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Abstract 27 

A historic haze event, characterized by long duration, large scale and severe 28 

pollution, occurred in the Yangtze River Delta (YRD) of China during 1 to 29 

10 December 2013. This haze event significantly influenced air quality 30 

throughout the region, especially in urban areas. Aerosol physical, 31 

chemical and optical properties were measured in Shanghai. Sometimes 32 

the instantaneous particle concentration (e.g. PM2.5) exceeded 600 µg m-3. 33 

Inorganic water-soluble ions in particles, trace gases and aerosol optical 34 

coefficients had a similar tendency to increase evidently from clear to hazy 35 

episodes. A combination of various factors contributed to the formation 36 

and evolution of the haze event, among which meteorological conditions, 37 

local anthropogenic emissions and pollutants are the major factors. High 38 

pressure system, calm surface wind and subsidence airflow were 39 

responsible for the decrease of planetary boundary layer (PBL) and the 40 

accumulation of pollutants. Atmospheric visibility correlated strongly with 41 

relative humidity (RH), particle number in size of 600-1400 nm other than 42 

particulate water-soluble species and particle mass (PM2.5). The particle 43 

hygroscopicity plays an important role in atmospheric visibility reduction. 44 

The results are somewhat helpful to forecast and eliminate regional 45 

atmospheric pollutions in China. 46 
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1. Introduction 49 

Atmospheric aerosols are either emitted from human activities and 50 

natural sources or formed by a variety of precursor photochemical 51 

reactions. Aerosol exerts great impacts on the earth’s radiation balance and 52 

climate by directly scattering and absorbing solar and terrestrial radiation, 53 

and indirectly modifying cloud and precipitation by acting as cloud 54 

condensation nuclei (CCN) (Ramanathan et al., 2001; Andreae et al., 2005; 55 

Lohmann et al., 2005). In lower atmospheric layers, aerosol particles can 56 

accumulate and result in air pollutions under unfavorable dispersion 57 

conditions, and then produce the adverse effects on human health and 58 

atmospheric visibility (Wu et al., 2005). Haze is an atmospheric 59 

phenomenon that the sky clarity is obscured by dust, smoke and other dry 60 

particles, during which atmospheric visibility and relative humidity (RH) 61 

are usually below 10 km and 80% (Wu et al., 2006; Xiao et al., 2006; Fu 62 

et al., 2008; Bell et al., 2011). 63 

Since World War Ⅱ, haze has occurred in London and Los Angeles 64 

due to fast economic development (McNulty, 1968; Lee, 1983; Schichtel 65 

et al., 2001). After that, the regions affected by haze have spread to North 66 

Africa, Indian Ocean and Asia etc. (Quin and Bates, 2003; Huebert er al., 67 

2003; Du et al., 2011). Until now, the formation and evolution of haze has 68 

not been fully understood despite of experiments carried out throughout 69 

the world, making it difficult for the governments to take effective 70 



measures to reduce air pollutions (Malm and Day, 2001; Huebert et al., 71 

2003; Wu et al., 2005; Wang et al., 2006b). 72 

China has undergone rapid economic for over 30 years, which releases 73 

a large amount of anthropogenic particles and relevant precursors, and 74 

forces many cities to suffer from atmospheric pollutions. The increase of 75 

haze or hazy days have been observed in the urban environments of 76 

northern, eastern, and southwestern China (Sun et al., 2006; Che et al., 77 

2009). Four major regions are mostly influenced by haze in China, i.e. the 78 

Jing-Jin-Tang Region (JJT), the Yangtze River Delta (YRD), the Sichuan 79 

Base (SCB) and the Pearl River Delta (PRD). The hazy days increased 80 

significantly from 70d in 2001 to 144d in 2004 in Guangzhou (Liu et al., 81 

2013). Although the hazy days decreased quickly from 223d in 1982 to 73d 82 

in 2005 in Beijing after measures implemented on management of coal 83 

demand, motor vehicles, industrial and dust emissions, however, it 84 

increased again in 2011 and posed significant effects on human society 85 

(Liu et al., 2013). Wang et al. (2006b) compared the aerosol chemical 86 

compositions of dusty, hazy and clear days in Beijing, and pointed out that 87 

(NH4)2SO4, NH4NO3 and Ca(NO3)2 were the major species during hazy 88 

days in spring. Sun et al. (2006) found that the concentrations of aerosol 89 

elements and water-soluble ions in haze-fog episodes were over 10 times 90 

those in clear days in Beijing. The YRD region, one of important economic 91 

core areas with large population, high urbanization and advanced 92 



industrialization in China, is facing an inter-annual increase of foggy and 93 

hazy days, especially in winter (Tie and Cao, 2009). Ye et al. (2011) 94 

discovered the important role of ammonia in haze formation in Shanghai. 95 

Du et al. (2011) put insights into summer haze events over Shanghai, and 96 

pointed out that the secondary pollutants of increasing sulfate and nitrate 97 

were oxidized from large amounts of SO2 and NO2 under a high 98 

atmospheric oxidation condition. Kang et al. (2013) regarded more 99 

accumulation mode particles and higher RH as the main reasons of 100 

atmospheric visibility impairment during haze episodes in Nanjing. 101 

To date, available studies on haze in the YRD mainly put efforts to the 102 

chemical compositions and physical characteristics of pollutants, but in 103 

view of synoptic few focused on the entire process of events at larger scales. 104 

