
AnRn\mRXV RefeUee #1 

The manuscript by Wang et al. focused on the source apportionment and mixing state 

of black carbon in the North China Plain. The objectives of the study were to (a) 

determine the contributions of different sources and regions to the BC mass, (b) identify 

the chemical composition of BC coatings, and (c) evaluate the impacts of BC on 

regional radiative forcing. The authors used various methods to achieve these 

objectives. The major methods include a multi-wavelength optical approach combined 

with the source-based absorption Ångström exponent, WRF-Chem model, ART-2a, and 

SBDART model. The authors found that (a) the contribution of traffic emission was 

dominant to BC mass in the study region; (b) BC-containing particles existed in six 

classes to the mixing state of organic and inorganic substances; (c) the estimated BC 

forcing was positive with +18.0 W m-2 and a heating rate of 0.5 K day-1 in the study 

region. The designed experiments were comprehensive, and the results were robust. The 

new data generated from this study should be valuable to understand the present status 

of the regional air quality and radiative forcing affected by BC in the North China Plain 

under the background of emission reduction. Therefore, I would suggest the manuscript 

for publication after the authors address the following specific comments. 

ReVSRnVe: The authors thank the reYieZer¶s Yaluable suggestions, and Ze belieYe that 

the reYised manuscript has been significantl\ improYed after considering the comments. 

BeloZ are the point-to-point responses, and the modifications to the manuscript are 

marked in the reYised manuscript. 

(1) Although a photoacoustic instrument was used to correct the impact of filter matrix 

scattering of AE33 aethalometer, the PAX was operated at a single wavelength of 532 

nm, which may bring uncertainty for other wavelengths of AE33 absorption. This 

should be pointed out in the study. 

ReVSRnVe: We agree Zith the reYieZer. In the reYised manuscript, Ze added a sentence 

to address the this uncertaint\. It noZ reads as folloZs: 

³As shoZn in Fig. S2, a 520 nm ZaYelength of AE33 absorption Zas strongl\ 



correlated Zith the PAX absorption (R2 = 0.97, p < 0.01). The slope of 2.57 Zas 

then used to correct the AE33 data. HoZeYer, a single-ZaYelength-based 

correction method ma\ result in underestimation at Ȝ = 370 and 470 nm, and 

oYerestimation at Ȝ = 590, 660, and 880 nm (Kim et al., 2019).´ 

(2) A Nafion dryer was used for ACSM. How about the AE33, PAX, and SPAMS? High 

ambient humidity can also influence the measurements of these instruments. A 

schematic of the measurement system should be used to show the setup of each 

instrument. 

ReVSRnVe: The collected ambient aerosols Zere dried before measurements b\ all 

instruments. We folloZed the reYieZer¶s suggestion and added a schematic of the 

instrumental setups. Please see Figure R1 beloZ (also see Figure S1 in the reYised 

supplemental material). 

 

FigXUe R1. Schematic presentation of the instrumental setups of the ambient aerosol 

measurements. 

(3) The authors should provide more information on bench tests, as the vehicle emission 

is a crucial component of the BC sources; relevant references should be cited. 
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ReVSRnVe: FolloZing the reYieZer¶s suggestion, Ze added more description about the 

bench tests in the reYised manuscript. It noZ reads as folloZs: 

³The motor Yehicle e[haust emissions Zere performed using a LDWJ6/135 

detection s\stem of loading and speed reduction on the light dut\ diesel Yehicle 

(Shen]hen Hui\in Industrial DeYelopment Co., Ltd, Shen]hen, China). This 

s\stem contains tZo different si]es of e[pansion c\linders that are used to carr\ 

the driYing Zheels of the Yehicles. Fig. S5 shoZs the schematic presentation of 

the instrumental setup of motor Yehicle e[haust emissions. Gasoline and diesel 

cars at idle and at different driYing speeds (i.e., 20 and 40 km h-1) Zere tested. 

