Ying Zhang 
  
Zhengqiang Li 
  
Yuhuan Zhang 
  
Yu Chen 
  
Juan Cuesta 
  
Yan Ma 
  
Prof Zhengqiang Li 
  
  
  
Multi-peak accumulation and coarse modes observed from 1 AERONET retrieved aerosol volume size distribution in Beijing 2 3

Keywords: 

 The 3-peak and 4-peak aerosol volume size distributions observed in Beijing.

26

 Characteristics of extra peaks in accumulation and coarse modes respectively.

27

 Statistics on multi-peak cases versus meteorological conditions.

Introduction 51

Atmospheric aerosols play important roles in Earth's environment and radiation 52 budget. The aerosols affect the climate system by scattering and absorbing solar biomass burning aerosol increases with aerosol optical depth (AOD), caused by the 80 aerosol aging (Reid et al. 1998), and the similar phenomenon is also observed in 81 urban-industrial and mixed site (Dubovik et al. 2002). Furthermore, two peaks in the 82 accumulation mode can present simultaneously (i.e. [START_REF] Zhang | Aerosol Column Size 437 Distribution and Water Uptake Observed during a Major Haze Outbreak over 438 Beijing on January 2013[END_REF] in the serious 83 air pollution conditions, and the second one is considered as the residual of cloud/fog 84 droplet evaporation [START_REF] Li | Observations of residual submicron fine aerosol particles related to 379 cloud and fog processing during a major pollution event in Beijing[END_REF]Eck et al. 2012). The coarse modal aerosols can 85 also present the 2-peak distribution. The first peak of coarse mode with the median 86 radius from 1μm to 2μm is considered to result from hygroscopic growth or the 87 activated particles with radius less than 1μm [START_REF] Yang | Study of columnar aerosol size distribution in Hong 435 Kong[END_REF]; Singh et al. AERONET are about 0.01-0.02 (Holben et al. 1998;Eck, et al. 1999) and0 [START_REF] Lagarias | Convergence properties 375 of the Nelder-Mead simplex method in low dimensions[END_REF]. We choose multi-modal 140 lognormal distributions to fit the AERONET retrievals by the following formula:

141 𝑑𝑉(𝑟) 𝑑𝑙𝑛𝑟 = ∑ 𝐶 𝑖 √2𝜋(𝑙𝑛𝜎 𝑖 ) 2 𝑒𝑥𝑝 [- 1 2 ( 𝑙𝑛𝑟-𝑙𝑛𝑟 𝑖 𝑙𝑛𝜎 𝑖 ) 2 ] 𝑖=1,𝑛 (1) 
142 where dV/dlnr (in unit of µm 3 /µm 2 ) is aerosol volume particle size distribution, Ci 143 (µm 3 /µm 2 ), ri (µm) and σi are the volume modal concentration, median radius and 144 standard deviation of each LNM mode, respectively. Here, n is the total number of 145 LNM modes.

146

The LNM separation is achieved when the second derivative of a theoretical 147 Gaussian curve is less than zero. However, some non-significant convex functions but the mean volume is larger (Figure 2b). As listed in table 1, for accumulation mode range (i.e. r1 and r2), the first peak is around 0.13-0.15μm while the second 171 peaks present at a mean median radius of 0.38 μm (±0.11) for 3-peak-II and 0.28 μm 172 (±0.09) for 4-peak type, respectively. Moreover, two peak characteristics can also 173 present in the coarse mode (i.e. 3-peak-I type), with the mean median radius varying 174 from 1.25 μm (±0.56) to 1.47 μm (±0.30).

