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 14 

Abstract: The aerosol optical and physical properties as well as its direct radiative forcing (DRF) in 15 

urban area of Nanjing (urNJ) are investigated, based on the measurements of Cimel sun-photometer 16 

combined with a radiation transfer model. We find that the annual mean 550 nm aerosol optical depth 17 

(AOD) of the total aerosols is about 0.65, dominated by scattering aerosols (about 94%), resulting in a 18 

mean single scattering albedo (SSA) of 0.93 at 550 nm and refractive index of 1.44+0.0084i at 440 nm 19 

during the sampling period. The scattering aerosol has larger size than the absorbing aerosol, with 20 

Ångström exponents (AE) of 1.19 at 440/870 nm, 0.13 smaller than the latter one. The coarse mode 21 

fraction for the scattering aerosol (18.03%) is much smaller than the absorbing aerosol's (43.91%). 22 

Thus, the fine mode aerosols presents more scattering (SSA=0.95) while the coarse aerosol is more 23 

absorption (SSA=0.82). Analysis implies that there are about 15% and 27.5% occurrences of dust and 24 
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black carbon dominated mixing aerosols, respectively, during the sampling period. All the optical 25 

properties follow a simple unimodal pattern. Aerosols in urNJ have a two-mode lognormal pattern in 26 

volume size distribution, peaking at the radius of 0.148 and 2.94 μm, and the AOD positively depends 27 

on them. Although the fine mode aerosol has a much smaller sizes than the coarse one, they have the 28 

same level of the volume concentrations (about 0.12 μm3/cm3) due to much higher fraction of the fine 29 

aerosol. Estimations present that the mean aerosol DRFs at the top of atmosphere (TOA) are -10.69, 30 

-16.45, +5.76 W/m2, respectively, for the total, scattering and absorbing aerosols in clear sky. At the 31 

surface, the DRFs are 1.1-2.5 times stronger than those at TOA, and the fine aerosol DRFs in these 32 

three type of aerosols account for 83.7%, 91.7% and 67.2%, respectively, to their totals. Normally, 33 

aerosol DRFs is not very sensitive (no more than 5%) to its profiles in clear sky condition (extreme 34 

cases excepted), although both aerosol scattering and absorption could become weaker to some extent 35 

if more aerosols were in lower layers. Both the aerosol properties and DRFs have substantial 36 

seasonality.  37 

 38 

1 Introduction 39 

Atmospheric aerosols have significant influences on air quality, human health, and regional/global 40 

climate changes. Their loadings in the global atmosphere have increased substantially in recent years. 41 

Scientists suggested that the scattering aerosols, such as sulfate and nitrate, could greatly offset the 42 

warming effects of greenhouse gases (Kiehl and Briegleb, 1993) while the absorbing aerosols, such as 43 

black carbon (BC), might further exacerbate the global warming (Jacobson 2002). The global mean 44 

direct radiative forcings of scattering aerosols, fossil fuel BC and the total aerosols were estimated to 45 

be about -0.55, +0.2, -1.04 W/m2, respectively (Forster et al., 2007; Reddy et al., 2005). The 46 
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atmospheric circulations and hydrological cycle would be further affected when the radiation balance is 47 

changed by the aerosols. Menon et al. (2002) suggested that changes in the trend of rainfall in China 48 

over the past 5 decades might be related to the variation of BC in southern and eastern Asia. Wang et al. 49 

(2015) indicates that the East Asia summer monsoon could become weaker due to the cooling effects of 50 

the aerosols but stronger due to the warming effects of BC.  51 

Although many studies on the aerosol radiative forcing and climate effects have been carried out 52 

in both global and regional scales based on model simulations and observations in the past two decades 53 

(e.g., Penner et al., 2001; Bellouin et al., 2003; Liao and Seinfeld, 2005; Wu et al., 2012; Wang et al., 54 

2015; etc.), large uncertainties still exist. Forster et al. (2007) pointed out that the global mean direct 55 

radiative forcing varied from +0.04 to -0.63 W/m2 for the total aerosols and from +0.1 to +0.3 W/m2 for 56 

BC. The ranges were larger in regional scales. Zhuang et al. (2013a) indicated that the simulated BC 57 

direct raidative forcing varied from +0.32 to +0.81 W/m2 over East Asia. The uncertainties would 58 

subsequently result in large bias when assessing the aerosol climate effects. The key factors affecting 59 

the radiative forcing are the aerosol optical properties, which are related to the aerosol emissions, 60 

profiles, compositions, and mixing states (Holler et al., 2003), surface albedo and clouds (Ma and Yu, 61 

2012; Forster et al., 2007). The uncertainties could be reduced substantially if the observed aerosol 62 

optical properties were used when calculating the forcing (Forster et al., 2007). 63 

With the rapid increase in population and growth in economics, the trace gases and particulate 64 

matter emissions are much higher in East Asia than in the other regions (Zhang et al., 2009). 65 

Additionally, dust aerosols from northwest China and Mongolia are always transported to north and 66 

east China or even further afield (Wang et al., 2009; Sun et al., 2012; Li et al., 2015a). Consequently, 67 

aerosols in China become frequently large in loadings and complicated in compositions and spatial 68 
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distributions (Zhang et al., 2012), especially in urban agglomerations or megacities. Therefore, it is 69 

necessary to study the aerosol optical properties and radiative forcing through observation, which is 70 

premise for accurately estimating the aerosol climate effects in East Asia. Recently, substantial 71 

observation-based studies have conducted on the surface (e.g., Bergin et al., 2001; Xu et al., 2002; 72 

Zhang et al., 2004; Xia et al., 2007; Yan et al., 2008; He et al., 2009; Fan et al., 2010; Cai et al., 2011; 73 

Xu et al., 2012; Wu et al., 2012; Zhang et al., 2015; Yu et al., 2016; etc.) and columnar (e.g., Chiang et 74 

al., 2007; Pan et al., 2010; Yu et al., 2011; Zhao et al., 2013; Tao et al., 2014; Zhu et al., 2014; Che et 75 

al., 2013; 2014; 2015a, b, c; Xia et al., 2016; Zheng et al., 2016; Qi et al., 2016, etc.) aerosol optical 76 

properties and direct radiative forcing, especially on aerosols in China. For surface aerosols, the annual 77 

mean aerosol absorption coefficient (AAC) at 532 nm was about 56 Mm-1 in urban area of Beijing from 78 

2005 to 2006 (He et al. 2009) and it was about 41~44 Mm-1 at an urban site of YRD from 2012 to 2013 79 

(Zhuang et al., 2015). The annual mean aerosol scattering coefficients (SC) at 520 nm and AAC at 532 80 

nm were 525 and 83 Mm-1, respectively, in Xi'an in 2009 and were 456 and 96 Mm-1, respectively, in 81 

Chengdu in 2011. Both AACs and SCs in urban areas are frequently stronger than those at other sites. 82 

AAC and SC were 17.5 and 174.6 Mm-1 in rural area of Beijing (Yan et al., 2008) and they were 6 and 83 

158 Mm-1, respectively in desert region (Xu et al., 2004). For columnar aerosols, Pan et al. (2010) 84 

shows that optical depths (AOD) at 440 nm and Ångström exponents (AE) in coastal area of the 85 

Yangtze River Delta (YRD) was about 0.74 and 1.27, respectively. Yu et al. (2011) indicates that AOD 86 

and aerosol scattering albedo (SSA) in the lake areas of the YRD exceeded 0.6 and 0.88, respectively, 87 

with significant seasonality, while in Hangzhou, they were larger than 0.72 and 0.89, respectively (Qi et 88 

al., 2016). In addition to east China, Che et al. (2011, 2013), Zhao et al. (2013), Zhu et al. (2014), Tao 89 

et al. (2014) and Yu et al. (2015) investigated the columnar aerosol optical properties in Waliguan Mt. 90 
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area, Taklimakan Desert, industrial region of northeast China, north China (which can be taken as a 91 

region with the background aerosol ), the Sichuan Basin in southwest China and desert region of 92 

northwest China, respectively. In 2015, Che et al. (2015a) initiated a systematic long-term 93 

measurements of the countrywide AOD and AE in China from 2002 to 2013, including 4 remote sites, 94 

25 rural sites, 21 urban sites. Their results showed that annual mean AOD were 0.14, 0.74 and 0.54 at 95 

the rural sites, at the urban sites, and in east China, respectively. Based on observed aerosol optical 96 

properties, the aerosol direct radiative forcing (DRF) were also estimated. Markowicz et al. (2008) 97 

found that the daytime surface DRF exceeded -20 W/m2 in the Persian Gulf. Khatri et al. (2009) 98 

indicated that aerosols had strong ability to absorb solar radiation in Nagoya in summer, resulting in a 99 

positive DRF of +2.5 W/m2 at the top of the atmosphere (TOA) and a strong negative forcing of -71.8 100 

W/m2 at the surface. Alam et al. (2011) found that aerosols could lead to a decrease in the TOA solar 101 

radiative flux, with a mean value of -22 W/m2 in Karachi. In East Asia or China, Kuhlmann and Quaas 102 

(2010) indicated that shortwave radiation was reduced by about 25 W/m2 due to the total aerosols over 103 

Qinghai-Tibet Plateau. Xia et al. (2016) stated that regional mean DRF in China was about -16~-37 104 