The automobile e[haust smoke particles Zere collected using a particle sampling 

probe in the e[haust pipe. The particles Zere dried b\ a silica gel dr\er before 

AE33 aethalometer measurement. The measured babs(Ȝ) used to estimate the 

AAE Zas aYeraged oYer the period that the driYing speed Zas relatiYel\ stable.´ 

(4) Insufficient detail is given regarding the radiative forcing calculations. The 

radiative forcing is related to the vertical information of the atmosphere. The authors 

used the OPAC model to retrieve the vertical optical parameters used in the SBDART 

model, but the brief description makes the calculation unclear. More information about 

the OPAC model should be added in the supporting information. 

ReVSRnVe: FolloZing the reYieZer¶s suggestion, Ze added more description of the 

OPAC model in the reYised supplemental material (Te[t S3). It reads as folloZs: 

³The aerosol optical depth (AOD), single scattering albedo (SSA), and 

as\mmetric parameter (AP) are important parameters used in the SBDART 

model to estimate aerosol radiatiYe effect. In this stud\, these optical parameters 

Zere deriYed b\ the OPAC model. A detailed description of the softZare package 

of OPAC has been documented b\ Hess et al. (1998). The measured mass 

concentrations of OC, EC, and Zater-soluble ions as Zell as the estimated 

mineral dust (= [Fe]/0.035) Zere input in the OPAC model to estimate the AOD, 

SSA, and AP. The measurements of these chemical species are described in Te[t 



S1. The number concentration of BC in the OPAC model Zas constrained b\ the 

measured EC mass concentration. Although seYeral Zater-soluble ions and 

mineral dust Zere obtained, the\ did not coYer all Zater-soluble and insoluble 

materials. Therefore, the number concentrations of Zater-soluble and insoluble 

materials Zere tuned for OPAC model based on the measured data. This Zas 

done b\ comparing the OPAC-deriYed light scattering, light absorption, and SSA 

Zith the corresponding PAX-measured ones until the differences Zere Zithin 5% 

for each parameter. After the aerosol light e[tinction coefficient (sum of light 

scattering and absorption) Zas obtained, the AOD Zas then estimated as folloZs 

(Hess et al., 1998): 

AOD ൌ ∑ ∫ σ௘,௝ሺℎሻ𝑑ℎ ൌ ∑ ௘,௝ߪ
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Zhere 𝐻௝,௠௔௫ and 𝐻௝,௠௜௡ Zere the upper and loZer boundar\ in la\er 𝑗; ߪ௘,௝ 

Zas the surface aerosol light e[tinction coefficient in la\er 𝑗; ℎ Zas the la\er 

height; ߪ௘,௝
ଵ   represented the aerosol light e[tinction coefficient that Zas 

normali]ed to 1 particle cm-3; 𝑁௝ Zas the number concentration in la\er 𝑗; and 

𝑍  Zas the scale height. The OPAC-deriYed AODs Zere tuned to match the 

satellite-deriYed AODs (https://gioYanni.gsfc.nasa.goY/gioYanni) b\ altering the 

scale height in OPAC until the difference betZeen them Zas Zithin 5%. OZing 

to the closure Zith AOD and anchoring of the chemical composition, the 

assumptions in the OPAC model did not e[hibit a significant impact on the 

estimation of radiatiYe effect using SBDART model (Satheesh and SriniYasan 

2006).´ 

(5) One finding of this study is the change of BC source in winter NCP through 

comparison with previous studies in this region. The authors considered this as a 

successful example of coal-to-gas switching to reduce pollutants under the new 

regulations by the Chinese State Council released in 2013. It would be useful to see 

a thorough comparison between the results of this study and those conducted before 

2013 in this region. There should be relevant data from previous measurements by 



others in this region. 

ReVSRnVe: FolloZing the reYieZer¶s suggestion, Ze added BC source apportionment 

studies conducted before 2013 in the NCP region. This information Zas updated in 

Figure 4 in the reYised manuscript (also see Figure R2 beloZ). 