It is meaningful to investigate the formation and evolution of regional haze 105 

events for useful information to forecast and reduce severe atmospheric 106 

pollutions. A winter haze event occurred in the YRD during 1-10 107 

December 2013, known as one historic severe event with features of long 108 

duration, large scale and strong pollution. This paper performs a detailed 109 

analysis of this serious haze event and gives insights into regional heavy 110 

atmospheric pollution in such a fast-developing area. 111 

 112 

2. Experiment 113 

2.1 Observation site 114 



   The measurement station was mounted on the roof of one building 115 

approximately 20m above ground in the campus of Fudan University 116 

(31˚18´N, 121˚29´E) in Shanghai, located in the east edge of the YRD 117 

region. The site is mainly surrounded by urban residential and commercial 118 

zones, approximate 40 km from the East China Sea. Due to Asian monsoon 119 

climate, the annual mean precipitation is about 1119 mm, mainly occurring 120 

between May and September, and the wind prevails northeasterly in winter 121 

and southeasterly in summer. Atmospheric components are likely to 122 

originate from local emissions and remote sources (Du et al., 2011). Local 123 

time (LT) used in this study is eight hours ahead of UTC. 124 

2.2 Instrument and Measurements 125 

 Major water-soluble ions (Na+, K+, Mg+, Ca+, SO4
2-, Cl-, NO3

- and 126 

NH4
+) in aerosol particles were measured by an analyzer for Monitoring 127 

Aerosols and Gases (MARGA, ADI 2080, Netherlands) at 1 h time 128 

resolution. Ambient air is drawn into the sample box with airflow of 1 m3/h 129 

by a pump with mass flow controller (MFC), and the separated gases and 130 

aerosols are selectively dissolved and then analyzed by ion 131 

chromatography. An internal calibration method, using bromide for the 132 

anion chromatograph and lithium for the cation chromatograph, was 133 

operated over the whole period to ensure the instrument to identify and 134 

measure ion species successfully. The detailed information of sampling, 135 

operation and internal calibration can be found elsewhere (Du et al., 2011).  136 



Aerosol particle size distributions in 10nm - 10µm were observed using 137 

a high-resolution wide-range particle spectrometer (WPS-1000 XP, MSP). 138 

The principle of instrument, combining laser light scattering (LPS), 139 

condensation particle counting (CPC) and differential mobility analysis 140 

(DMA), has been introduced in detail by Gao et al. (2009). DMA and CPC 141 

can effectively count particles in 10nm - 500nm, while LPS is designed to 142 

measure particles in 350nm - 10µm. The instrument took 3 min to scan the 143 

entire size range completely, 60 channels in DMA and 24 channels in LPS 144 

(2 s per channel). Before the campaign, DMA was calibrated using the 145 

National Institute of Standards and Technology (NIST) Standard Reference 146 

Materials (SRM) 1691 and SRM 1963 Polystyrene Latex (PSL) spheres 147 

(mean diameter of 0.269µm and 0.1007µm) to maintain transfer function 148 

proper and accurate particle sizing. LPS was calibrated using four NIST 149 

traceable sizes of PSL (i.e. 0.701, 1.36, 1.6 and 4.0 µm). Zhang et al. (2010) 150 

has described the calibration and operation methodology of WPS in detail. 151 

Black carbon (BC) was measured by an Aethalometer (AE-31, Magee 152 

Scientific Co., USA) at 5-min time resolution and 5 l/min airflow rate. 153 

According to the strong ability of BC absorption to near-infrared lights, its 154 

mass can be determined using the light attenuation at 880 nm and the 155 

appropriate specific attenuation cross section proportional to BC (Petzold 156 

et al., 1997). The attenuation is calculated based on the intensity difference 157 

