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Short-lived climate pollutants (SLCPs) including methane, tropospheric ozone, and black carbon in this work, is a set of compounds with shorter lifetimes than carbon dioxide (CO2) and can cause warming effect on climate. Here, the effective radiative forcing (ERF) is estimated by using an online aerosol–climate model (BCC_AGCM2.0_CUACE/Aero); then the climate responses to SLCPs concentration changes from the pre-industrial era to the present (1850–2010) are estimated. The global annual mean ERF of SLCPs was estimated to be 0.99 [0.79–1.20] W m−2, and led to warming effects over most parts of the globe, with the warming center (about 1.0 K increase) being located in the mid-high latitudes of the Northern Hemisphere (NH) and the ocean around Antarctica. The changes in annual mean surface air temperature (SAT) caused by SLCPs changes were more prominent in the NH [0.78 (0.62–0.94) K] than in the Southern Hemisphere [0.62 (0.45–0.74) K], and the global annual mean value is 0.70 K. By looking at other variable responses, we found that precipitation had been increased by about 0.10 mm d−1 in mid- and high-latitudes and decreased by about 0.20 mm d−1 in subtropical regions, with the global annual mean value of 0.02 mm d−1. Changes in SLCPs also influenced atmospheric circulation change, a northward shift in the Intertropical Convergence Zone was induced due to the interhemispheric asymmetry in SAT. However, it is found in this work that SLCPs changes had little effect on global average cloud cover, whereas the local cloud cover changes could not be ignored, low cloud cover increase by about 2.5% over high latitudes in the NH and the ribbon area near 60°S, and high cloud cover increased by more than 2.0% over northern Africa and the Indian Ocean. Finally, we compared the ERFs and global and regional warming effects of SLCPs with those induced by CO2 changes. From 1850 to the present, the ERF of SLCPs was equivalent to 66%, 83%, and 50% of that of CO2 in global, NH, and SH mean, respectively. The increases in SAT caused by SLCPs were 43% and 55% of those by CO2 over the globe and China, respectively.
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1 INTRODUCTION
Carbon dioxide (CO2) is the most important anthropogenic driver of global warming. Besides CO2, Short-lived climate pollutants (SLCPs) have strong contributions to the warming, as well. SLCPs is a set of warming climate forcers, which are gases and particles that can affect the climate by modifying the global energy budget and influence human health. SLCPs includes methane (CH4, a well-mixed greenhouse gas with warming effect second to CO2), tropospheric ozone (O3), and black carbon (BC). They have lifetimes in the atmosphere of a few days to a decade, shorter than the timescale for stabilizing the climate (Borgar et al., 2016). As important climate-forcing factors, SLCPs contribute to 40%–45% of total global warming (UNEP&WMO, 2011). Xie et al. (2016a), Xie et al. (2016b) found the increased CH4 and tropospheric O3 concentrations since pre-industrial times have resulted in a global annual mean surface air temperature (SAT) increase of 0.31 and 0.36°C, respectively. Removing all anthropogenic BC emissions would cause a global cooling of 0.05°C according to Stohl et al. (2015).
The short lifetimes of SLCPs cause spatially and temporally inhomogeneous distribution and concentrations tend to be highest nearer to source regions. Therefore, the resulting forcing patterns are also inhomogeneous, and the regional and global climatic responses is much more complex than to CO2 (Shindell et al., 2009; Shindell and Faluvegi, 2009). For the majority of emissions of SLCPs are in the Northern Hemisphere (NH), so their forcing is prominent in the NH (Shindell, 2014). Borgar et al. (2017) found that SLCPs could significantly affect the potential for temperature change in the Arctic and mid latitudes of the Northern Hemisphere (NH). Meanwhile, the Arctic Monitoring and Assessment Programme (2015) assessed the effects of regional SLCPs emissions on the Arctic, indicating that non-CH4 SLCPs emissions from East and South Asia had the greatest warming effect in the Arctic. Xie et al. (2016a), Xie et al. (2016b) found both CH4 and tropospheric O3 lead to more obvious warming in Northern Hemisphere. BC emissions in Europe and East Asia led to Arctic temperature response 390% and 240% larger than the global temperature response, respectively (Borgar et al., 2017). The warming in eastern China due to BC and tropospheric O3 was 0.62°C and 0.43°C, respectively, much higher than their effects on globally averaged SAT (Chang et al., 2009).