 

FigXUe R2. Comparisons of the different sources of black carbon (BC) in urban, 

suburban, and rural areas in China and Europe. BCsf and BCZb describe BC from solid 

fuel sources and Zood burning, respectiYel\. BClff and BCff represent BC from liquid 

fossil fuel and solid fossil fuel sources, respectiYel\. Detailed information of the data is 

summari]ed in Table S1. 

(6) The term µAethalometer model¶ gets misused in places. This refers to the data 

analysis technique, not the instrument itself. 

ReVSRnVe: To make it clearer, Ze changed the ³Aethalometer model´ to ³multi-

ZaYelength optical method´ in the reYised manuscript. 

(7) The map of Fig. S6 does not make much sense to someone unfamiliar with Chinese 

geography. Suggest showing a zoomed-out version showing the wider region. 

ReVSRnVe: FolloZing the reYieZer¶s suggestion, Ze modified the map of Fig. S6 in the 

reYised manuscript. Please see Figure R3 beloZ (also see Figure S8 in the reYised 

supplemental material). 



 

FigXUe R3. DiYision of different regions in the Weather Research and Forecasting 

model coupled Zith chemistr\ (WRF-Chem). 

(8). The authors may improve the manuscript content by avoiding grammar and 

spelling errors throughout the text. I¶m not going to list them, but the manuscript should 

be checked carefully and polished by a native English speaker. 

ReVSRnVe: The reYised manuscript Zas polished b\ an English language editing agenc\. 



AQRQ\PRXV RHIHUHH #2 

Summary: 

This paper discusses measurements of black carbon (BC) made with an AE33 

aethalometer and a SP-AMS in the North China Plain (NCP) during winter in 2017- 

2018. These observations are discussed in the context of recent emission reduction 

policies. Initial laboratory experiments were made of different fuel sources in an 

environmental chamber to develop a model to interpret the aethalometer measurements. 

This model was then applied to 2 months of measurements at a ground site, and the 

results are interpreted in the context of WRF-Chem modeling results to estimate relative 

contributions from regional sources and the BC radiative effect. The relative 

contributions of liquid fossil fuel sources and solid fuel sources were evaluated, and 

these relative sources were discussed in the context of their contribution to the regional 

BC radiative effect. 

The observations and the analysis presented here are a valuable contribution to the 

literature, given the importance of BC as a climate forcer and the NCP as a significant 

anthropogenic source region for these aerosols. The conclusion that focusing on a 

reduction of BC from solid fuel sources could lead to greater gains than liquid fuels is 

an important conclusion for policy makers. 

While it¶s clear that a significant amount of work went into the acquisition of 

measurements and the analysis of results presented in this study, the discussion is often 

challenging to follow. While each separate part of the measurements, analysis, and 

modeling were described in Section 2, it is often not clear which measurement or model 

contributed to the results discussed in Section 3. The paper would also benefit from a 

more clear discussion of the BC observations in light of best practices for discussing 

observations from different instruments established in the recent literature. In addition, 

the radiative forcing calculation is not clearly described. 

RHVSRQVH: The aXWhoUV appUeciaWe Whe UeYieZeU¶V YalXable VXggeVWionV, and Ze belieYe 

WhaW Whe UeYiVed manXVcUipW haV been VignificanWl\ impUoYed afWeU addUeVVing Whe 

commenWV. BeloZ aUe Whe poinW-Wo-poinW UeVponVeV, and Whe modificaWionV Wo Whe 



manXVcUipW aUe maUked. 

General Comments: 

(1) Observations of BC with the different instruments used in the study should be more 

clearly distinguished (eBC, rBC) as discussed in Lack et al. 2014. This is an important 

issue when comparing observations between different instruments, as BC is 

operationally defined, and this point should be made clearly in the discussion. This is 

particularly confusing in the discussion of the source-specific AAE model, as it seems 

both observations from the aethalometer and the SP-AMS are used to determine the 

source-specific AAE values. 