W/m2 at TOA and about -66 ~ -111 W/m2 at the surface when solar zenith angle was about 60o. 105 

Although considerable studies on the aerosol optical properties based observations have been 106 

carried out in China, there are still gaps in the current observation network in China over YRD (one of 107 

the rapidest urbanization regions in China), especially in the urban areas of the region. To fill the gaps 108 

and to better understand the optical properties and DRF over urban areas in YRD, we investigate the 109 

aerosol optical and physical properties observed by Cimel sun photometer (CE-318, Holben et al., 110 

1998), as well as the aerosol direct radiative forcing calculated with a radiation transfer model TUV 111 

(Madronich, 1993) combined with observed aerosol profiles and surface albedo in Nanjing. The aerosol 112 
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optical properties include: 1). the optical depths of the total, absorbing and scattering aerosols (AOD, 113 

AAOD, SAOD, respectively) and their corresponding values in fine and coarse modes (FAOD, 114 

FAAOD, FSAOD, CAOD, CAAOD, CSAOD, respectively), 2). the Ångström exponents of the total, 115 

absorbing and scattering aerosols (AE, AAE, SAE, respectively) as well as their corresponding values 116 

in fine and coarse modes (FAE, FAAE, FSAE, CAE, CAAE, CSAE, respectively), 3). single scattering 117 

albedo of the total, fine and coarse aerosols (SSA, FSSA, CSSA) and 4). refractive indexes of the 118 

aerosols. The aerosol physical properties include: 1). the volume size distributions of the aerosols, 2). 119 

The aerosol effective and mean radius as well as their volume concentrations in all, fine, and coarse 120 

modes (Reff, FReff, CReff, Rmn, FRmn, CRmn, Vol, FVol, CVol, respectively). 121 

The method is described in Section 2. Results and discussions are presented in Section 3, followed 122 

by Conclusions in Section 4. 123 

 124 

2 Methodologies 125 

2.1 Sampling station and instruments 126 

The observation site (Urban Environmental Monitoring Station of Nanjing University) is located 127 

in the Gulou district, downtown area of Nanjing (32.05o N, 118.78o E). It is built on the roof of a 79.3 128 

m-tall building, around which there are no higher buildings and industrial pollution sources within a 30 129 

km radius but there are several main roads with apparent traffic pollution. The sketch map of the site 130 

(not shown) and the corresponding climatic features are available in Figure 1 of Zhu et al. (2012). 131 

The columnar aerosol optical properties and physical characters at the site were observed using 132 

the Cimel sun photometer (CE-318, Holben et al., 1998) during the period from Apr 2011 to Feb 2014. 133 

Routine maintains and calibrations were made during the observation period. Due to the malfunctions 134 
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of the instrument and the problems of data transmission, the data from May to Sep 2012 and from Aug 135 

to Dec 2013 are invalid and excluded. The wavelength dependent optical depth (AOD) and Ångström 136 

exponents (AE) of the total aerosols were directly measured by CE-318, while the following variables 137 

are derived using the DOBVIC algorithm (Dubovik et al., 2000; 2006), including the aerosol size 138 

distributions, mode-dependent (fine and coarse) aerosol effective radius (Reff), mean radius (Rmn), 139 

volume concentrations (Vol), wavelength dependent aerosol optical depth in fine (FAOD) and coarse 140 

(CAOD) modes, aerosol single scattering albedo (SSA) in different modes (fine and coarse), absorbing 141 

and scattering aerosol optical properties in different modes, as well as refractive indices. The DOBVIC 142 

algorithm has been used by the Aerosol Robotic Network (AERONET) and the China Aerosol Remote 143 

Sensing Network (CARSNET). Detailed descriptions on CE-318 and the corresponding observations in 144 

CARSNET are available in Li et al. (2015a) and Che et al. (2015a). For comparison, 550 nm AODs and 145 

SSAs are calculated based on given AODs at other wavelengths and AEs (Angstrom. 1929): 146 
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To make a further comparison, the concurrent observations of surface aerosol absorption coefficient 150 

(AAC) and Ångström exponents measured by a 7-channel Aethalometer (model AE-31, Magee 151 

Scientific, USA, Hansen et al., 1984; Weingartner et al., 2003 and Arnott et al., 2005) are used. 152 

Detailed calculation and correction of AAC at the site could be found in Zhuang et al. (2015). In 153 

addition, monthly mean optical depth and Ångström exponent of the total aerosols from MODIS were 154 

used to assist the analysis. 155 
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Based on observed wavelength dependent aerosol optical properties, the aerosol direct radiative 156 

forcing (DRF) in Nanjing is investigated using a radiation transfer model TUV (Madronich, 1993). The 157 

solar component of the radiative transfer scheme in TUV follows the δ-Eddington approximation. In 158 

addition to the aerosol optical properties, surface alebdo (Palancar and Toselli, 2004) and the aerosol 159 

vertical profiles (Forster et al., 2007) might also have significant influence on DRF. Thus, the 160 

wavelength dependent surface albedo from MODIS, the annual and seasonal mean aerosol profiles 161 

from CALIPSO and Polarization-Raman Lidar in Nanjing would be included when assessing the 162 

aerosol DRF in clear sky condition. The aerosol DRF in this study is defined as the difference in net 163 

shortwave radiative fluxes between including and excluding aerosol effects at TOA or at the surface. 164 

Gas absorptions in the atmosphere were set to be constant. The scattering aerosol's SSA was set to 165 

0.9999 (similar to sulfate or nitrate, Li et al., 2015b) when calculating its DRF. DRF of the absorbing 166 

aerosols is derived from the differences between the total and the scattering aerosol DRFs. 167 

 168 

3 Results and discussions 169 

3.1 Optical properties of the aerosols 170 

   In this section, 550 nm optical depth, single scattering albedo and 440 nm refractive indices of the 171 

aerosols are discussed as representatives for the temporal variations and frequency distributions of 172 

these three kinds of the aerosol optical properties. In addition to the total mode aerosols, both fine and 173 

coarse ones, as well as both scattering and absorbing aerosols are also discussed. Therefore, there are 174 

altogether nine types of aerosols, including the total aerosols, total fine aerosols, total coarse aerosols, 175 

scattering aerosols, fine scattering aerosols, coarse scattering aerosols, absorbing aerosols, fine 176 

absorbing aerosols, and coarse absorbing aerosols.  177 
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    Table 1 summaries the statistics of the aerosol optical properties during the study period in 178 

Nanjing. The means for the total, scattering and absorbing aerosols' optical depth (AOD) at 550 nm, 179 

averaged for the entire period, are 0.65, 0.61, and 0.04, respectively. AAOD only accounts for about 180 

6% to the totals. Fine mode aerosol AODs (FAOD, FSAOD and FAAOD) accounts for 81.53%, 181 

81.97% and 56.09% of the total AOD, scattering AOD (SAOD) and absorbing AOD (AAOD) in this 182 

wavelength, respectively, implying that coarse aerosols is more absorbing than the fine ones. 440/870 183 

nm AE of the total, scattering and absorbing aerosols are about 1.20, 1.19, and 1.32, respectively. Fine 184 

aerosols have much larger AEs. FAE, FSAE and FAAE are about 0.5, 0.5 and 0.4 larger than AE, SAE 185 

and AAE, respectively. Overall, the absorbing aerosols have smaller sizes than the scattering ones in all 186 

modes, especially in coarse mode, which is consistent with the results of the surface aerosols at the site. 187 

Annual mean 470/660 AAE (from AE-31) and 450/635 nm SAE (from Nephelometer Model Aurora 188 

3000) of the near surface aerosols are 1.58 and 1.32, respectively, at the site during the period from 189 

March 2014 to Feb 2016. The mean 550 nm SSAs are 0.93, 0.95 and 0.82 for the total, fine and coarse 190 

aerosols, respectively, further implying that the coarse aerosols have much stronger ability to absorb 191 

solar short wave radiation than the fine aerosols. Annual mean surface SSA at 550 nm for the total 192 

aerosols is little smaller (0.9) than the column one. The mean 440 nm refractive index is about 193 

1.44+0.0084i. 194 

Table 1 195 

 196 

3.1.1 Seasonal variations of the aerosol optical properties 197 

Figure 1 presents the monthly variations of 550 nm AOD (a), SAOD (b) and AAOD (c) as well as 198 

the contributions of their fine or coarse mode to the corresponding totals. Temporal variations of the 199 
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total aerosol AOD is consistent with SAOD due to significantly large ratio of SAOD/AOD. According 200 

to Zhang et al. (2009), anthropogenic emissions of trace gases and aerosols have substantially seasonal 201 

variations, low in summer but high in colder seasons especially in winter. Therefore, AODs, including 202 

the total, scattering and absorbing ones, are considerably large in winter. However, due to the effects of 203 

dust aerosols from north China in spring and moisture absorption in summer (Li et al., 2015a), AODs 204 

are also large in these two seasons. Additionally, gas to particle transformation might be more efficient 205 

in summer, which somewhat contribute to larger SAOD or FSAOD in this season. Overall, lower 206 

AODs are all found in fall for the total, scattering and absorbing aerosols. The tradeoff among 207 

anthropogenic emissions, dust aerosols, and relative humidity somewhat weakens the seasonal 208 

variations of the all mode aerosol optical depth, including AOD, SAOD and AAOD. However, the 209 

seasonalities of fine and coarse aerosol AODs are very different from and much stronger than the total 210 

mode aerosols. The largest AODs appear in spring for coarse aerosols (for both scattering and 211 

absorbing ones) while the largest AODs for fine aerosols are found in summer. The coarse aerosol 212 

