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Abstract 

Aerosol emissions have rapidly increased in East Asia since the late 1970s. During 

the same period, the East Asian Summer Monsoon (EASM) has shown a weakening 

trend. In this work, the direct effects (DE) of sulfate and black carbon (BC) aerosols 

on the sub-seasonal (pentad mean) march of the East Asian subtropical summer 

monsoon (EASSM) are investigated using an interactive global climate-chemistry 

model. The simulation results suggest that the DE of sulfate aerosols have a notable 

effect on the cooling of the low troposphere across the continent in spring and autumn, 

hence, changing the time of the seasonal transition of the zonal land-sea thermal 

contrast (ZTC). The DE of BC result in cooling of the low troposphere and heating of 

the middle troposphere, leading to a different impact than that caused by sulfates. The 

cooling of the surface and troposphere by sulfates leads to a delay in the warming of 

East Asian continent in spring, and the EASSM onset time; it also accelerates the 

process of the continent turning colder and advances the retreat of the EASSM. The 

deeper heating in the middle-upper troposphere than the cooling in the low 

troposphere due to the DE of BC or the combination of both leads to an advance in 

the onset time of the monsoon caused by the continent turning warmer earlier in 

spring. In autumn, the same cooling effect by sulfates leads to the continent turning 

colder earlier, resulting in an advance in the retreat time. 
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1. Introduction 

Monsoon is defined as the tropical and subtropical seasonal reversal in both the 

surface winds and the associated precipitation, which is caused by differential heating 

between a continental-scale land mass and the adjacent ocean [Intergovernmental 

Panel on Climate Change (IPCC), 2007]. The East Asian region is one of the largest 

monsoon regions in the world. The unique location of this region within the continent 

and ocean causes a large meridional and zonal land-sea thermal contrast between the 

Asian continent and the western Pacific, leading to a complex and distinct East Asian 

monsoon system [Yeh et al., 1959; Tao and Chen, 1987]. The East Asian summer 

monsoon (EASM) system can be divided into two independent subsystems: the South 

China Sea summer monsoon (SCSM) and the East Asian subtropical summer 

monsoon (EASSM, i.e., the subtropical monsoon covering areas from mainland China 

to Japan) [Zhu et al., 1986; He et al., 2008]. Some studies [He et al., 2008; Qi et al., 

2008; Zhao et al., 2009] have further distinguished between the mechanisms of the 

SCSM and EASSM systems; according to these studies, the onset of SCSM depends 

on the seasonal transition of the meridional land-sea thermal contrast (MTC), while 

the EASSM relies more on the reversal of the zonal land-sea thermal contrast (ZTC). 

The EASM exerts a dominant effect on the summer climate in East Asia, providing 

about 40-50% of the annual mean precipitation over southern China and about 60-70% 
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over northern China [Lei et al., 2011; Song et al., 2014]. Some studies found a 

weakening trend and southward migration of the precipitation zone of EASM 

beginning in the late 1970s [Wang, 2001; Yu et al., 2004; Xu et al., 2006; Ding et al., 

2008, 2009; Zhou et al., 2009]. The possible mechanisms for the interdecadal change 

in the EASM is an active research topic [Zhou et al., 2009; Song et al., 2014]. Various 

factors, such as sea surface temperature (SST) variability [Xue, 2001; Wang, 2002; 

Yang and Lau, 2004; Li et al., 2010a; Zhou and Zou, 2010], sensible heat flux over the 

Tibetan Plateau [Ding et al., 2009; Wu et al., 2012; Liu et al., 2012], anthropogenic 

forcing (aerosols and greenhouse gases) [Xu, 2001; Menon et al., 2002; Ueda et al., 

2006; Liu et al., 2009; Li et al., 2010b; He et al., 2013; Wang et al., 2013; Song et al., 

2014; Zhu et al., 2012], and natural decadal variability [Jiang and Wang, 2005; Lei et 

al., 2011], have been linked to the interdecadal change in the EASM. Song et al. 

[2014] suggested that the internal variability mode of Pacific Decadal Oscillation 

(PDO) might play a dominant role in the weakening of the monsoon, while aerosol 

forcing plays a secondary or complementary role. 

  Over the past several decades, East Asia has witnessed tremendous economic 

development, causing a dramatic increase in the emissions of aerosols and aerosol 

precursor gases [Bond et al., 2007; Lamarque et al., 2010; Smith et al., 2011], which 

has been accompanied by one of the most significant environmental issues-air 

pollution [Liao et al., 2015]. Anthropogenic sulfur dioxide (SO2, a precursor gas for 
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sulfate) and BC are two major sources of anthropogenic aerosols over East Asia. The 

emissions of anthropogenic SO2 in East Asia in the 2000s were approximately five 

times greater than that in the 1960s [Smith et al., 2011]. Further, while the 

anthropogenic BC emissions in East Asia were about 26 Gg year-1 in the 1950s, they 

rose to about 690 Gg year-1 in the 2000s [Bond et al., 2007]. Sulfate aerosols, formed 

from SO2, and BC aerosols in the atmosphere have led to a large increase in aerosol 

loading in East Asia [Lefohn et al., 1999; Bond et al, 2007; Streets et al., 2008; Junker 

and Liousse, 2008]. These aerosol emissions can play an important role in climate 

change. 