IPCC AR6 indicates that rapid, effective and sustained reductions in emissions of SLCPs are essential to the goal of limiting near-term warming (IPCC, 2021; Sun et al., 2022). Lots of evidences suggest that reducing SLCPs would play a key role to prevent global warming from exceeding 1.5°C or 2°C above pre-industrial levels (Shindell and Smith, 2019; Harmsen et al., 2020). Zhang et al. (2018) evaluated the ERFs caused by changes in SLCPs concentrations from 2010 to 2050 under RCP8.5, RCP4.5, and RCP2.6, which were 0.1, −0.3, and −0.5 W m−2, respectively. They also indicated that there would be a 0.57 K reduction in global warming by 2050 under strong SLCPs mitigation. Xu and Ramanathan (2017) obtained a consistent conclusion with Zhang et al. (2018), and suggested that reducing SLCPs would bring more benefits than abating CO2 only (Xu and Ramanathan, 2017; Dreyfus et al., 2022). Specifically, quickly reducing the emissions of CH4 and BC could avoid 0.3°C and 0.2°C of warming by 2050, respectively. Shindell et al. (2012) and Ramanathan and Xu (2010) reached similar conclusions. If the concentrations of all SLCPs were reduced using current technologies, the rise of sea surface level could be reduced by approximately 25% by 2050 (Hu et al., 2013) and 22%–42% by 2100 (Ramanathan and Xu, 2010).
Most of the existing scientific studies and public policies about SLCPs have focused mainly on single species of SLCPs or the possible influences on climate due to SLCPs changes in the future. In this study, we focus on how SLCPs have already affected our past global and regional climates and to what extent they did by comparing with the contribution from CO2. In order to measure and compare the effects of different factors on global and regional SAT, we firstly need to evaluate quantitatively the driver of climatic change, effective radiative forcing (ERF), defined as the change of the net radiant flux at the TOA or the tropopause, after allowing for atmospheric temperatures, water vapour, clouds and land albedo to adjust, but with global surface temperature unchanged (Myhre et al., 2013; Smith et al., 2018). Xie et al. (2016a), Xie et al. (2016b) estimated the ERFs of CH4 from 1750 to 2011 and tropospheric O3 from 1850 to 2013 both to be 0.46 W m−2 by using a global climate model combined with satellite observations. IPCC AR6 evaluated ERFs (from 1750 to 2019) of CH4 and O3 to be 0.54 ± 0.11 and 0.47 ± 0.23 W m−2, respectively. However, quantitative assessment on ERF of overall SLCPs is very limited.
This study, the ERF of overall SLCPs is estimated by using an online aerosol–climate model (BCC_AGCM2.0_CUACE/Aero); then evaluate the global and reginal climate responses to SLCPs concentration changes from the year of 1850 to 2010 and estimate quantitatively what warming is resulted from the SLCPs compared with CO2 in the past. The model, data sets, and methods used in this work are described in Section 2. The ERF and climate response due to changes in SLCPs concentrations and comparisons with those of CO2 are presented in Section 3; Our conclusion are summarized in Section 4.
2 DATA, MODEL, AND SCHEME DESCRIPTION
2.1 Model
In this study, we used an online aerosol–climate model, BCC_AGCM2.0_CUACE/Aero, developed by Zhang et al. (2012b), Zhang et al. (2014) and Wang et al. (2014). The model incorporates the atmospheric general circulation model BCC_AGCM2.0, developed by the Beijing Climate Center of the China Meteorological Administration (BCC/CMA) and an aerosol model CUACE/Aero, developed by the Chinese Academy of Meteorological Sciences (CAMS). BCC_AGCM2.0 employs a horizontal T42 spectral resolution (about 2.8° × 2.8°) and a hybrid vertical coordinate with 26 levels, the top of which is located at about 2.9 hPa. The CUACE/Aero aerosol model (Gong et al., 2002, Gong et al., 2003) considers five types of aerosols (sulfate, black carbon, organic carbon, dust, and sea salt) and multiple aerosol physical and chemical processes (including anthropogenic aerosol emissions, gaseous chemistry, transport, coagulation, and removal), more detailed introduction of CUACE/Aero can be found in Zhang et al. (2016). BCC_AGCM2.0_CUACE/Aero reproduces fairly well the present-day climate at regional and global scales, especially for temperature and wind (Wu et al., 2008; Wu et al., 2010). The radiation scheme BCC_RAD (Zhang et al., 2014; Zhang, 2016) and the McICA cloud vertical overlap scheme (Jing and Zhang, 2012, Jing and Zhang, 2013; Zhang et al., 2014) are used in BCC_AGCM2.0. These improvements have reduced the error in the simulated longwave and shortwave radiative fluxes at the TOA and the surface compared to the original version. The model also includes physical representations of the aerosol direct, semi-direct, and indirect effects for liquid-phase clouds (Wang et al., 2014). BCC_AGCM2.0_CUACE/Aero reproduces fairly well the present-day climate at regional and global scales, especially for temperature and wind (Wu et al., 2008; Wu et al., 2010). This model simulates the atmospheric burden and geographical distribution of aerosols reasonably well (Zhang et al., 2012a; Wang et al., 2014), and is widely used in studies of aerosol and GHG RF estimations and their impacts on climate (Zhang et al., 2012a, Zhang et al., 2016, Zhang et al., 2018; Wang et al., 2013a, Wang et al., 2013b, Wang et al., 2015, Wang et al., 2016; Zhao et al., 2014; Xie et al., 2016a, Xie et al., 2016b). It was a member of AeroCom phase II comparisons of aerosol direct RF (Myhre et al., 2012) and organic aerosol modeling comparisons (Tsigaridis et al., 2014).
