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Daily variations of babs365,methanol, MAC365,methanol, OC, OC/EC during winter and summer. 
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Abstract 22 

There is growing evidence suggesting the enhancement of brown carbon (BrC) in 23 

severe haze episodes. In this study, hourly measurements of BrC in PM2.5 were 24 

conducted in Xi’an, a typical city in northwestern China during winter and summer. 25 

The absorption coefficient for methanol exacts at 365 nm (babs365, methanol, which is 26 

typically used as a proxy of methanol-soluble BrC) in the winter sampling period was 27 

over 7 times than that in summer. The mass absorption cross-section for methanol 28 

extracts (MAC365, methanol, normalized by babs365, methanol to organic carbon, OC) in 29 

winter sampling period was nearly 1.5 times of that in the summer. During the winter 30 

haze days, the average babs365, methanol peaked at midnight and the lowest values in the 31 

morning, in contrast to high levels in afternoon and low levels at night in non haze 32 

days. Unlike the diurnal patterns in winter, summer babs365, methanol diurnal variation 33 

presented high midday and low afternoon levels in haze days. However, in non haze 34 

days, the pattern showed high morning levels and night low levels. Haze and non haze 35 

variations of chemical species levels, babs365, methanol, and MAC365, methanol during winter 36 

and summer sampling time showed that the effects of atmospheric aging were 37 

complex and could either enhance or reduce light absorption of BrC. Source 38 

apportionment based on positive matrix factorization receptor model and multiple 39 

linear regressions showed that primary emission was an important contributor to BrC 40 

emissions during the winter sampling period, whereas secondary formation played an 41 

important role in summer. 42 
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 49 

1. Introduction 50 

Brown carbon (BrC) is currently receiving remarkable attention because it is more 51 

abundant than black carbon (BC) and is a vital contributor to light absorption and 52 

climate forcing (Lambe et al., 2013; Zhao et al., 2015). Overall, emissions of primary 53 

BrC have been attributed to forest fires and biomass burning, residential heating, and 54 

biogenic release of humic matter (Kirchstetter et al., 2004; Hoffer et al., 2006). BrC 55 

can also be secondarily produced by photooxidation of anthropogenic and biogenic 56 

precursors (Huang et al., 2017). Such precursors like isoprene, toluene, and 57 

polycycilic aromatic naphthalene could yield BrC through heterogeneous or 58 

multiphase reactions (Laskin et al., 2015; Liu et al., 2015). Secondary BrC produced 59 

around urban environments can have an important influence on ultraviolet irradiance 60 

and photochemical cycles of urban pollution. For example, Liu et al (2015) illustrated 61 

that BrC influenced the production of O3 and OH by reducing UV irradiance and 62 

consequently affected the oxidation capacity of the regional atmosphere. Zhao et al 63 

(2015) concluded that the magnitude of photo-enhancement and bleaching was likely 64 

dependent on the BrC components, as well as OH exposure.  65 

Previous studies were launched to investigate BrC light absorption and climate 66 

forcing (Shen et al., 2017a; 2017b; Lei et al., 2018b; Park et al., 2018). However, 67 

previous long-term ambient BrC measurements were routinely carried out using 24-h 68 

integrated filter sampling techniques which exhibited relatively low time resolution 69 

and introduced more sample handling artifacts. High time-resolved organic carbon 70 

(OC) data were used to investigate the diurnal variation of carbonaceous aerosols and 71 

their contributions to air pollution in China, such as Beijing (Lin et al., 2009), 72 

Shanghai (Xu et al., 2018), Guangzhou (Hu et al., 2012), and Hong Kong (Huang et 73 

al., 2014). To our knowledge, some literatures estimated the BC and BrC light 74 

absorption using Aethalometer model (AE31), which may suffer from the interference 75 

from light absorption by BC and mineral dust (Shen et al., 2017b; Qin et al., 2018; 76 