The DE of aerosols implies the mechanism through which the aerosols directly 

affect the atmosphere, involving scattering and absorbing solar radiation, thereby 

altering the radiative balance of the Earth-atmosphere system. Sulfate aerosols scatter 

and reflect the incident shortwave radiation and thus reduce the amount of shortwave 

radiation reaching the surface (also called “solar dimming”), decrease surface air 

temperature, suppress monsoon circulation, and decrease the amount of precipitation 

over South and East Asia [Xu, 2001; Gu et al., 2006; Huang et al., 2007; Kim et al., 

2007; Liu et al., 2009; Cowan and Cai, 2011; Zhang et al., 2011; Jiang et al., 2013; 

Guo et al., 2013; Zhou et al., 2014]. 

Unlike sulfate aerosols, BC aerosols absorb the incoming shortwave radiation, 
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resulting in cooling of the surface and heating of the atmosphere. However, the BC 

and sulfate aerosols differ in their effects on the vertical structures of air temperature 

and atmospheric circulations. Many researchers have analyzed the mechanisms by 

which BC aerosols affect the monsoon systems over South and East Asia [Menon et 

al., 2002; Chung and Zhang, 2004; Ramanathan et al., 2001, 2005; Lau et al., 2006; 

Lau and Kim, 2006; Wang, 2007; Meehl et al., 2008; Randles and Ramaswamy, 2008; 

Gautam et al., 2009; Ming et al., 2010; Cowan and Cai, 2011; Ganguly et al., 2012; 

Mahmood and Li, 2011, 2013a, 2013b]. 

The studies on the radiative effects of aerosols on monsoons have mainly been 

aimed at the South Asian summer monsoon (SASM) and EASM or the changes in the 

summer monsoon precipitation, wherein the monsoon is usually discussed in terms of 

a seasonal average, while the sub-seasonal changes have received much less attention 

[Bollasina et al., 2013]. However, it is important to understand the sub-seasonal 

march of a monsoon, especially its onset, as it is critical for agriculture planning and 

water management [Zhao et al., 2007; Bollasina et al., 2013]. Many researchers have 

considered the effects of aerosols on the pre-monsoon period, and on the onset of the 

summer monsoon and precipitation [Bollasina et al., 2008, 2013; Meehl et al., 2008; 

Wang et al., 2009; Lau and Kim, 2010; Ji et al., 2011; Martin et al., 2013; Mahmood 

and Li, 2013b]; however, most of these studies were focused on the SASM. Overall, 

the nature of changes in the monsoon onset is still an under-explored topic, because of 
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the elusive physical mechanisms associated with it and the complex nature of the 

onset itself [Bollasina et al., 2013]. 

From the previous studies, the impact of aerosols on the processes of onset, 

development, and retreat of the East Asian monsoon, especially the EASSM, has not 

been clear. Wang et al. [2014] focused on the DE of sulfate aerosols on the surface 

temperature and the seasonal transition of the ZTC in East Asia. In this study, we 

focus on the different nature of the effects of sulfate and BC aerosols, as well as their 

combined effects, on the sub-seasonal march of the EASSM. The analysis and 

simulation are conducted using version 5.1 of the Community Atmosphere Model 

(CAM5.1). The rest of the paper is structured as follows. The model descriptions and 

experimental design are given in Section 2. The analysis of the DE of aerosols on the 

sub-seasonal march of EASSM is given in Section 3. Discussion and conclusions 

drawn from the study are presented in Sections 4 and 5, respectively.  

2. Model and experimental design 

In this study, we used a coupled global climate-chemistry model, CAM5.1 [Neale 

et al., 2010] including the chemistry and aerosol mechanism [MOZART, Emmons et 

al., 2010], radiation mechanism [RRTMG, Iacono et al., 2008], and microphysical 

and macroscopic mechanisms associated with clouds [Morrison and Gettelman, 2008; 

Gettelman et al., 2010] to evaluate the effects of sulfate and BC aerosols. The 
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MOZART mechanism has a representation of aerosols based on the work by Tie et al. 

[2001, 2005], i.e., sulfate aerosol is formed by the oxidation of SO2 in the gas phase 

(by reaction with the hydroxyl radical) and in the aqueous phase (by reaction with 

ozone and hydrogen peroxide). Because only the bulk mass is calculated, a lognormal 

distribution is assumed for all aerosols using a different mean radius and geometric 

standard deviation [Liao et al., 2003]. Natural aerosols (desert dust and sea salt) are 

implemented following Mahowald et al. [2006a, 2006b]. In addition, secondary 

organic aerosols (SOA) are linked to the gas-phase chemistry through the oxidation of 

atmospheric non-methane hydrocarbons (NMHCs), as in Lack et al. [2004]. 

Greenhouse gas forcing was maintained at its present-day (year 2000) value. The 

sources of aerosol emissions were taken from the emissions inventory of Emmons et 

al. [2010]. 

Our aim was to explore the DE of sulfate and BC aerosols, both individually and 

collectively, on the EASSM. The EASM is controlled by the land-sea thermal contrast, 

and the atmospheric heating over land dominates this contrast [Jiang et al., 2013]. 