of reference and sensing beams between light on and off (Hansen et al., 158 



1984; Weingartner et al., 2003). In order to screen the impacts of other 159 

absorptive material, the data contaminated by mineral aerosols were 160 

excluded from BC measurements. Details for instrument operating and 161 

calibrating and data processing can be found in Cheng et al. (2010). 162 

Aerosol backscattering profile was measured by a set of micro pulse 163 

lidar (MPL-4B) with pulse energy 6-10 µJ and repetition frequency 2500 164 

Hz. To date, MPL is utilized widely in the most parts of world as an 165 

effective tool for capturing high temporal resolution information of aerosol 166 

vertical distributions (Menut et al., 1999; Cohn and Angevine, 2000; 167 

Brooks, 2003). Planetary boundary layer (PBL) height is determined by the 168 

MPL measurement at the altitude where a sudden decrease of scattering 169 

coefficients occurs (Boers and Eloranta, 1986). Instrument calibrations, 170 

normalization process, and the analyses of errors propagation and 171 

correction uncertainties in MPL processed signal have been described by 172 

Campbell et al. (2002), Welton and Campbell (2000) and Welton (2002).  173 

Aerosol scattering coefficients (525 nm) were measured using an 174 

Aurora-1000 nephelometer (Ecotech Pty Ltd., Australia) at 5-min 175 

resolution. The scattering coefficient is calculated by integrating the 176 

scattering intensities from angles 7° to 170°. The relative humidity (RH) 177 

inside the instrument was retained below 60% to prevent from excessive 178 

water vapor entering the chamber. The zero check was operated 179 

automatically each day using particle-free air, while the span check was 180 



done every two weeks using R-134a gas. 181 

A CCN counter (CCN-100, DMT, USA) with continuous flow and single 182 

column (Roberts and Nenes, 2006; Lance et al., 2006) was employed to 183 

monitor CCN concentrations at supersaturations (SS) of 0.2-1.0%. The 184 

ambient aerosols were firstly dried by a dryer (activated carbon) to lower 185 

relative humidity (RH) below 30%, and subsequently introduced into the 186 

counter. The instrument was calibrated for SS using standard (NH4)2SO4 187 

particles every three months since 2010. According to the instrument 188 

operation manual, regular calibrations were also performed for temperature 189 

gradient, input and shear airflows and pressure to maintain stable SS (Leng 190 

et al., 2013, 2014a, b). Periodic zero checks were done to ensure counting 191 

accuracy for optical particle counter (OPC) inside the CCN counter.  192 

Moreover, two continuous ambient particulate monitors (FH62C14, 193 

Thermo) were used to measure PM2.5 and PM10 (particles in aerodynamic 194 

diameter <2.5 µm and <10 µm). The particles are deposited on a glass fiber 195 

tape, and then detected by the method of beta attenuation. The particle mass 196 

concentration is obtained from the simultaneous measurements of mass 197 

and volume of one aerosol sample. An automatic weather station 198 

(HydroMet, Vaisala) and a visibility monitor (Vaisala) were employed to 199 

measure meteorological variables and atmospheric visibility. The data of 200 

hourly-averaged conc. of gases (SO2, NO2, CO and O3) was from the 201 

Shanghai Environmental Monitoring Center (SEMC). 202 



3. Results and discussion 203 

3.1 Overview of haze event 204 

3.1.1 Identification of hazy episode 205 

  It has been widely accepted that the key criterion for discerning a haze 206 

event is an apparent decrease of atmospheric visibility less than 10 km and 207 

ambient relative humidity (RH) below 80% lasting for several hours (Fu et 208 

al., 2008; Du et al., 2011). When 80% < RH < 90%, the event is referred 209 

to as a complex of haze-fog co-occurring or transition (Leng et al., 2014a), 210 

and it is also classified into hazy episode in the present study. 211 

  Figure 1a depicts the temporal variations of hourly PM2.5, PM10, 212 

atmospheric visibility and meteorological factors from 1 to 10 December 213 

2013. On the whole, atmospheric visibility mostly declined to below 10 214 

km, and RH hardly reached 90%. The haze event constituted of several 215 

sub-episodes, marked by gray areas in Figure 1a. It was clear that Shanghai 216 

suffered from a long-term haze event until 10 December, and subsequently 217 

loosened when atmospheric visibility improved and the clean sky took 218 

control afterwards. In fact, these hazy sub-episodes approximately 219 

accounted for 70% of the entire period, with mean atmospheric visibilities 220 

of 5.65 km for the former compared to 29.45 km for the rest (30%). 221 

  On a larger scale, this haze event caused a historic atmospheric pollution, 222 

and attacked the most parts of central and eastern China. PM2.5 in many 223 

cities exceeded 150 µg m-3, and some more than 300-500 µg m-3 even 600 224 



µg m-3, as expected, this event will produce one serious problem to people’s 225 

health at that time (Cao et al., 2012). 226 

3.1.2 Meteorological conditions 227 

Precipitation did not appear during the whole campaign. For most of the 228 

period (Figure 1b and 1c), ambient RH and temperature correlated 229 

negatively and showed an evident diurnal pattern, varying in the ranges of 230 

20-87% and 6-17 °C, respectively. The hazy episodes were usually 231 

characterized by higher RH and lower temperature, while the clean periods 232 

often corresponded to lower RH and higher temperature. The main reason 233 

is that high temperature can strengthen the vertical dispersion of pollutants 234 

due to thermal effects, and high RH can facilitate aerosol scattering due to 235 

hygroscopicity. The wind was weak (< 2 m s-1, 87%) during the hazy 236 

episodes until 9 December, but in the following day it became strong (>4 237 

m s-1) and conductive to the dispersion of air pollutants due to transiting 238 

cold front (Figure 1b and 1c). The wind direction was basically northeast 239 

or southeast during the clean periods, originating from marine areas. 240 

However, the wind normally turned into northwest when the haze took over, 241 

which will probably bring a large quantity of pollutants from inland areas 242 

and to some extent cause pollutant accumulation in downwind. 243 

3.1.3 Particulate mass concentration 244 

PM2.5 and PM10 were employed to represent ambient particulate mass 245 

burden per volume in the atmospheric boundary layer. PM2.5 and PM10 246 



instantaneously ranged within 50-600 µg m-3 and 55-680 µg m-3 throughout 247 

the whole campaign (Figure 1a), and both of them significantly rose during 248 

the hazy episodes with averages of 315 and 333 µg m-3, compared to 112 249 

and 134 µg m-3 in the clean periods. On the other hand, the ratios of 250 

PM2.5/PM10 varied between 0.54 and 0.97, and averaged at 0.88, 0.93, 0.8 251 

in total, hazy and clean periods, indicating that the fine particles are major 252 