Wang et al., 2018). However, few studies have utilized highly time-resolved semi-77 

continuous measurements to study the diurnal variation of BrC light absorption in 78 



bulk solution. Although the conversion from optical properties of solution back to 79 

aerosol is not necessarily straightforward, studying light-absorbing organics in bulk 80 

solution provides important insights on the sources and formation processes of SOA 81 

measurements of BrC. More highly time resolved measurements of BrC can yield 82 

insights into the temporal distributions in the light absorption, and offer the potential 83 

for better understanding of their emission sources. Thus, the information about 84 

variable and complicated BrC in fine particles is needed. 85 

In this study, high time resolved PM2.5 samples were collected to investigate the 86 

time-series of BrC light absorption to focus on the diel pattern. In addition, the 87 

formation and source apportionment of BrC was also conducted. The result of this 88 

study will improve our understanding of the dynamic variation of BrC and clarify 89 

their roles in both winter and summer. 90 

2. Methodology 91 

2.1 Sample collection 92 

The sampling site was located in the southeastern part of downtown of Xi’an, 93 

which is subject to severe heavy air pollution produced by surrounding residential 94 

areas and major traffic roads. Sampling was conducted on the roof of a 15 m-high 95 

building from 1 January 2017 to 6 January 2017 and from 24 July 2017 to 5 August 96 

2017 at Xi’an Jiaotong University (Fig.1). A total of 120 PM2.5 samples (42 for winter 97 

and 78 for summer) with time resolution of 3 or 4 hours were collected on Whatman 98 

47 quartz filters (Whatman Inc., Maidstone, UK) by using a PQ200 ambient air 99 

particulate sampler (BGI Inc., USA) at a flow rate of 16.7 L·min−1. PM2.5 samples 100 

were equilibrated using controlled temperature (20-23 oC) and relative humidity (35-101 

45 %) desiccators for 24 h before and after sampling and their mass loadings were 102 

determined gravimetrically using a Sartorius MC5 electronic microbalance (±1 µg 103 

sensitivity; Sartorius, Göttingen, Germany). Details of quality assurance and control 104 

procedures can be found in our previous studies (Shen et al., 2017; Lei et al., 2018a; 105 

2018b). According to the ambient air quality standards (AAQS) of China (GB3095-106 

2012:http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/qhjzlbz/201203/t20120302 107 



_224165.htm) and the measured data in this study, pollution day was defined as that 108 

the 24 h average concentrations both PM2.5 were twice times higher than the national 109 

AAQS-Grade II value (PM2.5, 75 µg·m-3). 110 

 111 

Insert Figure 1 112 

 113 

2.2 Chemical analysis 114 

PM2.5 OC and elemental carbon (EC) were determined with a DRI Model 2001 115 

Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA) following 116 

the IMPROVE TOR protocol (Chow et al., 2004; Cao et al., 2005). The 117 

IMPROVE_A (Interagency Monitoring of Protected Visual Environments) protocol 118 

produces four OC fractions (OC1, OC2, OC3, and OC4 at 140℃, 180℃, 480℃, and 119 

580℃, respectively in a 100 % He atmosphere); a pyrolyzed carbon fraction (OP, 120 

determined when reflected or transmitted laser light attained its original intensity after 121 

O2 was added to the analysis atmosphere); and three EC fractions (EC1, EC2, and 122 

EC3 in a 98 % He/2 % O2 atmosphere at 580℃, 740℃, 840℃, respectively). OC was 123 

defined as OC1+OC2+OC3+OC4+OP and EC as EC1+EC2+EC3-OP (Chow et al., 124 

2004). One fourth of each filter was used for analysis of water-soluble inorganic ions 125 

(Na+, NH4
+, K+, Mg2+, Ca2+, F-, Cl-, NO3

- and SO4
2-) using ion chromatography (IC, 126 

Dionex 500, Dionex Corp, USA). Anions were analyzed using an ASII-HC column 127 

(Dionex Company) and 20 mM potassium hydroxide as the eluent. Cations were 128 

determined using a CS12A column (Dionex Company) with 20 mM methane sulfonic 129 

acid as the eluent. One in each group of ten samples was selected for duplicate 130 

measurements and blank filter ion concentrations were subtracted for quality control 131 

purposes. A detailed description of the ion analysis carried out in this study can be 132 

found in Shen et al (2018a). 133 

2.3 Optical properties of methanol extracts 134 

The light absorption spectra of the methanol extracts were measured with a UV-135 

Vis spectrophotometer (UV-6100s) with 10 cm optical paths in the individual solvent. 136 

A 0.526 cm2 punch of filters were extracted in 50 mL methanol (HPLC Grade, Fisher 137 