The land-sea contrast in the heating capacities makes the land cool down more readily 

under aerosol forcing, driving a preferential cooling over land [Song et al., 2014]. As 

a consequence, the SST responses to the climate system were excluded in this study; 

and we based our methodology on the experiments conducted under the Atmospheric 

Model Intercomparison Project (AMIP) to examine the atmosphere-land (fast) 
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response to aerosol forcing [Jiang et al., 2013, 2015]. 

Four numerical experiments were conducted with the prescribed monthly mean 

climatological sea surface temperature (SST) and sea ice in this study, including a 

control experiment (Ctrl) that included all types of direct and indirect radiative 

processes of aerosols and three sensitivity experiments (nSO4de, nBCde, and 

nSO4BCde), as shown in Table 1. In each of the sensitivity experiments, one or two 

types of DE of aerosols were turned off by setting the aerosol optical depth (AOD) to 

zero during the calculation of direct radiation, while all the others were preserved. 

Here, the DE of BC include the direct and semi-direct effects [Hansen et al., 1997; 

Ackerman et al., 2000]. The experiments without the DE of sulfate aerosols were 

marked as nSO4de, and those without the DE of BC aerosols were marked as nBCde. 

The experiments that eliminated the DE of both the sulfate and BC aerosols were 

marked as nSO4BCde. The differences between the results of the Ctrl and sensitivity 

experiments were regarded as the DE of aerosols on the climate. While our sensitivity 

experiments highlight the DE of aerosols to extreme levels, they do not represent the 

real situation. A 2-year low-pass filter was applied to suppress the interannual 

variability and a t-test was used to assess the significance of these differences. 

The CAM5.1 model uses the MOZART chemistry mechanism with a horizontal 

resolution of 1.9° latitude and 2.5° longitude, and 30 vertical levels. Each experiment 
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was run for 31 years, but only the last 30 years of the simulations were used in our 

study. In addition, the 2.5° × 2.5° daily meteorological variables from the National 

Centers for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) reanalysis [Kalnay et al., 1996] database were used to validate the 

simulated atmospheric circulation.  

3. Results  

3.1. Aerosol direct radiative effects 

The aerosol concentrations are distributed mainly over the East Asian continent and 

its adjacent oceans. Figure 1 shows the time-latitude cross section of AOD for the 

sulfate and BC aerosols and the total precipitation rate and meridional wind at 850 

hPa for the longitude range of 105°-120°E from the Ctrl experiment. As shown in Fig. 

1a, during winter and early spring, the sulfate AOD is distributed in the 20°-35°N 

range, and the highest values of AOD are concentrated in the 25°-30°N range. 

Starting around the 21st pentad, the lowering in the AOD values is caused by the 

precipitation during the pre-flood season in southern China (Fig. 1b) [Zhu et al., 2011]. 

The area with high AOD values decreases and moves toward northern China 

(35°-40°N) in summer. Then, the high-AOD area moves northward because of the 

effect of the dominant low-level south airflow in the EASM, as shown in Fig. 1b, 

which is consistent with the results of Jiang et al. [2015].  
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Sulfate aerosols as secondary pollutants experience more active conversion from 

SO2 gas to particulate sulfate in summer because of higher solar radiation and 

stronger photochemical reactions [Guo et al., 2013; Liao et al., 2015]. In spite of the 

strong wet scavenging process, the greater amount of water vapor that enhances the 

hygroscopic growth of sulfate aerosols also likely results in the higher AOD value in 

summer. In autumn, the relatively higher solar radiation and weaker wet scavenging 

processes also result in high AOD values, and then, the area with high AOD values 

moves southward because of the transition of wind fields (Fig. 1b). 

The AOD values for the simulated BC aerosols are distributed mainly at latitudes 

of 20°-40°N (Fig. 1a), with the high AOD values being distributed in the 25°-35°N 

range depending on the emission levels. However, the annual cycle of the 

north-to-south movement of BC AOD is not obvious compared to the movement of 

sulfate AOD (Fig. 1a). This is because BC aerosols, which act as primary pollutants, 

have relatively stable physical and chemical characteristics and are less susceptible to 

transport by wind fields and to wet scavenging, compared to SO2 gas (precursor of 

sulfate aerosols) [Guo et al., 2013]. The AOD of BC reaches its maximum value in 

winter and spring, while it reaches its minimum in summer because of wet scavenging 

and the intruding air masses from the clean ocean [Jiang et al., 2015].  
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The maximum average of BC is only approximately 0.03, which is much less than 

that of sulfate aerosols (Fig. 1a). It should be noted that the aerosol forcing efficiency 

of the BC aerosols (-220 W⋅m-2⋅τ-1; τ is AOD) is much higher than that of the sulfate 

aerosols (-30 W⋅m-2⋅τ−1), indicating that BC aerosols can produce greater radiative 

forcing on the climate per unit AOD [Conant et al., 2003; Schulz et al., 2006]. As 

such, the DE of both BC and sulfates are important to the East Asian climate.  