2.2 Data
The CO2 and SLCPs data, including BC emissions and CO2, tropospheric O3, and CH4 concentrations, were obtained from the representative concentration pathways (RCPs) in AR5. There are four concentration emission paths, RCP2.6, RCP4.5, RCP6.0, and RCP8.5, named for their projected RF values (unit: W m−2) in 2100. In this study, the emissions and concentrations of CO2 and SLCPs in 1850 were obtained from historical projection and inventory data in the RCP Database (Mieville et al., 2010) and the current (2010) data were taken from RCP4.5 (Wise et al., 2009). Changes in the concentration of CO2 and SLCPs from the year of 1850 to 2010 are shown in Section 3.1.
2.3 Experimental design
To calculate the ERFs caused by changes in the SLCPs and CO2 concentrations from the year of 1850 to 2010, we performed three sets of experiments, consisting of two perturbing experiments (SERF2010 and CERF2010, the simulations with the changes from 1850 to 2010 in SLCPs and CO2 concentration, respectively) and a control experiment (ERF1850, the simulation keep SLCPs and CO2 concentration at 1850). The experimental configurations are given in Table 1. In this study, the method of “fixed-SST” was selected to estimate ERF (IPCC, 2021), which means that sea surface temperature and sea ice were kept constant during the above three sets of experiments. We ran 15 years in each simulation, of which the last 10 years of data were averaged to estimate the ERFs, as follows:
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where ∆F was the net radiation flux (the difference between incoming and outgoing radiative flux, both shortwave and longwave) at the top of the model (for there is little difference in net radiation flux between the top of the model and the TOA). The ∆FSERF2010, ∆FCERF2010, and ∆FERF1850 are the net radiation flux of SERF2010, CERF2010, and ERF1850, respectively.
TABLE 1 | Experimental design.
[image: Table 1]Another three sets of numerical experiments (SCR 2010, CCR 2010, and CR 1850) were performed to simulate climate responses to changes in SLCPs and CO2 concentrations, using the model coupled with a slab ocean model (Hurrell et al., 2008). We evaluated the SLCPs- and CO2-induced climate responses (CR), as follows:
[image: image]
[image: image]
To allow the global mean SAT to reach a quasi-equilibrium state, the coupled model requires an adjustment of 30 years (Kristjánsson et al., 2005); therefore, we ran 70 years in the three simulation tests, and results for the last 40 years were used for the analysis.
The t-test was used on the ERF and climate responses to estimate their statistical significance in this study. The t-test is the test for a difference between two sample means, as follows:
[image: image]
Where X and S is the average and variance of the sample, and n is sample size. The confidence coefficient of 95% was chosen in this study, which means that ERF (climate responses) will pass the significance test when its absolute t-value is greater than 2.262 (2.045).