contributors to particle mass. 253 

Interestingly, both PM2.5 and PM10 reached their peaks of 600 and 680 254 

µg m-3 as new historic records on 6 December, approximately 14 times 255 

higher than the Grade I criteria of the National Ambient Air Quality 256 

Standard of China (50 µg m-3 for PM10), and 24 times the World Health 257 

Organization Air Quality Guidelines (25 µg m-3 for PM2.5). Other cities in 258 

the YRD showed a similar tendency and high PM2.5 along with this haze 259 

event, such as 226 µg m-3 in Hangzhou, 230 µg m-3 in Nanjing and 260 µg 260 

m-3 in Hefei (Figure 2). The numerous measurements earlier in Shanghai 261 

during the last decade showed much lower values. For example, Wang et 262 

al. (2006a) observed that PM2.5 varied within 17.8-217.9 µg m-3 and 263 

averaged at 94.6 µg m-3. According to the Shanghai Environmental Bulletin 264 

2010 (www.envir.gov.cn/law/bulletin/2010/), the annual average of PM10 265 

in 2009 was about 79 µg m-3. Leng et al. (2014a) reported PM2.5 average of 266 

143 µg m-3 during hazy episode and 46 µg m-3 during clear episode in 267 

November 2010. They also observed that PM2.5 varied in 10-210 µg m-3 in 268 



January 2011 and 10-130 µg m-3 in April 2012, respectively (Leng et al., 269 

2013, 2014b). In addition, compared to Beijing as another megacity in 270 

China, He et al. (2001), Sun et al. (2004) and Liu et al. (2013) monitored 271 

PM2.5 extremes of 357 µg m-3 from July 1999 to September 2000, 349 µg 272 

m-3 in winter from 2002 to 2003, and 220 µg m-3 in September 2011. Briefly, 273 

the particulate mass burden was extremely high in this haze event, and so 274 

serious air pollution, unsuitable for human beings (Liu et al., 2013), must 275 

cause a formidable environmental disaster. 276 

3.1.4 High aerosol columnar loading 277 

  Aerosol optical depth (AOD), retrieved from MODIS employing the 278 

algorithm well introduced by Li et al. (2005), can be acted as a good 279 

indicator of aerosol loading in the whole atmosphere. Figure 3 depicts a 280 

full feature of AOD spatial distribution and its day-to-day development 281 

during the haze event. Briefly, the covering region of high AODs (>0.5) 282 

was generally spreading out a big domain, about most of the South China. 283 

High AODs originated from the YRD and the SCB, then extended to the 284 

central South China, the southwestern China and even the south of the JJT 285 

region, and moved to the YRD area in the end. 286 

  In the most serious days, AODs were as high as 1.00-1.25 on 5-8 287 

December. According to the records of the Ministry of Environmental 288 

Protection of China (http://www.zhb.gov.cn/), many cities in the upwind 289 

areas (e.g. Nanjing, Wuxi, and Suzhou) had higher AODs up to 1.5 and 290 



AQI over 500, implying that the inflow of pollutants to Shanghai is 291 

inevitable to contribute to the pollution. In addition, the weak circulation 292 

(Sect. 3.2.1) normally led to the build-up of pollutant pooling and 293 

contributed to the haze event formation. 294 

3.1.5 Aerosol optical properties 295 

  Figure 4 shows a temporal series of BC, aerosol scattering coefficient Sc 296 

(525 nm), and aerosol absorption coefficient Ab (532 nm). Based on the 297 

assumption that the averaged mixing state of BC is uniform, the Ab 298 

coefficient is indirectly calculated from measured BC according to the 299 

following equation (Yan et al., 2008), 300 

Ab=α×[BC]           (1) 301 

where [BC] represents BC mass concentration, and α is BC absorption 302 

efficiency which is adopted as 8.28 g m-2 in this paper. This value was 303 

obtained from the inter-comparison experiment performed in southern 304 

China previously, and was within the variance range of various source 305 

regions (Bergin et al., 2001; Bond and Bergstrom, 2006; Yan et al., 2009; 306 

Zhao et al., 2013). The aerosol scattering and absorption coefficients in 307 

combination determine its extinction ability, namely aerosol extinction 308 

coefficient (Ex=Ab+Sc).  309 

Basically, BC, Sc and Ab had the same tendency to increase in the hazy 310 

episodes, and reached to their max values at 0:00 LT on 6 December, i.e. 311 

35 µg m-3, 2.8×103 M m-1 and 290 M m-1, approximately 4-5 times higher 312 



than their mean values in the clean periods (8.3 µg m-3, 643 M m-1 and 58 313 

M m-1). The enhancement of aerosol optical properties largely contributed 314 

to atmospheric visibility decreasing, which correspondingly deteriorated to 315 

its minimum of 50 m at the same moment (Figure 1). The mean aerosol 316 

single scattering albedo (SSA=Sc/Ex, 532nm) was expectedly low at 0.89, 317 

indicating more absorptive species existing in the particle group. 318 

3.1.6 Condensation nuclei and cloud condensation nuclei 319 

  Aerosol size distribution was analyzed in detail to shed some light on its 320 

relationship with haze. Figure 5a presents a time series of aerosol size 321 

spectra and integrating particle size-resolved number concentrations (NCN). 322 

NCN showed an evident diurnal pattern with two peaks corresponding to 323 

the traffic rush hours, and appeared higher mean and instantaneous values 324 

in the hazy episodes (15000 and 25000 cm-3) than the clean periods (9500 325 

and 17000 cm-3). Generally, ambient aerosol particles in higher loading 326 

mainly distributed in a wider size range over the hazy episodes than the 327 

clean periods, 20-200 nm for the former and 20-100 nm for the latter. The 328 

averaged aerosol number size distribution is shown in Figure 5b. About 67% 329 

of particles fell in the size range of 10-100 nm, and the percent further 330 

increased to 91% when enlarged to 10-200 nm. This result is in good 331 

agreement with the early observations that urban ambient aerosols mainly 332 

distribute in ultrafine size section (Woo et al., 2001; Gao et al., 2007), 333 

slightly higher than 62% reported in Nanjing and 61% in Atlanta, a little 334 



lower than 72% in Eastern Germany and significantly lower than 94% in 335 

Taicang (Woo et al., 2001; Tuch et al., 1997; Gao et al., 2009; Kang et al., 336 

2013).  337 

  Cloud condensation nuclei (CCN) constitutes an important fraction of 338 

atmospheric aerosol population, and can indirectly influence global climate 339 

change through modifying the microphysical and radiative properties and 340 

lifetime of cloud (IPCC, 2013). It tends to reduce cloud droplet size and 341 

then suppress the wet precipitation in shallow and short-lived clouds 342 

(Lohmann and Feichter, 2005). Previous studies in Shanghai have found 343 

that CCN number concentration (NCCN) and aerosol activity promotes 344 

effectively during the polluted periods (Leng et al., 2013, 2014). In north 345 

India, Ritesh et al. (2007) observed a significant impact of winter haze on 346 

NCCN. To gather more information about CCN during haze, hourly NCCN at 347 

SS of 0.2-1.0% were plotted as a function of time in Figure 6. As expected, 348 

NCCN increased with SS, i.e. 3800-10000 cm-3 at SS 0.2% and 4000-16000 349 

cm-3 at SS 1.0%, and exhibited bimodal daily distributions. Agreed well 350 

with NCN, NCCN greatly enhanced during the hazy episodes, about 1.6-1.8 351 

folds (on varying SS) of that during the clean periods.  352 

3.1.7 Aerosol chemical species 353 

A key for understanding haze is to characterize both aerosol composition 354 

and trace gases quantitatively (Du et al., 2011). As important components 355 

of atmospheric particles, water-soluble inorganic ions are thought to be a 356 



significant contributor to atmospheric visibility impairment (Kang et al., 357 

2013). 358 

The time series of hourly water-soluble inorganic ions in PM2.5, 359 

including Na+, K+, Mg+, Ca+, SO4
2-, Cl-, NO3

- and NH4
+, and gaseous 360 

pollutants such as SO2, NO2, CO and O3 from 1 to 10 December are 361 

presented in Figure 7. Aerosol water-soluble ions, highly coinciding with 362 

particulate mass, showed higher contents in the hazy episodes than the 363 

clean periods. Totally, the mean concentrations of these ions were 364 