175

The seasonal changes of multi-peak VPSDs are also noticeable. Figure 4 shows that the 2-peak cases are prevalent in November, December and January, and the 177 3-peak-I prevalent in April, May. Especially in April, the 3-peak-I and II cases 178 account for 74% of available VPSDs. In June, due to the impacts of cloud and rain 179 on remote sensing observation, there are only 8 available VPSDs, while the 180 summarized percentage of 3-peak-II and 4-peak cases is about 50%, the maximum in 181 the whole year. It should also be noticed that, the VPSDs with more than 2 peaks (i.e. 3). 
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  88 2004). As cloud condensation nuclei or ice nuclei, the first peak of the coarse mode 89 are thought to be involved in the cloud/fog formation and dissipation (Hammer et al. 90 2014). All of these studies analyze the entire aerosol size distribution, rather than 91 extract individual each characteristic peaks, except Li et al. (2014) fitted a lognormal 92 function for extra peak of accumulation mode during heavy pollution condition. 93 In this study, we split the columnar aerosol volume particle size distribution 94 retrieved by Sun-sky radiometer measurements in Beijing over 2013 into lognormal 95 peaks based on a separation method (Cuesta et al. 2008), and analyze the recognized 96 extra peaks with aerosol optical properties and meteorological conditions. The data 97 and method are described in section 2. In section 3, the properties of extra peaks and 98 ambient atmospheric conditions are analyzed, and the conclusions are provided in 99 section 4.

  , the optical and physical properties of atmospheric aerosol are 103 obtained from the Sun-sky radiometer (CE318). The CE318 has 8 channels including 104 340 nm, 380 nm, 440 nm, 500 nm, 675 nm, 870 nm, 1020 nm and 1640 nm for 105 aerosol measurements, and 936 nm for perceptible water. The direct and diffused 106 Sun light are measured from ground by CE318 and then used to derive aerosol 107 properties, such as AOD from extinction of incident direct sunlight, and aerosol 108 VPSD retrieved from sky light (Dubovik et al. 2000a, b). The temporal resolutions 109 of these two measurements are about 15 minutes and 1 hour, respectively. The 110 Sun-sky radiometers have been applied extensively to measure atmospheric aerosol 111 properties, as known as the AErosol RObotic NETwork (AERONET) (Holben et al. 112 1998, 2001).113 A Sun-sky radiometer (#350) belonging to AERONET site Beijing_RADI 114 (116.4̊ E, 40.0̊ N, 59m) is employed in this study. The AERONET Lev 1.5 data in 115 2013 is used including AOD, Ångström exponent (AE), single scattering albedo 116 (SSA) and aerosol volume size distribution. The errors of AOD and SSA provided by117
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 118 Dubovik et al. 2000b), respectively. The AE is computed by linear regression of the 119 440, 500, 675, and 870 nm AOD data. The Lev 1.5 data is further filtered with 120 additional quality controls in this paper, including (i) solar zenith angles greater than 121 50 degrees, (ii) the minimum number of observation angles specified by AERONET 122 Lev 2.0 data criteria (Holben et al., 2006), and (iii) the total retrieval residual less 123 than 5%. Moreover, the extra quality control of AOD (440 nm) > 0.4 is applied to 124 SSA. 125 The meteorological data at World Meteorological Organization (WMO) Beijing 126 site (54511, 116.5̊ E, 39.8̊ N, 31.3m) are used, including temperature, relative 127 humidity and mean wind speed during 10 minutes, with temporal resolution of 1 128 hour fitting for AERONET size distribution data.

  , we need to separate the aerosol volume particle size distribution 131 (VPSD) into Log-Normal Modes (LNM). We employ the separation method 132 developed by Cuesta et al. (2008). Each LNM is described by 3 parameters: the 133 modal concentration, modal radius and geometric standard deviation. In order to 134 obtain these parameters, a kernel function consist of root mean square differences 135 between VPSDs (the one calculated from combination of separated LNMs vs. the 136 one obtained from AERONET data) is minimized, iteratively using the NelderMead 137 simplex algorithm (Cuesta et al. 2008). The NelderMead simplex algorithm searches 138 the convergence by applying the strictly convex function for multidimensional 139 unconstrained minimization
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  can lead to a larger unreal total number (e.g. 6) of n (Cuesta et al. 2008). Based on 149 data statistics and analysis of Beijing 2013 data in this paper, we find that for the 150 purpose of identifying LNM peaks, one can use the second derivative of -0.003 as 151 the threshold. Under this threshold, VPSD is only separated into 2 to 4 peaks, with 152 low convergence errors. In Figure 1, we show the mode separation of an example 153 VPSD from Beijing 2013 data.

