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Abstract

:

Cloud changes and their attribution under global warming still remains a challenge in climatic change studies, especially in decomposing the fast and slow cloud responses to anthropogenic forcing. In this study, the responses of global cloud cover to the quadrupled CO2 forcing are investigated quantitatively by decomposing the total response into fast and slow ones using the multi-model data from the Coupled Model Intercomparison Project Phase 6 (CMIP6). During the quasi-equilibrium period after the quadrupling of CO2 forcing, the global mean changes of simulated total cloud cover (TCC) in the total, fast, and slow responses are −2.42%, −0.64%, and −1.78%, respectively. Overall, the slow response dominates the total response in most regions over the globe with similar spatial patterns. TCC decreases at middle and low latitudes but increases at high latitudes in the total and slow responses. Whereas, it mainly decreases in the middle and low latitudes of the southern hemisphere as well as in the middle and high latitudes of the northern hemisphere in the fast response. A change in vertical motion is the major contributor to the cloud cover change at middle and low latitudes, while the decrease in upper atmospheric temperature leads to an increase in high cloud cover at high latitudes. In addition, the anomaly in water vapor convergence/diffusion also contributes to the cloud cover increase/decrease at low latitudes.
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1. Introduction


Clouds cover about two thirds of the Earth’s surface and play an important role in the Earth’s radiative energy balance [1,2,3]. The effect of clouds on the radiation balance consists of two main processes [4]: on the one hand, clouds can reflect large amounts of shortwave radiation, which reduces the surface downward shortwave radiation and leads to a cooling effect; on the other hand, clouds absorb a large part of longwave radiation emitted from the surface, which reduces the energy loss to outer space and causes a warming effect. Changes in cloud cover can affect the climate system through altering their radiative effects. Randall et al. [5] demonstrated that a 4% increase in low clouds can offset the warming effect caused by the doubled CO2, otherwise the warming effect is expected to be amplified. As the largest uncertainty source in the climate change research [6,7,8,9,10], studies on clouds would hopefully improve our understanding of future climate change.



Many researchers have reported the observed changes in cloud cover in the past decades [11,12,13,14,15,16,17]. Ding et al. [11] pointed out that the global mean total cloud cover (TCC) showed a decreasing trend, with a substantial decrease in the tropics and mid-latitudes and an increase in high latitudes. Norris et al. [16] demonstrated that greenhouse gases emitted into the atmosphere by human activities are the most significant external forcing factor affecting the cloud changes in recent decades. As an important tool for evaluating future climate change, global climate models (GCMs) have played an important role in studying the impact of the increasing CO2 on cloud cover, but demonstrate opposite results in different studies. For example, some early studies found that an increase in CO2 concentration could lead to an increase in low cloud cover in the tropics [18,19], whereas an opposite trend was found in some recent studies [20,21]. Wetherald [22] demonstrate that the climate sensitivities in models could affect the simulations of cloud cover; in particular, low clouds in the tropics and subtropics increase (decrease) in models with lower (higher) surface warming caused by a doubled CO2. All these studies above suggest a considerable uncertainty in the responses of simulated clouds to increasing the CO2 concentration.



The climate responses to a forcing factor can be decomposed into the fast and the slow responses [10,23,24,25]. The fast responses represent the adjustments of circulation, clouds, water vapor, and precipitation due to forcing-induced atmospheric radiative heating before the global surface air temperature (SAT) changes, while the slow responses are changes in a range of physical quantities owing to forcing-induced changes in global SAT. The timescale of the fast response ranges from days to months, while it can be extended from years to decades for the slow response. Hansen et al. [26] proposed a method called ‘fixed-SST’ to obtain the fast response in a climate model, i.e., using climatologic sea surface temperature (SST) and sea ice (SI) in the model regardless of ocean changes. The slow response is the difference between the total response and the fast response [27,28,29,30].



The fast response of clouds, also called rapid adjustment or fast feedback, may reduce the Earth energy imbalance caused by the doubled CO2 [31]. The fast cloud response is generally represented by a decrease in cloud cover in climate models [32,33,34,35]. Dinh and Fueglistaler [36] demonstrated that the fast cloud responses caused by an increasing CO2 concentration include an increase and decrease in cloud cover in the boundary layer and the free troposphere, respectively. However, Wyant et al. [37] demonstrated slight increases in total, low, and high cloud cover but with a slight decrease in medium cloud cover over the globe and tropics under the quadrupled CO2 forcing in a superparameterized climate model, and Xu et al. [38] also supported this result.



