve process-based understanding of cloud adjustments. Section 2 describes the data and 92 

methods including multiple model simulations and prescribed land surface temperature experiments in an AGCM. 93 

Section 3 compares cloud adjustments among different models, vertical levels and seasons. Section 4 provides 94 

results of a decomposition of low cloud adjustment using a set of AGCM simulations. In Section 5, we discuss 95 

possible reasons for the seasonal variation in cloud adjustment to a seasonally-uniform increase in CO2 96 

concentration. Section 6 is a summary with discussion. 97 

 98 

2. Data and methods 99 

2.1. CMIP5 model simulations 100 

To examine the robustness of cloud adjustments, we use the results of multiple model simulations conducted 101 

under CMIP5 (Taylor et al. 2012). We use results from sstClim and sstClim4xCO2 runs conducted in 15 AGCMs 102 

(Table S1). The rapid adjustments of lower tropospheric stability and low cloud fraction over ocean found in these 103 

AGCM-based simulations are consistent with those found in atmosphere-ocean coupled model simulations forced 104 

by abruptly increased CO2 concentration (e.g. Kamae and Watanabe 2013; Kamae et al. 2015; Qu et al. 2015a). In 105 

sstClim, AGCMs were driven by climatological SSTs and sea-ice concentrations derived from pre-industrial 106 

control simulations in each model. Boundary conditions for sstClim4xCO2 are identical to sstClim except for 107 

atmospheric CO2 concentration (280 and 1120 ppmv in sstClim and sstClim4xCO2, respectively). In this study, 108 

we examine differences (Δ hereafter) of climatology (averaged over 30 years) between the two simulations. 109 

Seasonal variations in cloud adjustment at different vertical levels are investigated by monthly-mean cloud fraction 110 
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at each model layer (note that the number of model layers are different across models; see Table S1). The CMIP5 111 

data portal did not archive diagnostics of low, middle and high cloud fraction. In this study, we approximate low, 112 

middle and high cloud fraction (Cl, Cm and Ch respectively) as the maximum cloud fraction between the surface 113 

and 780 hPa, 780 and 440 hPa, and 440 and 50 hPa, respectively. Although previous studies assessed Cl by 114 

maximum cloud fraction between the surface and 680 hPa (Noda and Satoh 2014; Zhou et al. 2016), we selected 115 

the boundary of 780 hPa to emphasize the response of marine boundary-layer cloud over cool oceans (e.g. Norris 116 

1998; Luo et al. 2016). Note that ΔCl is not sensitive to choices of upper boundary criterion (e.g. 680 hPa or 800 117 

hPa) because the near-surface (below 850 hPa level) response dominates the low cloud adjustment (see sect. 3.1). 118 

 119 

2.2. AMIP simulations with prescribed land surface temperature 120 

In addition to CMIP5 model ensemble, we use the results of prescribed land surface temperature simulations 121 

conducted in an AGCM, ACCESS1.0 (Bi et al. 2013; Frauen et al. 2014). Details of model configuration and 122 

experimental setup are found in Ackerley and Dommenget (2016) and Ackerley et al. (2018). Simulated data are 123 

available from Ackerley (2017). Here we briefly describe the experimental framework and decomposition methods. 124 

ACCESS is configured similarly to the Hadley Centre Global Environmental Model version 2 (HadGEM2: Martin 125 

et al. 2011). The version of ACCESS1.0 used here has a horizontal resolution of 3.75° longitude and 2.5° latitude 126 

and 38 vertical levels. The timestep of the model integration is 30 minutes. The AGCM includes physics 127 

parameterizations (precipitation, cloud, convection, radiative transfer, boundary layer and aerosols) and is coupled 128 
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with a land surface parameterization (Cox et al. 1999; Essery et al. 2001). Soil moisture and temperature are 129 

simulated over four vertical layers (0.1, 0.25, 0.65 and 2 m depth). 130 

To examine physical mechanisms responsible for rapid adjustment, we use AGCM runs with free-varying 131 

land condition (free runs) and prescribed land surface temperature experiments (PL runs). All the simulations are 132 

driven by observed SST and sea ice fraction from 1979 to 2008. In this study, the climatology of the last 25 years 133 

out of the 30-yr integration is examined. Free runs with CO2 concentrations of 346 and 1384 ppmv are referred as 134 

A and A4x, respectively. Here prescribed SST is not identical to that used in CMIP5 sstClim run (model 135 

climatology; sect. 2.1), but the SST difference doesn’t substantially affect results of this study (not shown). In 136 

A4xrad, the radiation code uses CO2 concentration of 1384 ppmv but the vegetation uses 346 ppmv in order to 137 

isolate the effect of the plant physiological response (Boucher et al. 2009; Doutriaux-Boucher et al. 2009). 138 