The DE of aerosols lead to the scattering and absorption of solar flux, and alter the 

thermal structure of the atmosphere. The DE of both sulfate and BC aerosols result in 

less solar radiation reaching the surface under clear-sky conditions, thus resulting in a 

negative change in the net solar flux at the surface (Fig. 2). The distribution of the 

change in the net solar flux caused by the DE of aerosols at the surface under 

clear-sky conditions is consistent with the values of AOD (Fig. 1), which is consistent 

with the results of Jiang et al. [2015]. The long wave flux change under clear-sky 

conditions by the DE of aerosols is found to be small (figure not shown). 

3.2. Change in air temperature by the DE of aerosols 

  The changes in surface air temperature induced by the DE of sulfate, BC, and the 

combination of both are shown in Fig. 3. The DE of sulfate (Fig. 2a) lead to negative 

radiative forcing at the surface under clear-sky conditions for almost the entire year, 

as well as a decrease in the surface air temperature (Fig. 3a), in most of the 
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continental areas in China (20°-50°N, 105°-120°E). However, the change in surface 

air temperature does not correspond to the change in net solar flux at the surface under 

clear-sky conditions (Fig. 2) because of the cloud feedback [Jiang et al., 2015]. With 

the movement of the EASM, low-level south airflow prevails over East Asia (Fig. 1b), 

which transports sulfate aerosols northward, and consequently, the clear-sky net solar 

radiative forcing at the surface also moves northward (Fig. 2a). In this study, the only 

difference between the Ctrl and sensitive experiments were the aerosol direct effects. 

The change in surface air temperature is dominated by the change in the solar flux 

induced by the DE of aerosols and the feedback from the changes in the clouds. As a 

result, the centers of decreased surface air temperature move northward to the north of 

30°N in summer, then move back to 20°N in autumn in accordance with the 

movement of negative radiative forcing (Fig. 3c).  

The DE of BC aerosols also result in negative radiative forcing; however, the 

changes are small, as shown in Fig. 2b. The changes in surface air temperature are 

small and most of the values are not statistically significant (Fig. 3b), which may be 

caused by the semi-direct effects partially counteracting the DE of BC [Guo et al., 

2013; Jiang et al., 2013, 2015]. The DE from the combination of sulfate and BC 

aerosols (Fig. 2c) are similar to those from sulfates individually. A few differences 

exist between the DE of the two types of aerosols in terms of the surface air 

temperature in winter, and both are insignificant. From spring to autumn, the changes 
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in surface air temperature are mainly driven by the DE of sulfates (compare Fig. 3c 

with 3a). 

In this study, the key region is the East Asian subtropical continent (27.5°-32.5°N, 

105°-120°E) [He et al., 2008; Qi et al., 2008; Zhao et al., 2009]. Figure 4 shows the 

time-altitude cross section of air temperature changes induced by the DE of sulfates, 

BC, and a combination of both sulfates and BC over the subtropical continent 

(27.5°-32.5°N, 105°-120°E). Both sulfate and BC aerosols play a role in cooling the 

surface; however, the upper-middle troposphere responds to sulfate and BC aerosols 

in an opposite manner [Liu et al., 2009; Jiang et al., 2013]. Sulfate aerosols scatter 

solar radiation and thus lead to atmospheric cooling, whereas BC aerosols absorb 

solar radiation and thus lead to atmospheric heating.  

Generally, the diabatic heating of the atmosphere includes shortwave heating 

(QRS), longwave heating (QRL), heating from vertical diffusion (DTV), and 

condensational heating from moisture processes (DTCOND) [Jiang et al., 2013]. The 

QRS change due to aerosols is a result of BC absorption of shortwave flux. The 

change in QRL is a result of the change in cloud and water vapor. The DTV change is 

a result of vertical heat transfer from the surface. The change in DTCOND is a result 

of the latent heat release by deep convection [Liu et al., 2004]. The DTCOND 

contribute to the Asian summer monsoon formation and dominate diabatic heating 
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over East Asia [Jin et al., 2013]. Figure 5 shows the time-altitude cross section of 

QRS, DTCOND, and vertical velocity changes induced by the DE of sulfates, BC, 

and a combination of both sulfates and BC over the subtropical continent.  

In Fig. 4a, the air temperature over the subtropical continent is reduced below 850 

hPa and increased above 850 hPa in winter because of the DE of sulfates. In early 

spring and autumn, a significant decrease in air temperature at both the surface and 

troposphere is caused by the DE of sulfates. Additionally, a significant reduction in 

air temperature in the middle-upper troposphere occurs in autumn, mainly contributed 

by the reduced DTCOND in keeping with the weakened ascending motion owing to 

the change in circulation (Fig. 5b). In summer, the air temperature is reduced below 

850 hPa and increased above 850 hPa because of sulfates; however, the increase is not 

significant (Fig. 4a). 

The increase in air temperature caused by the DE of BC (Fig. 4b) occurs almost 

throughout the entire year, except in early spring (below 700 hPa) and autumn 

(insignificant decrease). The increase in air temperature is partly contributed by the 

increase in the shortwave heating rate (QRS, Fig. 5c) because of the absorption of BC 

and the increase in DTCOND in accordance with the enhanced ascending motion 

resulting from the change in circulation (Fig. 5d). As shown in Fig. 5c, the 

concentrations of BC and QRS are maintained below 500 hPa in winter, which then 
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move to the upper troposphere in early spring and fall back below 500 hPa in autumn 

because of atmospheric circulation. 