The studies on decomposition of the fast and slow cloud responses demonstrated that changes in cloud cover caused by increasing CO2 are mainly manifested as an increase in high cloud cover and a decrease in middle and low cloud cover in both fast and slow responses [39,40,41]. A doubled CO2 experiment demonstrated that the total cloud cover decreased over land and ocean in the fast response, while in the slow response, the high cloud cover increased and the mid-low cloud cover decreased over the ocean [39]. Andrew and Ringer [40] used the HadGEM2-ES model to investigate the fast and slow cloud responses, and they found an increase in high cloud cover and a decrease in mid-low cloud cover all over the globe, land, and ocean; moreover, the slow response dominate the cloud changes at all altitudes globally and over the ocean. Zelinka et al. [41] used the ISCCP (International Satellite Cloud Climatology Project) simulator in CMIP5 to distinguish the responses of different types of clouds according to the cloud top height and cloud optical depth; their results demonstrated that the global mean low and middle cloud cover decreased and high cloud cover increased in both fast and slow responses, and the clouds changed from thin to thick and from a low level to high level in the slow response with global warming.



Up to now, only a few studies work on the decomposition of the total cloud responses into the fast and slow ones to understand deeply the mechanism of cloud change under the background of global warming. Zhou et al. [42] used a GCM named BCC–AGCM2.0 to investigate the fast and slow responses caused by quadrupled CO2 concentration over East Asia, and found that the total response is dominated by the slow response, and the cloud changes are determined by the variations in atmospheric circulation, temperature, and water vapor. The fast and slow cloud responses on global scales, however, need to be further investigated in the future work. This study aims to investigate the fast and slow responses of global clouds to the quadrupled CO2 to understand the mechanism between them. Since the cloud responses to the increasing CO2 vary greatly among different models, the multi-model mean outputs from CMIP6 are used in this study to reduce the differences between models. The purpose of this study is to explore the cloud responses on different temporal scales and to point out which response dominates the cloud changes under the quadrupled CO2 warming.




2. Materials and Methods


2.1. CMIP6 Model Experiments


The Coupled Model Intercomparison Project (CMIP), sponsored by the World Climate Research Programme (WCRP), aims to better understand the past, present, and future climate change caused by natural variability or anthropogenic forcing [43]. In this study, the multi-model outputs from the CMIP Phase 6 (CMIP6) are used to investigate the cloud cover responses to the quadrupled CO2 forcing. Four sets of CMIP6 experiments are described as below.



	1)

	
piControl: The pre-industrial control simulation is one of the CMIP6 DECK (Diagnosis Evaluation and Characterization of Klima) experiments, which is driven in a fully coupled Atmosphere-Ocean general circulation model (AOGCM) under conditions chosen to be representative of the period prior to the onset of large-scale industrialization, with 1850 being the reference year. All forcings are kept at 1850 levels, which include CO2 and other well-mixed greenhouse gases (WMGHG), aerosols, and precursors, ozone, stratospheric water vapour, land use, volcanoes, solar irradiance, and the cosmic ray. The piControl starts after an initial climate spin-up, during which the climate begins to come into balance with the forcing, then runs for at least 500 years. It can be used to study the unforced internal variability of the climate system due to the unchanged anthropogenic and natural forcings.




	2)

	
abrupt-4×CO2: The abrupt-4×CO2 simulation branches from some point in piControl, the CO2 concentration is immediately and abruptly quadrupled from the global annual mean 1850 value in an AOGCM, then runs for at least 150 years. All other anthropogenic and natural forcings are kept in 1850 levels, as with piControl. It can be used to estimate the climate system response to the quadrupled CO2.




	3)

	
piClim-control: The piClim-control simulation is driven by the pre-industrial control climatological SST and SI in an atmosphere-land model and runs for 30 years. The pre-industrial monthly averaged climatology of SST and SI was generated from at least a 30-year segment of the piControl experiment integration. All anthropogenic and natural forcings are kept in 1850 levels, as with piControl. This provides a baseline to calculate the effective radiative forcing and the fast climate response.




	4)

	
piClim-4×CO2: The piClim-4×CO2 simulation is driven by the pre-industrial control climatological SST and SI in an atmosphere-land model and runs for 30 years. The pre-industrial monthly averaged climatology of SST and SI was generated from at least a 30-year segment of the piControl experiment integration. The CO2 concentration is immediately and abruptly quadrupled from the global annual mean 1850 value, and all other anthropogenic and natural forcings are kept in 1850 levels, as with piControl and piClim-4×CO2. It can be used to estimate the fast climate response caused by the quadrupled CO2.







Table S1 lists a total of 44 modes that can be used to calculate the total response and 12 modes that can be used to calculate the fast response. In order to obtain usable slow responses, we selected outputs from 10 models because they are the only ones available in all four experiments, as shown in Table 1. In addition, the results using the 10 models and using all available models listed in Table S1 are largely robust (Figure S1).