Instantaneous values of the surface temperature, soil temperature and moisture (on each soil level) in these runs 139 

are stored every three hours. In the PL runs, the stored land conditions are read in by the model every three hours 140 

and updated (by interpolation) every hour. In A4xradPL run, for example, land surface conditions are replaced by 141 

those simulated in A run but only the radiation code refers to a CO2 concentration of 1384 ppmv. If we compare 142 

the results of A4xradPL and APL runs, the difference indicates the effect of atmospheric radiative heating rate due 143 

to CO2 quadrupling without any effects of perturbations in land conditions (RAD_ATM; Table 1). Similarly, the 144 

effect of the plant physiological response (PLANT), the effect of land warming due to atmospheric radiative 145 

perturbation (RAD_LAND), and a residual (RES) are calculated by comparing free and PL runs (Table 1; see also 146 

Fig. S1). Note that interpolated land surface conditions are updated every hour instead of every 30 minutes (the 147 
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timestep of model integrations). Therefore, the results of PL runs are not strictly identical to free runs (see Ackerley 148 

et al. 2018 for detail). We checked the residual term due to this difference, but it does not affect our results 149 

substantially (see Figs. S2, S3 and Supplementary Discussion). 150 

 151 

3. Seasonality in cloud adjustment in CMIP5 models 152 

We first examine the robustness of cloud adjustments and its seasonal variation across CMIP5 models. 153 

Figure 1a–c shows the 15-model ensemble mean of annual-mean cloud adjustment over the ocean. As 154 

demonstrated in previous studies (Kamae and Watanabe 2012; Zelinka et al. 2013; Vial et al. 2013; Kamae et al. 155 

2015), global-mean total cloud amount tends to decrease (with weak increase over several regions including the 156 

North Pacific; Fig. 1a), leading to an enhancement of effective radiative forcing of CO2 via reduction of shortwave 157 

reflection due to clouds. Kamae and Watanabe (2013) concluded that this anomalous shortwave component of 158 

cloud radiative effect is due to low cloud reduction from simulations based on an AGCM. However, if we 159 

decompose the multi-model cloud adjustment into different vertical levels (sect. 2.1), it is clearly found that the 160 

annual-mean cloud reduction dominates in the middle and upper troposphere rather than the lower troposphere 161 

(Fig. 1b, c). The model-simulated cloud fraction below the 780 hPa level is increased over subtropical low cloud 162 

regions, including California and the Canary Islands, and the extratropical Northern Hemisphere. The 27 °C SST 163 

isotherm is shown in these panels as an approximation of the boundary between tropical deep convective region 164 

and subtropical atmospheric subsidence regions (Zhang 1993; Sud et al. 1999). In contrast to the anomalous low 165 

cloud cover over the subtropics, such cloud adjustments are not consistently found in the total cloud amount in the 166 
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subtropics (Fig. 1a), suggesting greater contributions from middle and high clouds than low cloud. The increase 167 

in low-cloud cover in annual-mean field is clearly found over cool SST (< 27 °C) regions over the Northern 168 

Hemisphere but is not apparent over the Southern Hemisphere (Fig. 1c). 169 

In the fixed-SST increased-CO2 simulations, changes in boundary-layer inversion strength is a major factor 170 

for the low cloud response (Klein and Hartmann 1993; Qu et al. 2015b; Myers and Norris 2016; Kawai et al. 2017). 171 

Figure 2 shows anomalies in SAT, air temperature at the 700 hPa level (T700), and estimated inversion strength 172 

(EIS; Wood and Bretherton 2006) in response to quadrupling CO2. Here a given EIS response (ΔEIS) can be 173 

approximated by a linear combination of ΔSAT and ΔT700 (see Qu et al. 2014, 2015a for detail). In the fixed-SST 174 

simulations, ΔT700 dominates ΔEIS because of little ΔSAT (Fig. 2). In response to increasing CO2, the lower 175 

troposphere warms up through radiative heating due to instantaneous CO2 radiative forcing (e.g. Sugi and 176 

Yoshimura 2004; Collins et al. 2006; Kamae and Watanabe 2013) and the effect of land warming (e.g. Chadwick 177 

et al. 2014; Kamae et al. 2014), resulting in positive ΔEIS over ocean (Webb et al. 2013; Qu et al. 2015a). This 178 

enhanced inversion is especially dominant over the extratropical North Pacific and subtropical low-cloud regions 179 