The DE of the combination of sulfates and BC aerosols (Fig. 4c) cause an increase 

in the air temperature in winter. In early spring, a significant cooling of the low 

troposphere (below 700 hPa) and warming of the middle-upper troposphere (above 

700 hPa) occurs, and the increase in air temperature is partly contributed by the 

increase in the QRS (Fig. 5c) resulting from the absorption of BC. In summer, the air 

temperature falls below 850 hPa and increases above 850 hPa. In contrast, in autumn, 

a significant reduction in the air temperature occurs near the surface and in the 

middle-upper troposphere in autumn; this result is similar to that for sulfates. 

However, the DE of the combination of two types of aerosols is not a linear 

summation [Liu et al., 2009; Jiang et al., 2013]. 

As discussed above, the surface cooling in spring is caused by the DE of aerosols 

resulting from decreased solar radiation reaching the surface (Fig. 2), and the 

middle-upper troposphere heating (Fig. 4) is partly contributed by the increase in the 

QRS (Fig. 5) because of the absorption of BC. This mechanism is consistent with the 

results of the previous work [Gu et al., 2006; Huang et al., 2007; Meehl et al., 2008; 

Liu et al., 2009; Ming et al., 2010; Jiang et al., 2013; Guo et al., 2013]. In autumn, the 

surface cooling is also mainly driven by the DE of aerosols (Fig. 2); however, the 
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reduction of air temperature in the middle-upper troposphere is mainly caused by the 

decrease in DTCOND in accord with the weakened ascending motion resulting from 

the change in circulation (Fig. 5). Most of the change in QRL (figure not shown) is 

negative, and partly offsets the change in QRS. The negative DTV (figure not shown) 

results in a cool lower troposphere because of the decreased surface air temperature 

due to aerosol direct effects (Fig. 2 and Fig. 3). The response of DTCOND is a 

feedback of the DE of aerosols [Jiang et al., 2013]. As a result, the DE of aerosols 

make an important contribution toward the change in tropospheric air temperature 

over the East Asian subtropical continent in spring and autumn, which are also the 

key periods for the onset and retreat of the EASSM.  

3.3. Aerosol direct effects on the zonal land-sea thermal contrast 

The land-sea thermal contrast is generally considered to be the fundamental 

mechanism of monsoon formation. The ZTC is the key driving force of the EASSM, 

and the quickest rise in temperature and lowering in air pressure occurs at the latitude 

of 30°N, where the seasonal cycle of ZTC first transits [He et al., 2008; Qi et al., 

2008; Zhao et al., 2009]. Aerosol direct effects bring about negative surface radiative 

forcing and result in a decrease in the surface temperature, hence changing the 

land-sea thermal contrast [Liu et al., 2009; Zhang et al., 2011; Jiang et al., 2013]. In 
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addition, the contrast in the land-sea heating capacities and the often higher aerosol 

loading over land make the land cooler than the ocean under aerosol forcing. 

Temperature latitudinal deviation (TLD) is defined as the discrepancy between the 

temperature at a given longitude and the mean temperature averaged over 105°-150°E 

at some selected latitudes. Figure 6 shows the temporal evolution of TLD at 850 hPa 

and 500 hPa at the latitude of 30°N from the Ctrl experiment and the NCEP/NCAR 

reanalysis data. The simulated temporal evolution of TLD at 850 hPa and 500 hPa at 

the latitude of 30°N is consistent with the NCEP/NCAR reanalysis. As shown in Fig. 

6, the west Pacific is warm in winter, turns cool in early spring, being located east of 

130ºE, then turns warm again in autumn. In contrast, the Asian continent is cold in 

winter, becomes warm in early spring, being located west of 120ºE, then turns cold 

again in early autumn. As a result, the East Asia continent is defined in terms of its 

location at 105º-120ºE and the west Pacific is defined as 130º-150ºE. In comparison 

to the other global climate models, CAM5.1 captures the characteristics of the 

temporal evolution of TLD well [Jiang et al., 2013, 2015]. 

As discussed in Fig. 6, the ZTC is defined as the temperature difference between 

the western Pacific Ocean (130°-150°E) and the East Asian continent (105°-120°E), 

where the most significant subtropical area is the region located at the latitude of 

30°N [He et al., 2008; Qi et al., 2008; Zhao et al., 2009]. Figure 7a shows the 
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temporal evolution of the ZTC at 850 hPa at a latitude of 30°N from the simulation 

experiments. From the results of the Ctrl experiment (Table 2), the transition times of 

the ZTC are found to be around the 16th and 55th pentad. In the sensitivity 

experiments, the transition times of the ZTC are around the 15th and 56th pentad in 

the nSO4de experiment, the 15th and 55th pentad in the nBCde experiment, and the 

14th and 56th pentad in the nSO4BCde experiment at 850 hPa. Adopting the spatial 

test method, similar to Song and Zhou [2014], the change in timing of the ZTC is 

significant. 