2.2. Methodology to Calculate the Total, Fast, and Slow Responses


The total response caused by the quadrupled CO2 forcing can be deduced by the difference between the experiments abrupt-4×CO2 and piControl. The model outputs of these two experiments averaged from year 121 to 150 (i.e., the years of model arriving at quasi-equilibrium after the interruption) are therefore utilized to calculate the total response of TCC. According to the method provided by Hansen et al. [26], the fast response of TCC in this study can be calculated by the difference of experiments piClim-4×CO2 and piClim-control averaged over 30 years to obtain the climatology. The slow response can then be derived by subtracting the fast response from the total response [27,28,29,30]. Moreover, all model outputs in this study are interpolated to a horizontal resolution of 2.5° × 2.5°.





3. Results


3.1. Responses of TCC to the Quadrupled CO2 Forcing


Figure 1 shows the total, fast, and slow responses of multi-model mean SAT over the globe to the quadrupled CO2 forcing. In both the total and slow responses, the ocean warms much more slowly than the land due to its higher heat capacity than that of the land. Most of the ocean warms by less than 4 K, while the land warming is generally above 5 K. The land warming in the northern hemisphere increases with increasing latitudes, with Arctic warming reaching to more than 15 K due to the Arctic amplification [44]. In the fast response, the SST is fixed and unchanged, while the largest land warming is located in northern Asia and some individual regions over North America. The global mean SAT changes are 5.31 K, 0.52 K, and 4.79 K in the total, fast, and slow responses, respectively, indicating that the global warming is mainly caused by the slow response. An increase in SAT will enhance surface evaporation, increase saturated water vapor pressure, and alter atmospheric circulation, leading to changes in cloud cover. Thus, our focus is mainly on the responses of global TCC in the following section.



Figure 2 presents the total, fast, and slow responses of the multi-model mean TCC over the globe to the quadrupled CO2 forcing. In the total response, the TCC decreases in most areas at low and middle latitudes, especially in southern Africa, the Mediterranean, Southeast Asia, the Japan Sea, the mid-latitude Pacific in the northern hemisphere, the Pacific near 30° S, Mexico, and Brazil. However, the TCC increases in high latitudes of the southern hemisphere, the Arctic Ocean, the tropical South Atlantic, and the tropical South Pacific, with significant increases of more than 10% in the equatorial Pacific and the subsidence region of the Walker circulation. In the fast response, the TCC decreases in northern Eurasia, North America, South America, the Atlantic, eastern South Pacific, the Indian Ocean, and the mid-latitudes of the southern hemisphere. The significant TCC increases appear in the central African continent and regions from the Arabian Peninsula to northern India, with other increase regions including the North Pacific, the western tropical South Pacific, the equatorial East Pacific, the Antarctic continent, and regions near the North Pole. The spatial distribution pattern of TCC changes in the slow response is similar to that in the total response, but with a larger reduction in central Africa and a smaller reduction in the Mediterranean. Compared to the total response, the TCC increase in the Arctic extends southward to the northern Eurasia and North America in the slow response, but the model numbers with the same sign are less than eight (80%) over these regions.



Figure 3 shows the zonal mean distributions of the global TCC responses. In the total and the slow responses, the TCC increases south of 55° S with their maximum values both reaching 2.0% at 75° S, while it decreases at 55° S–5° S and 0°–60° N with minimum values appearing at 40° S (about −5.5% and −4.0% in the total and slow responses) and 35° N (about −5.5% and −4.5% in the total and slow responses), respectively. The reason for the slight TCC increase near the equator is due to the significant TCC increase over the equatorial Pacific (Figure 2a,c). The TCC increases rapidly north of 70° N (60° N) in the total (slow) response, and reaches a maximum value (larger than 4.5%) near the North Pole. The magnitude of zonal mean change of TCC in the fast response is smaller than those in the total and slow responses. In the fast response, the TCC increases south of 70° S and decreases significantly at 70° S–0° and north of 30° N, with a minimum value around −2.5% at 55° N, while negligible TCC changes are noticed at 0°–30° N. Overall, in the total and slow responses, TCC decreases at middle and low latitudes and increases at high latitudes; in the fast response, TCC decreases at mid-low latitudes in the southern hemisphere and mid-high latitudes in the northern hemisphere, while it changes slightly at high latitudes in the southern hemisphere and low latitudes in the northern hemisphere.