3 RESULTS
3.1 Changes in the concentration of CO2 and SLCPs from the year of 1850 to 2010
Since the Industrial Revolution, the emissions of CO2 and SLCPs and their concentration in the atmosphere have increased remarkably due to the development of human activities. Based on the input data of CO2, CH4, and ozone concentrations used in this study (mentioned in Section 2.2), by 2010, the global annual average CO2 and CH4 concentration has increased by 118 ppm and 942 ppb, relative to 1850. As shown in Figures 1B,D, tropospheric ozone column concentrations generally increase by more than 12 DU in middle and high latitudes in the Northern Hemisphere, with two increasing centers in Bohai and Mediterranean regions, which is consistent with the results of An et al. (2022). According to our simulations (as shown in Figures 1A,C), the annual mean column concentrations of BC increased more than 0.4 mg m−2 in Eastern China, Northern India, and Central Africa, of which up to 1.6 mg m−2 in Eastern China.
[image: Figure 1]FIGURE 1 | Annual mean differences of BC loading (top, unit: mg m−2) between SERF2010 and ERF1850, and tropospheric ozone changes from the year of 1850 to 2014 (bottom, unit: DU).
3.2 ERF of SLCPs in 2010, relative to 1850
Figure 2 shows the distributions of ERF of SLCPs in 2010, relative to 1850. SLCPs concentrations have increased significantly since the pre-industrial era, which produced notably positive ERFs over most parts of the globe, especially in the Ural Mountains region, the southern Indian Ocean, East Asia, the central Pacific, and most parts of the Atlantic. The ERFs were greater than 1.5 W m−2 over above-mentioned areas, and the largest positive ERFs occurred over central and eastern China (CEC), with the value more than 4.0 W m−2. According to the definition of ERF (see Section 2.3), the spatial distribution of ERF depends on many factors, such as changes in SLCPs concentrations and adjustment of clouds and other factors. The notably positive ERFs over continents were mainly from shortwave ERFs (similar to ERF, but for the change of the net shortwave radiant flux). For instance, over the Ural Mountains region and CEC, shortwave ERFs were more than 2.0 W m−2, and longwave ERFs (similar to ERF, but for the change of the net longwave radiant flux) were approximately 0 W m−2 (Figures 2B,C). The decrease in low cloud cover (LCC: above 680 hPa) of about 1.2%–2.0% resulted in less solar radiation being scattered, and induced strong positive ERFs over the Ural Mountains region and CEC (Figures 3B,E).
[image: Figure 2]FIGURE 2 | Annual mean ERF (top), shortwave ERF (middle), and longwave ERF (bottom), which are obtained by the difference between SERF2010 and ERF1850, unit: W m−2. The areas with “⋅” passed the 95% significance test.
[image: Figure 3]FIGURE 3 | Annual mean differences of low cloud (top) and high cloud (bottom) between SERF2010 and ERF1850, unit: %.
The BC loadings in the CEC has increased by about 1.4 mg m−2 (see Figure 1C) since the pre-industrial era, which has also led to positive shortwave ERF there. The BC loading has also increased in India, but the shortwave ERF was about −3.5 W m−2 there (Figure 2E), which was mainly attributed to the increased LCC (about 1.8%) scattering more solar radiation. The positive ERFs over the ocean were caused by both shortwave and longwave ERFs. The increased SLCPs concentrations led to the longwave ERFs being about 1.0 W m−2 over most parts of the ocean (Figure 2C), and the shortwave ERFs over the middle of the Indian Ocean, North of the Equatorial Pacific, and the North Atlantic Ocean being 0.5–1.0 W m−2. Notably, over the East and West of the Gulf of Mexico, and the sea area of southern Japan, longwave ERFs were over 2.0 W m−2 due to increased high cloud cover (HCC: below 440 hPa) (Figure 3B) by absorbing thermal radiation.
Due to the short atmospheric lifetimes of SLCPs, the spatial pattern of SLCPs ERF is more inhomogeneous than CO2 ERF. There are more human activities in NH than in Southern Hemisphere (SH), leading to greater SLCPs emissions; therefore, the ERF of NH was 1.24 [0.97–1.51] W m−2 larger than that of SH [about 0.75 (0.47–1.04) W m−2]. Meanwhile, the CO2 ERF during 1850–2010 in the NH and SH were both 1.50 [1.35–1.65] W m−2. The global annual mean ERFs were 0.99 [0.79–1.20] and 1.50 [1.35–1.65] W m−2 due to the changes in SLCPs and CO2 concentrations since pre-industrial era, respectively. Therefore, the SLCPs ERF was equivalent to 66%, 83%, and 50% of the CO2 ERF in global, NH, and SH terms, respectively. Previous studies had indicated that ERF is virtually identical to RF for CO2 and CH4 (Hansen et al., 2005). By comparison (shown in Table 2), the ERF of this study was consistent with these results.