Figure 8 shows the time-longitude cross section of the changes in air temperature at 

850 hPa by DE along the 30°N latitude. In accord with Fig. 4, the DE of sulfates and 

the combination of sulfates and BC decrease the air temperature from early spring to 

autumn over the East Asian continent (105°-120°E) at 850 hPa (Fig. 8a, c). The 

decrease in air temperature is significant in spring and autumn. However, the decrease 

in air temperature by the DE of BC is small and insignificant (Fig. 8b). By comparing 

the Ctrl experiment with sensitivity experiments, it was found that low troposphere 

cooling by DE of aerosols leads to colder air temperatures across the East Asian 

continent in spring and autumn, thus the East Asian continent turns warmer later in 

spring and colder earlier in autumn. As a result, the DE of aerosols lead to the first 

transition time of the ZTC at 850 hPa being later in spring, and the second transition 

time being earlier (except BC) in autumn, as shown in Table 2. 

This article is protected by copyright. All rights reserved.



 

 20 

 As shown in Fig. 7b, the transition times of the ZTC are around the 15th and 55th 

pentad in the Ctrl experiment at 500 hPa. In the sensitivity experiments, the transition 

times of the ZTC are around the 15th and 55th pentad in the nSO4de experiment, the 

16th and 55th pentad in the nBCde experiment, and the 16th and 55th pentad in the 

nSO4BCde experiment at 500 hPa. However, according to the Ctrl experiment, the 

DE of BC and the DE of the combination of sulfates and BC cause the first transition 

time of the ZTC to be earlier at 500 hPa. 

Figure 9 shows the time-longitude cross section of the changes in air temperature at 

500 hPa by DE along the 30°N latitude. The DE of sulfate decrease the air 

temperature in spring and autumn over the East Asian continent (105°-120°E) at 500 

hPa (Fig. 9a). The DE of BC and the DE of the combination of sulfates and BC 

increase the air temperature in spring and decrease the air temperature in autumn (Fig. 

9b, c). A comparison of the Ctrl experiment with the sensitivity experiments shows 

that the air temperature at 500 hPa becomes warmer in spring and colder in autumn 

over the East Asian continent because of the DE of BC and the DE of the combination 

of sulfates and BC. The continent turns warmer earlier in spring and turns colder 

earlier in autumn. As a result, the DE of BC and the DE of the combination of sulfate 

and BC lead to the first transition time of the ZTC at 500 hPa being earlier in spring, 

as shown in Table 2. 
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3.4. Aerosol direct effects on the sub-seasonal march of EASSM 

It is well-known that the fundamental features of a typical monsoon domain are a 

seasonal variation in the low-level winds, especially in wind directions, and distinct 

alternation between wet and dry seasons. Thus, defining onset dates of the summer 

monsoon based on wind and/or rainfall is useful for studying the seasonal march of 

the summer monsoon [Zhao et al., 2007]. Based on the thermal-wind equation, the 

decrease or increase in the zonal temperature gradient may lead to a decrease or an 

increase, respectively, in the vertical shear of the geostrophic meridional wind 

between the upper and lower layers of the troposphere [Zhao et al., 2007]. Generally, 

the vertical difference in the meridional wind between 200 hPa and 850 hPa is used to 

represent the thermal wind. As aerosols are mainly distributed in the mid-low level of 

the troposphere, the direct impacts on the changes in the meridional wind at 200 hPa 

are small (only 1 pentad later in the first transitions by the DE of BC; figure not 

shown). Therefore, the change in the thermal wind may be represented as the change 

in meridional wind at 850 hPa.  

As shown in previous works, EASSM is a monsoon system that differs from a 

tropical monsoon, in that the onset and retreat times depend on the establishment of 

the transition of the ZTC [Zhao et al., 2007; He et al., 2008; Qi et al., 2008]. 

Therefore, the establishment criterion for EASSM is the transition of northerly winds 

This article is protected by copyright. All rights reserved.



 

 22 

into southerly winds in the subtropics (27.5°-32.5°N, 110°-140°E) at 850 hPa. The 

criteria for EASSM used in this study are similar to those used by He et al. [2008] and 

Wang et al. [2014]: (a) the onset pentad of meridional wind turns positive (V850 > 0 m 

s-1); (b) V850 remains positive in the subsequent four pentads (including the onset 

pentad), or at least three pentads, and the mean of four accumulative pentads of 

meridional wind is greater than 0.5 m s-1 (V850 ≥ 0.5 m s-1); (c) the retreat pentad is 

defined as the time when the meridional wind turns negative (V850 < 0 m s-1). 

Based on the above criteria, the temporal evolution of the meridional wind 

averaged over the subtropics (27.5°-32.5°N, 110°-140°E) at 850 hPa in the simulation 

experiments are shown in Fig. 10 and Table 2. The EASSM onset and retreat time for 

the Ctrl experiment are around the 18th and 56th pentad, respectively. In the 

sensitivity experiments, the EASSM onset and retreat times are around the 17th and 

57th pentad in the nSO4de experiment, the 19th and 57th pentad in the nBCde 

experiment, and the 19th and 58th pentad in the nSO4BCde experiment. Compared 

with the Ctrl experiment, the DE of sulfate lead to a 1 pentad delay in the onset and a 

1 pentad advance in the retreat time of EASSM. The DE of BC cause a 1 pentad 

advance in both the onset and retreat time. The DE of the combination of sulfate and 

BC lead to a 1 pentad advance in the onset and 2 pentads advance in the retreat time 

of EASSM. 
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4. Discussion 

Previous studies have reported the severe increase in emissions of aerosols and 

aerosol precursor gases over the past several decades, especially from the second half 

of the 20th century [Bond et al., 2007; Lamarque et al., 2010; Smith et al., 2011]. 