The global mean changes in TCC in the total, fast, and slow responses are −2.42%, −0.64%, and −1.78%, respectively (Table 2), which indicates that under the quadrupled CO2 forcing, the global TCC decreases in all three responses. The reduction in the slow response is larger than that in the fast response, accounting for 74.55% of the total response, suggesting that the slow TCC response dominates the total response of the global TCC. However, as shown in Figure 4, the TCC responses vary largely among models. For example, the total and slow responses of TCC in ACCESS-CM2 are as high as −8.43% and −7.43%, respectively, whereas they increase slightly in MIROC6 and MRI-ESM2.0. The uncertainty of the multi-model means of TCC change in the total response ranges from −8.43% to 0.62% with a median of −1.38%, while it varies in a range of −1.30% and 0.015% (−7.43% and 0.74%) with a median of −0.66% (−0.79%) in the fast (slow) response.



In this study, we only use outputs from the 10 models available in all four experiments. As a comparison, Figure S1 presents the total response of the global TCC from 44 available models and the fast response from 12 available models, respectively. The model information is listed in Table S1. The spatial distributions of the total and fast responses shown in Figure S1 are similar to Figure 1, which indicates that the simulations from 10 typical models used in this study are reliable.



Figure 5 presents the dominated responses of global TCC changes. The regions in blue and pink colours indicate that they are dominated by the fast response and slow response, respectively. In general, the slow responses dominate the TCC changes in most regions, while regions dominated by the fast responses include northern Eurasia, the tropical Indian Ocean, most regions of North America, the western tropical North Atlantic, the western ocean beside Mexico, and the eastern ocean beside Argentina. However, less than eight (80%) models agree with the dominance of the fast response, suggesting worse agreement than the slow responses. Therefore, the model simulations of clouds in these regions need to be improved. More models should be encouraged to participate in the Coupled Model Intercomparison Project to improve the simulation of the fast response in the future.



Figure 6 shows the distributions of global zonal mean changes of the layered cloud cover. In the total response, cloud cover at high latitudes of both hemispheres increases significantly in the upper atmosphere at pressures less than 400 hPa, while it decreases in the middle atmosphere at 400–700 hPa. At 70° N–90° N and 60° S–80° S latitudes, cloud cover increases significantly in the lower atmosphere at pressures greater than 700 hPa. Therefore, the increases in TCC in the Arctic and high latitudes of the southern hemisphere in Figure 2a are contributed to by both high and low clouds. At the mid-latitudes in both hemispheres, cloud cover increases in the upper atmosphere, but decreases at most pressure levels. The TCC in the total response thus decreases at mid-latitudes in both hemispheres (Figure 2a). At low latitudes, cloud cover decreases significantly in the upper atmosphere at 150–300 hPa on both sides of the equator, while it mainly decreases in the middle and lower atmosphere at pressures greater than 300 hPa with a small change near the equator. This is possibly because that the significant increase in cloud cover in the equatorial Pacific Ocean and the subsidence region of the Walker circulation is largely offset by the cloud cover decrease in other regions at low latitudes (Figure 2a). In addition, an increase in cloud cover occurs near the surface at middle and low latitudes. In the fast response, cloud cover at high latitudes of both hemispheres increases in the middle and upper atmosphere at pressures less than 600 hPa, but decreases in the middle and lower atmosphere at pressures greater than 600 hPa. The largest increase in cloud cover is found in the upper atmosphere near the two poles, causing an increase in TCC (Figure 2b). The cloud cover decreases mainly at middle and low latitudes, but increases near the surface. The most significant decrease is found in the atmosphere between 700 hPa and 900 hPa at the mid-latitudes, leading to the TCC decrease at the mid-latitudes (Figure 2b). The distribution of the slow response of the layered cloud cover is similar to the total response. However, the increase in the low (high) cloud cover in the slow response at high latitudes of the northern hemisphere is larger (smaller) than that in the total response. Moreover, the decreases in cloud cover at mid-latitudes of both hemispheres in the slow response are smaller than that in the total response, which is consistent with Figure 3. Our results indicate that the global TCC and layered cloud cover are both dominated by the slow response, which is consistent with those over East Asia that are documented by Zhou et al. [42].



It should be noted that the TCC in a global climate model is contributed by not only a layer cloud cover but also a convective cloud cover. Figure S2 shows the distribution of a convective cloud cover from the piControl experiment in nine available CMIP6 models (Table S2) as well as the difference between experiments abrupt-4xCO2 and piControl. In the tropics, the strong convection leads to the formation of high convective clouds, with large variations in the equatorial Pacific and Atlantic. However, only a few models in CMIP6 provide outputs of a convective cloud cover; thus, it is necessary to add more information on the convective cloud cover in future model comparison projects to improve the understanding of cloud responses in climate change.




