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 Higher than the global 

mean warming of 0.89°C 
over 1901–2012； 
 

 Previously estimated to 
be 0.5–0.8 °C  (100 yr)−1 

 Adopted by CRU datasets； 
 China’s National Assessment Report on 

Climate Change (2015) 

Warming over 1901-2010 

第三次气候变化国家报告（2015） 

Average Temperature over China Increased by 1.52°C (100 yr)−1 
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Observed Climate Change in China over 1951-2000 

Temperature in summer 

Warming 

Warming 

Cooling 

(1979-2000) - (1951-1978) (1979-2000)  - (1951-1978) 

Summer monsoon index  (10°−40°Ν 110°−140Ε°)  

Weakening of East Asian 
summer monsoon 
 
   (Li and Zeng, 2002, 
   2003, 2005)  

Precipitation in summer 

Floods in  
southern China 

Droughts in  
northern China   



Impacts of aerosols on East Asian summer monsoon 

(Xu, 2006, JGR) 

Aerosols cooling at surface  reduced 
land-ocean temperature contrast  
weakening of EASM   increased (reduced) 
precipitation in southern (northern) China   

20世纪后半期中国东部气候  



 

Elevated Heat Pump 

Lau et al. (2008) 



Reference Model Ocean 
T/ 
E Period Aerosol species 

Aerosol  
effects Echina 

Region Model 
Wang et al. (2010) RegCCMS Ea 0-2000c NO3 Dd -0.04 

FIe -0.11 
SIf -0.68 
D+FI+SI -0.78 

Han et al. (2011) RIEMS Q-flux E 0-2000 SO4+BC+OC+Dust+SS D -0.2~-1.6 
Wu and Han (2011) RIEMS E 0-2000 SO4+OC -0.9~+0.6 

Global Model 
Chang et al. (2009) CACTUS Q-flux Tb 1951-2000 SO4 D -0.40 

BC +0.62 
SO4+BC +0.18 
SO4+BC+OC +0.15 
SO4+BC+OC+SOA+NO3 -0.78 

Zhang et al. (2011) BCC_AGCM2.0.1 Slab  E 0-2000 SO4+BC+OC+Dust+SS D -0.3~-0.9 
Guo et al. (2013) HiGAM Slab E 1950-2000 SO4 D+Ig -0.2~-0.6 (Apr-Sep) 

BC D -0.4~+0.1 (Apr-Sep) 

Kim et al. (2007) 
fvGCM+ 
GOCART Slab  E 0-2000 SO4 D -0.2~-0.8 (Spring) 

Li et al. (2007) GAMIL1.1 Slab T 1951-2000 SO4 D -0.4~-1 (Summer) 
Jiang et al. (2013) CAM5 Slab  E 1850-2000 SO4 D+I -0.6~-1.5 (Summer) 

BC D+I -0.6~+0.3 
POM D+I -0.9~0 
SO4+BC+POM D+I -0.2~-1 

aE: equilibrium climate simulation; bT: transient climate simulation; 
c0-2000: two simulations are performed, one without aerosols, and the other one with present-day aerosol; 
dD: direct radiative effect; eFI: first indirect radiative effect; eSI: second indirect radiative effect; eI: FI+SI. 
 

Simulated Impacts of Aerosols on Temperature in Eastern China 



Summary of uncertainties in historical radiative forcing  
by aerosols in Chapter 8 of IPCC AR5   

 There is high confidence for a 
substantial enhancement in the negative 
aerosol forcing in the period 1950–1980; 

 Over the last two decades there has 
been a strong geographic shift in aerosol 
and aerosol precursor emissions (see 
Section 2.2.3), and there are some 
uncertainties in these emissions.  

 There is much more uncertainty in the 
relative change in global mean aerosol 
forcing over the last two decades (1990–
2010); 
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CAS Innovation 2020 

3 Feburary 2011 | VOL 470 | NATURE | 

CAS project on climatic 
effect of aerosols 

 
 

(Chief Scientists: H. Liao, J. Cao ) 
(~11.5 M US Dollars) 

CAS  Strategic Priority Program: 
Climate Change – Carbon Flux and Related Issues 



Expected Outcomes: 

• First dataset with nationwide continuous measurements of   
   size-resolved and speciated aerosols; 
 

• Improved parameterizations of aerosol optical properties  
   that are representative of regional aerosol concentrations  
   and meteorological conditions in China; 
 

• Improved aerosol-cloud parameterizations for China  
   domain with spatial and temporal variations; 
 

• Increased confidence with the simulated climatic effects of   
   aerosols in China. 