TABLE 2 | Comparison of ERFs in this work and the simulated ERFs/RFs from other studies due to changes in variety of greenhouse gases and BC since the pre-industrial era (Units: W m−2).
[image: Table 2]3.3 Temperature response to changes in SLCP concentrations
The increases in SLCPs concentrations since the pre-industrial era have produced positive ERF and warming effect in most parts of the globe. As shown in Figure 5, SAT increased by over 1.0 K (past 95% significance test) in North America, most of Europe, the Arctic region, northwestern China, and the ribbon area near 60°S. The changes in SAT are consistent with that of surface net radiation flux (SNRF), which composed of shortwave (the surface net solar flux, abbreviated to FSNS) and longwave (the surface net longwave flux, abbreviated to FSNS) components. As shown in Figures 4A,D, the SNRF increased by more than 2.5 W m−2 in the above-mentioned regions. The SNRF is substantially affected by changes in SLCPs concentrations, clouds, and surface albedo. In northeastern China, increases in CH4 and O3 concentrations leaded to FLNS increase by about 2.0 W m−2 (Figure 4F), while FSNS decrease by 2.0 W m−2 (Figure 4E), and eventually caused a weak increase in SAT (Figure 5B) there. These might be due to the 1.2% increase of LCC (Figure 6D) reflecting more solar radiation, which blocked a part of the shortwave radiation reaching the surface, and weakened the warming effect of SLCPs in northeastern China. Sea ice cover near the Antarctic decreased by about 10% (figure not shown), causing a decrease in surface albedo, which decreased the reflection of solar radiation around Antarctic and led to FSNS increases of about 3.5 W m−2. This series of processes ultimately resulted in the SAT increasing by approximately 1.5 K in the Antarctic. The FLNS increased across most of the globe, particularly in middle and lower latitudes (Figure 4C). This was due to significant increases in CH4 and O3 concentrations (Xie et al., 2016a, Xie et al., 2016b). Changes in cloud cover, especially middle and high clouds, also can influence the FLNS. In northern Africa, the decrease in HCC of more than 2.5% (Figure 6C) produced a decrease of FLNS by 0.5 W m−2 due to more outgoing longwave radiation, and ultimately offset part of the warming effect caused by SLCPs there. In western America, reduced middle cloud cover (Figure 6B) resulted in a 1.5 W m−2 decrease in the FLNS, whereas simultaneously the reduced LCC increased the FSNS by about 3.5 W m−2 by reflecting less downward solar radiation. The opposite changes of FLNS and FSNS eventually resulted in notable increases in SNRF and SAT in western America.
[image: Figure 4]FIGURE 4 | Annual mean differences of SNRF (top), FSNS (middle), and shortwave FLNS (bottom) between SCR2010 and CR1850, unit: W m−2. The areas with “⋅” passed the 95% significance test.
[image: Figure 5]FIGURE 5 | Annual mean differences of surface air temperature (contour, unit: K) and 850 hPa circulation (vector) between SCR2010 and CR1850. The areas without color did not pass the 95% significance test.
[image: Figure 6]FIGURE 6 | Annual mean differences of low (top), middle (middle), and high (bottom) cloud covers between SCR2010 and CR 1850, unit: %. The areas with “⋅” passed the 95% significance test.
The concentrations of SLCPs have increased significantly in both southern China and the Indian Peninsula since the pre-industrial era (Xu et al., 2021), but the warming in China was much greater (Figure 5B). This was mainly due to the contrasting patterns of cloud changes in these two regions, as discussed in Section 3.3. The 1.5% decrease in LCC (Figure 6D) led to 1.5 W m−2 increase in the FSNS in southern China (Figure 4E). Conversely, in the Indian Peninsula, the LCC increased about 1%, and resulted in a decrease in the FSNS of 3.5 W m−2. Although the changes in the FLNS were the opposite of those in the FSNS in these two regions, thus, the increase in the SNRF in southern China were greater than it in the Indian Peninsula, which ultimately increase SAT in southern China and the Indian Peninsula by 0.9 and 0.3 K, respectively.