Chemical) by 30 min of sonication. All extracts were filtered 1-3 times with a 25 mm 138 

diameter 0.45 µm pore size microporous membrane (Puradisc 25 TF, PTFE 139 

membrane) to remove the insoluble components. 140 

Absorption spectra of methanol-soluble organic carbon (MSOC) were used to 141 

assess the babs as described by Srinivas and Sarin (2014). The babs was calculated 142 

according to: 143 

babsλ,methanol =(Aλ,methanol -A700,methanol) * (Vext* Portions) * ln (10) / ( Vaero * L)     (1) 144 

where babs is expressed in the unit of Mm-1 (or 10-6 m-1). Aλ and A700 correspond to 145 

measured absorbance at specified λ and 700 nm, respectively. Vext refers to volume of 146 

the solvent extract (50 mL) in which different portions of filter. Portions is used to 147 

estimate the absorption signal for the full filter. For example, if Portions is 8 which 148 

means 1/8th portions of aerosol filter are extracted. Vaero corresponds to sampling 149 

volume. In this case, L is the path length of the cell (10 cm). We used light absorbance 150 

at 365 nm to estimate BrC babs (Liu et al., 2013).  151 

The relationship between wavelength-dependent AAE and babs of BrC in the 152 

methanol extracts is described as follows (Hecobian et al., 2010): 153 

                              babsλ,methanol  = K*λ-AAE
 
methanol                                                    (2) 154 

Here K refers to a constant value and λ denotes the wavelength of BrC. In this study, 155 

AAE was calculated by linear regression fit to log babs vs. log λ in the wavelength 156 

range of 330-400 nm. 157 

The soluble organic mass, unfortunately, cannot be determined in the methanol 158 

extracts. Therefore, OC measured from OC/EC analysis was used to obtain the lower 159 

limit of the MAC value at 365 nm, shown in equation (3):  160 

 161 

                               MACλ,methanol =babs λ methanol /OC                                    (3) 162 

 163 

2.4 BC absorption measurements 164 

The particular babs of BC can be obtained from seven wavelengths (i.e., 370, 470, 165 

520, 590, 660, 880, and 950 nm) using AE31. According to Beer-Lambert’s law, the 166 

babs is defined as:  167 



                                              I=I 0 e –babs・x                                                            (4) 168 

where I0 and I are the light intensities before and after collecting particles with the 169 

thickness x, respectively. Similar to other filter-based absorption instruments, the babs 170 

of AE31 needs to be corrected for two kinds of errors, including scattering effect by 171 

the fiber filter substrates (Collaud Coen et al., 2010) and filter mass loading by the 172 

accumulation of light absorbing particles (Zhang et al., 2015b; Qin et al., 2018). In 173 

this study, mass loading effect was corrected by following the correction process 174 

presented by Virkkula et al (2007). A detailed description of AE31 analysis followed 175 

in this study can be found in Shen et al., 2017b). Olson et al (2015) segregated BC 176 

and optical-BrC by projecting the absorption at higher wavelengths (880 nm) to lower 177 

wavelengths of the spectrum measured by the AE31. The absorption at 880 nm is 178 

assumed to be attributed to only BC absorption. 179 

2.5 Source apportionment of  babs365, methanol 180 

In order to investigate the contributions of each emission source to babs365, methanol, 181 

positive matrix factorization (PMF) has been first used. PMF is a bilinear factor 182 

model that has been widely used in previous source apportionment studies (Tao et al., 183 

2014; Xiao et al., 2014; Wang et al., 2016). The concept of PMF has been described 184 

in detail by Shen et al. (2010). In this study, water-soluble inorganic ions (NH4
+, K+, 185 

Mg2+, Ca2+, NO3
−, and SO4

2−), and carbon fractions (OC1, OC2, OC3, OC4, EC1, 186 

EC2, EC3) were used as data inputs. The model decomposes the concentrations of the 187 

chemical species related above at a receptor site into sets of contributions (G), factor 188 

profiles (F), and residuals (E): 189 

                                                             1

p

ij ik kj ijk
X G F E

=
= +∑

                                                     (5) 190 

Where Xij represents the jth species concentration measured in the ith sample, the 191 

factor time series Gik is the contribution of the k source to the ith sample, the factor 192 

profile Fkj is the concentration of the jth species in the k source, and the model 193 

residuals are Eij. The model uses a least-squares approach to iteratively minimize the 194 

object function Q, which is defined as the sum of the squared residuals weighted by 195 

uncertainties σij: 196 
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                                                               (6) 197 