CAS Project on Climatic Effect of Aerosols 



Aerosol datasets used for evaluation of ACCMIP models 

Measurements of conc. Measurements of optical properties 

Aerosol Observation Networks of Chinese Academy  
    of Sciences Launched in 2011 



Continuous measurements (2011-2014) of size-resolved 
speciated aerosol concentrations for 9 size bins of <0.43, 0.43-
0.65, 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9.0, >9.0 µm 

Measurements of Aerosol Concentrations 
(PI: Prof. YS Wang) 

Jinyuan Xin et al., 2015: The Campaign on Atmospheric Aerosol Research 
Network of China: CARE-China. Bull. Amer. Meteor. Soc., 96(7), 1137–1155. 



 Parameters Measured at  Ground Stations 

观测任务 实验内容 分析方式 频次 

1. 气溶胶在线、分级
浓度及VOC钢瓶采样 

(1) PM2.5 
(2) 气溶胶9级粒径段浓度谱 
(3) VOCs采样  

(1) TEOM PM2.5 
(2) Andersen/石英膜 /天平 
(3) 钢瓶  

小时 
每周 
每周 

2. 气溶胶气态前体物
在线 

SO2, NO, NO2, CO及大气光化
学强度标志物O3浓度 

Thermo  42I, 43I, 48I, 49I自
动分析仪  小时 

3. 气溶胶分级采样
EC/OC分析  分级EC/OC，石英膜分级 热光碳分析仪 每2周  

4. 气溶胶分级无机盐 10种水溶性盐，石英膜分级 离子色谱（IC）  每2周  

5. 气溶胶分级OC分类 
(1)OC中SOA含量（石英膜） 
(2)OC中烷、芳烃、有机酸、
醇酮酯等成分  

(1)热解析-GC/MS 
(2)多维萃取-GC/MS、IC 
 

每2周  

6. SOA前体物VOCs 60种以上SOA的前体物VOCs CCS-GC/MS分析 /采样罐 每周 

7. CERN常规气象辐
射观测 

(1) 常规气象数据 
(2) 常规太阳辐射数据 

(1) Visala自动气象站 
(2) Visala太阳辐射计 

小时 

注：观测网在长白山、兴隆、香河、烟台、阜康、青海湖、拉萨、重庆、长沙、鼎湖山10个 
        站点采用CO在线观测，其余站点采用罐采样分析（数据频次每周）。  



SO2 NO2 

CO O3 

Observed Annual Mean Concentrations of Aerosol Precursors 



 Size-resolved Aerosol Mass Concentrations in Spring of 2013    



Size-resolved Concentrations of OC 

 About 1/3 of OC mass in the coarse mode 



0

1

2

3

4

5

纳
木

错

通
榆

阿
里

三
亚

策
勒

香
河

北
京

烟
台

拉
萨

长
沙

林
芝

海
伦

禹
城

重
庆

西
双

版
纳

鼎
湖

山

鼎
湖

山

太
湖

沈
阳

太
原

阜
康

昆
明

千
烟

洲

站　点

EC
浓

度
(u

g/
m3

) PM2.1

PM9

Nationwide measurements show that  
a large fraction of BC mass in the coarse mode 

 



(Wang et al., AE 2015) 

Formation of SOA over Dust Particles 



(Ding et al. JGR 2014; Shen et al., ACP 2015) 

Isoprene and aromatics are the major precursors of SOA 

(a)

1.0 μgC m-3

Spatial distribution and sources of SOA in China  



 
 

 

 
 

 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 

 

 
 

 
 

 

 

 
 

 

 
 

 
 

 
 

  

Biogenic（isoprene, monoterpene, and sesquiterpenes） 
Anthropogenic（aromatics）  

Biogenic vs. anthropogenic SOA  

(Ding et al. JGR 2014; Shen et al., ACP 2015) 