From the year of 1850 to 2010, changes in CO2 concentrations caused significant increases in the SAT in high latitudes of the NH, northwestern China, and the ribbon area near 60°S (Supplementary Figure S1). The CO2-induced average warmings in global, NH, and SH were 1.62 [1.48–1.76], 1.67 [1.50–1.83], and 1.58 [1.43–1.73] K, respectively. The distribution of SAT changes induced by CO2 was similar to that caused by SLCPs. The changes in SLCPs led to global, NH, and SH average temperature increases of 0.70 [0.60–0.80], 0.78 [0.62–0.94], and 0.62 [0.45–0.74] K, respectively, which were equivalent to 43% of the CO2-induced warmings. In China, SLCPs concentrations (especially BC) increased remarkably, this resulted in the SLCPs-induced warming in this region equivalent to 55% of the CO2-induced.
3.4 Cloud cover response to changes in SLCP concentrations
Changes in SLCPs concentrations from 1850 to 2010 had little effect on global average cloud cover, but a large effect on regional cloud cover. As shown in Figure 6A, the increasing centers of LCC were mainly located over high latitudes of the NH, the ocean around Antarctica, and near the equator (especially over the east Pacific and Atlantic). Over central Africa, the Indian Peninsula, and most of the United States, where the surface relative humidity (SRH) increased by about 1.5% (Figure 8C), LCC increased by 1.0%, which indicates LCC have a good correlation between relative humidity (Chris, 1994). However, circulation is also an influential factor in cloud. In mid-India, where the change in SRH was weak, for example, the 2% increase in LCC was mainly due to enhanced cyclonic vorticity. Conversely, enhanced anticyclonic vorticity in the southern Pacific led to a 1.0% decrease in LCC. In high latitudes of the SH, LCC increased by more than 2%, which was largely due to the increases in relative humidity and enhanced updrafts between 900 and 700 hPa over 60°S (Figures 7A,B). SLCPs concentrations have increased significantly in both the Indian Peninsula and southern China since the pre-industrial era; however, there were opposite changes in the LCC over these two regions. LCC increased by about 1.0% over the Indian Peninsula but decreased by about 1.8% over southern China (Figure 6D), mainly due to the 1.5% and −1.4% changes in SRH in these two areas, respectively (Figure 8F). The geographical distributions of changes in middle cloud cover and HCC were similar (Figures 6B,C). HCC clearly decreased over northern Africa, the Indian Ocean, the northern and southern Pacific, and the equatorial Atlantic, especially over northern Africa and the Indian Ocean with decreases of about 2.2%–3.0%. This was caused by a reduction in the relative humidity of about 1.3% between 400 and 200 hPa over the subtropics (Figure 7B). Over the high latitudes in both the NH and SH (near 60°S and 60°N), HCC increased by about 1.5% due to increases in relative humidity below 300 hPa.
[image: Figure 7]FIGURE 7 | Annual mean differences in zonally averaged circulation (left column), relative humidity (middle column), and cloud fraction (right column) between SCR2010 and CR1850. The areas with “⋅” passed the 95% significance test.
[image: Figure 8]FIGURE 8 | Annual mean differences of precipitation (top, unit: mm d−1), SWVF (middle, unit: kg m−2d−1), and SRH (bottom, unit:%) between SCR2010 and CR1850. The areas with “⋅” passed the 95% significance test.