(off the coasts of California and the Canary Islands; Fig. 2c) but relatively weak over warm oceans (see SST 180 

contours in Fig. 1c), consistent with ΔCl (Fig. 1c). Table 2 summarizes area-averaged ΔC and ΔEIS. In contrast to 181 

strong and robust reductions of Ch and Cm (and resultant Ct), annual-mean Cl shows increases (no changes) over 182 

the low-cloud regions (cool ocean) with large inter-model spreads (see Figs. S4, S5 and S6). 183 

The weak annual-mean ΔCl can be understood as a result of seasonal compensation. Figure 1d–i show 184 

wintertime and summertime cloud adjustment. Here winter (summer) is determined by November-to-March mean 185 
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and May-to-September mean over the Northern (Southern) and Southern (Northern) Hemispheres, respectively. 186 

While ΔCh+ΔCm is largely consistent between the two seasons (reduction over extratropics; Fig. 1e, h), CMIP5 187 

models consistently show clear seasonality in the low cloud adjustment: general decrease in winter but greater 188 

increases over the subtropics and extratropics in summer (Figs. 1f, i, S6). The large increase in the summertime 189 

Northern Hemisphere is also found in the total cloud adjustment (Fig. 1g), contributing to the increase in Ct in 190 

some regions in the annual-mean field (Fig. 1a). The effect of ΔCl on ΔCt suggests an important contribution to 191 

radiative balance at TOA (i.e. effective radiative forcing). Table 3 summarizes seasonal variation in the response 192 

of the shortwave cloud radiative effect (SWcld) to quadrupling CO2 in CMIP5 models. Here, SWcld is simply 193 

calculated by taking the difference between all-sky radiation and clear-sky radiation at TOA that includes the cloud 194 

masking effect (Soden et al. 2004, 2008). Note that the cloud masking effect on the shortwave component of cloud 195 

adjustment is much smaller than that on the longwave component (Wyant et al. 2012; Kamae et al. 2015). Positive 196 

ΔSWcld is consistently simulated in 15 models in all seasons. Over cool oceans, summertime ΔSWcld is weaker 197 

than that in winter, consistent with summertime increment of Cl (and seasonal variation of ΔCt) over the subtropics 198 

and extratropics (Fig. 1i). However, the effects of seasonally-variant ΔCl on ΔCt and ΔSWcld are relatively limited 199 

compared to those of ΔCh and ΔCm (Tables 2, 3, Fig. 1). 200 

Figure 3 compares zonal-mean ΔEIS and ΔCl averaged over cool oceans (SST < 27 °C). In contrast to small 201 

or negative ΔCl during winter, summertime positive ΔCl is consistently found in 15 CMIP5 models (Table 2, Figs. 202 

1i, 3b, S6). The seasonal variation (summertime enhancement) is also consistently found in ΔEIS (Table 2, Figs. 203 

2f, i, 3a) and ΔT700 (Fig. 2e, h), and is larger over the Northern Hemisphere than the Southern Hemisphere. Possible 204 
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reasons for the seasonal variations in temperature and ΔEIS and their interhemispheric differences are discussed 205 

in the next section. Seasonal variation (summer minus winter) in ΔEIS and ΔCl shown in Fig. 4 is closely related 206 

each other: neutral or partly negative over the tropics (20°S–20°N) but positive and large over subtropics and 207 

extratropics especially over the North Pacific and low cloud regions off the coasts of California and the Canary 208 

Islands. This spatial coherence (correlation coefficient is 0.56) indicates that the seasonal variation in ΔCl is largely 209 

controlled by that in lower tropospheric warming (and resultant ΔEIS). 210 

 211 

4. Decomposition of cloud adjustment 212 

In the previous section, we demonstrated that low cloud adjustment over cool oceans exhibits a seasonal 213 

reversal and is consistently found among CMIP5 models. The summertime increase in Cl is likely to be related to 214 

summertime enhancement of lower tropospheric warming and resultant positive ΔEIS. From Fig. 2, larger land 215 

surface warming during summer than winter is a possible reason for the seasonal variations in lower tropospheric 216 

temperature and Cl. To examine physical mechanisms in detail, we further use outputs from prescribed land surface 217 

temperature experiments conducted in ACCESS1.0 (sect. 2.2). Before we decompose the cloud adjustment, we 218 

compare adjustments of temperature, EIS and cloud fraction in this model with results from the CMIP5 ensemble. 219 