RHVSRQVH: We folloZed Whe UeYieZeU¶V VXggeVWion and claUified Whe WeUm of BC 

meaVXUed b\ diffeUenW inVWUXmenWV. AccoUding Wo Whe UeYieZ VWXdieV of BC b\ Lack eW 

al. (2014) and PeW]old eW al. (2013), Ze XVed ³eqXiYalenW BC (eBC)´ foU AE33 

aeWhalomeWeU meaVXUemenWV and ³elemenWal caUbon (EC)-conWaining paUWicleV´ foU 

SPAMS meaVXUemenWV. The VoXUce-Vpecific AAE ZaV calcXlaWed baVed on Whe aeUoVol 

lighW abVoUpWion Zhich ZaV meaVXUed b\ AE33 aeWhalomeWeU. We haYe claUified WhiV in 

Whe UeYiVed manXVcUipW. IW noZ UeadV aV folloZV: 

³Table 1 VXmmaUi]eV Whe aYeUage AAEV obWained fUom Whe VoXUceV of liqXid foVVil 

fXelV and Volid fXelV. TheVe VoXUce-Vpecific AAEV ZeUe calcXlaWed XVing babV(370) 

and babV(880) (EqV. 3 and 4).´ 

(2) It is also important in the context of the BC radiative effect calculation, as 

observations of BC mass loadings can differ by a factor of 2 or more when comparing 

different measurement techniques. 

RHVSRQVH: We agUee ZiWh Whe UeYieZeU WhaW diffeUenW BC inVWUXmenWV indXce 

XnceUWainWieV in BC meaVXUemenWV in VWXdieV. In Whe UeYiVed manXVcUipW, Ze claUified 

WhiV poinW, and iW UeadV aV folloZV: 

³CompaUed Wo pUeYioXV DRE obWained fUom Whe SBDART model, Whe 

aWmoVpheUic DRE deUiYed b\ eBC YalXeV in WhiV VWXd\ (+18.0 � 9.6 W m-2) ZaV 



compaUable Wo WhaW of SoXWh China (+17.0 W m-2, HXang eW al., 2011) bXW ZaV 

loZeU Whan WhaW of NoUWhZeVW China (+16.6 Wo +108.8ௗWௗm-2, Zhao eW al., 2019). 

In addiWion Wo Whe YaU\ing BC bXUden in diffeUenW aUeaV, Whe BC meaVXUemenW 

WechniqXeV XVed in diffeUenW VWXdieV ma\ alVo conWUibXWe Wo Whe diffeUenceV in BC 

DRE calcXlaWionV.´ 

(3) The discussion of the radiative forcing is not very clear, and I had a hard time 

following how this calculation was performed. More details need to be given. In 

addition, this appears to be a calculation of the BC radiative effect (rather than 

radiative forcing), as described in Heald et al. 2014. 

RHVSRQVH: AfWeU caUefXll\ Uead Whe VWXd\ of Heald eW al. (2014), Ze changed Whe oUiginal 

XVed µUadiaWiYe foUcing¶ Wo µUadiaWiYe effecW¶ in Whe UeYiVed manXVcUipW. AddiWionall\, Ze 

added moUe deWailed deVcUipWion aboXW Whe calcXlaWion of BC UadiaWiYe effecW. IW noZ 

UeadV aV folloZV: 

³AeUoVol diUecW UadiaWiYe effecW (DRE) (Heald eW al. 2014) aW Whe Wop of Whe 

aWmoVpheUe (TOA) oU aW Whe EaUWh¶V VXUface (ES) iV Whe diffeUence beWZeen Whe 

incoming (↓) and oXWgoing (↑) VolaU flX[eV (F) ZiWh and ZiWhoXW aeUoVolV: 

DRE ൌ ሺF ↓ െF ↑ሻ୵୧୲୦ ୟୣr୭ୱ୭୪ െ ሺF ↓ െF ↑ሻ୵୧୲୦୭୳୲ ୟୣr୭ୱ୭୪     (8) 

The aeUoVol DRE in Whe aWmoVpheUe ZaV calcXlaWed b\ VXbWUacWing Whe DRE aW 

Whe EaUWhV¶ VXUface fUom Whe DRE aW Whe Wop of Whe aWmoVpheUe. 