comparable to that monitored earlier in Shanghai (Yao et al., 2002; Wang 365 

et al., 2006a; Du et al., 2011). The mean concentrations of these ions were 366 

in sequence of NO3
->SO4

2->NH4
+>Cl->K+>Na+>Mg2+, and their 367 

contributions to PM2.5 were 11.7%, 7.7%, 6.7%, 1.5%, 0.6%, 0.3% and 368 

0.08%, respectively, slightly higher than that observed in haze pollutions 369 

in Nanjing and Guangzhou (Tan et al., 2009; Kang et al., 2013). Overall, 370 

the integrated water-soluble ions accounted for 28.5% of PM2.5, higher than 371 

the dust event but significantly lower than the biomass burning event 372 

observed in Nanjing (Zhang et al., 2012). 373 

Gaseous species play a vital role in atmospheric process by acting as 374 

precursors or mediums of photochemical reactions. Among them, O3 has 375 

been widely known as the products of photochemical reactions between 376 

volatile organic compounds (VOCs) and nitrogen oxides (NOX) with the 377 

participation of heat and sunlight, while SO2, NO2, and CO are mainly 378 



emitted from biomass, fuel and coal burning (Seinfeld and Pandis, 2006). 379 

Seen in Figure 7, the measured gaseous pollutants behaved an increasing 380 

trend during the hazy episodes, with one exception of O3 probably due to 381 

consumption by oxidation of NO and other species (Liu et al., 2013). 382 

  NO3
- and SO4

2- are products of NO2 and SO2 due to atmospheric 383 

oxidation, hence their concentrations strongly depended on related gaseous 384 

precursors and oxidation rate in the atmosphere. Two equations are used to 385 

estimate the extent of this transformation process (Sun et al., 2006): 386 

NOR=nNO3
-/(nNO3

-+nNO2)     (3) 387 

SOR=nSO4
2-/(nSO4

2-+nSO2)     (4) 388 

Where NOR and SOR means nitrogen oxidation rate and sulfur oxidation 389 

rate, n refers to molar concentration. It can be easily deduced that larger 390 

NOR and SOR would generate more atmospheric aerosols, and 391 

atmospheric photolysis reaction of SO2 would take place if the oxidation 392 

rate exceeds 0.1 (Ohta and Okita, 1990). In this study, NOR and SOR were 393 

always higher than 0.1 with averages of 0.14 and 0.27, respectively, 394 

suggesting that atmospheric oxidation of NO2 and SO2 contributed 395 

significantly to the formation of particulate matter. The mean NOR was 396 

comparable to that in Nanjing (0.16) during a long-lasting haze event but 397 

apparently lower than in Guangzhou (0.24), while the SOR was much 398 

higher that in Nanjing (0.13) but comparable to the value in Guangzhou 399 

(0.26) (Tan et al., 2009; Kang et al., 2013). Meanwhile, NO2 surpassed SO2 400 



so strong with a mass ratio of 1.53, hence more atmospheric H2O2 and OH 401 

would be removed via reactions with NO2, and the formation of SO4
2- 402 

would be greatly suppressed due to the competition effect (Poppe et al., 403 

1993). Furthermore, the mass ratio of ambient nitrate to sulfate (NO3
-/SO4

2-) 404 

can help to track the relative importance of stationary versus mobile 405 

sources of nitrate and sulfur in the atmosphere (Yao et al., 2002). The 406 

stationary emission dominates in the sources of SO2 and NO2 if the ratio is 407 

less than 1.0, otherwise SO2 and NO2 mainly come from traffic activities 408 

(Huebert et al., 1988). Shanghai has been experiencing an increasing trend 409 

of NO3
-/SO4

2- because of the very fast development of motor vehicles over 410 

the past decade (Yao et al., 2002; Wang et al., 2006a; Fu et al., 2008). 411 

Therefore, more contribution of pollutants from mobile sources is expected 412 

to the local pollutions. The mean NO3
-/SO4

2- during this haze event was 413 

1.53, comparable to our early measurement in 2010 (1.61), but 414 

significantly higher than those observed in haze events in Guangzhou (1.02) 415 

and Nanjing (0.84 and 1.05) (Tan et al., 2009; Kang et al., 2013; Leng et 416 

al., 2013). The traffic-emitted SO2 and NO2 preponderating their stationary 417 

sources so conspicuous illustrated that the increasing traffic activities is 418 

one of main reasons for visibility degradation. 419 

3.2 Formation and evolution of haze event 420 

3.2.1 Atmospheric circle and synoptic situation 421 

During winter time, the YRD region is often influenced by cold air from 422 



north, such as cold high pressure and cold front, and surface temperature 423 

inversion takes place sometimes (Chen et al., 2003; Liu et al., 2013). Under 424 

those conditions, atmospheric mixing and dispersion are basically weak in 425 

favor of pollutant accumulation, hence haze or fog easily occurs (Xu et al., 426 

2011; Zhao et al., 2013). 427 

The mean geopotential height field at 500 hPa revealed that during 1-10 428 

December a long wave adjustment happened over the middle and high 429 

latitude of Eurasia. On 1 to 5, the atmospheric circulation in this region was 430 

representative of two troughs and one ridge, and these troughs were located 431 

in the west of the Balkhash lake and the north of Northeast China and a 432 

wide ridge of high pressure existed between them (Figure 8). On 6, the 433 

circulation situation changed to two troughs and two ridges, and these 434 

troughs were located in the west of Lake Baikal and the east of Asia. 435 

However, over the central and southern China, there were flat westerly 436 

flows in most times with smaller radial degree and fast-moving short-wave 437 

troughs and ridges. During the haze event, the central and southern China 438 

was mainly under the stable westerly, and the YRD was affected by it. 439 

Additionally, at 700 hPa, the shear lines generated continuously and moved 440 

eastwards, and the difference between temperature and dew point mostly 441 

exceeded 4 ℃, and the weak westerly and wind convergence appeared over 442 

the areas covered by haze clouds. At 850 hPa, the YRD was influenced by 443 

anticyclonic ring in most of time, wind speed smaller even static, and in 444 



view of temperature, this region was in one weak warm structure, 445 

isotherms relatively flat. 446 

The surface weather maps at 6:00 (UTC) from 3-8 December are shown 447 

in Figure 9. A slowly migrating anti-cyclone (high-pressure) overlaid the 448 

YRD region and possibly caused a build-up of pollution due to the 449 

concomitant subsidence airflow and relatively stagnant conditions. The 450 

high pressure dominating this area also indicated aloft airflow convergence 451 

and surface divergence, which in turn would subside and restrict PBL 452 

development, and accordingly limit the convection of pollutants by 453 

trapping them within a shallow altitude. Unfavorable ambient temperature 454 

posed another adverse effect on the thermal dynamic development of PBL 455 

height. The small pressure gradients over the YRD would horizontally 456 

suppress the air circulation at large scales because of low wind speed 457 

mostly below 2 m s-1 during the hazy episodes. Under those favorable 458 

situations, e.g. stable synoptic condition and calm wind, atmospheric 459 

pollutants were easily to accumulate within the surface atmospheric layer 460 

which ultimately led to severe urban air pollution. On the other hand, the 461 

YRD was sometime controlled by low pressure periphery and trough, and 462 

the pressure gradient was relatively weak. Although the low pressure was 463 

conducive to the rise of air masses, the vertical movement of upper and 464 

lower levels of the atmosphere was too weak to produce the effective 465 

dispersion of air pollutants and then result in pollution. Furthermore, the 466 



effect of ambient aerosols uptaking water vapor would effectively enhance 467 

their ability of scattering or absorbing solar radiation and damage 468 

atmospheric visibility eventually. The high ambient RH (60-80%) over this 469 

haze process indeed made a rich supply of water vapor for enhancing 470 

aerosol hygroscopic growth and was mostly responsible for the 471 

atmospheric visibility impairment. Normally, external forces such as high 472 

wind or rainfall are necessary to interrupt the stable situation and favor the 473 