AODs are lowest in summer or fall while for fine aerosol AODs, the minimum appears in spring. 213 

Owing to this, contributions of fine or coarse aerosol AODs to the totals are different among different 214 

months. The peaks of FAOD/AOD, FSAOD/SAOD, and FAAOD/AAOD appear in August, with a 215 

value of 0.96, 0.97, and 0.83, respectively, while the largest values of CAOD/AOD, CSAOD/SAOD, 216 

and CAAOD/AAOD appear in April, being 0.35, 0.32, and 0.64, respectively. The figure further 217 

suggests that the scattering or total aerosols are mostly composed by the fine particles (>80%) while 218 

the absorbing aerosols are composed, at the same level, by both fine (56%) and coarse (44%) particles 219 

in column atmosphere in Nanjing, reflecting more absorbing of the coarse aerosol than the fine one.  220 

 221 
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Figure 1 222 

 223 

The aerosol Ångström exponents also have substantially seasonal variations as illustrated in 224 

Figure 2, showing monthly AE, FAE, CAE, SAE, FSAE, CSAE, AAE, FAAE, and CAAE at 440/870 225 

nm. Similar to AODs, the seasonality of the total aerosol AEs is similar to that for the scattering 226 

aerosols. However, the seasonalities of the total and scattering aerosols is less profound than those of 227 

absorbing aerosols. Both fine and coarse aerosol AEs are close to zero line in summer for scattering 228 

and absorbing aerosols possibly due to the effects of high relative humidity in this season (Zhuang et al., 229 

2014a), implying that both fine and coarse mode aerosols have larger sizes in summer than in the other 230 

seasons. The monthly variations of FAAE and CAAE are similar to each other, small in summer and 231 

large in spring and winter, although their magnitudes are different (Figure 3). However, FSAE and 232 

CSAE are strongly anti-correlated. Therefore, the seasonal variation of the total absorbing aerosol AE 233 

(AAE), to some degree, agrees with that of FAAE or CAAE; its minimum appears in summer (0.74 in 234 

July). However, CAAOD accounts for the most to AAOD in spring, AAE values are smaller, closer to 235 

CAAE's in this season than in fall and winter. The seasonality of SAE is different from both FSAE's 236 

and CSAE's; it is also different from AAE's. Under the combined effect of FSAE and CSAE, SAE 237 

minimum appears in spring (0.94 in Mar) while the larger ones are found in summer and fall. Similar to 238 

AAE but more, the curve of SAE would move toward the sides of CSAE in spring while toward FSAE 239 

side in summer because the peaks of CSAOD/SAOD and FSAOD/SAOD appears in spring times and 240 

in summer times, respectively as shown in Figure 1. The figure also indicates that the coarse scattering 241 

aerosols have much larger sizes (negative values of CSAE) than the coarse absorbing aerosols, 242 

suggesting that the CSAE might have much greater influence on the total SAE than CAAE on the total 243 
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AAE, although the ratio of CSAOD/SAOD is smaller than that of CAAOD/AAOD. The seasonal 244 

variations of columnar SAE and AAE are consistent with the ones of surface SAE and AAE (results not 245 

shown here). 246 

 247 

Figure 2 248 

 249 

In addition to AOD and AE, monthly variations of the aerosol single scattering albedo (SSA) and 250 

refractive indices are also investigated as shown in Figure 3, which shows the monthly variations of the 251 

all, fine and coarse aerosol SSA at 550 nm and the total aerosol refractive indices at 440 nm. SSA is 252 

affected by both scattering and absorbing aerosols. The fine particles are much more scattering than the 253 

coarse aerosols. Furthermore, CSSA has more significant seasonality than FSSA. The total aerosol 254 

single scattering albedo, i.e., SSA, is somewhere in between FSSA and CSSA depending on the ratios 255 

of FAOD to AOD. Overall, both FSSA and CSSA are relative smaller in summer than in the other 256 

seasons although they are considerable large in August 2011, implying that the two types of aerosols in 257 

summer are more absorbing than in the other seasons. However, SSA has a different seasonal variation 258 

from FSSA or CSSA. Due to the largest contribution of coarse aerosols in spring, SSA is the smallest in 259 

the season. The aerosol refractive indices also show substantial seasonality. The real part is large in 260 

spring but small in summer, which is similar to what was observed in Taihu Lake in the middle of YRD 261 

(Yu et al. 2011). The imaginary parts show relatively weaker seasonal variations than the real parts.  262 

 263 

Figure 3 264 

 265 
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    Table 2 summarizes the abovementioned seasonal means with the corresponding standard 266 

deviations for all the aerosol optical properties in the four seasons. Seasonal mean 550 nm AOD, 267 

SAOD and AAOD vary from 0.59 in fall to 0.75 in summer, from 0.55 in fall to 0.70 in summer, and 268 

from 0.037 in fall to 0.050 in spring, respectively. CAOD, CSAOD, CAAOD account for the majority 269 

of AOD, SAOD and AAOD in spring, with the ratios of 30.1%, 27.9%, and 58.1%, respectively. FAOD, 270 

FSAOD, FAAOD account for the majority of AOD, SAOD and AAOD in summer, with the ratios of 271 

90.5%, 91.2% and 70.2%, respectively. As discussed above, the seasonal variations of the total mode 272 

aerosol AEs and SSA are different from the ones of fine or coarse aerosol AEs and SSA, respectively. 273 

The seasonal mean 440/870 nm AE, SAE and AAE vary from 0.99 in spring to 1.37 in fall, from 0.98 274 

in spring to 1.38 in fall, and from 0.78 in summer to 1.50 in winter. Seasonal mean SSA, FSSA and 275 

CSSA vary from 0.920 in spring to 0.938 in winter, from 0.940 in summer to 0.956 in winter, and from 276 

0.787 in summer to 0.834 in spring, respectively. The real part of the aerosol refractive index has 277 

relatively stronger seasonality than the imaginary part. Their largest values are all found in spring. 278 

Seasonal mean real and imaginary parts range from 1.41 in summer to 1.46 in spring and from 0.0080 279 

in fall to 0.0084 in spring. The seasonal variation of AOD is highly inhomogeneous spatially even 280 

within the same region such as in YRD. As indicated in Che et al. (2015a), the largest AOD was found 281 

in spring while the lowest one appeared in summer in Hangzhou, east YRD. In Taihu Lake, the lowest 282 

AOD appeared in winter (Pan et al., 2010; Yu et al., 2011). The aerosols are more absorbing in winter 283 

(0.88) in Taihu Lake (Yu et al., 2011) than in spring in urban Nanjing here (0.92). However, AEs are 284 

more consistency with each other among these sites, being smallest in spring and largest in fall.  285 

Table 2 286 

 287 
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3.1.2 Frequencies of the aerosol optical properties 288 

    In addition to the seasonal variations, frequency distributions of the abovementioned aerosol 289 

optical properties are also investigated. Figure 4 presents the frequencies of 550 nm AOD, FAOD, 290 

CAOD, SAOD, FSAOD, CSAOD, AAOD, FAAOD and CAAOD in Nanjing during the entire study 291 

period. All AODs follow a near lognormal pattern. The curves of the total aerosols (Fig. 4a) are highly 292 

similar to the ones of scattering aerosols (Fig b), at the same bandings, in both fine and coarse modes. 293 

The peaks of the frequency curves, all exceeding 30%, appear at the values between 0.3 and 0.5, 0.2 294 

and 0.4, 0.04 and 0.08 for all and scattering aerosol AODs in all, fine and coarse modes, respectively. 295 

They appear at the values between 0.005 and 0.02, 0.005 and 0.015, 0.005 and 0.01 for AAOD, 296 

FAAOD and CAAOD, respectively. The dominant ranges are from 0.3 to 0.9 for SAOD (AOD), 0.2 to 297 

0.8 for FSAOD (SAOD) and 0.04 to 0.16 for CSAOD (CAOD), accounting for more than 83% (82%), 298 

83% (82%), and 63% (67%), respectively, of the total data samples during the entire period. The 299 

dominating ranges are from 0.005 to 0.06 for AAOD, 0.005 to 0.05 for FAAOD and 0.005 to 0.03 for 300 

CAAOD, accounting for more than 75%, 82% and 71%, respectively, of the total data samples during 301 

the entire period. The curves vary in different seasons (not shown here), shifting left-ward in low AOD 302 

seasons and right-ward in high AOD seasons as suggested by Zhuang et al. (2015). In summer, the 303 

curves might even have two peaks for the scattering or total aerosols, which is similar to the 304 

observations in Taihu Lake (Yu et al., 2011). The frequency curve of the total AOD is much closer to 305 

that of fine AOD for scattering aerosols than for absorbing aerosols because FSAOD accounts for more 306 

than 82% of SAOD while FAAOD only accounts for 56% of AAOD. 307 

 308 

Figure 4 309 
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 310 

    Due to the large ratio of the scattering aerosols to the total aerosols, the frequency of the total 311 

aerosol AEs resembles more that of the scattering aerosol AEs (Figures 5a and 5b). Almost all the AE 312 

frequencies follow a unimodal pattern, less sharply than those of the AODs in Figure 4. The dominant 313 

ranges are from 0.8 to 1.6 for SAE (AE), 1.3 to 2.1 for FSAE (FSAE) and -0.48 to -0.24 for CSAE 314 