3.2. Mechanisms of TCC Changes in the Total, Fast, and Slow Responses


The vertical velocity at 500 hPa (ω500) can reflect the strength of the convection, and the strong convective ascending motion is beneficial to the formation of clouds. Figure 7 presents the distributions of the changes in 500 hPa vertical velocity, where positive and negative values represent descending and ascending motion anomalies, respectively. The pronounced changes in ω500 at low latitudes are closely related to the strong convective motions over these regions. The opposite changes in ω500 at middle and low latitudes have a high consistency with the changes in TCC (Figure 2), especially at low latitudes. In the total and slow responses, the strong positive anomalies of ω500 in Southeast Asia and Brazil significantly contribute to the TCC reduction, while the remarked TCC increase in the equatorial Pacific Ocean and the subsidence region of Walker circulation is highly associated with the strong negative anomalies of ω500. Moreover, the positive anomalies of ω500 also appear in central Africa, the Mediterranean, southern China, the mid-latitude North Pacific and South Atlantic, and the South Pacific around 30° S, resulting in a decrease in the TCC there. However, the negative anomaly of ω500 over the ocean near 60° S is conductive to the increase in TCC. In the fast response, the notable positive anomalies of ω500 occurs in the low-latitude Indian Ocean, South China Sea, Central Asia, oceans beside Mexico, Atlantic, and eastern South Pacific, and the notable negative anomalies occur in the African continent, Arabian Peninsula, India, Chinese continent, Australia, and low-latitude North Pacific, respectively, contributing to the reduction and increase in TCC over these regions.



Water vapor supply plays an important role in cloud formation and maintenance [45]. Figure 8 shows the changes in the vertical integrated column water vapor flux (referred to as QF) and divergence (referred to as QD) in the whole atmosphere, where positive and negative values represent anomalous water vapor diffusion and convergence, respectively. The water vapor flux divergence varies greatly due to the abundance of water vapor in the tropics, and the reverse changes in QD at low latitudes are highly related to the changes in TCC (Figure 2). In both the total and slow responses, anomalous water vapor diffusions in the coast of Africa, the Arabian Peninsula, the Tibet Plateau, the low-latitude Indian Ocean in the southern hemisphere, Southeast Asia, Japan Sea, Central America, Brazil, Chile, and South Pacific around 30° S contribute to the reduction in TCC, while the strong anomalous water vapor convergence in the equatorial Pacific results in a large increase in TCC. In the fast response, the anomalous water vapor diffusions in the low-latitudes of the Indian Ocean and Atlantic Ocean, Central America, and majority of Eurasia lead to the reduction in TCC, while the increase in TCC in central Africa, the Arabian Peninsula, the western North Pacific, as well as Australia and its eastern ocean results from the anomalous water vapor convergences over these regions.



The changes in vertical integrated column water vapor fluxes and divergences in the lower, middle, and upper atmosphere are also shown in Figures S3–S5. Generally, in the total and slow responses, the different distributions of QD changes in the lower, middle, and upper atmosphere are in agreement with the TCC changes at different altitudes. In the lower atmosphere, the anomalous water vapor diffusions in the coast of Africa, the low-latitude Indian Ocean in the southern Hemisphere, and Central America result in a decrease in cloud cover, while the anomalous water vapor convergence in the equatorial Pacific leads to an increase in cloud cover. In the middle atmosphere, anomalous water vapor diffusions in inland Africa, Brazil, and Chile give rise to the decreasing cloud cover. The increase in TCC in the eastern South Pacific at low latitudes is caused by the anomalous water vapor convergences in the middle and upper atmosphere. Due to the high altitude of the Tibet Plateau, the decrease in TCC in the Tibet Plateau mainly results from the anomalous water vapor diffusion in the upper atmosphere. In the fast response, since the water vapor changes in the middle and upper atmosphere are small and not significant, the changes in cloud cover are therefore mainly determined by the QD changes in the lower atmosphere.



Relative humidity (RH) is an important determinant of cloud cover. Figure 9 presents the distributions of the global zonal mean changes in the RH with air pressure, which is in good agreement with the distributions of a layered cloud cover (Figure 6). In the total and the slow responses, the increases in the RH at high latitudes in the upper and lower atmosphere cause an increase in cloud cover, while the largest decrease in the RH at mid-latitudes also corresponds to the largest reduction in cloud cover (Figure 3). However, the significant decreases in the RH at low latitudes in the upper atmosphere at 150–300 hPa on both sides of the equator cause a remarked decrease in cloud cover. In the middle atmosphere, the RH around the equator increases significantly, which is mainly caused by the large increase in the RH over the Pacific Ocean around the equator (Figure S6), resulting in an increase in medium clouds in this region. In the fast response, the increase in the RH at high latitudes in the upper atmosphere lead to an increase in high clouds, and the decreases in both the RH and cloud cover in the lower atmosphere at 700–900 hPa are the largest at mid-latitudes. In addition, in all the total, fast, and slow responses, an increase in the RH occurs near the surface at middle and low latitudes, leading to an increase in cloud cover near the surface.