Based on the NCEP/NCAR reanalysis, the seasonal march of EASSM from 1950 to 

2009 found in this study changes obviously. Figure 11 shows the onset and retreat 

time of EASSM from 1950 to 2009 based on our EASSM criteria and the total SO2 

emissions estimated for every decade in China. The correlation coefficients of the 

trend of EASSM onset and retreat have a statistical significance above the 95% level. 

As shown in Fig. 11, the averaged onset and retreat time of EASSM is around the 

18th and 55th pentad from 1950 to 2009. The onset time is delayed and the retreat 

time is advanced around 1980. In the same period, a dramatic increase in total SO2 

emissions (Fig. 11) as well as BC emissions [Bond et al., 2007] appears. Accordingly, 

we divide this period (1950-2009) into 1950-1979 (BF1980) and 1980-2009 

(AF1980). Figure 12 shows the ZTC of the two periods at 850 hPa and 500 hPa. In 

AF1980, the first reversal time of the ZTC at both 850 hPa and 500 hPa are later than 

in BF1980, while the second reversal time is earlier. Based on the results of 

simulation, the DE of sulfate may be one of the contributors to the changes of 

EASSM. However, the changes in the march of the monsoon are complex [Bollasina 
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et al., 2013]. There also various factors linked to the changes, such as SST variability. 

The determination of the detailed mechanism requires further study.  

Some limitations of the study should be acknowledged. First, in this study, we 

focus on the aerosol effects on the march of EASSM; in order to highlight the DE of 

aerosols on the changes in the air temperature over East Asia, we exclude the internal 

variation of SST and the responses of SST to the climate system. In addition, Guo et 

al. [2013] indicated that the change in SST caused by aerosols is not significantly 

greater than the internal variation of SST. Second, the feedback of DE cannot be 

excluded, which adjusts the atmospheric circulation, thus resulting in changes in the 

clouds and radiation. Third, the aerosols considered in this study only include sulfate 

and BC, which are the likely major contributors to the aerosol effect in East Asia. 

However, other aerosols such as organic carbon (OC), nitrate aerosols, and dust 

aerosols also exist. In addition to the effects of these aerosols, the effects on cloud and 

precipitation (indirect effects) will also be studied in the future.  

5. Conclusions 

In this study, the direct effects (DE) of sulfate and BC aerosols on the sub-seasonal  

(pentad mean) march of the East Asian subtropical summer monsoon (EASSM) are 

investigated using a global climate-chemistry model, version 5.1, of the Community 

Atmosphere Model (CAM5.1). The EASSM is mainly driven by the ZTC between the 
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East Asian region and the western North Pacific. The onset and retreat time of 

EASSM depend on the establishment of the transition of the ZTC [Zhao et al., 2007; 

He et al., 2008; Qi et al., 2008]. Based on previous studies, we use an establishment 

criterion of EASSM as the transition of northerly winds into southerly winds in the 

subtropics (27.5°-32.5°N, 110°-140°E) at 850 hPa.  

Unlike previous studies on the seasonal average of monsoons, we focus on the 

different effects of sulfate and BC aerosols on the sub-seasonal march of EASSM. 

Our results suggest that the aerosol optical depth (AOD) of sulfate is distributed 

mainly in East Asia and its adjacent oceans. The DE of sulfate on the cooling of the 

surface and troposphere over the East Asian subtropical region are significant, 

especially in spring and autumn. At 850 hPa, the cooling by the DE of sulfate result in 

East Asia turning warmer later in spring and turning colder earlier in autumn, as well 

as, delaying/advancing the first/second reversal time of the ZTC. As a result, the 

change in the ZTC by the DE of sulfate likely leads to the delay and advance of the 

onset time and retreat time, respectively, of EASSM. The distribution of AOD of BC 

is similar to that of sulfate, but the DE of BC decrease the air temperature of the low 

troposphere and increase the air temperature of the middle-upper troposphere over the 

East Asian subtropical region.  

The DE of the combination of sulfate and BC significantly decrease the air 
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temperature of the low troposphere in early spring and autumn over the East Asian 

subtropical region, mainly because of the DE of sulfate, and significantly increases 

the middle-upper troposphere air temperature in early spring, mainly because of the 

DE of BC. As a result, the significant decrease in the low troposphere air temperature 

leads to the region turning warm later in spring and turning cold earlier in autumn; 

however, the significant greater increase in the air temperature of the middle-upper 

troposphere in early spring leads to the region turning warm earlier. Consequently, the 

change in the ZTC caused by the DE of the combination of sulfate and BC likely 

results in the advance of the onset and retreat time of EASSM. Moreover, the effect of 

the combination of two types of aerosols is not a simple linear summation. 
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Table 1. Definition of the simulations conducted in the study 