  the number of AERONET retrieved size distribution records is 577 in 157 Beijing site and the proportion of the available separation cases are 98.6% while the 158 remainders are mainly non-smooth VPSDs. The recognized 2-, 3-and 4-peak type 159 VPSD numbers account for 48%, 49% and 3% of total 569 cases (Figure 2), 160 respectively. In figure 3, we show the statistics (N=277) on the appearance frequency 161 of the median radii for 3-peak cases. It can be seen clearly that two distinguishable 162 groups located in accumulation (<0.7 μm) and coarse (>0.7 μm) particle radius 163 ranges, respectively, which supports the classification of 3-peak-I (i.e., an extra 164 coarse mode peak) and 3-peak-II (i.e., an extra accumulation mode peak) types in 165 this study. Therefore, a total of four types of volume size distribution are 166 summarized in this study and their mean VPSD are shown in Figure 2. 167 It can be seen from Figure 2(a) that mean volume of 3-peak-II type, especially 168 the fine modal volume, is larger than others. The 4-peak VPSD numbers are smaller, 169
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 3 peak and 4-peak types) appears in all months of the year. Considering that a large 183 part of these extra peak VPSDs may related to residual of cloud/fog residuals, it is 184 suggested that cloud contamination (e.g. thin cirrus) on the aerosols occurs (Eck et 185 al., 2014) throughout the year in Beijing 2013. 186 3.2 Optical properties of multi-peak VPSDs 187 It is important to reveal the aerosol optical properties associated with 188 multi-peak VPSDs. Figure 5(a) shows the frequency of multi-peak VPSD case 189 numbers with AOD. The number frequency of the 3-peak-II and 4-peak cases 190 increases obviously when AOD is more than 0.5. The mean AOD of the 3-peak-II 191 cases is the highest (1.18) in 2013 while much lower for the 3-peak-I (0.49) and 192 2-peak cases (0.58) as listed in Table 2. The 65% of the 2-peak cases present in the 193 low aerosol loading conditions (e.g. AOD < 0.5), where probability of the 4-peak 194 cases is very low (<6%).
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  In figure 5(b), the maximum frequency of 2-and 3-peak-I cases appear at the 196 positions where AE equals to about 1.4, while AE is 1.3 for the 4-peak cases. For 197 3-peak-II cases, it presents two maximum frequencies at about AE = 1.2 and 1.4 with 198 the frequency of 22 and 20%, respectively. This suggests there might be a sight 199 particle size decrease effect (AE from 1.2 to 1.4) for 3-peak-II type while the more 200 prevalent cases are with AE = 1.2. It should also be mentioned that although this 201 standard AEORNET AE are widely used in many studies (Dubovik et al., 2002; 202 Gobbi et al., 2007; Che et al., 2014), more information might be retrieved from AE 203 computed from the extended wavelengths (i.e. 380-550nm) following analyses of 204 Eck et al. (2014).
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  In figure 5(c), the mean SSA of 2-peak and 3-peak-I type are lower than those 206 of 3-peak-II and 4-peak cases, suggesting that the aerosol scattering property is 207 enhanced in 3-peak-II and 4-peak types, especially the 3-peak-II. The mean SSA at 208 675nm changes from 0.874 (3-peak-I) to 0.909 (3-peak-II) as listed in Table2.209Moreover, the mean SSA of 3-peak-II type is close to that of 4-peak type at 440 nm 210 but larger at other three wavelengths. This may indicate more brown carbon and 211 water content in aerosols for 3-peak-II type according to SSA spectral behaviors of 212 aerosol components[START_REF] Wang | 431 Estimate of aerosol absorbing components of black carbon, brown carbon, and 432 dust from ground-based remote sensing data of sun-sky radiometers[END_REF]. It should be noticed that this SSA analysis 213 may have limitations on the sample representativeness, especially for 2-peak type, 214 considering data quality control of AOD (440 nm) > 0.4 affecting mainly on 2-peak 215 cases. The retrieval of SSA in low AOD conditions may be improved by involving 216 the coincident polarized measurements[START_REF] Li | Improvements for[END_REF] in the near future.