(-0.24 to -0.12 for CAE), accounting for more than 81% (83%), 83% (83%) and 82% (75%), 315 

respectively, of the total data samples during the entire period. The dominant ranges are from 0.8 to 1.8 316 

for AAE, 1.1 to 2.1 for FAAE and 0.6 to 1.6 for CAAE, accounting for more than 74%, 67% and 69%, 317 

respectively, of the total data samples during the entire period, implying a gentler curve of AAE than 318 

SAE. The frequencies of the absorbing aerosols in different modes are different from those of 319 

scattering aerosols (Figure 5b and 5c). The occurrences of smaller CAAE are relatively high. The 320 

values below 0.6 for CAAE account for more than 20% of the total data samples. In addition, the 321 

occurrences of the large FAAE and AAE exceeding 2.5 and 2.2 reach more than 5.4% and 11%, 322 

respectively, implying again that the absorbing aerosols in fine mode have a few parts of finer particles. 323 

Both fine and coarse absorbing aerosols have much smaller sizes than the scattering aerosols at the 324 

same modes. The frequencies of AEs also have substantial seasonality (not shown here). Comparing 325 

with the annual frequency of SAE, the peak of the frequency shifts left-ward in spring, from 0.8 to 1.0, 326 

but shift right-ward in fall, from 1.4 to 1.6. The frequency of AAE has a left-ward shift in summer 327 

compared to the annual one, peaking at AAE values between 0.6 and 0.8. 328 

 329 

Figure 5 330 

 331 
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SSAs also follow a near lognormal pattern (Figure 6a). The coarse aerosols are more absorbing 332 

than the fine aerosols (Table 1 and Figure 3). Consequently, the frequencies of SSAs peaks between 333 

0.91 and 0.93, between 0.95 and 0.97, and between 0.80 and 0.84 for the all, fine, and coarse mode 334 

aerosols, respectively, in Nanjing during the study period. The dominant frequency appears from 0.89 335 

to 0.97 for SSA, from 0.91 to 0.99 for FSSA, and from 0.72 to 0.92 for CSSA, accounting for more 336 

than 75%, 87% and 78%, respectively, of the total data samples during the entire study period. FSSAs 337 

concentrates more in a narrow range (from 0.89 to 0.99) than CSSA (from 0.64 to 0.96). Both real and 338 

imaginary parts of the aerosol refractive index follow a unimodal pattern and they are fairly similar to 339 

each other (Figure 6b). The frequencies peak between 1.39 and 1.42, and between 0.007 and 0.009 for 340 

the real and imaginary parts, respectively, in Nanjing during the study period. The prevailing frequency 341 

ranges from 1.36 to 1.54 for the real part and from 0.003 to 0.013 for the imaginary, accounting for 342 

more than 76% and 70% of the total data samples, respectively. The seasonality of SSA frequency (not 343 

shown) indicates that both fine and coarse aerosol SSA frequencies have a left-ward shift in summer 344 

compared to the annual one, which is opposite to the frequency of the total SSA because the fine 345 

aerosol AODs dominate, accounting for about 91% of the totals. The real part frequency in spring has a 346 

significant right-ward shift compared to that in the entire study period, peaking between 1.46 and 1.50 347 

(not shown). The imaginary part frequency in winter has a significant left-ward shift compared to that 348 

in the study period, peaking between 0.001 and 0.003 (not shown). 349 

 350 

Figure 6 351 

     352 

3.1.3 Comparisons with MODIS AOD, AE and surface aerosols 353 
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    AOD and AE observed by CE-318 are in reasonable agreement with those from MODIS in 354 

seasonal variation and magnitude (Figure 7). The linear correlation coefficients are 0.75 and 0.86 355 

between CE-318 AOD and MODIS AOD and between CE-318 AE and MODIS AE, respectively. AOD 356 

at 550 nm from MODIS is larger than from CE-318, with an averaged value of 0.82 during the study 357 

period. The mean AE at 412/470 nm is about 1.43. The standard deviations of the AOD and AE are 358 

much larger from CE-318 than from MODIS. 359 

 360 

Figure 7 361 

 362 

    The columnar AAOD and AAE from CE-318 are fairly related to the surface aerosol absorption 363 

coefficient (AAC) and AAE from AE-31 (Figure 8). However, the relationship between AAOD and 364 

AAC or between column and surface AAEs is worse than that between CE-318's and MODIS'. 365 

Although surface aerosols could be affected by transport, it is mainly from local and regional emissions 366 

and its loadings are highly related to the degree of the boundary layer development. As suggested by 367 

Zhuang et al. (2014b and 2015), surface aerosol loadings are considerably low in afternoon and 368 

summer times when the boundary layer are well developed. The columnar AAOD could additionally be 369 

affected by the upper aerosol emissions and transport in the upper atmosphere and it is less affected by 370 

the boundary height compared with the surface AAC, thus contributing a relatively worse relationship 371 

between AAOD and AAC. The surface AAE is more concentrated in a narrow range and it is larger (1.6) 372 

than that from CE-318, implying that the surface absorbing aerosols are finer thus fresher. The linear 373 

correlation coefficients are 0.39 and 0.41 between AAOD and AAC and between columnar and surface 374 

AAEs, which is slightly worse than those between FAAOD and AAC (0.46) and between columnar 375 
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FAAE and surface AAE (0.47). 376 

 377 

Figure 8 378 

 379 

    Most studies on the aerosol optical properties in China mainly focus on AOD and AE in short term 380 

(i.e., episodes, Che et al., 2013; Zheng et al., 2016; Che et al., 2015b). Studies on annual (Yu et al., 381 

2011) and decadal (Che et al., 2015a) scales have been carried out in recent years based on CE-318 382 

measurements. Che et al. (2015a) indicated that long tern averages of the total aerosol optical depth at 383 

440 nm and Ångström exponent at 440/870 nm in urban areas were about 0.75 and 1.05 in north China, 384 

0.98 and 1.09 in Sichuan Basin, 0.78 and 1.36 in Pearl River Delta region (PRD), 0.65 and 1.0 in 385 

northeast China, 0.66 and 89 in northwest China, 0.92 and 1.0 in central China, 0.9 and 1.25 in coastal 386 

areas of YRD. AOD at 440 nm in urban Nanjing averaged over the study period is about 0.84, which is 387 

larger than that in north China, northwest China, northeast China, and PRD but smaller than that in 388 

coastal cities of YRD and about the same as the one in HeFei (0.84). Aerosols in northwest China, 389 

central China, north China have larger sizes (smaller AE) than those in Nanjing. AE in the cities and at 390 

rural areas within YRD is at a similar magnitude. Che et al. (2015a) further suggested that the aerosols 391 

in urban areas likely had larger AODs and AEs than those in mountain and desert areas, so did in 392 

Nanjing. Qi et al. (2016) presents that the aerosol single scattering albedo at 440 nm in Hangzhou, east 393 

YRD is about 0.90, 0.92 and 0.70 for the total, fine and coarse aerosols, respectively, also implying that 394 

the coarse aerosols are more absorbing than the fine ones. Our measurements show similar results to Qi 395 

et al. (2016) for Hangzhou. However, aerosols in Nanjing are more scattering than in Hangzhou in both 396 

fine and coarse modes. 397 
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 398 

3.2 Physical properties of the aerosols 399 

    In addition to the optical properties, the aerosol physical properties including volume size 400 

distributions, mode dependent sizes (radius) and volume concentrations are also retrieved. Figure 9 401 

shows the volume size distributions of the aerosols in different seasons (Figure 9a) and in different 402 

AOD levels (Figure 9b) in Nanjing. Aerosols in Nanjing have a typical bimodal structure in volume 403 

size distribution in all seasons, presenting a two-mode lognormal distribution: fine mode (radius < 0.6 404 

μm) and coarse mode (radius > 0.6 μm). The annual peaks appear at the radius of 0.148 μm in fine 405 

mode and 2.94 μm in coarse mode. Similar to the aerosol optical properties, aerosol volume size 406 

distribution also has substantial seasonality. The peak in spring is much lower in fine mode and higher 407 

in coarse mode than that in the other seasons due to the effect of dusts which results in a left-ward shift 408 

in the distribution in fine mode. Therefore, the mean radius of the aerosols increases significantly in 409 

spring due to a high proportion of coarse particles, leading to smaller AE. In summer, the curve has a 410 

right-ward shift, showing an increase in both fine and coarse aerosol sizes due to high levels of 411 

moisture in the season. The fine particles dominate in summer and result in large AE, opposite to what 412 

is in spring. In Nanjing, the aerosol volume size distribution varies with different AOD values (Figure 413 

9b). Overall, the peaks likely shift right-ward with increasing AOD for fine aerosols but left-ward for 414 

coarse aerosols. The peaks are at the radii of 0.113 and 3.857 μm when AOD is below 0.2 and at 0.194 415 

and 2.94 μm when AOD exceeds 1.4. Additionally, AOD show a positive dependence on the volume 416 

concentrations of both fine and coarse aerosols. The AOD in Nanjing could be evenly affected by both 417 

fine and coarse aerosols when AOD is considerably large or relatively small. High levels of AOD (>1.4) 418 

are attributed to the coarse aerosols in spring and to the fine aerosols in summer. AOD values ranging 419 
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from 1.0 to 1.4 is more resulted from the fine particles. The results here are rather consistent with the 420 

ones in Yu et al. (2011), Qi et al. (2016), and Zheng et al. (2016). 421 

 422 

Figure 9 423 

 424 

    The seasonal variation in the aerosol effective and mean radius, and volume concentrations in 425 