diffusion of pollutants. 474 

Over the target region (30°40’ ~31°53’), during the haze event, the 475 

vertical winds almost were less than 0.4 Pa/s between 500 hPa and surface, 476 

and it was less than 0.2 Pa/s at 700 hPa, implying that the vertical exchange 477 

of air parcels between the upper and lower atmospheric layers is very weak. 478 

Near the ground, the vertical velocity of winds was positive, and the 479 

relative vorticity was zero or negative value in most of time, demonstrating 480 

that airflow was prevailed in downdraft at the bottom of the atmosphere. 481 

Moreover, the temperature profile of sounding data revealed that the strong 482 

inversions occurred in 5 days with relatively low heights, so atmospheric 483 

convection and turbulence were inhibited, and then the blocked diffusion 484 

in vertical direction caused pollutant accumulation near the surface. 485 

In summary, atmospheric pollutants were restricted within shallow layer, 486 

favorable for visibility impairment due to the dominance of weak high 487 

pressure system with low pressure gradients, subsidence airflow, 488 



unfavorable PBL height and meteorological situation. In good agreement 489 

with our study, Wu et al. (2005) reported that descending air motion and 490 

weak horizontal wind produced significantly high particle concentrations 491 

during a severe haze event in Guangzhou. Also in the YRD area, Fu et al. 492 

(2008) found that high pressure system responsible for stagnant conditions 493 

was the major reason of high pollution events. The stable synoptic 494 

condition and its long duration was indeed viewed as one of the most 495 

important factors ruling the formation and evolution of this haze event.  496 

3.2.2 Impacts of air mass pathways 497 

  HYSPLIT-4 model, developed by the Air Resources Laboratory (ARL) 498 

of the National Oceanic and Atmospheric Administration (NOAA) of USA 499 

(Draxler and Rolph, 2003), was employed to compute 48 h air mass 500 

backward trajectories at 500 m height, starting at 0:00 UTC and 12:00 UTC 501 

for each day. By doing so, we can identify and compile a full view of the 502 

possible source regions of pollutants. 503 

  According to those calculated trajectories plotted in Figure 10, three 504 

types of air mass pathways were determined in summary. Firstly, the air 505 

mass wandered inside the region with shallow atmospheric boundary layer, 506 

accounting for 60% of total trajectories, which was in good agreement with 507 

stable synoptic condition during the hazy episodes. This situation 508 

facilitates the accumulation of atmospheric pollutants and ultimately 509 

results in haze formation. Secondly, the subsidence flow from high altitude 510 



with minor horizontal movement, accounting for 30% of trajectories, 511 

dominated and brought in temporal clear sky between the hazy episodes on 512 

2, 3 and 8 December. Thirdly, the air mass, originating from the northern 513 

inland China at high altitude, fast travelled southerly across the Northern 514 

China Plain (NCP) and the Eastern Region of China (ERC), and finally 515 

arrived in Shanghai over a long distance on 10 December, accounting for 516 

10% of trajectories. They are helpful to dilute the atmospheric pollutants 517 

and then end this haze event. Most possibly, a combination of local 518 

emissions and long-distance transportation of remote emissions exerts the 519 

joint effects to the pollutants during the haze event. 520 

3.2.3 Reduction of PBL height 521 

  PBL plays a vital role in determining the vertical dispersion of air 522 

pollutants that are emitted naturally or artificially from the Earth surface 523 

(Kim et al., 2007; Liu et al., 2013). Decreasing height of PBL can normally 524 

hold the pollutants within the shallow surface layer, suppress the vertical 525 

atmospheric dilution and ultimately cause regional environment shrouded 526 

by pollution (Kim et al., 2007). In Shanghai, several field measurements 527 

have monitored that PBL height is usually low during hazy episodes (Leng 528 

et al., 2014b; Zhang et al., 2015). By utilizing the normalized Lidar 529 

backscatter signal at 532 nm, the PBL retrieval at 30-sec resolution was 530 

derived in this study, and the time-height series was plotted in red line in 531 

Figure 11. Overall, PBL height was negatively correlated with atmospheric 532 



visibility with R2 of 0.63, and averaged at 1.3 km during the clean periods 533 

and 0.6 km during the hazy episodes. From midday on 5 to the night on 6 534 

December, the height of PBL decreased to 400 m lasting more than 30 535 

hours, and PM2.5 during this period enhanced to over 600 µg m-3, 5.4 times 536 

of the average of the clean periods. The lower PBL heights will retain more 537 

pollutants in the surface layer and cause the city surrounded by haze. 538 

  In theory, PBL basically evolves as a function of atmospheric thermal 539 

and dynamic factors, e.g. air temperature and wind speed (Liu et al., 2013). 540 

In fact, there is a feedback between atmospheric aerosol loading and PBL 541 

height. Briefly, the more ambient aerosols accumulate, the less solar 542 

radiation reaches to surface, which inevitably poses a disadvantageous 543 

effect on surface air temperature as well as a positive impact on ambient 544 

RH, and further restricts the development of PBL. The low PBL height in 545 

turn forces the accumulation of aerosol particles in the high RH and 546 

shallow atmosphere, and ultimately degrade atmospheric visibility (Liu et 547 

al., 2013). Otherwise, more solar radiation arrives at the ground in case of 548 

clean sky, under those conditions the air temperature and PBL height 549 

increase while the ambient RH drops, which is unfavorable to the haze 550 

formation. This scientific issue involves many complicated atmospheric 551 

processes remaining poorly understood as well as deserving further study. 552 

As mentioned in Sect. 3.2.1 and 3.2.2, the YRD region was undergoing a 553 

large scale of weak high pressure with surface air moving slowly during 554 



the campaign. The air temperature retained at a low level which was not 555 

conductive to the development of PBL, thereby heavy air pollution took 556 

place and eventually resulted in visibility degradation. In short, the low 557 

PBL height is helpful for the increase of aerosol particles, hence favors the 558 