Figure 5 shows annual-mean cloud adjustment and temperature response. Table 4 summarizes annual-mean 220 

responses averaged over cool oceans. As found in CMIP5 models (Figs. 1, 2), the land surface and lower 221 

troposphere warm up in response to increasing CO2, resulting in a general increase in EIS (Table 4) especially over 222 

the subtropics and extratropics (Fig. 5a–c). The enhanced EIS is consistent with increased Cl over cool oceans, in 223 
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contrast to large decreases in Ch and Cm (Table 4, Fig. 5e, f). The Cl increase simulated in ACCESS1.0 is generally 224 

larger than CMIP5 multi-model mean (Tables 2, 4). Among CMIP5 models, both the strength and spatial pattern 225 

of ΔCl exhibit large inter-model spreads (Table 3, Fig. 3b; see Fig. S5). However, increased Cl in the North Pacific 226 

(and other regions with large low-cloud fractions) and their seasonal variations found in CMIP5 models (Figs. 1, 227 

3) are consistently simulated in ACCESS1.0 (Fig. 5; detailed below). Thus, we examine the physical mechanisms 228 

responsible for the seasonal variation of Cl adjustment by using the sensitivity simulations conducted in this model. 229 

Figures 6 and 7 show decompositions of Cl, Cm and Ch adjustment to quadrupling CO2 based on 230 

ACCESS1.0 sensitivity simulations detailed in sect. 2.2. The increase in annual-mean Cl (Fig. 5f) is almost entirely 231 

explained by the sum of two comparable contributions: RAD_ATM and RAD_LAND effects (Fig. 6a, c; see Table 232 

1). The effect of RAD_ATM results in a general increase in Cl over cool oceans in both hemispheres, while the 233 

RAD_LAND effect is more dominant over the Northern Hemisphere than the Southern Hemisphere. It should also 234 

be noted that effects of RES on ΔCl and ΔCh+ΔCm are not negligible (sect. 2.2; Figs. S2, S3; see Supplementary 235 

Discussion). The characteristics of effects of RAD_ATM and RAD_LAND are consistent with ΔEIS shown in Fig. 236 

8. In response to increasing CO2, the perturbation in longwave radiative heating rate due to instantaneous radiative 237 

forcing warms the lower-to-upper troposphere (Kamae and Watanabe 2013; Ogura et al. 2014) with its peak at the 238 

700–850 hPa level (Sugi and Yoshimura 2004; Collins et al. 2006). The radiative heating results in enhanced lower 239 

tropospheric stability over most of the oceans (Fig. 8a). Possible reasons for spatial pattern of the lower-240 

tropospheric warming are discussed in sect. 5. The effect of RAD_LAND, in contrast, is strongest over the 241 

subtropics and extratropics (especially over the North Pacific; Fig. 8c) with its peak at middle and upper 242 
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troposphere (not shown). The stronger effect of RAD_ATM than RAD_LAND over the subtropics and extratropics 243 

is consistent with relative strength of their effects on Cl (Fig. 6a, c). The enhanced stability over the subtropics and 244 

extratropics (Figs. 2c, 5c) can be understood as a result of a combined effect of RAD_ATM and RAD_LAND. The 245 

effect of PLANT negatively contributes to the responses of EIS and Cl (Figs. 6b, 8b), which resulted from changes 246 

in land surface heat and moisture budgets. The stomatal closure from higher CO2 concentration causes a decrease 247 

in evapotranspiration, an increase in the sensible heat flux, and surface warming over tropical land (e.g. Dong et 248 

al. 2009; Andrews and Ringer 2014; DeAngelis et al. 2016). The land surface warming in addition to the decreased 249 

evapotranspiration partly affects EIS (Dong et al. 2009) and Cl over ocean; however, the total contributions of 250 

PLANT are minor compared to RAD_ATM and RAD_LAND (Table 4, Fig. S2a, c; see Supplementary Discussion). 251 

Which effect dominates the seasonal variation in cloud adjustment? To answer this question, we examine 252 

wintertime and summertime temperature and Cl adjustment. As shown in Fig. 9, both RAD_ATM and 253 

RAD_LAND effects act to warm the lower troposphere both in winter and summer (Fig. 9a, d, g, j). However, 254 

wintertime warming is generally weaker than that during summer, resulting in seasonal variations in ΔEIS and ΔCl 255 

(Fig. 9b, c, e, f, h, i, k, l). Both RAD_ATM and RAD_LAND effects result in positive ΔCt due to large positive 256 

ΔCl during summer, in contrast to small positive ΔCl during winter (Table 4). Note that the sign and magnitude of 257 

ΔCt, ΔCh+ΔCm, and ΔCl simulated in ACCESS1.0 (e.g. wintertime positive ΔCl over the Southern Hemisphere 258 

middle latitude; Fig. S7f) are partly different from CMIP5 multi-model mean (Tables 2, 3, 4, Figs. 1, 2, 5d–f) but 259 

seasonal contrasts (summer minus winter) in ΔSAT, ΔT700, ΔEIS, and ΔCl are generally consistent with the model 260 

ensemble mean (see Figs. S7, S8). Figure 10 compares seasonal-mean zonal-mean adjustments due to the effects 261 