  Figure6shows the number frequencies of multi-peak VPSDs with the
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  We have seen some complex relationships between multi-peak VPSDs 246 frequency with relative humidity in Figure 6(b), whereas several researches also suggested possible big influence of RH on extra VPSD peaks through hygroscopic 248 effects. Here, we show a statistics on the median radius of VPSD peaks with RH bins 249 in Table 3. It can be seen firstly a general increase of r1 with RH, agreeing with Eck 250 et al. (2012) results. This can be thought as the classical hygroscopic growth and/or 251 cloud or fog processing. Secondly, r4 show generally decreasing trends with RH, 252 suggesting the wet scavenging effects on dust-like particles in coarse mode. Thirdly, 253 r2 and r3 of 3-peak-II and 4-peak VPSDs illustrate generally a positive correlation 254with RH which can be thought as similar phenomena as hygroscopic growth but 255 occurring for particles with different size[START_REF] Li | Observations of residual submicron fine aerosol particles related to 379 cloud and fog processing during a major pollution event in Beijing[END_REF] Reid et al. 1998). The radii 256 of aerosol particles can increase from accumulation to coarse size involved into the 257 cloud/fog process under highly RH conditions[START_REF] Klein | Relationship between optical extinction and liquid 370 water content in fogs[END_REF], while the 258 decrease of RH results in the evaporation of cloud/fog droplets and the residual 259 particles[START_REF] Li | Observations of residual submicron fine aerosol particles related to 379 cloud and fog processing during a major pollution event in Beijing[END_REF] can form the extra peak around 0.25-0.40 μm (Table

260Fourthly,

  r3 of the 3-peak-I VPSD cases present a general negative correlation with 261 RH, in contrast with those of 3-peak-II and 4-peak types. This negative correlation is 262 thought to be associated with hydrophobic fly ash from coal combustion or other , the aerosol volume particle size distributions (VPSD) retrieved 266 from Sun-sky radiometer measurements are decomposed into characteristic 267 log-normal peaks in Beijing over 2013. The number frequency of the 2-, 3-I/II and 268 4-peak cases are presented against the aerosol optical properties and meteorological 269 conditions. It is found that the most part of VPSDs present two characteristic peaks, 270 while the probability of double-peak pattern in a single mode (accumulation and/or 271 coarse modes) increases under pollution conditions. The extra fine and coarse modal 272 peaks are identified in this study with the mean center radius of about 273 0.28(±0.09)-0.38(±0.11) and 1.25(±0.56)-1.47(±0.30) μm, respectively, in contrast 274 with those of standard peaks (0.15 and 3.71 μm). The 3-peak-I type appears under 275 dry conditions (mean RH of 54%) and is thought to contain hydrophobic fly ash 276 particles. The 3-peak-II and 4-peak types prevalently present in the condition of 277 large aerosol loading and high humidity (mean RH of 72% and 67%, respectively) 278 conditions, with the mean AOD (440 nm) of 1.18 and 1.04, and mean SSA (675 nm) 279 of 0.909 and 0.902, respectively. The correlations between multi-peak VPSD 280 appearance and RH suggest that the aerosol hygroscopic/hydrophobic changes and 281 cloud/fog process can play important roles in the aerosol size transformation. 282 We also noticed that in Beijing the extra coarse peaks (mean median radii 283 around 1.25 and 1.47 μm) possibly associate with two different sources/mechanisms, 284 considering their opposite RH dependence. The aerosol components are not analyzed 285 in this study, considering component information from in situ measurements is 286 somehow difficult to match exactly remote sensing measurement (i.e. surface 287 quantities vs. total column values). In the future, with the development of aerosol 288 component inversion techniques based on remote sensing data (e.g. Schuster et al. 289 2015), coupling with the characteristic peak analyses, it is expected to estimate 290 aerosol component information inside each characteristic peaks, which helps 291 understand particulate formation and transformation in the ambient atmosphere.
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Table 1 .

 1 Three log-normal mode parameters (r, σ, C) of VPSD of Figure2.
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Table 2 .

 2 The optical, physical and meteorological parameters corresponding to
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	VPSD types with multiple peaks.
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Table 3 .