occurrence of haze event. 559 

3.2.4 Aerosol composition and hygroscopicity 560 

  As important components of ambient particles, particle-phase water-561 

soluble inorganic ions generally account for 30% of particulate matter in 562 

urban atmosphere, and are considered as a great contributor to the 563 

atmospheric visibility impairment because they hugely determine the 564 

ability of aerosol particles to uptake water vapor (Hillamo et al., 1998; 565 

Andrews et al., 2000; Chow et al., 2006; Seinfeld and Pandis, 2006). Also, 566 

they are essential participants in the formation, growth and evolution of 567 

nanoparticles by providing significant potential of surface chemical 568 

reactions (Wang et al., 2006b). In Shanghai, sulfate and nitrate have been 569 

evidently identified as great contributors to the occurrence of heavy 570 

particulate pollution events (Wang et al., 2006b; Sun et al., 2006; Fu et al., 571 

2008), and NH3 plays a vital role in the enhancement of particulate sulfate 572 

and nitrate (Ye et al., 2011).  573 

When ambient RH is high, those aerosols that are more hydrophilic can 574 

grow in diameter via uptaking water vapor, and through this way they can 575 

increase their ability of scattering light and cause atmospheric visibility 576 



impairment (Tang, 1996). A kappa value κ, describing particle 577 

hygroscopicity, was firstly introduced by Petters and Kreidenweis (2007) 578 

and employed here to investigate its relationship with haze formation. 579 

Assuming ambient aerosols are well internal-mixed, the effective 580 

integrated κ can be obtained through weighting their chemical compound 581 

volume factions, 582 

i i
i

κ = ε κ∑     (5) 583 

where εі is the volume fraction of chemical compounds in particles, 584 

and κі is the effective κ of individual chemical composition. Equation 585 

(5) has been widely used and described elsewhere in detail (Petters and and 586 

Kreidenweis., 2008; Yue et al., 2011; Leng et al., 2014a, 2014b). In this 587 

study, aerosol particle compositions were classified into three categories, 588 

and κі and εі for individual composition are listed in Table 1, of which 589 

“others” refers to PM10-(SO4
2-+NO3

-+NH4
++Cl-+Na+), and is viewed as a 590 

chemical compound with κі=0 (Yue et al., 2011). Figure 11 provides the 591 

time series of hourly-averaged kappa values, with higher κ during the hazy 592 

episodes (0.22) and lower κ during the clean periods (0.15), indicating that 593 

aerosols are basically more hygroscopic responsible for haze occurrence 594 

during the pollution period. 595 

With the aim of better understanding the potential contribution of 596 

individual water-soluble ions, BC and ambient RH to atmospheric 597 

visibility impairment, we run nonlinear regression analysis and the results 598 



were plotted in Figure 12. The correlation between atmospheric visibility 599 

and individual ions, BC and PM2.5 was not so impressive with R2 from 0.11 600 

to 0.22. However, it became more significant in view of ambient RH with 601 

R2 of 0.41. The result suggests that the atmospheric visibility impairment 602 

is less driven by water-soluble ions but largely induced by hygroscopicity, 603 

in consistent with Tang (1996) and Roeland et al. (2014). 604 

3.2.5 Aerosol size spectra 605 

  Atmospheric aerosol particles are usually divided into four classes 606 

according to their size distribution, i.e. nucleation mode (<25 nm), Aitken 607 

mode (25-100 nm), accumulation mode (100-1000 nm), and coarse mode 608 

(>1000 nm) (Zhang et al., 2010). The ability to determine the amount of 609 

visible light scattered by atmospheric aerosols relies strongly on their 610 

number size distributions, of which accumulation mode plays the major 611 

role yet coarse and nucleation mode exert a minor contribution (Cheng et 612 

al., 2008b). Numerous studies have observed the inter-relationship 613 

between atmospheric visibility and aerosol number size distribution 614 

(Cheng et al., 2008; Roeland et al., 2014). To be more specific, Kang et al. 615 

(2013) reported that the expected reciprocal relationship was found only 616 

between atmospheric visibility and aerosols in 600-1400 nm instead of 617 

other sizes. 618 

  Accordingly, aerosol particles were classified into three categories, i.e. 619 

10-600 nm, 600 nm-1.4 µm and 1.4-10 µm. By doing so, their nonlinear 620 



regression analysis with atmospheric visibility was computed and the 621 

results were given in Figure 13. As expected, no significant correlation was 622 

derived between atmospheric visibility and aerosol size of 10-600 nm and 623 

1.4-10 µm, whereas aerosols in 600 nm-1.4 µm indeed controlled 624 

atmospheric visibility to a great extent with R2 of 0.70, which further 625 

improved to 0.73 if we combined aerosol hygroscopic potential well 626 

determined by its size-resolved composition. In this study, aerosol number 627 

concentrations in 600 nm-1.4 µm were on average 110 cm-3 during the hazy 628 

episodes and 43 cm-3 during the clean periods. The atmospheric visibility 629 

was so dependent on aerosol number size distribution and its impairment 630 

during the hazy episodes was mostly caused by the enhancement of aerosol 631 

concentration in 600 nm-1.4 µm. 632 

4. Summary and conclusion 633 

  A historic haze event was fully analyzed for the temporal variations of 634 

aerosol optical, physical and chemical properties and meteorological 635 

conditions, as well as the formation and evolution mechanism. During the 636 

event, atmospheric visibility decreased dramatically, while particle burden, 637 

water-soluble inorganic ions, aerosol scattering and absorption coefficients 638 

increased evidently. In particular, particulate mass burden produced a new 639 

historic record by exceeding 600 µg m-3.  640 

Many factors in combination drove the formation and evolution of this 641 

severe haze event. For most of the measured period, the YRD was under 642 



the control of a slowly migrating anti-cyclone to result in subsidence 643 

airflow and relatively stagnant conditions. The subsidence airflow 644 

suppressed vertical mixing and favored the accumulation of air pollutants 645 

within the shallow atmospheric layer. Moreover, the calm surface wind 646 

subsidence airflow was not constructive to the horizontal dispersion of air 647 

pollutants which further promoted the haze formation. In summary, the 648 

significant increase of regional pollutants from anthropogenic emissions 649 

was the basic cause of this haze formation, and the unfavorable 650 

meteorological conditions played as the external reason. 651 
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 917 