Nanjing are presented in Figure 10. The mean effective radius are about 0.34, 0.16, and 2.18 μm for the 426 

total, fine and coarse aerosols, respectively, during the study period. The mean averaged radius are 427 

about 0.80, 0.19, and 2.67 μm for the total, fine and coarse aerosols, respectively. The seasonal 428 

variation of the aerosol effective radius resembles that of the mean radius in all the modes. Both fine 429 

and coarse aerosol radius are larger in summer than in the other seasons due to the moisture absorption 430 

growth of the aerosols. With seasonal variations in the proportion of fine or coarse aerosols in the total, 431 

the radius of the total aerosols are much larger in spring than in the other seasons. The seasonal 432 

variations of the radius in all modes anti-correlate well with the corresponding aerosol AEs as shown in 433 

Figure 2. The mean volume concentrations are 0.24, 0.11 and 0.13 μm3/cm3 for the total, fine and 434 

coarse aerosols during the study period. Overall, both fine and coarse aerosols evenly contribute to the 435 

total aerosol volume in Nanjing, similar to what is found in Hangzhou (Qi et al., 2016). The coarse 436 

aerosols contribute slightly more to the total aerosol volume concentrations because of its high 437 

proportions in spring (Figure 10b). The seasonality of the volume concentrations in fine and coarse 438 

aerosols are different, although the seasonality of their radius are similar to each other, because the 439 

volume also depends on the concentrations of the aerosols. The highest volume concentrations appear 440 

in spring for the coarse aerosols and in summer the for fine aerosols. As expected, the seasonal 441 
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variation of the total aerosol volume is affected by both fine and coarse aerosols. 442 

 443 

Figure 10 444 

 445 

3.3 Aerosol classification based on its optical properties 446 

    The aerosol types could be identified based on the relationships between SSA at 491 nm and AE at 447 

491/870 nm, real refractive index at 670 nm and AE at 491/870 nm, as well as between SSA differences 448 

(dSSA=SSA870nm-SSA491nm) and AE at 491/870 nm (Russell et al., 2014) as shown in Figure 11. Russell 449 

et al. (2014) indicated that: 1. The polluted dust aerosols have smaller AE (near 1.0), relatively smaller 450 

SSA levels (0.85 to 0.95), but much larger real refractive index (1.45 to 1.55) and SSA differences (0 to 451 

0.05) compared with other aerosols. 2. The aerosols from the developing urban have smaller sizes than 452 

the polluted dust (AE ranging from 1 to 1.6), but they have larger SSA (0.9 to 1.0), smaller real 453 

refractive index (1.4 to 1.5) and SSA differences (around 0). 3. The aerosols from the urban dominated 454 

by Industrial (UrbInd) or from biomass burning have the largest AE (exceeding 1.6). However, the 455 

UrbInd aerosols have much larger SSA and SSA differences while smaller real refractive index 456 

compared with biomass burning aerosols. If there were two kind of aerosols having nearly identical 457 

coordinates, further information is needed. Based on the classification standards, the Figure 11 presents 458 

that aerosols in urban area of Nanjing could be effected by the long distant transported dust (or polluted 459 

dust) substantially in spring times. And in rest seasons, the aerosols are mostly from the local emissions 460 

and they belong to the developing urban aerosols. It is a pity that the observations missed a biomass 461 

burning event in Jun 2012 (Zhuang et al., 2014b, 2015) when the instrument was maintained. It's a very 462 

serious biomass burning episode, which directly results in extremely high BC surface concentrations 463 
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(6-7 times to the annual means, Zhuang et al., 2014b). Figure 11 would be more comprehensive if this 464 

event were captured.  465 

 466 

Figure 11 467 

 468 

    In addition to the types, the aerosol mixtures/compositions could also be identified based on SSA 469 

and AAOD. Generally, dust and biomass burning aerosol SSAs would increase and decrease with 470 

wavelength, respectively. Non-monotonically changes in SSA with the wavelength might be due to the 471 

other type aerosol dominated mixtures as indicated by Li et al. (2015c), who then proposed two 472 

curvature parameters defined as the second derivative of the second-order polynomial fit of SSA and 473 

wavelength and the fit of AAOD and wavelength as shown in Eq. 4 and Eq. 5 to provide additional 474 

information on the aerosol compositions.  475 

2
2 1 0ln( ) ln( ) ln( )SSA       

                                              (4) 476 

2
2 1 0ln( ) ln( ) ln( )AAOD                                                   (5) 477 

Where, 2  and 2  are the SSA Curvature and AADO Curvature, respectively. Detailed 478 

statements could be found in Li et al. (2015c). Based on these parameters, the aerosols could basically 479 

be identified as the dust dominated, black carbon (including biomass burning and urban/industrial 480 

aerosols) dominated and other mixed (peak) type aerosols. The former two type of aerosols have 481 

monotonically increase and decrease SSA spectral shapes, respectively. The SSA or AAOD Curvature 482 

is mostly concentrated at or around 0 for the BC dominated aerosol mixture, which is much smaller 483 

than that of dust dominated aerosol mixtures (0.1 for SSA Curvature and 0.5-1 for AAOD Curvature) 484 

(Li et al., 2015c). Our observations show the similar results as shown in Figure 12, further implying 485 
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that aerosols in urban Nanjing could be effected by the long distant transported dust as indicated in 486 

Figure 11 and could also be affected by biomass burning or the industrial emissions. The results 487 

additionally suggested that there are about 15% (mostly appearing in Spring) and 27.5% (mostly being 488 

in Fall and Winter) occurrence of dust dominated and BC dominated mixing aerosols, respectively, in 489 

urban areas of Nanjing during the observed period.  490 

 491 

Figure 12 492 

 493 

    In May 2011, Nanjing was affected by a very strong dust storm from northwest China and 494 

Mongolia (Li et al., 2015a), the mean SSA and AAOD Curvatures in 1st May 2011 were as large as 495 

0.12 and 1.11, respectively, which is close to the values (0.11 and 1.24, respectively) of the pure dust 496 

aerosol (Li et al., 2015c). Both SSA and AADO Curvatures have substantial seasonality, larger in 497 

colder seasons (not shown here).  498 

 499 

3.4 The direct radiative forcing of the aerosols 500 

    Basing on abovementioned wavelength dependent optical properties and combining with the 501 

observed surface albedo and aerosol profiles, the total, scattering and absorbing aerosol direct radiative 502 

forcing (DRF) in all, fine and coarse modes at both TOA and the surface in Nanjing using are 503 

investigated using a radiation transfer model TUV (Madronich, 1993), under clear sky condition. The 504 

scattering aerosol's SSA is assumed to be equal to that of sulfate or nitrate, which is about 0.9999 (Li et 505 

al., 2015b) when assessing its DRF. The absorbing aerosol DRF was derived from the difference 506 

between the total aerosol and scattering aerosol DRFs because of lacking the observed SSA of the 507 
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mixed absorbing aerosol. DRFs based on AAODs, AAEs and black carbon (BC) SSA (Li et al., 2015b) 508 

is also calculated to make a comparison with the absorbing aerosol DRFs.  509 

    Figure 13 shows the mean vertical profiles of the aerosols observed by CALIPSO and 510 

Polarization-Raman Lidar in Nanjing. To make a comparison, profiles in the figure have been 511 

standardized to the percentage (%). The aerosols mainly concentrate below 4 km, accounting for about 512 

61% and 88% according to CALIPSO and Lidar, respectively, suggesting that differences exist between 513 

CALIPSO and Lidar derived profiles and the vertical aerosols from the Lidar distribute much more at 514 

the lower troposphere. Thus, a combined profile simply assumed to be averaged from CALIPSO and 515 

Lidar (gray line) is additionally included. It indicates that aerosols account for about 75% of the totals 516 

below 4 km and about 60% in the boundary layer for the combined profile, which to some extent is 517 

similar to the default profile of TUV (Palancar and Toselli, 2004). The aerosol DRFs are all estimated 518 

by TUV using these profiles.  519 

 520 

Figure 13 521 

 522 

3.4.1 The aerosol direct radiative forcing in both clear and cloudy sky conditions 523 

    DRFs, unless otherwise specified, hereinafter all represent the averaged values among CALIPSO, 524 

Lidar and combined profile based forcing. Figure 14 shows the seasonal mean daytime TOA and 525 

surface DRFs of the total, scattering and absorbing aerosols in all, fine and coarse modes in clear sky 526 

conditions in Nanjing. The scattering aerosol could exert a negative forcing both at TOA and the 527 

surface while the absorbing aerosol exerts a positive forcing at TOA and a negative forcing at the 528 

surface.  529 
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    Both the scattering and absorbing aerosol DRFs have significant seasonality. The strongest 530 

(weakest) forcing at TOA appears in summer (spring) for fine scattering aerosols and in spring 531 

(summer) for coarse scattering aerosols. The fine scattering aerosol AOD is about one order of 532 

magnitude larger than the coarse one, directly resulting in its much stronger DRFs. In addition to 533 