In WhiV VWXd\, Whe SanWa BaUbaUa DISORT AWmoVpheUic RadiaWiYe TUanVfeU 

(SBDART) model WhaW ZaV deYeloped b\ Ricchia]]i eW al. (1998) ZaV XVed Wo 

peUfoUm Whe UadiaWiYe WUanVfeU calcXlaWionV in Whe VhoUWZaYe VpecWUal Uegion of 

0.25±4.0 ȝm. The SBDART model iV a Zidel\ XVed Wool foU eVWimaWing aeUoVol 

DRE in Whe aWmoVpheUe (e.g., Zhang eW al., 2017; RajeVh and RamachandUan, 

2018; Boi\o eW al., 2019). A deWailed deVcUipWion of WhiV model can be foXnd in 

Ricchia]]i eW al. (1998). The aeUoVolV¶ opWical depWh, Vingle VcaWWeUing albedo, and 

aV\mmeWUic paUameWeUV aUe eVVenWial inpXW facWoUV in Whe SBDART model. TheVe 



opWical paUameWeUV ZeUe eVWimaWed XVing Whe OpWical PUopeUWieV of AeUoVolV and 

CloXdV (OPAC) model (HeVV eW al., 1998). DeWailed calcXlaWionV aUe VhoZn in 

Te[W S3. MoUeoYeU, Whe VXUface albedo, VolaU ]eniWh angle, and aWmoVpheUic 

paUameWeU pUofileV aUe alVo impoUWanW inpXW facWoUV in Whe SBDART model. The 

VXUface albedo ZaV deUiYed fUom Whe ModeUaWe ReVolXWion Imaging 

SpecWUoUadiomeWeU (hWWpV://modiV-aWmoV.gVfc.naVa.goY/ALBEDO/inde[.hWml, 

laVW acceVV: NoYembeU 2019). The VolaU ]eniWh angle ZaV eVWimaWed XVing Whe 

laWiWXde, longiWXde, and Vampling Wime of Whe locaWion. The aWmoVpheUic YeUWical 

pUofileV (inclXding YeUWical diVWUibXWionV of WempeUaWXUe, pUeVVXUe, ZaWeU YapoU, 

and o]one denViW\) of mid-laWiWXde ZinWeU embedded in Whe SBDART model ZeUe 

XVed.´ 

(4) Overall, the paper could benefit from English language editing.  

RHVSRQVH: The UeYiVed manXVcUipW ZaV poliVhed b\ an EngliVh langXage ediWing agenc\. 

Specific Comments: 

(5) The title is quite long. 

RHVSRQVH: We VhoUWened Whe WiWle aV folloZV: 

³MeaVXUemenW UepoUW: SoXUce and mi[ing VWaWe of black caUbon aeUoVol in Whe 

NoUWh China Plain: ImplicaWionV foU UadiaWiYe effecW´ 

(6) Page 1, lines 23-25. It is unclear here how the ³local emissions´ differ from the 

³emissions in the NCP´. If this is meant to differentiate local emissions relative to 

regional emissions this could be more clearly stated. 

RHVSRQVH: YeV, iW meanV Wo diffeUenWiaWe local emiVVionV fUom Uegional emiVVionV. To 

make iW cleaUeU, Ze UeYiVed WhiV VenWence in Whe manXVcUipW. IW noZ UeadV aV folloZV: 

³The aiU qXaliW\ model indicaWed WhaW local emiVVionV ZeUe Whe dominanW 

conWUibXWoUV Wo eBC aW Whe meaVXUemenW ViWe. HoZeYeU, Uegional emiVVionV fUom 

NCP ZeUe a cUiWical facWoU foU high eBC pollXWion.´ 



(7) A schematic of the instrument setup during the environmental chamber experiments 

and the measurement campaign could be a helpful addition. Additionally the map 

showing the location of the measurement site (S1) would be helpful in the main text. 