Ding  et al.,  
Scientific Reports,  
2016 

异戊二烯形成二次有机气溶胶的时空分布特点  



Aerosol-Cloud-Radiation Measurements  
 

PI: Prof. P.C. Wang 



观测站点 观测时间 数据清单 频次 

自动光度计站(CIMEL 
sunphotometer) (10个)：
通榆、香河、兰州、纳
木错、敦煌、合肥、广
州、昆明、北京、兴隆 

2012.01 
-2015.12 

（1）气溶胶光学厚度(AOD) 
（2）气溶胶单次散射反照率(SSA) 
（3）气溶胶尺度谱(Size Distribution) 

小时 
小时 
小时 

手持光度计站 
(handheld hazemeter) 
(13个)：长白山、禹城、
鼎湖山、贡嘎山、阜康、
沙坡头、东湖、千烟湖、
神农架、西双版纳、策
勒、藏东南、漠河 

2012.01 
-2015.12 

（1）气溶胶光学厚度 (AOD) 
（2）气溶胶尺度指数 

每日 
每日 

香河、兰州重点站 2012.10 
-2014.12 

（1）云特性观测数据，包括云滴有效半径、 
          云液态水含量、云型、云量、云底高度； 
（2）气溶胶特性观测数据，包括光学厚度、 
           单次散射反照率、粒子尺度谱； 
（3）辐射观测数据，包括直接辐射、散射辐 
          射、短波总辐射、长波总辐射； 
（4）常规气象资料，包括温度、湿度、气压。 

小时 
小时 
小时 
小时 

香河、合肥、兰州激光
雷达观测站 

2012.10 
-2014.12 （1）气溶胶消光系数垂直分布廓线 小时 

Aerosol-Cloud-Radiation Measurements  
 



Measured Monthly Mean AOD 



Measured Monthly Mean SSA 



1985-2014 AOD from AVHRR and MODIS  



 Twomey effect was observed over ocean; 
 Positive correlations between aerosol optical depth and cloud effective radius were found over 

land;  
 Positive correlations are attributed to the associated changes in relative humidity and wind fields. 

Correlations between Cloud Effective Radius and AOD 

Tang et al. AE, 2014 
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Model Resolution 
(Lat/Lon/Lev) 

Aerosols Reference 

CESM-CAM-
superfast 

1.875/2.5/L26 S Lamarque et al. (2012) 

CICERO-OsloCTM2 2.8/2.6/L60 BC,OC (SOA), S, N, NH4, D, SS Skeie et al. (2011) 
GEOSCCM 2/2.5/L72 BC, OC, S, D, SS Oman et al. (2011) 
GFDL-AM3 2/2.5/L48 BC,OC (SOA), S, N, NH4, D, SS Donner et al. (2011) 
GISS-E2-R 2/2.5/L40 BC,OC (SOA), S, N, NH4, D, SS Shindell et al. (2013) 
GISS- TOMAS 2/2.5/L40 BC, OC, S, NH4, D, SS Lee and Adams (2010) 
HadGEM2 1.25/1.875/L38 BC, OC(SOA), S, D, SS Collins et al. (2011) 
LMDzORINCA 1.895/3.75/L19 BC Szopa et al. (2012) 
MIROC-CHEM 2.8/2.8/L80 BC, OC (SOA), S, D, SS Watanabe et al. (2011) 
NCAR-CAM3.5 1.875/2.5/L26 BC, OC (SOA), S, D, SS Lamarque et al. (2012) 
NCAR-CAM5.1 1.875/2.5/L30 BC, OC (SOA), S, D, SS Liu et al. (2012) 
STOC-HadAM3 5.0/5.0/L19 S, N, NH4 Stevenson et al. (2004) 

Simulated aerosol concentrations and AOD from the ACCMIP models   
were downloaded from the British Atmospheric Data Center 

http://badc.nerc.ac.uk 

http://badc.nerc.ac.uk/


Aerosol datasets used for evaluation of ACCMIP models 

Measurements of conc. Measurements of optical properties 

Aerosol datasets used for evaluation of ACCMIP models 
(1) Aerosol Observation Networks of Chinese Academy  

    of Sciences Launched in 2011 

• Continuous measurements over years 2011-2014; 
• Size-resolved speciated aerosol concentrations for 9 size bins of 

<0.43, 0.43-0.65, 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7, 4.7-5.8, 5.8-9.0, 
>9.0 µm; 

• For measurements of AOD using CIMEL sunphotometer, data 
processing procedures are the same as those of AERONET . 