Simulation Specification 
Ctrl CAM5.1 contains all types of aerosol direct and indirect 

radiative processes with climatological SST 
nSO4de Ctrl run without the DE of sulfate 
nBCde Ctrl run without the DE of BC  
nSO4BCde Ctrl run without the DE of sulfate and BC  

Table 2.The time of transitions and changes of 850hPa and 500hPa zonal land-sea 
thermal contrast (ZTC) and 850hPa meridional wind (V)* 

Experiment Transition time (pentad) 
850hPa ZTC 500hPa ZTC 850hPa V 

1st Δp 2nd Δp 1st Δp 2nd Δp 1st Δp 2nd Δp 
Ctrl 16th - 55th - 15th - 55th - 18th - 56th - 

nSO4de 15th 1 p 56th -1 p 15th - 55th - 17th 1 p 57th -1 p 
nBCde 15th 1 p 55th - 16th -1 p 55th - 19th -1 p 57th -1 p 

nSO4BCde 14th 2 p 56th -1 p 16th -1 p 55th - 19th -1 p 58th -2 p 
*Δp is the change of pentads compared with the Ctrl experiment in the simulation 
experiments. Early is positive, p is pentad.  
                                                             
 

This article is protected by copyright. All rights reserved.



 

 43 

 

Fig. 1. Time-latitude cross section of (a) sulfate (shade) and BC (contour) aerosol 

optical depth (AOD) and (b) the total precipitation rate (shade, mm·d-1) and 

meridional wind (contour, m·s-1) at 850 hPa along the longitudes 105°-120°E from the 

Ctrl experiment.  
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Fig. 2. Time-latitude cross section of clear-sky net solar radiation flux at surface (unit: 

W·m-2) changes due to the direct effects of sulfate (a), BC (b) and the combination of 

sulfate and BC aerosol (c) along the longitudes 105°-120°E. The dotted areas indicate 

statistical significance above the 90% level. 
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Fig. 3. Time-latitude cross section of surface air temperature (unit: K) changes due to 

the direct effects of sulfate (a), BC (b) and the combination of sulfate and BC aerosol 

(c) along the longitudes 105°-120°E. The dotted areas indicate statistical significance 

above the 90% level. 
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Fig. 4. Time-altitude cross section of temperature (unit: K) changes due to the aerosol 

direct effects of sulfate (a), BC (b) and the combination of sulfate and BC aerosol (c) 

over the subtropical continent (27.5°-32.5°N, 105°-120°E). The dotted areas indicate 

statistical significance above the 90% level. 
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Fig. 5. Time-altitude cross section of (left) shortwave heating rate (QRS) (shade, unit: 

K·d-1) changes due to aerosol direct effects and the aerosol concentration (contour, 

unit: µg·m-3) and (right) condensational heating rate from moisture processes 

(DTCOND, unit: K·d-1) and vertical velocity (contour, unit: 100 Pa·s-1) changes due to 

aerosol direct effects over the subtropical continent (27.5°-32.5°N, 105°-120°E) of 

sulfate (a, b), BC (c, d) and combination of sulfate and BC aerosol (e, f). The navy 

blue line shows the concentration of sulfate, and the red line shows the concentration 

of BC. The dotted areas indicate statistical significance of the change of the QRS (left) 
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and DTCOND (right) above the 90% level. 

 

Fig. 6. Evolution of air temperature latitudinal deviation (TLD, unit: K) at 850 hPa (a, 

b) and 500 hPa (c, d) in the subtropics (27.5°-32.5°N) from (left) Ctrl experiment and 

(right) NCEP/NCAR reanalysis. TLD is defined as the discrepancy between the 

temperature at a given longitude and the mean temperature averaged over 105°-150°E 

at some selected latitudes. 
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Fig. 7. The temporal evolution of zonal land-sea temperature contrast (ZTC, unit: K) 

at 850hPa (a) and 500hPa (b) at a latitude of 30°N in the simulation experiments. ZTC 

is defined as the temperature difference between the western Pacific Ocean 

(130°-150°E) and the East Asia continent (105°-120°E).  
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Fig. 8. Time-longitude cross section of air temperature (unit: K) changes at 850hPa 

due to the direct effects of sulfate (a), BC (b) and the combination of sulfate and BC 

aerosol (c) along the 30°N latitude. The dotted areas indicate statistical significance 

above the 90% level.   
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Fig. 9. Same as Fig. 8, but for 500hPa.  
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Fig. 10. The temporal evolution of meridional wind (unit: m⋅s-1) at 850hPa over the 

subtropics (27.5°-32.5°N, 110°-140°E) of simulation experiments.  
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Fig. 11. Onset (black line with circles) and retreat time (black line with squares) of 

EASSM from 1950-2009 of the NCEP/NCAR reanalysis and the total SO2 emissions 

estimated for a decade over China (blue line with diamonds, Unit: Gg⋅SO2; emission 

data is from Smith et al. [2011]). The average onset and retreat time are around 18th 

and 55th pentad (black line) and the red and cyan lines show the linear trend of onset 

and retreat times.  
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Fig. 12. The temporal evolution of zonal land-sea temperature contrast (ZTC, unit: K) 

at 850hPa (a) and 500hPa (b) at a latitude of 30N in the NCEP/NCAR reanalysis. 
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