15 
 

of RAD_ATM and RAD_LAND. Both effects result in strong warming in summer over the subtropics and 262 

extratropics with its peak over 50°S–40°S and 40°N–50°N (Fig. 10a, c). Seasonal ΔCl is rather noisy compared to 263 

ΔEIS, but seasonal contrasts are similarly found (Fig. 10b, d) and are consistent with the total adjustment simulated 264 

in CMIP5 models (Fig. 3). Seasonal contrasts in ΔCl and ΔEIS due to the RAD_LAND effect are consistently 265 

larger over the Northern Hemisphere than the Southern Hemisphere (Fig. 10c, d). Such interhemispheric 266 

differences can also be found in CMIP5 ensemble (Fig. 3), suggesting that the stronger low cloud adjustments over 267 

the Northern Hemisphere than the Southern Hemisphere are attributed to the land effect. 268 

 269 

5. Possible reasons for the seasonal variation 270 

The low-cloud adjustment consistently dominates during summer among the CMIP5 models. Sensitivity 271 

tests using ACCESS1.0 indicate that the seasonally-variant low-cloud adjustment can be attributed to seasonality 272 

in the response of inversion strength to increasing CO2, which itself is a response to both through atmospheric 273 

radiative perturbation and radiative land warming. A remaining question addressed here is: what is the physical 274 

reason for the seasonal difference in lower tropospheric warming despite seasonally-uniform CO2 increments? 275 

One possible factor is a dynamic contribution: the effect of atmospheric circulation response to increasing CO2. 276 

Bony et al. (2013) suggested that CO2 forcing may slow the tropical atmospheric circulation including Hadley and 277 

Walker circulations because CO2-induced longwave heating (weakened radiative cooling; e.g. Sugi and Yoshimura 278 

2004; Collins et al. 2006) especially over dry subsiding regions possibly change the tropical overturning circulation 279 

strength. Merlis (2015) further showed that clear-sky CO2 forcing reduces tropical atmospheric circulation 280 



16 
 

intensity via reduction of radiative cooling. Such changes in large-scale atmospheric circulation possibly result in 281 

tropospheric temperature changes through vertical advection and adiabatic compression. 282 

Figure 11 shows the response of vertical temperature advection and adiabatic compression to quadrupling 283 

CO2 via RAD_ATM effect. Changes in vertical pressure velocity at the 700 hPa level (Δω700) are generally opposite 284 

to the climatological ω700 (Fig. 11a, c), indicating the weakening of atmospheric circulation. Over convective 285 

regions, positive Δω700 (anomalous subsidence) are consistently found over the both hemispheres. The anomalous 286 

subsidence results in warming (warm advection) because potential temperature is larger at higher altitude than 287 

lower altitude. Inversely, a cooling effect dominates over climatological subsidence regions including off the coasts 288 

of California and the Canary Islands, as a result of anomalous ascending motion (Fig. 11b, d). These spatial patterns 289 

and zonal-mean heating rate (Fig. 11e) are not similar to those in lower-tropospheric warming and ΔEIS resulted 290 

from the RAD_ATM effect (Figs. 9, 10). 291 

Another possible factor is seasonality in CO2 instantaneous radiative forcing. Huang et al. (2016) revealed 292 

that instantaneous radiative forcing of spatially uniform increment of CO2 is not spatially uniform because of 293 

spatial patterns of (1) surface temperature, (2) upper-level (10 hPa) atmospheric temperature, and (3) column water 294 

vapor content. Similarly, instantaneous radiative forcing could be seasonally non-uniform. To test this point, we 295 

examine instantaneous radiative forcing of CO2 provided by five climate models: CanAM4, HadGEM2-A, IPSL-296 

CM5A-LR, MIROC3, and MIROC5. Although this diagnostic is not available for ACCESS1.0, spatial patterns 297 

and seasonal variation in this model are likely to be very similar to those in HadGEM2-A, due to the almost 298 

identical model formulation (see sect. 2.2). Figure 12 compares the simulated radiative (shortwave and longwave) 299 