The increase in atmospheric temperature can increase the saturated water vapor pressure, playing an important role in reducing the RH and cloud cover, while the enhancement in the atmospheric vertical ascending motion contributes to the increase in cloud cover. Thus, our focus in the following study is to analyse the effects of the atmospheric temperature and vertical velocity changes on the RH and cloud cover. Figure 10a–c gives the distributions of global zonal mean changes in the atmospheric temperature with air pressure. At high latitudes, the temperature in the upper atmosphere decreases in all the three responses, which reduces the saturated water vapor pressure, resulting in a significant increase in the RH and high cloud cover in the upper atmosphere. In the total and slow responses, the upper atmospheric temperature increases dramatically at low latitudes, which causes an increase in the saturated water vapor pressure, leading to a significant decrease in the upper atmospheric RH and high cloud cover. At middle and low latitudes, the surface warmings in all three responses are smaller than the atmospheric warmings above the surface, which enhance the intensity of the boundary layer inversion and atmospheric static stability. This makes it difficult for the water vapor near the surface to break through the boundary layer, thus accumulating near the surface and resulting in an increase in the near-surface RH and cloud cover.



Figure 10d–f shows the distributions of the global zonal mean vertical velocity changes with air pressure, where positive and negative values represent anomalous descending and ascending motions, respectively. In the total and slow responses, strong ascending motion anomalies occur on the equator, which is mainly due to the strong ascending motion anomalies in the equatorial Pacific, as shown in Figure 7, resulting in an increase in the RH and cloud cover in the lower and middle atmosphere over this region. However, anomalous descending motions on both sides of the equator lead to a decrease in cloud cover. In the upper atmosphere at low latitudes, the increase in atmospheric temperature leads to an increase in the saturated water vapor pressure, which greatly reduces the RH and high cloud cover. However, the anomalous ascending motion on the equator transports water vapor to the upper atmosphere, which partly offsets the decrease in the RH and high cloud cover in the upper equatorial atmosphere. In both hemispheres, the anomalous descending motions at mid-latitudes cause a significant decrease in the low and medium cloud cover, while the anomalous ascending motions at high latitudes contribute to an increase in the low cloud cover. In the fast response, the general anomalous descending motions at middle and low latitudes reduce the low and medium cloud cover over most regions. However, Figure 10e shows an anomalous ascending motion near 20° S and 20° N, which results from the anomalous ascending motion over Africa, the Arabian Peninsula, India, Australia, and the North Pacific at these latitudes (Figure 7b), resulting in an increase in TCC (Figure 2b), and mainly a high cloud cover (Figure 6b).



Compared to the fast response, more significant changes appear in the atmospheric temperature, vertical motion, and water vapor in the slow response due to the participation of the ocean, resulting in more substantial changes in cloud cover. Particularly, the dramatic ascending air motion anomaly and abundant water vapor supply in the slow response in the equatorial Pacific are the major contributors to the large increase in the TCC.




3.3. Analysis of Cloud Responses in Typical Regions


According to Figure 2, the magnitude of TCC changes in tropics is large with decreasing trends at middle latitudes. We select three typical regions in the tropics and one typical region at the mid-latitude North Pacific for the detailed analysis. Their geographic ranges are given as follows: A: 15° S–15° N, 15–35° E; B: 10° S–10° N, 100° E–130° E; C: 0–20° S, 130° W–100° W; D: 30° N–50° N, 170° E–160° W.



Region A is located in central Africa, where TCC decreases significantly in both the total and slow responses (−5.12% and −8.13%, respectively), but with a remarked increase in the fast response (3.01%). As the ascending region of the Walker circulation, Region B is located in Southeast Asia with TCC decreases in the total, fast, and slow responses (−6.76%, −0.82%, and −5.94%, respectively). Region C is located in the eastern tropical South Pacific, which is the subsidence region of the Walker circulation, where TCC increases significantly in both the total and slow responses (9.95% and 11.09%, respectively) but decreases in the fast response (−1.14%). Region D is located in the mid-latitude North Pacific, where TCC decreases prominently in the total and slow responses (−5.95% and −6.39%, respectively) but increases slightly in the fast response (0.44%). The fast and slow responses of TCC are opposite in regions A, C, and D, but it is another case for the region B.