The model requires both concentration data Xij and a corresponding uncertainty σij. 198 

The σij was calculated using the equation as follows: 199 

                  

2 2([X] )Uncer CVtaint Dy M L= × +
     , for [X]>MDL                             (7) 200 

                 

5

6
Uncertaint Dy M L= ×

, for [X]≤MDL                                                       (8) 201 

Where [X] represents the concentration of the species X in µg·m-3; CV is the 202 

coefficient of variation for species X, which is calculated by dividing the standard 203 

deviation of repeated samples by their average value; MDL is the method detection 204 

limit. 205 

The PMF model was run multiple times, extracting four to six factors, and each 206 

run was initialized with different starting points (changing the seed value from 1 to 207 

20).  208 

A multivariate linear regression model was constructed, which has been described 209 

in detail by Lei et al. (2018b). 210 

The relationships between babs365,methanol and each emission source can be 211 

described as: 212 

                         

365, ij
, 1

[X ]
n

abs methanol i
i j

b B A
=

= + ×∑
,                                                     (9) 213 

Where the quantities in brackets [Xij] represent the contributions of the i-th emission 214 

source (units: Mm-1) on the j-th day; Ai and B represent the regression coefficient and 215 

random error respectively; Ai×[X ij] represents the predicted values of babs365,methanol 216 

from the i-th emission source. 217 

 218 

3. Results and Discussion 219 

3.1 Overview of winter and summer intensive observation 220 

Winter and summer mean values of PM2.5 chemical species, babs365, methanol, AAE 221 

methanol (330-400 nm), and MAC365, methanol during the sampling period were 222 



summarized in Table 1. The daily mean concentrations of PM2.5 in winter sampling 223 

period varied from 109.5 to 286.6 µg m-3 with an average of 179.4 ±70.4 µg m-3, 224 

which was twice higher than that in summer sampling period. These measured values 225 

matched the previous reported seasonal variation of OC and EC concentration at Xi'an 226 

(Shen et al., 2017b), with lower value in summer and high in winter. The high average 227 

concentration of secondary organic carbon (SOC) and OC/EC demonstrated the 228 

higher secondary emissions. Winter average babs365, methanol is over 7 times than that in 229 

summer sampling period, indicating more abundance of BrC in winter PM2.5 samples 230 

in comparison with summer. Biomass burning in rural areas around Xi’an for winter 231 

heating should contribute to high BrC, the evidence of which can be found in previous 232 

studies (Sun et al., 2017; Shen et al., 2017a; Lei et al., 2018a). The AAE (330-400 nm) 233 

values were 6.2±0.5 during winter sampling period and 6.5±2.6 during summer 234 

sampling period. In a previous study, it was found that high SOC levels were occurred 235 

both in summer and winter PM2.5 over Xi’an, even their seasonal formation 236 

mechanisms were difference (Zhang et al., 2015a). Winter MAC365,methanol for BrC was 237 

nearly 1.5 times higher than that in summer during this sampling period, highlighting 238 

that BrC from biomass burning and fresh SOC caused stronger light absorption than 239 

that from the aged SOC in summer. The average babs of BC at 880 nm (babs-BC, 880 nm) 240 

was 101.9 Mm-1 for winter sampling period and 11.8 Mm-1 for summer sampling 241 

period, also indicating the important contribution from primary emission sources in 242 

winter. It is noted that the mean babs-BC, 880 nm was more than twice as high as babs365, 243 

methanol for both in winter and summer during our sampling period, highlighting that 244 

PM light absorption was predominantly by BC in Xi’an. 245 

 246 

Insert Table 1 247 

 248 

3.2 Winter brown carbon profiles 249 

Fig.2a displays the average diurnal trends of babs365, methanol, babs, BC-880 nm, MAC365, 250 

methanol, OC, as well as SOC between haze and non haze days during the winter 251 

sampling period. babs365, methanol diurnal variation presented high midnight time levels 252 



and low morning levels in haze days, which is similar to results in another study in 253 

Guangzhou, China (Qin et al., 2018). This pattern results from the variation of the 254 

boundary layer and inversion layers. At night, the level of the boundary layer goes 255 

down with decreased solar activity, and the inversion layer occur (Wang et al., 2007; 256 