BC+OC PM2.5 Sulfate Nitrate 

Aerosol datasets used for evaluation of ACCMIP models 
(2) Measured concentrations collected from the literature 



 Measured concentrations  at 14 CAWNET sites (red circles) of the China 
Meteorological Administration (CMA) Atmosphere Watch Network (CAWNET)   
 

 Measured AOD from 
     -- 25 AERONET sites (blue circles) (Holben et al., 1998) 
     -- 20 sites (blue triangles) of China Sun Hazemeter Network (CSHNET) (Xin et al,  
         2006) 
     -- Satellite measurements 

Aerosol datasets used for evaluation of ACCMIP models 
(3) Measured concentrations at CAWNET and AOD from other sources 



Multi-model mean surface-layer concentrations  from ACCMIP 
vs. Measurements at CAWNET sites 

Unit: μg m-3 
• Shades: ACCMIP  concentrations  for year 2000  
• Circles: Measurements at CAWNET sites for 2006-2007  
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Sulfate Nitrate Ammonium 

OC BC 

• Red: Multi-model mean conc.; 
 

• Blue: Observed conc. 
 
• Both simulated and measured  
     concentrations are averaged 
     over CAWNET sites; 

 

Simulated surface-layer concentrations  from ACCMIP models 
vs. Measurements at CAWNET sites 



  Sulfate Nitrate Ammonium OA SOA BC 
  MB NMB MB NMB MB NMB MB NMB MB NMB MB NMB 

CESM-CAM-
superfast -11.6 -77.3%             

    
    

CICERO-
OsloCTM2 -11.9 -79.7% -5.5 -81.8% -3.6 -74.9% -6.9 -47.7% -7.3 -88.4% -1.8 -50.9% 

GEOSCCM -5.8 -38.8%         -
10.6 -73.0%     -1.7 -47.5% 

GFDL-AM3 -6.8 -45.2% -5.6 -83.8% +0 +0.5% -8.0 -55.5% -8.0 -96.7% -2.1 -58.3% 
GISS-E2-R -10.0 -66.7% -3.7 -55.8% -3.0 -61.8% -8.0 -55.4% -7.1 -85.6% -1.9 -53.8% 

GISS-TOMAS -8.2 -54.9%     -2.9 -61.2% -9.6 -66.0%     -1.6 -44.7% 
HadGEM2 -9.4 -62.7%         -8.8 -60.5% -7.3 -88.2% -0.8 -22.2% 

LMDzORINCA                     -2.3 -64.3% 
MIROC-CHEM -11.0 -73.5%         -9.5 -65.8% -8.2 -98.3% -2.3 -63.1% 
NCAR-CAM3.5 -8.8 -58.4%         -

10.8 -74.3% -8.1 -98.2% -2.0 -55.6% 

NCAR-CAM5.1 -9.3 -62.1%         -7.4 -51.3% -5.6 -67.2% -2.3 -63.2% 
STOC-HadAM3 -10.6 -70.8% -4.6 -68.9% -3.8 -79.8%             

Multi-model 
mean                         

All sites -9.4 -62.7% -4.9 -72.7% -2.6 -55.2% -8.8 -61.0% -7.4 -89.0% -1.9 -52.1% 
Urban sites -13.7 -67.9% -6.9 -76.8% -4.3 -62.6% -

11.1 -62.8% -9.1 -89.9% -3.1 -59.7% 

Rural sites -5.0 -51.7% -2.9 -64.4% -1.0 -36.3% -6.6 -58.2% -5.7 -87.5% -0.7 -32.8% 

Annual mean bias (MB, unit: μg m-3) and normalized mean bias (NMB, unit:%) 

The ACCMIP models underestimate aerosol concentrations in China 



Simulated surface-layer concentrations  from ACCMIP models (color bars) 
vs. Measurements from the literature (grey bars) 

Sulfate 

DJF 

Nitrate 

Ammonium 

OC 

BC 

MAM JJA SON ANN 



Simulated AOD from ACCMIP models vs. Satellite measurements 

Multi-satellite  
mean 

MODIS AQUA 
(2002-2005) 

MODIS TERRA 
(2001-2005) 

SeaWifs 
(2000-2005) 

MISR 
(2000-2005) 

   
    the 
    

   
   

    
   

   
    



Simulated AOD from the ACCMIP models 

 Both model results and 
satellite measurements 
are averaged over 
eastern China 
(100°−122°E, 25°−45°N); 
 

 Satellite measurements 
show one peak in March 
or April  and the other 
peak in June; 
 

 Simulated AOD values 
peak in March-May 
and/or July-October; 
 

 The most dominant 
aerosol species that 
contribute to the 
simulated AOD are 
sulfate and mineral dust 
in most models. 