 3 The mean median radius of multi-peak VPSD types under different relative
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	humidity (RH) bins.

Table 1 .

 1 Three log-normal mode parameters (r, σ, C) of VPSD of Figure2.

	465													
	VPSD type	N	r1	median radius (μm) (st.d.) r2 r3	r4	σ1	standard deviation (st.d.) σ2 σ3	σ4	modal concentration (μm 3 /μm 2 ) (st.d.) C1 C2 C3 C4
	2-peak	274	0.15 (0.03)	/	/	3.71 (0.93)	1.49 (0.10)	/	/	1.64 (0.16)	0.053 (0.059)	/	/	0.073 (0.073)
	3-peak-I 203	0.15 (0.03)	/	1.47 (0.30)	4.20 (0.62)	1.49 (0.09)	/	2.13 (0.39)	1.54 (0.18)	0.045 (0.040)	/	0.047 (0.035)	0.069 (0.083)
	3-peak-II	74	0.15 (0.05)	0.38 (0.11)	/	2.70 (0.51)	1.51 (0.26)	1.72 (0.32)	/	1.90 (0.22)	0.080 (0.049)	0.065 (0.061)	/	0.122 (0.090)
	4-peak	18	0.13 (0.03)	0.28 (0.09)	1.25 (0.56)	3.44 (0.97)	1.44 (0.19)	1.57 (0.16)	1.70 (0.64)	1.72 (0.22)	0.054 (0.042)	0.064 (0.044)	0.040 (0.037)	0.088 (0.040)
	466													
	467													

Table 2 .

 2 The optical, physical and meteorological parameters corresponding to

	468						
	469	VPSD types with multiple peaks.			
		VPSD Type	AOD (440nm)	AE	SSA (675nm)	T (℃)	RH (%)	WS (m/s)
		2-peak	0.58	1.28	0.885	5.0	58	1.62
		3-peak-I	0.49	1.12	0.874	10.8	54	1.88
		3-peak-II	1.18	1.18	0.909	5.2	72	1.31
		4-peak	1.04	1.20	0.902	6.6	66	1.58
	470	Note: AOD: Aerosol Optical Depth; AE: Ångström Exponent; SSA: Single
	471	Scattering Albedo; T: Temperature; RH: Relative Humidity; WS: Wind Speed.
	472						
	473						

Table 3 .

 3 The number frequency of median radius for the extra peaks of 3-peak

	474					
	475	VPSDs.				
		RH (%)		r1 (μm)	mean median radius (st.d.) [unit: μm] r2 (μm) r3 (μm)	r4 (μm)
			[0,35]	0.14 (0.018)	/	/	4.16 (0.353)
		2-peak	(35,50] (50,70]	0.13 (0.019) 0.14 (0.033)	/ /	/ /	3.76 (0.652) 3.68 (1.381)
			(70,90]	0.16 (0.034)	/	/	3.42 (0.744)
			[0,35]	0.13 (0.014)	/	1.46 (0.200)	4.52 (0.557)
		3-peak-I	(35,50] (50,70]	0.14 (0.021) 0.15 (0.024)	/ /	1.57 (0.248) 1.43 (0.347)	4.30 (0.566) 4.06 (0.512)
			(70,90]	0.15 (0.035)	/	1.41 (0.339)	3.89 (0.661)
			[0,35]	0.11 (0.012)	0.25 (0.047)	/	2.28 (0.118)
		3-peak-II	(35,50] (50,70]	0.11 (0.021) 0.13 (0.048)	0.32 (0.123) 0.40 (0.125)	/ /	2.57 (0.368) 2.85 (0.521)
			(70,90]	0.18 (0.049)	0.40 (0.106)	/	2.65 (0.521)
			[0,35]	/	/	/	/
		4-peak	(35,50] (50,70]	0.13 (0.034) 0.11 (0.025)	0.29 (0.084) 0.21 (0.044)	1.27 (0.497) 1.00 (0.277)	3.83 (1.219) 3.45 (0.871)
			(70,90]	0.13 (0.030)	0.30 (0.096)	1.18 (0.553)	3.06 (0.806)
	476					
	477					
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