Xu et al., 2014; Shen et al., 2011). As shown in Figure S1, in haze days, babs365, methanol 257 

diurnal variation presented higher midnight time levels, which is mainly due to the 258 

reason that the level of the boundary layer goes down with decreased solar activity 259 

and the inversion layer occurs. Moreover, nighttime aqueous-phase chemistry also 260 

affects this phenomenon (Folkers, et al., 2003; Rajput et al., 2016; Saffai, et al., 261 

2016).   However, in non haze days, the pattern showed higher in afternoon levels and 262 

low in night time levels. MAC365,methanol exhibited no obvious changes and showed 263 

relatively high night time levels in both haze and non haze days. OC showed no 264 

distinctive early morning peaks in both haze days and non haze days. The enhanced 265 

OC concentrations at around midday likely reflected the contribution of SOC formed 266 

via photochemical activities. SOC diel variations showed higher at noon and lower in 267 

the nighttime. A previous study in the Pearl River Delta region suggested that strong 268 

photochemical formation was responsible for the midday SOC peak (Xu et al., 2017). 269 

Similar midday SOC peaks have also been identified in several other urban areas, 270 

such as the Los Angeles Basin during the CalNex-2010 field campaign (Zhang et al., 271 

2013) and Mexico City during the MILAGRO study (Gouw et al., 2009). As a result, 272 

the increase of OC and SOC suggests that photochemical processes were a primary 273 

driver in the formation of BrC. In addition, the oxidant (Ox) discussed here is the sum 274 

of the ozone and nitrogen dioxide mixing ratios (O3+NO2), which can be considered 275 

as a proxy for atmospheric oxidation level caused by photochemical reactions (Wang 276 

et al., 2017). The mixing ratio of Ox was used to represent the atmospheric oxidation 277 

capacity. Significant variations in the time-resolved of Ox were observed over Xi’an, 278 

with mixing ratios ranging from 32.0 to 84.8 ppb and averaging 14.5 ± 55.4 ppb 279 

during the winter sampling period, respectively. The daily Ox minimum occurred at 280 

morning time followed by a sharp increase to a nighttime peak at midnight in haze 281 

days. However, for non haze days, the Ox peaked at 14:00 and then declined 282 



continuously until the midnight. It is likely driven by variations in local anthropogenic 283 

activities, photochemical conditions, and atmospheric boundary layer heights.  284 

 285 

Insert Figure 2 286 

  287 

Diurnal patterns of babs-BC, 880 nm in haze and non haze days during winter 288 

sampling period were also exhibited in Fig 2b. In haze days, BC light absorption 289 

showed no specific peaks. Despite the rush hours, some VOCs may uptake to BC 290 

particles and enhance the light absorption (Qin et al., 2018). Similar results have also 291 

been found in other studies (Xu, et al., 2014; Wang et al., 2016b; 2016c). However, in 292 

non haze days, BC light absorption showed only one peak at around 10:00-14:00 LST. 293 

On one hand, the vehicular emissions rates during the morning rush hours were 294 

generally higher than those in the evening rush hours as the morning traffic 295 

congestion was severer than that in the evening rush hours as reported by a road 296 

tunnel study (Zhou et al., 2014) in the same borough. The lowest BC light absorption 297 

at midday should be mainly ascribed to development of boundary layer as the solar 298 

radiation was the strongest at that time. 299 

In this study, differences of PM2.5 chemical species and BrC optical properties 300 

between haze and non haze can provide some insights of on BrC formation and 301 

optical properties. As shown in Table 1, winter OC/EC ratios showed little higher than 302 

non haze, indicating that the SOC formation intensity were similar between haze and 303 

non haze days. In contrast, winter haze OC and SOC levels as well as babs365, methanol 304 

were much higher than those in non haze days, implied that primary emissions and 305 

secondary formation played an important contribution to winter haze BrC.  306 

 307 

3.3 Profiles of brown carbon in summer 308 

The average diurnal trends of babs365, methanol, babs, BC-880 nm, MAC365, methanol, OC, Ox, 309 

as well as SOC between haze and non haze days during summer sampling period were 310 

shown in Fig. 2b. Unlike the diurnal patterns during winter, summer babs365, methanol 311 

diurnal variation presented high midday and low afternoon levels in haze days. 312 