Satellite 
retrievals 



Simulated AOD from ACCMIP models vs. Ground-based  measurements 

Black solid line: 
AOD from AERONET+CAS 

Black solid line:  
AOD from CSHNET+CAS 

The multi-model mean 
AOD values show 
normalized mean bias 
of −37% at 
AERONET+CAS sites and 
of −23% at 
CSHNET+CAS sites 



Correlation coefficients between monthly surface-layer aerosol 
concentrations and monthly AOD from the ACCMIP models 

 The models need to simulate accurately the hygroscopic growth of sulfate; 
 The models need to capture not only the surface-layer concentrations but also 

column burdens , especially for BC and OC in the middle troposphere as a result 
of the springtime inflow from South Asia. 



Biases in simulated relative humidity in the ACCMIP models 
(Year 2000 surface-layer RH)  

The ACCMIP models overestimate relative humidity by up to 
10% in northern China whereas underestimate relative 
humidity by up to 15% in southern China.  

NASA/GEOS4 assimilated RH 
averaged over years 1996-2005 ACCMIP – GEOS4 



Conclusions and Suggestions 
 The ACCMIP models underestimate concentrations of all major aerosol 

species in China. On an annual mean basis, the multi-model mean 
concentrations of sulfate, nitrate, ammonium, organic carbon, and black 
carbon show normalized mean biases of −63%, −73%, −54%, −72%, and 
−53%, respectively.  
 

 The multi-model mean AOD values show normalized mean bias of −37% 
at AERONET sites and of −23% at CSHNET sites in China. 
 

 Analyses suggest that more accurate representation of (1) the 
magnitudes and seasonal variations of concentrations of all 
anthropogenic aerosols, (2) biomass burning aerosols in the middle 
troposphere, (3) relative humidity and hygroscopic growth of aerosols are 
essential for simulating climatic effect of aerosols in China in current 
climate models. 
 

 There is a mismatch between model year and the years of measurements, 
which does not influence our conclusions. Justifications have been done 
by using the GEOS-Chem simulations of concentrations and AOD with 
changes in emissions and assimilated met fields for years 2000-2013. 
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Figure 12.5 

IPCC AR5 underestimated the role of aerosols in China  
in historical and future changes in climate? 



Li et al., JGR,  
in press 

Comparisons of simulated year 2010 
aerosol concentrations from the GEOS-
Chem model with 2006-2007 
measurements from CAWNET (Zhang et 
al., 2012)    



Anthrop. AOD 

NCAR CAM 

GEOS-Chem 

∆AOD is about 0.3 ∆DRF ： −0.16 W m−2  
                         averaged over eastern China  

Mean: −0.21 W m−2 

Mean:−0.24 W m−2 

GEOS-Chem 
− CAM 

TOA DRF 



 Differences in simulated year 2000 surface-air temperature  
(GEOS-Chem −CAM) 

∆GlobalMean: −0.06 ° C  

(105-122.5°E, 20-40 ° N) 

  
∆EastChina: : −0.29 ° C  

Equilibrium climate，Q-Flux Ocean， aerosol DRF only 



Projected changes in annual mean all-sky TOA aerosol DRF ( W m−2)  
 in China for the period 2010–2050 (relative to 2000) 

 
 

Li et al., JGR, in press 



Future Directions 
 
 Model development to simulate aerosol microphysics and  
    mixing states; 
 
 Accurate representation of chemical composition  
    and concentrations of aerosols in China in climate models; 
 
 Nation-wide continuous measurements of concentrations   
    and optical properties; Data sharing; 
 
 Measurements of cloud properties; 
 
 Understanding aerosol-climate feedbacks in China.   
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