SAODs, surface albedo could also lead to changes in the aerosol DRFs. In a bright surface, the 534 

scattering aerosol DRFs might decrease in the condition with fixed loadings or AODs (Zhuang et al., 535 

2014a). The seasonal mean surface albedo averaged from four wavelengths (440, 670, 870 and 1020 536 

nm) are about 0.145, 0.170, 0.129, and 0.137 in spring, summer, fall, and winter, respectively, implying 537 

that the scattering aerosol DRFs, to some extent, are weakened in spring and summer due to the higher 538 

surface albedo. The strongest DRF for the total scattering aerosols is found in summer, orderly 539 

followed by that in winter, spring and fall due to the co-affections of SAODs and surface albedo, 540 

although SAOD in spring is higher than that in winter. The seasonal variations in the surface scattering 541 

aerosol DRFs are consistent with those at TOA.  542 

Similar to the scattering aerosols, the TOA DRFs of the absorbing aerosols are the strongest in 543 

summer for fine mode and in spring for coarse mode when the aerosol AODs are the highest in the 544 

corresponding seasons. However, the TOA DRFs are relatively weaker in winter for fine absorbing 545 

aerosols and in summer and winter for coarse absorbing aerosols. Different from the scattering aerosols, 546 

the coarse absorbing aerosol DRFs have the same orders of magnitude as the fine ones. DRFs of 547 

absorbing aerosols are also affected by both the AAODs and surface albedo to a certain degree. Zhuang 548 

et al. (2014a) stated that higher surface albedo would considerably lead to stronger TOA DRFs and 549 

weaker surface DRFs for absorbing aerosols with fixed loadings or AAODs, which is different from the 550 

scattering aerosols. Additionally, the solar zenith angle also plays a considerable role in intensifying 551 
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DRFs. For example, at 8 and 9 pm on 13th Aug in 2011, AAODs and AAEs are all equal to 0.23 and 552 

1.18, respectively. However, the corresponding DRFs are 3.37 and 4.69 W/m2 at TOA and -9.12 and 553 

-10.03 W/m2 at the surface under a condition of the same SSA, surface albedo and aerosol profiles, 554 

implying that the DRFs would be stronger in warmer seasons or at noon when the optical properties of 555 

absorbing aerosols and the other affecting factors are fixed. Thus, a stronger TOA DRF of the fine 556 

absorbing aerosols in spring than in winter might be related to higher surface albedo and solar zenith 557 

angles, although their AAODs in winter are substantially higher. Both fine and coarse absorbing 558 

aerosol DRFs at TOA are stronger in fall than in winter possibly owing to higher solar zenith angles in 559 

fall. The all mode absorbing aerosol DRFs at TOA also have different seasonality from the scattering 560 

aerosols, being the strongest in spring, orderly followed by those in summer, fall and winter. The 561 

seasonal variations of the absorbing aerosol DRFs at the surface are somewhat different from at TOA in 562 

fine and coarse modes. The weakest surface DRF appears in spring for fine absorbing aerosols and in 563 

summer for coarse absorbing aerosols possibly due to a higher surface albedo in this season as 564 

suggested by Zhuang et al. (2014a). The surface DRFs of the all mode absorbing aerosols are also the 565 

strongest in spring due to the combined effects of the corresponding fine and coarse aerosols.  566 

    The absorbing aerosols can considerably offset the negative DRFs of the scattering aerosols at 567 

TOA and strengthen the positive DRFs of the scattering aerosols at the surface (Figures 14a and 14d). 568 

Thus, the weakest and strongest TOA DRFs of the total fine aerosols appear in spring and winter, 569 

respectively. The total coarse aerosol DRFs in summer are positive at TOA due to a high proportion of 570 

absorbing aerosol to the totals (smaller SSA as showed in Figure 3a). For all modes, the seasonal 571 

variation of the total aerosol DRFs at TOA are more consistent with that of the fine mode, and the 572 

DRFs are all weaker than the ones of scattering aerosols. The surface DRFs of the total fine aerosols 573 
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are strongest in summer while the weakest in spring, which is opposite to the total coarse aerosols. Due 574 

to the co-affection of fine and coarse aerosols, the total DRFs of all mode aerosols at the surface are the 575 

strongest in summer and weakest in fall. The existence of cloud would reduce the solar radiation 576 

reaching the surface or lower atmosphere, thus affecting the aerosol DRFs, including their levels and 577 

seasonality. This issue would be further addressed in the further. 578 

 579 

Figure 14 580 

 581 

    Due to lack of the observed SSAs, the absorbing aerosol DRFs here are mainly estimated from the 582 

difference between the total and scattering aerosol DRFs. Additionally, DRFs based on observed 583 

AAOD, AAE and fresh BC SSA (Li et al., 2015b) are also accessed to investigate the differences 584 

between these two types of DRFs as shown in Figure 15. Although the absorbing aerosol DRFs are 585 

estimated in different ways, they are highly correlated at both TOA and the surface, implying that they 586 

have the same seasonality. However, the DRFs from the second method are much weaker than that 587 

from the first one, implying that the DRFs from these two methods might represent different mixing 588 

states of the absorbing aerosols. Apparently, the second none represents the forcing of fresh absorbing 589 

aerosols while the DRFs from the former one might represent the forcing of the aged or internally 590 

mixed absorbing aerosols. Jacobson (2000) suggests that the aged absorbing aerosols have much 591 

stronger ability to absorb solar radiation, with a factor of two. Zhuang et al. (2013a and 2013b) stated 592 

that the regional mean TOA DRFs over East Asia is about +1.56 W/m2 for internally mixed BC and 593 

about +0.81 W/m2 for externally mixed BC. Comparison here further prove the importance of the 594 

mixing states to estimate the absorbing aerosol direct radiative forcing.  595 
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 596 

Figure 15 597 

 598 

    Table 3 lists the annual mean clear sky DRFs of the total, scattering and absorbing aerosols in all, 599 

fine and coarse modes at TOA and the surface in Nanjing. The DRFs at the surface are all stronger than 600 

those at TOA. The mean DRFs are -10.69, -16.45, 5.76 W/m2 at TOA and -25.54, -21.37 and -8.38 601 

W/m2 at the surface for the total, scattering and absorbing aerosols, respectively. The TOA DRFs in 602 

fine mode are nearly an order of magnitude stronger than those in coarse mode for the total and 603 

scattering aerosols. The DRFs of the fine absorbing aerosols have the same orders of magnitude as, but 604 

stronger than those of the coarse absorbing aerosols. 605 

Table 3 606 

 607 

    Various studies on the aerosol DRFs have been carried out based on observations or numerical 608 

models. Forster et al. (2007) summarized the global mean clear and cloudy sky DRFs of the total 609 

aerosols from observations, which are -5.4 and -0.55 W/m2, respectively. Using a regional climate 610 

chemistry model, RegCCMS, Zhuang et al. (2013a and 2013b) estimated the regional mean DRFs of 611 

the total and BC aerosols over East Asia and they are -4.97 and +1.2 W/m2, respectively, in clear sky. 612 

On a sub-regional or urban scale, Markowicz et al. (2008) found that the daytime surface DRF 613 

exceeded -20 W/m2 in Persian Gulf. Khatri et al. (2009) indicated that aerosols exerted a positive DRF 614 

of +2.5 W/m2 at TOA and a strong negative forcing of -71.8 W/m2 at the surface in Nagoya in summer. 615 

Alam et al. (2011) found that total aerosol DRFs at TOA was about -22 W/m2 in Karachi. In East Asia 616 

or China, Wang et al. (2009) reported that the TOA DRFs of total aerosols in Beijing are -2, -21 and -16 617 
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W/m2 on clear, haze, and fog days, respectively. Kuhlmann and Quaas (2010) indicated that the total 618 

aerosol DRFs was about -25 W/m2 over Qinghai-Tibet Plateau. Che et al. (2015c) indicated that the 619 

daytime total aerosol DRFs in northeast China was about -16.82 W/m2. Che et al. (2014) also reported 620 

that the TOA DRFs of the total aerosols in north China Plain exceeded -30 and -40 W/m2 in rural and 621 

urban areas, respectively, during the period with serious haze-fog episodes. Xia et al. (2016) pointed 622 

out that the regional mean DRF in China was about -16~-37 W/m2 at TOA and about -66 ~ -111 W/m2 623 

at the surface when solar zenith angle was about 60o. Over all, the DRFs of urban aerosols are much 624 

stronger than those on the regional or global scale. Our results show the same orders of magnitude of 625 

DRFs as those for other regions in earlier studies. 626 

 627 

3.4.2 The aerosol direct radiative forcing varies in different aerosol profiles 628 

Different aerosol profiles might result in different DRFs. Figure 16 presents the TOA and surface 629 

DRFs of the total, scattering and absorbing aerosols based on four kinds of aerosol profiles from 630 

CALIPSO, Lidar, Combined CALIPSO and /Lidar shown in Figure 13 as well as the default one in 631 