RHVSRQVH: FolloZing Whe UeYieZeU¶V VXggeVWion, Ze haYe added Whe VchemaWic of 

inVWUXmenWal VeWXpV of oXU ambienW meaVXUemenWV (Vee FigXUe R1 beloZ and FigXUe S1) 

and VoXUce e[peUimenWV (Vee FigXUe R2 beloZ and FigXUe S4) in Whe UeYiVed 

VXpplemenWaU\ maWeUial. MoUeoYeU, map of Whe Vampling locaWion ZaV pXW in Whe main 

We[W (Vee FigXUe 1 in Whe UeYiVed main We[W). 

 

 

FLJXUH R1. SchemaWic pUeVenWaWion of Whe inVWUXmenWal VeWXpV of Whe ambienW aeUoVol 

meaVXUemenWV. 
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FLJXUH R2. SchemaWic pUeVenWaWion of Whe inVWUXmenWal VeWXpV of VoXUce e[peUimenWV 

of biomaVV bXUning and coal combXVWion. 

(8) Some more details would be useful for the observations from the source emission 

experiments in order that these could be more easily compared with other similar 

experiments. At what point during the burns was the emitted smoke measured?  

RHVSRQVH: We Whank Whe UeYieZeU¶V inVighWfXl VXggeVWion. In Whe UeYiVed manXVcUipW, 

Ze added moUe deVcUipWion of Whe VoXUce emiVVion e[peUimenWV, Zhich inclXdeV Whe 

infoUmaWion conceUned b\ Whe UeYieZeU. IW noZ UeadV aV folloZV: 

³A cXVWom-made paVViYaWed alXminXm chambeU (a8 m3) ZaV XVed Wo 

chaUacWeUi]e Whe emiVVion of Volid fXelV (i.e., biomaVV and coal) (Fig. S4). 

PeUfoUmance eYalXaWion of WhiV chambeU ZaV done b\ Tian eW al. (2015). SeYeUal 

W\peV of biomaVV UeVidXeV (ZheaW VWUaZ, Uice VWUaZ, and coUn VWalk, coWWon VWalk, 

VeVame VWalk, Vo\bean VWUaZ, and fiUeZood) and coal (biWXminoXV coal and 

hone\comb bUiqXeW) ZeUe XVed Wo UepUeVenW biomaVV bXUning and coal 

combXVWion WhaW occXUV in Whe NCP. Each ZeighWed Vample ZaV bXUned on a 

plaWfoUm oU in a VWoYe WhaW ZaV placed inVide Whe combXVWion chambeU. FoU 



biomaVV bXUning, Whe chambeU backgUoXnd babV(Ȝ) ZaV meaVXUed b\ AE33 

aeWhalomeWeU befoUe igniWion. When Whe backgUoXnd babV(Ȝ) ZaV cloVe Wo ]eUo 

and VWable, a pUopane WoUch ZaV XVed Wo igniWe Whe biomaVV on Whe plaWfoUm. FoU 

coal combXVWion, a bXUned-oXW hone\comb coal in Whe VWoYe ZaV XVed aV Whe 

igniWeU afWeU Whe backgUoXnd babV(Ȝ) ZaV Vmall and VWable in Whe chambeU. The 

emiWWed VmokeV of each bXUn WeVW ZeUe fiUVW dilXWed b\ a Model 18 dilXWion 

VampleU (BaldZin EnYiUonmenWal Inc., Reno, NV, USA) befoUe AE33 

aeWhalomeWeU meaVXUemenWV (Fig. S4). The babV(Ȝ) XVed Wo eVWimaWe Whe AAE 

ZaV aYeUaged oYeU Whe enWiUe peUiod of each bXUn fUom igniWion Wo babV(Ȝ) back 

Wo Whe backgUoXnd. 