Table 1. Effective hygroscopicity parameters (κ) and densities of the 918 

three category compositions. 919 

Species Data source κ Density (g cm-3)   

Sulfate & nitrate SO4
2-+NO3

-+NH4
+ 0.6 1.7 

 Sodium chloride Cl-+Na+ 1 2.2 

Insoluble compounds Others 0 2.0 
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Figure captions: 926 

 927 

Figure 1. (a)Temporal variations of PM2.5, PM10 and atmospheric visibility (vis) 928 
measured in Shanghai from 1 to 10 December 2013. The dash line is vis at 10 km.(b) 929 
and (c) show temporal variations of meteorological parameters from 1 to 10 December 930 
2013. 931 
Figure 2. Temporal variations of PM2.5 in Hangzhou, Nnajing and Hefei (a) and their 932 
mean concentrations from 1 to 10 December 2013. 933 
Figure 3. Aerosol optical depth (AOD) at 550 nm from MODIS over the YRD region 934 
at 6:00 (UTC) from 1 to 10 December 2013 (http://modis.gsfc.nasa.gov/). 935 
Figure 4. Temporal variations of black carbon (BC) concentration, aerosol scattering 936 
(Sc) and absorptive (Ab) coefficients from 1 to 10 December 2013. 937 
Figure 5. (a) Time series of 4-min mean aerosol number size spectra and aerosol 938 
number concentration (pink line) and (b) averaged aerosol number size distribution 939 
from 5 to 10 December 2013. 940 
Figure 6. Time series of 1 h mean CCN concentration (NCCN) at supersaturations (SS) 941 
of 0.2-1.0% from 6 to 10 December 2013. 942 
Figure 7. Temporal variations of chemical species in particles from 1 to 10 December 943 
2013. 944 
Figure 8. Atmospheric circulation situation at 500 hPa and 850 hPa from 3 to 6 945 
December 2013. 946 
Figure 9. Surface weather maps from 3 to 8 December 2013. The black star denotes 947 
the measurement site(http://qixiangxinxifabupingtai.ejinqiao.com). 948 
Figure 10. Air mass 48-h backward trajectories arriving at Shanghai from 1 to 10 949 
December 2013. A new trajectory is started at 0:00 (UTC) and calculated every 24 h. 950 
Figure 11. Time series of 1-h mean kappa value (i.e. κ) and 5-min mean PBL height 951 
from 1 to 10 December. 952 
Figure 12. Scatter plots of RH, BC, PM2.5 and inorganic ions in particles versus 953 
atmospheric visibility. 954 
Figure 13 Scatter plots of aerosol number concentrations in ranges of 0.01-0.6 µm, 0.6-955 
1.4 µm and 1.4-10 µm, and aerosol number concentration multiplied by particle 956 
hygroscopcity (kappa value, κ) versus atmospheric visibility. 957 
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 978 

Figure 1(a) Temporal variations of PM2.5, PM10 and atmospheric visibility 979 

(vis) measured in Shanghai from 1 to 10 December 2013. The dash line is 980 

vis. at 10 km. (b) and (c) show temporal variations of meteorological 981 

parameters from 1 to 10 December 2013.  982 
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 990 

 991 

 992 

Figure 2 Temporal variations of PM2.5 in Hangzhou, Nanjing and Hefei (a) 993 

and their mean concentrations (b) from 1 to 10 December 2013. 994 

 995 

 996 

Figure 3 Aerosol optical depth (AOD) at 550 nm from MODIS over the 997 

YRD region at 6:00 (UTC) from 1 to 10 December 2013 998 

(http://modis.gsfc.nasa.gov/). 999 
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Figure 4 Temporal variations of black carbon (BC) concentration, aerosol 1008 

scattering (Sc) and absorptive (Ab) coefficients from 1 to 10 December 1009 

2013.  1010 

 1011 

Figure 5 Time series of 4-min mean aerosol number size spectra and 1012 

integrating number concentration (pink line, a) and averaged aerosol 1013 

number size distribution (b) from 5 to 10 December 2013. 1014 



 1015 

Figure 6 Time series of 1 h mean CCN concentration (NCCN) at 1016 

supersaturations (SS) of 0.2-1.0% from 6 to 10 December. 1017 
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Figure 7 Temporal variations of chemical species in particles from 1 to 10 1029 

December 2013.  1030 

 1031 

 1032 

 1033 

 1034 
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 1041 

Figure 8 Atmospheric circulation situation at 500 hPa and 850 hPa from 3 1042 

to 6 December 2013. 1043 

 1044 

 1045 
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                                           1048 

 1049 

Figure 9 Surface weather maps at 6:00 (UTC) from 3 to 8 December 2013. 1050 

The black star denotes the measurement site 1051 

(http://qixiangxinxifabupingtai.ejinqiao.com).  1052 

 1053 



 1054 
 1055 

Figure 10 Air mass 48-h backward trajectories arriving at Shanghai from 1 1056 

to 10 December 2013 (500 m). A new trajectory is started at 0:00 (UTC) 1057 

and calculated every 24 h.  1058 

 1059 

 1060 

 1061 



 1062 

Figure 11 Time series of 1-h mean kappa value (i.e. κ) and 5-min mean 1063 

PBL height from 1 to 10 December. 1064 

 1065 

Figure 12 Scatter plots of RH, BC, PM2.5 and inorganic ions in particles 1066 

versus atmospheric visibility. 1067 



 1068 

Figure 13 Scatter plots of aerosol number concentrations in ranges of 0.01-1069 

0.6 µm, 0.6-1.4 µm and 1.4-10 µm, and aerosol number concentration（0.6-1070 

1.4 µm） multiplied by particle hygroscopicity (kappa value, κ) versus 1071 

atmospheric visibility. 1072 
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