TUV (Palancar and Toselli, 2004) in clear sky condition. The figure shows that the aerosol direct 632 

raidative forcing in clear sky condition is not very sensitive to the aerosol profiles, although the 633 

differences among absorbing aerosol TOA-DRFs from different profiles are more obvious to some 634 

degree than the scattering aerosol DRFs or the surface forcing. Here, a profile impact factor: PIF is 635 

defined as the ratio of the standard deviations among the four types of DRFs in Figure 16 to the 636 

averaged values among these four DRFs. The PIF is about 4.97% for absorbing aerosol TOA-DRF 637 

while below 2% for the rest types of DRFs during the study period. Overall, both the scattering and 638 

absorbing aerosol DRFs at TOA would become weaker to some extent if more aerosols were 639 
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concentrated in lower layers of atmosphere or within boundary layer especially for the absorptions, 640 

implying that the aerosol profiles might also become significant in some extreme cases (high level of 641 

aerosol appearing very low layers in serious pollution episodes). The aerosol profiles might have much 642 

more influence on the DRFs in cloudy sky condition because the absorbing aerosols over brighter cloud 643 

would absorb more short wave radiation (Podgorny and Ramanathan, 2001). This issue is also going to 644 

be addressed in the further. 645 

 646 

Figure 16 647 

     648 

    Although the DRFs of the total, scattering and absorbing aerosols, as well as their sensitivities to 649 

the aerosol profiles are analyzed in this study, there still exist limitations to be addressed in the future. 650 

First, the absorbing aerosol DRFs are estimated from the difference between the total and scattering 651 

aerosol DRFs. The methods are still with uncertainties to some extent. Therefore, the observed SSA of 652 

the absorbing aerosols is needed in further studies to enhance the accuracy. Second, the uncertainty can 653 

be further reduced if data with higher temporal resolutions of the aerosols profiles are used to substitute 654 

their annual means. Third, long-term trends of the aerosol optical properties and direct radiative forcing, 655 

including their interannual and interdecadal variations, should be taken into consideration. Finally, 656 

extremely high aerosol loadings are frequently observed in serious pollution episodes, including dust 657 

storms, biomass burning, and regional transport (Zhuang et al., 2014a, b and 2015). The aerosol optical 658 

and physical properties as well as the radiative forcing would be rather different in these extreme 659 

episodes, which also deserve further studies. 660 

 661 
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4 Conclusions 662 

    In this study, the aerosol optical and physical properties observed by Cimel sun photometer 663 

(CE-318), as well as its direct radiative forcing (DRF) calculated by a radiation transfer model TUV 664 

based on observed aerosol optical properties, profiles, and surface albedo in urban area of Nanjing are 665 

investigated. 666 

    The annual mean aerosol optical depths at 550 nm are 0.65, 0.61, and 0.04 for the total (AOD), 667 

scattering (SAOD) and absorbing (AAOD) aerosols, respectively. The fine mode fractions of the total, 668 

scattering and absorbing aerosols are 81.53%, 81.97% and 56.09%, respectively. The absorbing 669 

aerosols are finer, with an Ångström exponent (AE) of 1.32 at 440/870 nm, 0.13 (0.12) larger than the 670 

scattering (total) aerosols. Fine aerosol AEs are much larger than coarse one, especially for scattering 671 

aerosols. Additionally, the fine aerosol is more scattering (SSA=0.95) while the coarse aerosol more 672 

absorption (SSA=0.82). The mean 440 nm refractive index is about 1.44+0.0084i during the study 673 

period. AOD and AE observed by CE-318 are rather similar to those from MODIS. AAOD and AAE 674 

from CE-318 to some extent are related to the surface aerosol absorption coefficient (AAC) and AAE. 675 

The aerosols in Nanjing have smaller AOD than, but the same AE as, and are more scattering than, 676 

those in coastal cities of YRD. 677 

    The aerosol optical properties have significant seasonality. AOD and AE of scattering aerosols are 678 

lowest in fall and in spring while highest in summer and fall, respectively. The highest AAOD and 679 

AAE appear in spring and winter while the lowest ones are found in fall and summer. Fine mode AOD 680 

are all at maximum in summer but minimum in spring, while coarse AOD are at maximum in spring. 681 

The AEs in both fine and coarse modes are closer to zero in summer than those in the other seasons due 682 

to the effects of high humidity. The total aerosol AOD and AE seasonality is consistent with the 683 
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scattering aerosols. However, the smallest SSA is found in spring, although both FSSA and CSSA are 684 

relative smaller in summer. All AODs and SSAs follow a near lognormal pattern and almost all of the 685 

AE and refractive indices follow a unimodal pattern. The ranges around their means dominated, 686 

accounting for at least 60% to their total data samples during the entire study period. They also have 687 

substantial seasonality. 688 

     The aerosols in Nanjing have a two-mode lognormal pattern in volume size distribution, with 689 

substantial seasonality, peaking at the radius of 0.148 and 2.94 μm in annual scale. The fine (coarse) 690 

mode peak has a leftward (rightward) shift relative to the annual peaks in spring while both of them 691 

have a right-ward shift in summer. AOD show a positive dependence on the volume concentrations in 692 

both fine and coarse modes. The peaks would be close to each other with increasing AOD. Both fine 693 

and coarse aerosols have the same level of volume concentrations, although the mean effective radius 694 

of fine aerosol is an order of magnitude smaller than the coarse one. The mean effective radius and 695 

volume concentrations of the all modes are 0.34μm and 0.24 μm3/cm3, respectively, all peaking in 696 

spring. It's well known that the seasonality of the radius are anti-correlated well with the AEs. 697 

    The mean DRFs are -10.69, -16.45, 5.76 W/m2 at TOA and -25.54, -21.37 and -8.38 W/m2 at the 698 

surface for the total, scattering and absorbing aerosols, respectively, in clear sky condition. The fine 699 

mode DRFs at TOA are nearly an order of magnitude larger than the coarse ones for scattering aerosols 700 

while they have the same levels for absorbing aerosols. The DRFs estimated for urban Nanjing in this 701 

study are much stronger than those on the regional or global scales.  702 

    The seasonal variations of the DRFs, to some extent, are different between at TOA and the surface, 703 

between the scattering and absorbing aerosols, as well as between the fine and coarse modes. In clear 704 

sky condition, both the TOA and surface DRFs of scattering and absorbing aerosols are all the strongest 705 
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in summer for fine mode and in spring for coarse one. However, the largest DRF value appears in 706 

spring for total scattering aerosols whereas in spring for total absorbing aerosols due to different fine 707 

mode fractions of these two types of aerosols in different seasons, which further results in the strongest 708 

(weakest) DRFs of all aerosols found in winter (spring) at the TOA and in summer (fall) at the surface 709 

due to different fractions of scattering aerosols to the total aerosols. 710 

    The sensitivity of aerosol DRFs on the aerosol profiles is not significant in clear sky condition, 711 

and the bias is about 5% for the TOA DRFs of absorbing aerosol while less 2% for the rest DRFs. 712 

Overall, both scattering and absorbing aerosol DRFs at TOA would become weaker to some extent if 713 

more aerosols were concentrated in lower layers of atmosphere or within boundary layer, especially for 714 

absorption. 715 
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 938 

Figure captions: 939 

Figure 1. Monthly variations of the total (a), scattering (b), and absorbing (c) aerosol optical depths 940 

(AOD) at 550 nm, including the ratio of the AOD in fine or coarse mode to the AOD in all mode (line 941 

with triangle markers in green) in urban area of Nanjing. The 10th, 25th, median, 75th, 90th percentile 942 

values of the all mode AOD are presented as box plots. The monthly means of the all mode AODs are 943 

presented as cycle markers in gray. 944 

Figure 2. Monthly variations of the total (a), scattering (b), and absorbing aerosol (c) Ångström 945 

exponents (AE) at 440/870 nm for the all, fine and coarse modes in urban area of Nanjing.  946 

Figure 3. Monthly variations of the all, fine, and coarse mode aerosol single scattering albedo (SSA) at 947 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-215
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 21 June 2017
c© Author(s) 2017. CC BY 3.0 License.



  44 / 54 
 

550 nm (a) and the aerosol refractive indices at 440 nm (b) in urban area of Nanjing.  948 

Figure 4. Frequency distributions of the total (a), scattering (b), and absorbing aerosol (c) AODs at 550 949 

nm for the all (AOD, SAOD, AAOD), fine (FAOD, FSAOD, FAAOD) and coarse (CAOD, CSAOD, 950 

CAAOD) modes in urban area of Nanjing. 951 

Figure 5. Frequency distributions of the total (a), scattering (b), and absorbing aerosol (c) AEs at 952 

440/870 nm for the all (AE, SAE, AAE), fine (FAE, FSAE, FAAE) and coarse (CAE, CSAE, CAAE) 953 

modes in urban area of Nanjing. 954 

Figure 6. Frequency distributions of the all (SSA), fine (FSSA), and coarse (CSSA) mode aerosol SSAs 955 

at 550 nm (a) and the real and imaginary parts at 440 nm (b) in urban Nanjing.  956 

Figure 7. Comparisons between CE-318 and MODIS based AOD at 550 nm and between AE at 957 

440/870 nm for CE-318 and at 412/470 nm for MODIS in Nanjing.  958 

Figure 8. Comparisons between the absorbing aerosol optical depth (AAOD) at 550 nm from CE-318 959 

and surface absorption coefficient (AAC) at 520 nm from AE-31 (a) and between the column AAE at 960 

440/870 nm from CE-318 and surface AAE at 470/880 nm from AE-31 (b) in urban Nanjing. 961 