17 
 

heating at the 700 hPa level due to instantaneous CO2 forcing between the two seasons. Instantaneous radiative 300 

forcing is stronger over lower latitudes than higher latitudes because higher SAT results in stronger forcing (Huang 301 

et al. 2016). In addition, instantaneous radiative forcing over ITCZ is weaker than surrounding subtropical regions 302 

because of more water vapor content (Merlis 2015). These two factors also determine the seasonal variation in 303 

instantaneous radiative forcing. The climate models examined here consistently show stronger radiative heating 304 

over the subtropics and extratropics (except for the eastern tropical Pacific in MIROC5 model) during summer 305 

than winter (Fig. 12). Note that instantaneous radiative forcing simulated in MIROC3 is distinct from other models 306 

due to difference in the radiative calculation as reported in Ogura et al. (2014). Except for the wet convective 307 

regions (SST > 27 °C), the summertime heating rate over cool oceans is stronger than winter, consistent with 308 

stronger ΔT700 and ΔEIS (Fig. 9). The stronger heating rate is consistent with higher SAT during summer than 309 

winter. In the fixed-SST simulations, SAT should be higher during summer than winter due to higher SST and 310 

seasonal variation in incoming solar radiation. As a result, seasonal variations in SAT, instantaneous radiative 311 

forcing, ΔT700, ΔEIS, and ΔCl (stronger instantaneous radiative forcing during summer results in larger increase in 312 

Cl than winter) should be consistent among different climate models (Figs. 1, 2, 12, S6). Note that near-surface 313 

instantaneous radiative forcing is also perturbed due to increased CO2 (figure not shown), but prescribed SST 314 

damps the near-surface temperature response to radiation (Fig. 1g–i), resulting in the dominant contribution of the 315 

radiative heating at the 700 hPa level (Fig. 12) to ΔEIS (Figs. 8–10). 316 

 317 

6. Summary and discussions 318 
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Multiple climate models consistently simulate increased low cloud over the subtropics and extratropics in 319 

the Northern Hemisphere in the rapid adjustment to increasing CO2 in contrast to largest decreases in middle and 320 

high clouds. In response to CO2 forcing, reduced radiative cooling in the lower troposphere together with land 321 

surface warming induces lower tropospheric warming, resulting in enhanced inversion strength of the boundary 322 

layer and increased low cloud over cool oceans. The enhanced inversion strength and low cloud increase are 323 

consistently amplified during summer in the both hemispheres. By examining a set of prescribed land surface 324 

temperature experiments in an AGCM, the effects of atmospheric radiative heating, radiative land warming, the 325 

plant physiological response, and residual term of the low cloud adjustment are evaluated. The effects of 326 

atmospheric radiative heating and radiative land warming are comparably important for the low cloud adjustment 327 

over cool oceans. During summer, higher climatological SAT results in stronger instantaneous radiative forcing of 328 

CO2 than winter despite a seasonally-constant increment of CO2 concentration. As a result, radiative warming of 329 

the lower troposphere and land surface are amplified during summer, resulting in a stronger enhancement of 330 

inversion strength and low-cloud increase over ocean than in winter. The present study relates seasonal variations 331 

in climatological SAT, EIS adjustment, and low-cloud adjustment. 332 

The results of the present study, especially seasonal variation in low-cloud adjustment over wide oceanic 333 

area, have implications for climate sensitivity. In most previous studies on cloud adjustment and climate sensitivity, 334 

the response of cloud cover was examined in the annual mean. This averaging procedure doesn’t matter for the 335 

tropics, in which the seasonal cycle doesn’t dominate. Over the subtropics and extratropics, in contrast, incoming 336 

solar radiation exhibits large seasonal variation (seasonal-mean insolation is 424 W m–2 in May-to-September and 337 
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243 W m–2 in November-to-March in EQ–90°N average). Over these regions, large seasonal variations can also 338 

be found in climatological SAT, atmospheric circulation, and cloud cover. The seasonal reversal of climatological 339 

atmospheric circulation and associated variations in precipitation and cloud cover are very important when we try 340 

to understand physical mechanisms responsible for their responses to external forcing. For example, their response 341 

to climate warming over tropical-to-subtropical land regions are substantially controlled by climatological 342 

monsoon circulations (Kamae et al. 2016b). The results of the present study imply that we need to examine the 343 

seasonal dependence of cloud feedbacks (e.g. Colman 2003; Taylor et al. 2011) over the subtropics and extratropics 344 

to external forcing as well as cloud adjustment. Chung and Soden (2018) identified that inter-model spreads of 345 

cloud adjustment and feedback are significantly anticorrelated through marine boundary-layer clouds. It should 346 

also be noted that rapid adjustments of cloud optical depth in addition to cloud fraction were also suggested as 347 

important factors for the total spread of cloud adjustment among climate models (Zelinka et al. 2013). Further 348 

investigations focused on seasonal variations in cloud adjustment and feedback, their relationship, and underlying 349 

physical mechanisms may improve our understanding of uncertainty and possible constraints on climate sensitivity. 350 
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Table captions 521 