The moWoU Yehicle e[haXVW emiVVionV ZeUe peUfoUmed XVing a LDWJ6/135 

deWecWion V\VWem of loading and Vpeed UedXcWion on Whe lighW dXW\ dieVel Yehicle 

(Shen]hen HXi\in IndXVWUial DeYelopmenW Co., LWd, Shen]hen, China). ThiV 

V\VWem conWainV WZo diffeUenW Vi]eV of e[panVion c\lindeUV WhaW aUe XVed Wo caUU\ 

Whe dUiYing ZheelV of Whe YehicleV. Fig. S5 VhoZV Whe VchemaWic pUeVenWaWion of 

Whe inVWUXmenWal VeWXp of moWoU Yehicle e[haXVW emiVVionV. GaVoline and dieVel 

caUV aW idle and aW diffeUenW dUiYing VpeedV (i.e., 20 and 40 km h-1) ZeUe WeVWed. 

The aXWomobile e[haXVW Vmoke paUWicleV ZeUe collecWed XVing a paUWicle 

Vampling pUobe in Whe e[haXVW pipe. The paUWicleV ZeUe dUied b\ a Vilica gel 

dU\eU befoUe AE33 aeWhalomeWeU meaVXUemenW. The meaVXUed babV(Ȝ) XVed Wo 

eVWimaWe Whe AAE ZaV aYeUaged oYeU Whe peUiod WhaW Whe dUiYing Vpeed ZaV 

UelaWiYel\ VWable.´ 

(9) Do the values in Table 1 represent average values of the aerosol optical properties 

during the entire period of the burn? What does the ³test number´ in Table 1 refer to? 

Is this the number of experiments performed? This should be made clear in the caption. 

RHVSRQVH: YeV, Whe aeUoVol opWical pUopeUWieV in Table 1 ZeUe calcXlaWed XVing Whe 

aYeUage lighW abVoUpWion of Whe enWiUe peUiod of each bXUn. The WeVW nXmbeU denoWeV Whe 

nXmbeU of peUfoUmed e[peUimenWV. We added noWeV in Whe UeYiVed Table 1 (alVo Vee 

Table R1 beloZ). 



TabOH 1. SXmmaU\ of aeUoVol abVoUpWion cngVWU|m e[ponenW (AAE) obWained fUom 

VoXUce e[peUimenW. 

 

(10) I found the discussion in 3.1.1 and Figure 1 to be unclear. Given the range of 

values for AAE for the different fuel types shown in Table 1, the limitations of the 

aethalometer model, which assumes a single value for AAE for liquid fuels and solid 

fuels, should be more clearly discussed in the text. 

RHVSRQVH: FUom Whe compXWaWional eqXaWionV, Whe limiWaWion of µaeWhalomeWeU model¶ 

iV mainl\ fUom Whe applied VoXUce-Vpecific AAE. DXe Wo Whe high YaUiaWion in Whe Volid 

fXel AAE (e.g., 1.1±4.0 in WhiV VWXd\), Whe VelecWion of diffeUenW YalXe in Whe 

µaeWhalomeWeU model¶ can caXVe XnceUWainWieV in eVWimaWion of conWUibXWion fUom each 

VoXUce (e.g., Volid fXelV and liqXid fXelV) Wo WoWal BC maVV. MoVW of Whe cXUUenW VWXdieV 

XVed VoXUce-Vpecific AAEV fUom pUeYioXV pXblicaWion (e.g., Heal\ eW al., 2017; RajeVh 

and RamachandUan, 2018; Zheng eW al., 2019). Some oWheU VWXdieV obWained Whe 

VoXUce-Vpecific AAE WhUoXgh compaUiVon ZiWh UeVXlWV fUom e[WeUnal VoXUce 

appoUWionmenW meWhodV, VXch aV ACSM-baVed oUganic aeUoVol (OA) VoXUceV (Ealo eW 

al., 2016) and 14C WechniqXe (MaUWinVVon eW al., 2017; ZoWWeU eW al., 2017). In WhiV VWXd\, 