Figure 11a–c shows the profiles of the average layered cloud cover changes in four typical regions. In the total and the slow responses, cloud cover decreases from surface to high altitude in regions A and B with a minimum reaching around 250 hPa, while an opposite trend is demonstrated in region C. The cloud cover profile shows more complex changes for region D, with a decreasing trend from the surface to about 220 hPa and transforming to an increasing trend in the upper atmosphere. In the fast response, cloud cover increases significantly at 700–100 hPa with a maximum reaching 150 hPa in region A, while it decreases slightly in all layers for regions B and C. The cloud cover in region D increases from surface to 900 hPa and at pressures less than 300 hPa in the upper atmosphere, but decreases at 900–300 hPa. Figure 11d–f shows the profiles of average RH changes in four typical regions. In short, the change in the RH is generally consistent with the change in layered cloud cover. However, in the total and slow responses, the RH in region C increases significantly in the middle atmosphere at 800–400 hPa, but with slight changes in the layered cloud cover. This is largely different from the remarked TCC increases over this region (Figure 2 and Table 2), suggesting that the multi-models’ representation of a layered cloud cover is not sufficient in this region.



Figure 12 represents profiles of the average atmospheric temperature and vertical velocity changes in the four typical regions, where positive and negative values of the vertical velocity represent anomalous descending and ascending motions, respectively. In the total and slow responses, the vertical velocities mainly demonstrate positive anomalies in regions A and B, which indicate the descending motion anomalies in these two regions, resulting in a decrease in TCC. In particular, the significant increases in the upper atmospheric temperature in these two regions greatly increase the saturation water vapor pressure, resulting in a remarked decrease in high cloud cover. The negative anomalies of vertical velocity occur in region C and the positive anomalies occur in region D in the total and the slow responses, which leads to an increase and a decrease in TCC in regions C and D, respectively. In the fast response, the significant negative anomaly of the vertical velocity in region A leads to a remarked increase in TCC, while the positive anomaly of the vertical velocity from the surface to the upper atmosphere in region B contributes to the TCC decrease over this region. In region C, the positive anomaly of the vertical velocity occurs at pressures less than 600 hPa and the negative anomaly occurs from the surface to 600 hPa but with a water vapor diffusion in the lower atmosphere (Figure S2b), resulting in the cloud cover reductions in both the lower and upper atmosphere and causing a TCC decrease over this region. In region D, the positive anomaly of the vertical velocity occurs in the whole atmosphere, and this anomalous descending motion leads to a decrease in cloud cover at 900–300 hPa. However, the increase in cloud cover in the upper atmosphere results from the reduction in the saturated water pressure caused by the decrease in the upper atmospheric temperature. In the boundary layer from the surface to 900 hPa, the atmospheric warming increases with the increasing altitudes, which enhances the static stability and accumulates water vapor near the surface, leading to an increase in boundary layer clouds.





4. Conclusions


In this work, the global cloud responses to the quadrupled CO2 forcing are investigated by decomposing the total response into the fast and slow ones using 10 typical model outputs in CMIP6. The major conclusions are as follows.



First, from the modelling year 121 to year 150 after the quadrupling of the CO2 forcing, i.e., the year of the model arriving at quasi-equilibrium after the interruption, the global mean changes of TCC in the total, fast, and slow responses are −2.42%, −0.64%, and −1.78%, respectively. The slow response dominates in most areas, demonstrating similar spatial distributions with the total response.



Second, the changes in cloud cover are mainly determined by the vertical motion and atmospheric temperature changes. The change in vertical motion is the major contributor to the cloud cover change at middle and low latitudes, while the decrease in upper atmospheric temperature leads to an increase in high cloud cover at high latitudes. In addition, the water vapor convergence/diffusion anomaly also contributes to the increase/decrease in cloud cover at low latitudes.



Third, four typical regions are selected for the detailed analysis, and the result suggests that slow responses also dominate regional cloud changes, and changes in vertical motion and atmospheric temperature are critical to regional cloud changes.
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Figure 1. (a) Total, (b) fast, and (c) slow responses of global surface air temperature (units: K). Black dot represents that at least 8 models agree with the sign of changes. 






Figure 1. (a) Total, (b) fast, and (c) slow responses of global surface air temperature (units: K). Black dot represents that at least 8 models agree with the sign of changes.
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Figure 2. (a) Total, (b) fast, and (c) slow responses of global total cloud cover (units: %). Black dot represents that at least 8 models agree with the sign of changes. 