 522 

Table 1. Decomposition of climate response to quadrupling CO2 using ACCESS1.0. Simulation names in the 523 

second column refer Run I.D. in Ackerley et al. (2018). Model configuration, experimental setup, and their 524 

results are detailed in Ackerley and Dommenget (2016) and Ackerley et al. (2018) 525 

 526 

Table 2. Responses of cloud fraction and EIS to quadrupling CO2. Values indicate 15-model ensemble means and 527 

its 95% confidence intervals. Cal & Can column indicates area-averaged anomaly over low cloud regions off 528 

the coasts of California and the Canary Islands (Fig. 1c). SST < 27°C column indicate anomaly over cool 529 

ocean (SST < 27°C) between 70°S and 70°N. Winter and summer columns indicated seasonal-mean anomalies 530 

determined by May-to-September and November-to-March in the two hemispheres (see Figs. 1 and 2) 531 

 532 

Table 3. Similar to Table 2, but for shortwave cloud radiative effect at the top of the atmosphere (SWcld; W m–2). 533 

Global column indicated global-mean anomaly including land and ocean 534 

 535 

Table 4. Decomposed cloud, EIS and SWcld response to quadrupling CO2 averaged over cool oceans (SST < 536 

27°C) using ACCESS1.0 537 

  538 
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Figure captions 539 

 540 

Fig. 1 Seasonality in the cloud adjustment to quadrupling CO2 simulated in 15 CMIP5 models. (a–c) Annual mean 541 

anomaly in cloud fraction over ocean (%). (d–f) Wintertime (November-to-March in the Northern 542 

Hemisphere and May-to-September in the Southern Hemisphere, respectively) and (g–i) summertime (May-543 

to-September in the Northern Hemisphere and November-to-March in the Southern Hemisphere, 544 

respectively) anomalies. (a, d, g) Anomalies in total cloud fraction (ΔCt), (b, e, h), sum of high cloud (ΔCh) 545 

and middle cloud (ΔCm), and (c, f, i) low cloud (ΔCl). Stipples indicate the area where at least 12 out of 15 546 

models agree on sign of the anomaly. Contours in (c, f, i) indicate climatological sea surface temperature 547 

(SST) of 27 °C. Boxes in (c, f, i) indicate low cloud regions off the coasts of California and the Canary 548 

Islands examined in Table 2 549 

 550 

Fig. 2 Similar to Fig. 1, but for (a, d, g) surface air temperature (ΔSAT; K), (b, e, h) air temperature at the 700 hPa 551 

level (ΔT700; K), and (c, f, i) estimated inversion strength (ΔEIS; K), respectively 552 

 553 

Fig. 3 (a) Zonal-mean ΔEIS (K) over cool oceans (SST < 27 °C). Red and blue lines indicate summertime and 554 

wintertime averages, respectively. Shading represents 95% confidential interval. (b) ΔCl (%) over cool oceans 555 

(SST < 27 °C) 556 

 557 

Fig. 4 Similar to Figs. 2f and 1f, but for summertime minus wintertime anomaly 558 

 559 

Fig. 5 Annual-mean total response to quadrupling CO2 simulated in ACCESS1.0. (a) ΔSAT (K), (b) ΔT700 (K), 560 

(c) ΔEIS (K), (d) ΔCt (%), (e) ΔCh+ΔCm (%), and (f) ΔCl (%). Contours in (f) indicate climatological SST 561 

of 27 °C 562 

 563 

Fig. 6 Decomposed annual-mean low cloud response simulated in ACCESS1.0. (a) Effect of atmospheric radiation 564 

(RAD_ATM) on ΔCl (%). (b) Effects of plant physiological response (PLANT), (c) radiative land 565 

warming (RAD_LAND), and (d) residual (RES) 566 
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 567 

Fig. 7 Similar to Fig. 6, but for ΔCh+ΔCm (%) 568 

 569 

Fig. 8 Similar to Fig. 7, but for ΔEIS (K) 570 

 571 

Fig. 9 Wintertime and summertime response to quadrupling CO2 simulated in ACCESS1.0. (a–f) Effects of 572 

RAD_ATM and (g–l) RAD_LAND on (a, d, g, j) ΔT700 (K), (b, e, h, k) ΔEIS (K), and (c, f, i, l) ΔCl (%). 573 

Left (a–c, g–i) and right panels (d–f, j–l) show wintertime and summertime anomalies 574 

 575 

Fig. 10 Similar to Fig. 3, but for effects of (a, b) RAD_ATM and (c, d) RAD_LAND to (a, c) ΔEIS (K) and (b, d) 576 