However, in non haze days, the pattern showed higher morning levels and lower night 313 

time levels. OC presented distinct diurnal patterns during the daytime. MAC365, methanol 314 

showed relatively higher in the morning during haze days and at midday during non 315 

haze days. The enhanced OC concentrations at around midday in non haze days likely 316 

reflected the contribution of SOC formed via photochemical activities. The Ox 317 

minimum occurred at morning time followed by a sharp increase to peak at around 318 

20:00 LST in haze days. However, for non haze days, the Ox peaked at 8:00 LST and 319 

then declined continuously until the midnight. Ox mixing ratios shows that 320 

babs365,methanol exhibited similar diurnal patterns during winter and summer (Tang et al 321 

2012, Feng et al 2016). 322 

  It is likely driven by variations in local anthropogenic activities, photochemical 323 

conditions, and atmospheric boundary layer heights. Ox mixing ratios shows that 324 

babs365,methanol exhibited similar diurnal patterns during our winter and summer 325 

sampling period. Diurnal patterns of babs-BC, 880 nm in haze and non haze days during the 326 

summer sampling period were also displayed in Fig.2b. BC light absorption showed 327 

two evident peaks at around 7:00-9:00 LST and 20:00-2:00 LST (the next day) in both 328 

haze and non haze days, tracking with the morning rush hours due to the enhanced 329 

vehicular emission rates during the traffic rush hours and shallow mixing layer 330 

heights. In both haze and non haze days, the morning peaks of BC were consistently 331 

higher than the evening peaks.  332 

Summer levels of PM2.5 chemical species showed no evident difference between 333 

haze and non haze, but they were twice lower than that in winter, which mainly 334 

because of extra biomass burning for winter heating (Lei et al., 2018a). EC, which 335 

was mainly from primary emission sources, was in the same level between haze and 336 

non haze periods. It was noted that haze SOC and babs365, methanol were a little higher 337 

than non haze, which indicated that SOC-BrC was abundance in haze than in non 338 

haze period. In addition, haze MAC365, methanol was about 1.4 time than non haze, which 339 

inferred that relatively photochemical reactions can lead to high light absorption as a 340 

result of formation of chromophores by atmospheric aging. However, the effects of 341 

atmospheric aging are complex and can either enhance or reduce light absorption by 342 



BrC. Variations of molecular composition and their optical properties of BrC should 343 

be conducted among the different SOC formations in the future. 344 

 345 

3.4 Source apportionment of brown carbon 346 

In this study, a PMF model was first conduced to apportion PM2.5 sources，then 347 

a multivariate linear regression model was used to investigate the contribution of each 348 

source to babs365, methanol in both winter and summer sampling period. Table S1 shows 349 

regression diagnosis for each individual species and total PM2.5 mass obtained by the 350 

PMF model. 351 

Figure S2 shows source profiles of each source to PM2.5 in winter. Factor 1 was 352 

characterized by Ca2+, NO3
-, EC1, and EC2, which were characteristic of traffic-353 

related emissions (Shakeri et al., 2016). Factor 2 loaded with sulfate, OC and EC, 354 

representing emissions from coal combustion (Huang et al., 2013; Shakeri et al., 355 

2016). Biomass burning emissions were identified as Factor 3 was abundance of K+ 356 

(Shen et al., 2010; Shakeri et al., 2016). Factor 4 loaded with NH4
+, NO3

−, and SO4
2−, 357 

indicating a secondary formation source (Shen et al., 2010). The contributions of the 358 

sources resulting from the PMF analyses were calculated by multiple regression of the 359 

G matrix (Paatero, 1994) against the measured mass concentrations. Secondary 360 

formation source contributed significantly to the detected PM2.5 mass (37.7 %), 361 

followed by traffic-related emissions (24.8 %), biomass burning (19.4 %), coal 362 

combustion (18.1 %) (Figure S3). 363 

 364 

Insert Figure S1 365 

Insert Figure S2 366 

 367 

However, during summer traffic-related emissions contributed significantly to the 368 