Figure 9. The averaged aerosol volume size (μm3/μm2) distributions in different seasons (a) and in 962 

different AOD levels in urban Nanjing. 963 

Figure 10. Seasonal variations of the effective (a, μm) and mean (b, μm) radius of aerosols as well as 964 

the aerosol volume concentrations (c, μm3/cm3) in the all, fine and coarse modes in urban Nanjing. 965 

Figure 11. Relationships between the monthly mean values of 491 nm SSA and total Ångström 966 

exponent (AE) at 491/870 nm (a), between the monthly mean values of the real refractive index at 670 967 

nm and AE at 491/870 nm (b), and between the monthly mean values of the SSA difference (870–491 968 

nm) and AE at 491/870 nm (c). 969 
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Figure 12. Distribution of the SSA and AAOD Curvatures in urban area of Nanjing under different 970 

spectral SSA conditions, including monotonically decreasing, increasing SSA spectra and peaked SSA 971 

spectra. 972 

Figure 13. The aerosol vertical proportions (%) from CALIPSO, Polarization-Raman Lidar and their 973 

average in Nanjing. 974 

Figure 14. Seasonal variations of the clear sky aerosol direct radiative forcing (DRF, W/m2) at both 975 

TOA (a~c) and the surface (d~f). The DRFs of the total (a, d), scattering (b, e) and absorbing (c, f) 976 

aerosols in the all, fine and coarse modes are all investigated in urban Nanjing. 977 

Figure 15. Comparisons in the absorbing aerosol DRFs (W/m2) between from BC SSA and from the 978 

total aerosol DRF minus the scattering one. 979 

Figure 16. Sensitivities of the TOA and the surface aerosol DRFs (day time, W/m2) to the different 980 

aerosol profiles in clear conditions, for the total, scattering and absorbing aerosols. 981 

 982 

Tables: 983 

Table 1 Statistical summary of the columnar aerosol optical properties in urban area of Nanjing 984 
Factors Max Min Mean±SD Meadian 

550 nm AOD 2.3208 0.2723 0.6494±0.2852 0.5912 

550 nm FAOD 2.2216 0.1468 0.5257±0.2806 0.4479 

550 nm CAOD 0.9891 0.0139 0.1237±0.1076 0.0858 

550 nm SAOD 2.2744 0.2443 0.6059±0.2747 0.5492 

550 nm FSAOD 2.1459 0.1435 0.5014±0.2713 0.4263 

550 nm CSAOD 0.8842 0.0113 0.1045±0.0957 0.0705 

550 nm AAOD 0.2304 0.0020 0.0435±0.0240 0.0421 

550 nm FAAOD 0.1424 0.0005 0.0244±0.0175 0.0208 

550 nm CAAOD 0.1163 0.0009 0.0192±0.0145 0.0156 

440/870 nm AE 1.9100 0.3085 1.2045±0.2856 1.2436 

440/870 nm FAE 2.3625 0.3565 1.7083±0.2979 1.7364 

440/870 nm CAE -0.0789 -0.3805 -0.1876±0.0430 -0.1898 

440/870 nm SAE 1.9916 0.2958 1.1976±0.3085  1.2386 

440/870 nm FSAE 2.3653 0.3463 1.7102±0.2980  1.7368 

440/870 nm CSAE -0.1048 -0.7111 -0.3838±0.1017  -0.3864 

440/870 nm AAE 3.4619 0.1483 1.3237±0.4820 1.2587 
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440/870 nm FAAE 4.5118 0.2912 1.7521±0.6470 1.6516 

440/870 nm CAAE 3.1264 -0.0844 0.8748±0.4589 0.8209 

550 nm SSA 0.9959 0.8053 0.9297±0.0335 0.9305 

550 nm FSSA 0.9974 0.8388 0.9524±0.0261 0.9549 

550 nm CSSA 0.9835 0.5898 0.8208±0.0754 0.8225 

440 nm Real part 1.6000 1.3300 1.4423±0.0638 1.4374 

440 nm Imaginary part 0.0301 0.0005 0.0084±0.0047 0.0078 

AOD: Aerosol optical depth 985 
FAOD: Fine aerosol optical depth 986 
CAOD: Coarse aerosol optical depth 987 
SAOD: Scattering aerosol optical depth 988 
FSAOD: Scattering aerosol optical depth in fine mode 989 
CSAOD: Scattering aerosol optical depth in coarse mode 990 
AAOD: Absorbing aerosol optical depth 991 
FAAOD: Absorbing aerosol optical depth in fine mode 992 
CAAOD: Absorbing aerosol optical depth in coarse mode 993 
AE: Ångström exponent of total aerosols 994 
FAE: Ångström exponent of fine aerosols 995 
CAE: Ångström exponent of coarse aerosols 996 
SAE: Ångström exponent of scattering aerosols 997 
FSAE: Ångström exponent of scattering aerosols in fine mode 998 
CSAE: Ångström exponent of scattering aerosols in coarse mode 999 
AAE: Ångström exponent of absorbing aerosols 1000 
FAAE: Ångström exponent of absorbing aerosols in fine mode 1001 
CAAE: Ångström exponent of absorbing aerosols in coarse mode 1002 
SSA: Single scattering albedo of total aerosols 1003 
FSSA: Single scattering albedo of fine aerosols 1004 
CSSA: Single scattering albedo of coarse aerosols 1005 

 1006 

Table 2 Seasonal mean±SD of the columnar aerosol optical properties in urban area of Nanjing 1007 

Factors MAM JJA SON DJF 

550 nm AOD 0.6788±0.2919 0.7508±0.3749 0.5866±0.2447 0.6560±0.2976 
550 nm FAOD 0.4739±0.2613 0.6798±0.3793 0.5149±0.2462 0.5687±0.2978 
550 nm CAOD 0.2048±0.1356 0.0710±0.0599 0.0717±0.0346 0.0873±0.0685 
550 nm SAOD 0.6284±0.2835 0.7031±0.3728 0.5495±0.2342 0.6157±0.2829 
550 nm FSAOD 0.4529±0.2552 0.6463±0.3760 0.4901±0.2366 0.5428±0.2846 
550 nm CSAOD 0.1756±0.1225 0.0568±0.0497 0.0593±0.0315 0.0728±0.0601 
550 nm AAOD 0.0503±0.0208 0.0477±0.0307 0.0372±0.0200 0.0403±0.0271 
550 nm FAAOD 0.0211±0.0125 0.0335±0.0212 0.0248±0.0157 0.0259±0.0211 
550 nm CAAOD 0.0292±0.0165 0.0142±0.0137 0.0124±0.0066 0.0144±0.0111 
440/870 nm AE 0.9915±0.2385 1.2174±0.2639 1.3744±0.1907 1.3134±0.2461 
440/870 nm FAE 1.7474±0.2896 1.4701±0.3075 1.7408±0.2582 1.6935±0.3019 
440/870 nm CAE -0.1998±0.0352 -0.1699±0.0471 -0.1862±0.0424 -0.1807±0.0464 
440/870 nm SAE 0.9812±0.2687  1.2733±0.2950  1.3824±0.2043  1.2956±0.2697 
440/870 nm SFAE 1.7555±0.2862  1.5218±0.3397  1.7492±0.2545  1.6809±0.3039 
440/870 nm SCAE -0.3752±0.0743  -0.2815±0.0678  -0.3797±0.0991  -0.4016±0.1162 
440/870 nm AAE 1.1885±0.4500 0.7971±0.2657 1.3290±0.4533 1.5007±0.4520 
440/870 nm FAAE 1.7352±0.6059 0.9943±0.2672 1.6715±0.5970 1.8947±0.6545 
440/870 nm CAAE 0.8542±0.4665 0.3771±0.2753 0.8312±0.4479 0.9798±0.4235 
550 nm SSA 0.9204±0.0313 0.9241±0.0422 0.9348±0.0331 0.9378±0.0331 
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550 nm FSSA 0.9527±0.0237 0.9405±0.0356 0.9518±0.0253 0.9555±0.0265 
550 nm CSSA 0.8340±0.0628 0.7868±0.0953 0.8115±0.0752 0.8211±0.0810 
440 nm Real part 1.4647±0.0628 1.4075±0.0609 1.4252±0.0602 1.4404±0.0582 
440 nm Imaginary part 0.0084±0.0040 0.0083±0.0052 0.0080±0.0044 0.0083±0.0053 

 1008 

Table 3. The annual mean aerosol direct radiative forcing (W/m2) in urban area of Nanjing 1009 

Species 
Clear sky 

TOA Surface 

TA -10.69±3.37  -25.54±2.83 

FA -11.17±3.09  -21.37±2.78 

CA -0.33±0.60  -6.15±2.90 

SA -16.45±2.81  -17.17±2.96 

FSA -15.08±3.18  -15.74±3.35 

CSA -2.31±1.18  -2.42±1.24 

AA 5. 76±1.27  -8.38±1.56 

FAA 3.91±0.95  -5.63±1.16 

CAA 1.99±1.07  -3.73±1.71 

TA: Total aerosols 1010 

FA: Fine aerosols 1011 

CA: Coarse aerosols 1012 

SA: All scattering aerosols 1013 

FSA: Scattering aerosols in fine mode 1014 

CSA: Scattering aerosols in coarse mode 1015 

AA: All absorbing aerosols' forcing 1016 

FAA: Fine absorbing aerosols' forcing 1017 

CAA: Coarse absorbing aerosols' forcing 1018 

 1019 
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Figure 1. 1028 
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