ΔCl (%) simulated in ACCESS1.0 577 

 578 

Fig. 11 Effect of RAD_ATM to vertical motion and temperature advection. (a) Wintertime and (c) summertime 579 

anomaly in pressure velocity (ω; hPa day–1) at the 700 hPa level (Δω700). Solid and dashed contours represent 580 

climatological ω700 of 10 hPa day–1 (downward) and –10 hPa day–1 (upward), respectively. (b) Wintertime and 581 

(d) summertime vertical temperature advection and adiabatic compression (K day–1) at the 700 hPa level. (e) 582 

Zonal-mean vertical temperature advection and adiabatic compression (K day–1) at the 700 hPa level (blue: 583 

winter, red: summer) averaged over cool oceans (SST < 27 °C) 584 

 585 

Fig. 12 Comparison of instantaneous radiative heating due to quadrupling CO2 among five climate models. (a–e) 586 

Wintertime radiative heating (K day–1) at the 700 hPa level and (f–j) summertime minus wintertime radiative 587 

heating simulated in (a, f) CanAM4, (b, g) HadGEM2-A, (c, h) IPSL-CM5A-LR, (d, i) MIROC3, and (e, j) 588 

MIROC5. (k–o) Zonal-mean radiative heating (K day–1) averaged over cool oceans (SST < 27 °C) 589 

  590 



29 
 

Table 1.  591 

Name Definition Explanation 
TOTAL A4x – A Total effect of 4xCO2 

RAD_ATM A4xradPL – APL Effect of atmospheric radiation 

RAD_LAND APL4xrad – APL Effect of radiative land warming 

P_PLANT A4xPL – A4xradPL 
Effect of plant physiological response 

except soil moisture and soil temperature 

P_LAND APL4x – APL4xrad 
Effect of plant physiological response via 

soil moisture and soil temperature 

PLANT P_PLANT + P_LAND 
Total effect of plant physiological 

response 

RES 
TOTAL – (RAD_ATM + 

RAD_LAND + PLANT) 
Residual 

 592 
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Table 2.  594 

 Cal & Can SST < 27°C 
 Annual Winter Summer Annual Winter Summer 
ΔCt (%) –0.63 ± 0.40 –0.84 ± 0.36 –0.27 ± 0.50 –0.58 ± 0.34 –0.94 ± 0.33 –0.18 ± 0.41 

ΔCh+ΔCm (%) –1.19 ± 0.25 –0.79 ± 0.23 –1.59 ± 0.32 –0.91 ± 0.21 –0.74 ± 0.21 –1.07 ± 0.24 

ΔCl (%) 0.21 ± 0.26 –0.46 ± 0.31 1.03 ± 0.35 –0.00 ± 0.22 –0.61 ± 0.27 0.71 ± 0.25 

ΔEIS (K) 0.41 ± 0.10 0.08 ± 0.08 0.77 ± 0.13 0.28 ± 0.05 0.12 ± 0.05 0.46 ± 0.05 

 595 

  596 
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Table 3.  597 

 Global SST < 27°C 
 Annual Winter Summer Annual Winter Summer 
ΔSWcld (W m–2) 1.09 ± 0.49 1.07 ± 0.35 1.09 ± 0.66 1.17 ± 0.51 1.25 ± 0.39 1.07 ± 0.70 

 598 

599 



32 
 

Table 4.  600 

  Annual Winter Summer 

ΔCt (%) 

TOTAL 
RAD_ATM 

RAD_LAND 
PLANT 

RES 

–0.02 
–0.11 
0.15 

–0.13 
0.07 

–0.53 
–0.52 
–0.01 
–0.06 
0.06 

0.71 
0.37 
0.35 

–0.14 
0.12 

ΔCl (%) 

TOTAL 
RAD_ATM 

RAD_LAND 
PLANT 

RES 

1.05 
0.68 
0.41 

–0.21 
0.18 

0.43 
0.17 
0.08 

–0.01 
0.19 

1.89 
1.26 
0.75 

–0.38 
0.26 

ΔEIS (K) 

TOTAL 
RAD_ATM 

RAD_LAND 
PLANT 

RES 

0.32 
0.25 
0.11 

–0.02 
0.01 

0.16 
0.15 
0.05 
0.03 

–0.03 

0.53 
0.38 
0.18 

–0.07 
0.07 

ΔSWcld (W m–2) 

TOTAL 
RAD_ATM 

RAD_LAND 
PLANT 

RES 

0.55 
0.66 

–0.26 
0.20 

–0.05 

0.75 
0.73 

–0.04 
0.12 

–0.06 

0.17 
0.49 

–0.57 
0.30 

–0.05 
 601 
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Fig. 1 606 
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Fig. 2  610 
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Fig. 3 614 
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Fig. 4  619 
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Fig. 5  623 
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Fig. 6 626 
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