PM2.5 mass (36.1 %), followed by fugitive dust (27.3 %), sulfate and SOA (17.5 %), 369 

nitrate and SOA (12.0 %) and industrial coal combustion (7.2 %) (Figure S5). The 370 

source profiles of five sources to PM2.5 in summer were showed in Figure S4. Factor 1 371 

was dominated by SO4
2- and NH4

+, which were characteristic of sulfate and its 372 



secondary formation (Li et al., 2013). Factor 2 loaded with Mg2+ Ca2+ and K+, 373 

representing emissions from fugitive dust (Shen et al., 2008; Zhang et al., 2014). 374 

Factor 3 was characterized by Ca2+, NO3
-, EC1, and EC2, which was thought to be 375 

associated with traffic-related emissions (Shakeri et al., 2016). Factor 4 had high 376 

loadings on SO4
2-, OC and EC, which gave preliminary indications of emissions from 377 

industrial coal combustion. Nitrate and its secondary formation were identified as 378 

Factor 5 was abundance of NH4
+ and NO3

- (Shen et al., 2010; Zhou et al., 2017).  379 

 380 

Insert Figure S3 381 

Insert Figure S4 382 

 383 

Figure 3 shows the source contributions to babs365, methanol obtained using a 384 

multivariate linear regression model during winter (a) and summer (b). Because dust 385 

was not present in the solvent extract, fugitive dust could not be investigated in the 386 

apportioning of babs365, methanol. Therefore, almost 71.6 % (winter) and 82.7 % (summer) 387 

of babs365, methanol were apportioned in this study. The primary emissions during winter 388 

including biomass burning, coal combustion, and traffic emissions were 23.1 ± 20.8 389 

Mm−1, 14.7 ± 12.2 Mm−1 and 10.4 ± 6.8 Mm−1, respectively. The primary emissions 390 

related above accounted for more than 40 % of the total babs365, methanol The averaged 391 

babs365, methanol of secondary formation during winter was 25.6 ± 12.1 Mm−1, accounting 392 

for 28.0 % of total babs365, methanol. While for summer, about 74.5 % of the total babs365, 393 

methanol was associated with secondary formation including sulfate (42.4 %) and nitrate 394 

(32.1 %), which was almost three times higher than that for winter. It was inferred that 395 

primary emission was an important contributor to BrC emissions during winter while 396 

secondary formation played an important role during summer.  397 

 398 

Insert Figure 3 399 

 400 

4. Conclusions 401 



In this study, highly time-resolved BrC in PM2.5 was conducted in Xi’an, a typical 402 

city in northwestern China. We discussed the seasonal, diurnal profiles of BrC during 403 

haze and non haze days.   404 

Winter average babs365,methanol is over 7 times than that in summer during the 405 

sampling period. Winter MAC365,methanol for BrC was nearly 1.5 times of that in 406 

summer. During winter sampling period, babs365, methanol diurnal variation presented 407 

high night time levels and low morning levels in haze days while in non haze days, 408 

the pattern showed higher in afternoon levels and low in night time levels. Unlike the 409 

diurnal patterns in winter sampling period, babs365, methanol diurnal variation presented 410 

high midday and low afternoon levels in haze days. However, in non haze days, the 411 

pattern showed higher in morning levels and low in night time levels. Winter SOC-412 

BrC may exist due to photobleaching reaction, while summer photochemical reactions 413 

may form chromophores which led to high light absorption. Source apportionment 414 

based on PMF showed that during winter, secondary formation source contributed 415 

significantly to PM2.5 mass, followed by traffic-related emissions (24.8 %), biomass 416 

burning (19.4 %), and coal combustion (18.1 %) while during summer traffic-related 417 

emissions contributed significantly to PM2.5, followed by fugitive dust (27.3 %), 418 

sulfate and its secondary formation (17.5 %), nitrate and its secondary formation 419 

(12.0 %) and industrial coal combustion (7.2 %). The results from the multiple linear 420 

regression babs365, methanol source contribution highlighted that primary emission and 421 

secondary formation were important contributors to BrC emissions in winter and 422 

summer, respectively. Molecular composition and optical properties in summer and 423 

winter should be conducted in the future. 424 

 425 
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 625 

Figure Captions 626 

Figure1 Location of the sampling site. 627 

Figure 2 Diurnal variations of mean babs365,methanol, babs, BC-880nm, MAC365,methanol, OC, Ox, and SOC 628 

for PM2.5 between haze and non haze days during (a) winter and (b) summer 629 

Figure 3 the source contribution to babs365,methanol using multivariate linear regression model 630 

during (a) winter and (b) summer 631 
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Figure1 Location of the sampling site. 644 
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Figure 2 Diurnal variations of mean babs365,methanol, babs, BC-880nm, MAC365,methanol, OC, Ox, and 646 