3.5 Precipitation response to changes in SLCP concentrations
Figure 8 shows the changes in precipitation (left column), surface water vapor flux (SWVF) (middle column), and SRH (right column) caused by the increased SLCPs concentrations. Changes in SLCPs concentrations produced significant increases in the SWVF (around 0.10 kg m−2 day−1) over most marine areas, especially the equatorial Pacific, Central Indian Basin, and East China Sea (Figure 8B). The most significant increase (over 0.18 kg m−2 day−1) occurred over the East China Sea. Decreases in the SWVF were mainly apparent over most continents and were caused by the reductions in the SNRF. In northern Africa, southern Europe, Australia, and most parts of South America, the SNRF decreased by about 1.0 W m−2, leading to a reduction of about 0.10 kg m−2 day−1 in the SWVF. The changes in the SWVF had a great influence on the changes in SRH. In the most parts of the Pacific and northern Atlantic, SRH increased by 0.6% due to the increases in the SWVF. Conversely, with reductions in the SWVF, SRH decreased by 0.8% in northern Africa, Australia, and most parts of South America. Changes in circulation also affected the local SRH. For example, in eastern Canada, the SWVF increased by 0.10 kg m−2 day−1, but the SRH decreased due to enhanced flows from inland. It is worth noting that the opposite changes in SRH occurred in the Indian Peninsula and southern China. As shown in Figure 8F, in the Indian Peninsula, the increased SWVF with the enhanced cross-equatorial flows caused a 1.5% increase in SRH. However, in southern China, the enhanced flow, from land to ocean, blocked water vapor transport in the South Asian Monsoon, with a SWVF reduction of 0.06 kg m−2 day−1; thus, SRH ultimately decreased by 1.8% there. As shown in Figure 8A, precipitation mainly increased (about 0.10 mm d−1) in mid-high latitudes and decreased (about −0.20 mm d−1) in subtropical regions. In tropical areas, precipitation increased significantly in the NH and decreased in the SH. The largest changes in precipitation occurred in the north and south of the Pacific equatorial region, with the maximum increase (decrease) of 0.50 mm d−1 (−0.45 mm d−1). According to a simulation by Broccoli et al. (2006), the interhemispheric asymmetry in SAT changes led to the movement of the Intertropical Convergence Zone (ITCZ) toward the relatively warmer hemisphere. In our simulation, the change in the annual mean SAT was +0.9 K in the NH and +0.6 K in the SH, and there was a northward shift of the ITCZ, which was the opposite of the trends induced by anthropogenic aerosols (e.g., Zhang et al., 2016; Zhou et al., 2018). Since the pre-industrial era, changes in SLCPs concentrations have caused global mean precipitation to increase by 0.03 mm d−1 (approximately 0.6%). Therefore, our simulation results indicate that the global mean precipitation has increased by about 1.0% per K surface temperature in response to SLCPs forcing, which is lower than the result (1.5–2% K−1) obtained by Salzmann (2016).
4 CONCLUSION
We simulated the ERF and climate responses to changes in SLCPs concentrations from 1850 to the present (represented by the model year of 2010) using an aerosol–climate coupled model of BCC_AGCM2.0_CUACE/Aero. The global annual mean ERF due to changes in SLCPs concentrations since the pre-industrial era was 0.99 W m−2. The largest positive ERF was more than 4.0 W m−2, and occurred over central and eastern China, mainly due to adjustments in low cloud cover and BC loading. The greater level of human activity in NH led to more SLCPs emissions than in SH, and correspondingly the SLCPs ERF in NH is larger than that in SH. We found that the SLCPs ERF was equivalent to 66%, 83%, and 50% of the CO2 ERF in global, NH, and SH terms, respectively. Increased SLCPs concentrations led to warming effects over most parts of the globe, with obvious warming in the mid-high latitudes of NH and the ocean around Antarctica, where increases reached 1.0 K. Precipitation increased by about 0.10 mm d−1 in mid-high latitudes and was reduced by about 0.20 mm d−1 in subtropical regions. As a result of the interhemispheric asymmetry in SAT changes caused by SLCP, ITCZ moved toward NH. Changes in SLCPs concentrations caused increases in the global annual mean SAT and precipitation of 0.70 K and 0.02 mm d−1, respectively. In our simulation, the global mean precipitation increased by about 1.0% per K surface warming in response to the forcing by SLCPs. From the year of 1850 to 2010, the increase in SAT caused by SLCPs was equivalent to 43% of the warming effect of CO2 over the globe and 55% over China. Increased SLCPs concentrations had little effect on global average cloud cover, but had obvious effects on regional cloud cover. Low cloud cover increased by about 2.5% over high latitudes in the NH and the ribbon area near 60°S, whereas high cloud cover increased more than 2.0% over northern Africa and the Indian Ocean.
SLCPs concentrations have increased significantly in both the Indian Peninsula and southern China since the pre-industrial era; however, the respective relative humidity at the surface of the two regions changed by 1.5% and −1.8%, and low cloud cover by 1.0% and −1.8%, with the opposite signs. The enhanced cross-equatorial flows and a weakened South Asian Monsoon maybe important driving factors for these opposite changes over these two regions. Combining the direct effect of SLCPs and the consequent cloud response, the final SAT increases were 0.3 K in the Indian Peninsula and 0.9 K in southern China.
Our results suggest that SLCPs-induced warming should not be underestimated, which was equivalent to half of the global warming effect of CO2, even much larger in the regions with more coal consuming (e.g., China). SLCPs can influence regional SAT by affecting radiation budget; while the circulation response to SLCPs change in driving the changes of regional SAT is also important.
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