Figure 2. (a) Total, (b) fast, and (c) slow responses of global total cloud cover (units: %). Black dot represents that at least 8 models agree with the sign of changes.
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Figure 3. Zonal mean responses of the global total cloud cover (units: %). The red, blue, and green lines represent the total, fast, and slow responses, respectively. The shadows show the maximum and minimum values of the 10 models. 
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Figure 4. Responses of the global mean total cloud cover in 10 typical models (units: %). The red, blue, and green columns represent the total, fast, and slow responses, respectively, and the dotted lines represent the multi-model mean values. 
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Figure 5. Regions with TCC changes dominated by the fast (blue) and slow response (pink), respectively. Black dot represents that at least 8 models agree with the sign of changes. 
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Figure 6. (a) Total, (b) fast, and (c) slow responses of global zonal mean layered cloud cover (units: %). Black dot represents that at least 8 models agree with the sign of changes. 
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Figure 7. (a) Total, (b) fast, and (c) slow responses of global vertical velocity at 500 hPa (ω500, units: 10−2 Pa s−1). Black dot represents that at least 8 models agree with the sign of changes. 






Figure 7. (a) Total, (b) fast, and (c) slow responses of global vertical velocity at 500 hPa (ω500, units: 10−2 Pa s−1). Black dot represents that at least 8 models agree with the sign of changes.
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Figure 8. (a) Total, (b) fast, and (c) slow responses of global vertical integrated column horizontal water vapor flux (QF, vector, and units: kg m−1 s−1) and divergence (QD, colour shading, units: 10−5 kg m−2 s−1; positive values represent water vapor diffusion). 
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Figure 9. (a) Total, (b) fast, and (c) slow responses of global zonal mean relative humidity (units: %). Black dot represents that at least 8 models agree with the sign of changes. 






Figure 9. (a) Total, (b) fast, and (c) slow responses of global zonal mean relative humidity (units: %). Black dot represents that at least 8 models agree with the sign of changes.
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Figure 10. (a,d) Total, (b,e) fast, and (c,f) slow responses of global zonal mean (a–c) atmospheric temperature (unit: K) and (d–f) vertical velocity (unit: 10−2 Pa s−1). Black dot represents that at least 8 models agree with the sign of changes. 






Figure 10. (a,d) Total, (b,e) fast, and (c,f) slow responses of global zonal mean (a–c) atmospheric temperature (unit: K) and (d–f) vertical velocity (unit: 10−2 Pa s−1). Black dot represents that at least 8 models agree with the sign of changes.
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Figure 11. (a,d) Total, (b,e) fast, and (c,f) slow responses of (a–c) layered cloud cover (unit: %) and (d–f) relative humidity (unit: %) in four typical regions. The red, blue, green, and purple lines represent regions A, B, C, and D, respectively. 
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Figure 12. (a,d) Total, (b,e) fast, and (c,f) slow responses of (a–c) atmospheric temperature (unit: K) and (d–f) vertical velocity (unit: 10−2 Pa s−1) in four typical regions. The red, blue, green, and purple lines represent regions A, B, C, and D, respectively. 
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Table 1. CMIP6 models used in this study.






Table 1. CMIP6 models used in this study.





	Model Name
	Institution
	Nation
	Resolution

(Longitude × Latitude)





	ACCESS-CM2
	CSIRO-ARCCSS
	Australia
	1.875° × 1.25°



	ACCESS-ESM1-5
	CSIRO
	Australia
	1.875° × 1.25°



	CESM2
	NCAR
	USA
	1.25° × 0.9375°



	GISS-E2-1-G
	NASA-GISS
	USA
	2.5° × 2°



	IPSL-CM6A-LR
	IPSL
	France
	2.5° × 1.25°



	MIROC6
	MIROC
	Japan
	1.4° × 1.4°



	MPI-ESM1-2-LR
	MPI-M
	Germany
	1.875° × 1.875°



	MRI-ESM2-0
	MRI
	Japan
	1.125° × 1.125°



	NorESM2-LM
	NCC
	Norway
	2.5° ×1.875°



	NorESM2-MM
	NCC
	Norway
	1.25° × 0.9375°
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Table 2. Mean changes in total cloud cover in the globe and in four typical regions *.
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Global

	
A

	
B

	
C

	
D




	
Total

	
Fast

	
Slow

	
Total

	
Fast

	
Slow

	
Total

	
Fast

	
Slow

	
Total

	
Fast

	
Slow

	
Total

	
Fast

	
Slow






	
TCC

(%)

	
−2.42

	
−0.64

	
−1.78

	
−5.12

	
3.01

	
−8.13

	
−6.76

	
−0.82

	
−5.94

	
9.95

	
−1.14

	
11.09

	
−5.95

	
0.44

	
−6.39








* The geographic ranges of four typical regions are given as follows: A: 15° S–15° N, 15–35° E; B: 10° S–10° N, 100° E–130° E; C: 0–20° S, 130° W–100° W; D: 30° N–50° N, 170° E–160° W.
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