SOC for PM2.5 between haze and non haze days during (a) winter and (b) summer 647 
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 651 

Figure 3 The source contribution to babs365,methanol using multivariate linear regression 652 

model during (a) winter and (b) summer 653 
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 659 

Table 1 The average concentrations of major components and light absorption in PM2.5 during the 660 

sampling period 661 

 662 

Sampling 
period 

 
 

PM2.5 OC SOC EC OC/EC babs365,methanol babsBC-880nm MAC365,methanol AAE 

 
 

 µg m-3  
Mm-1 m2 g-1 330-400nm 

winter Total mean 179.4 34.4 11.8 7.6 4.4 42.0 101.9 1.2 6.2 

 
 SD 70.4 13.3 5.5 2.7 0.4 18.1 27.9 0.2 0.5 

 
Haze mean 210.3 40.5 14.4 8.7 4.6 48.2 111.8 1.2 6.4 

 
 SD 66.3 12.0 4.7 2.5 0.2 19.6 25.6 0.1 1.0 

 
Non-haze mean 117.7 22.1 6.4 5.2 4.1 29.6 82.0 1.3 6.1 

 
 SD 11.6 0.5 1.4 0.7 0.5 5.2 27.2 0.2 0.3 

summer Total mean 69.7 7.7 4.0 5.6 1.6 5.9 11.8 0.9 6.5 

 
 SD 18.8 1.8 1.8 1.5 0.6 2.8 3.6 0.6 2.6 

 
Haze mean 74.8 8.0 4.4 5.6 1.6 6.8 11.9 1.0 6.5 

 
 SD 17.0 2.0 2.3 1.8 0.6 2.9 4.7 0.7 2.3 

 
Non-haze mean 65.3 7.4 3.7 5.6 1.5 4.9 11.6 0.7 6.5 

 
 SD 20.5 1.6 1.4 1.1 0.6 2.6 2.3 0.4 3.1 
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 667 
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Figure 1S Daily variations of PM2.5, RH, NO2, and babs365, methanol during the winter sampling 

period. 

 

 

 

 

 

 

 

Figure S2 Source profiles for the four sources during winter identified by the positive matrix 

factorization (PMF) mode. 



 

 

 

Figure S3 Average source contribution to aerosol mass concentration during winter that is 

estimated by PMF source factor (see Fig.S1) 
 

 

 

 

 

Figure S4 Source profiles for the five sources during summer identified by the positive matrix 

factorization (PMF) mode. 
 

 

 
 



 

 
 

Figure S5 Average source contribution to aerosol mass concentration during summer that is 

estimated by PMF source factor (see Fig.S2) 

 
Table S1 Regression diagnosis for each individual species and total mass PM2.5 obtained by 

the PMF model (R2= coefficient of determination). 

 
Species  Intercept Slope R2 

 
winter summer winter summer winter summer 

PM2.5 mass 22.36 26.33 0.89 0.64 0.96 0.71 

OC1 0.62 0.59 0.58 0.25 0.63 0.87 

OC2 0.43 0.22 0.93 0.87 0.95 0.75 

OC3 3.48 0.15 0.6 0.92 0.77 0.86 

OC4 3.89 0.31 0.25 0.88 0.79 0.82 

EC1 5.98 1.29 0.73 0.63 0.87 0.7 

EC2 0.03 0.07 0.91 0.88 0.77 0.96 

K+ 0.2 0.41 0.91 0.51 0.91 0.81 

NH4
+ 0.01 0.05 0.33 0.45 0.87 0.91 

Mg2+ 0.11 0.11 0.75 0.75 0.74 0.74 

Ca2+ 0.72 0.16 0.35 0.97 0.85 0.99 

NO3
- 0.34 0.03 0.67 0.54 0.88 0.92 

SO4
2- 0.56 0.8 0.77 0.65 0.93 0.86 

 



Highlights 

 

High time-resolved BrC observation during winter and summer was conducted. 

Atmospheric aging can either enhance or reduce light absorption by BrC. 

Primary emission and secondary formation were important contributors to BrC 

during winter and summer, respectively. 

 