Ze condXcWed Whe VoXUce e[peUimenWV Wo obWain Whe poVVible VXiWable VoXUce-Vpecific 

AAEV. In addiWion, Ze peUfoUmed VenViWiYiW\ anal\VeV b\ compaUing UeVXlWV of BC 

VoXUce appoUWionmenW ZiWh diffeUenW OA VoXUceV (i.e., HOA and BBOA+CCOA) Wo 

YeUif\ Whe UaWionaliW\ of Whe applied AAE YalXeV. In Whe UeYiVed manXVcUipW, Ze added 



Whe limiWaWion of Whe µaeWhalomeWeU model¶. And baVed on Whe commenW fUom ReYieZeU 

1, Ze changed Whe WeUm ³AeWhalomeWeU model´ Wo ³mXlWi-ZaYelengWh opWical meWhod´ 

in Whe UeYiVed manXVcUipW. IW noZ UeadV aV folloZV: 

³FUom EqV. 1±4 of Whe mXlWi-ZaYelengWh opWical meWhod, iWV limiWaWion iV 

aWWUibXWed Wo Whe choice of VoXUce-Vpecific AAE. Since AAE e[hibiWed high 

YaUiaWionV (e.g., 1.1±4.0 in WhiV VWXd\), diffeUenW AAE VelecWionV ma\ lead Wo 

XnceUWainWieV Zhen eVWimaWing Whe conWUibXWionV of Volid fXelV and liqXid fXelV 

Wo eBC maVV. In WhiV VWXd\, Whe obWained aYeUage AAElff (1.3) and AAEVf (2.8) 

ZeUe applied in Whe mXlWi-ZaYelengWh opWical meWhod Wo obWain eBC VoXUce 

appoUWionmenW. A VenViWiYiW\ WeVW foU each eBC VoXUce and oUganic aeUoVol (OA) 

VXbW\pe ZaV fXUWheU peUfoUmed Wo YeUif\ Whe UaWionaliW\ of Whe XVed AAEV.´ 
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UadiocaUbon and leYoglXcoVan anal\ViV aW a UXUal backgUoXnd ViWe in VoXWheUn 

SZeden, AWmoV. Chem. Ph\V., 17(6), 4265±4281, hWWpV://doi.oUg/10.5194/acp-

17-4265-2017, 2017. 
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Bai, Y., Li, S. and Qi, S.: InWUa-Uegional WUanVpoUW of black caUbon beWZeen Whe 

VoXWh edge of Whe NoUWh China Plain and cenWUal China dXUing ZinWeU ha]e 

epiVodeV, AWmoV. Chem. Ph\V., 19(7), 4499±4516, hWWpV://doi.oUg/10.5194/acp-

19-4499-2019, 2019. 
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BalWenVpeUgeU, U., S]idaW, S. and PUpY{W, A. S. H.: EYalXaWion of Whe abVoUpWion 

cngVWU|m e[ponenWV foU WUaffic and Zood bXUning in Whe AeWhalomeWeU-baVed 
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(11) Does Table 2 give observations from the SP-AMS? As this discusses the number of 

particles, that would seem to be the case but this should be clearly stated (e.g. by 

referring to rBC rather than BC). 

RHVSRQVH: YeV, Table 2 VhoZV Whe obVeUYaWionV fUom SPAMS. AV Ueplied in commenW 

(1) aboYe, Whe µBC¶ in Wable ZaV UeYiVed Wo µEC¶ aV VhoZn in Table R2 (alVo Vee Table 2 

in Whe UeYiVed manXVcUipW). 

TabOH R2. SXmmaU\ of nameV, nXmbeUV, and fUacWionV of Vi[ W\peV of elemenWal caUbon 

(EC)-conWaining paUWicleV deWeUmined b\ a Vingle paUWicle aeUoVol maVV VpecWUomeWeU. 



 

(12) Page 11, lines 13. How was this percent contribution determined? Is this from the 

WRF-Chem model or does this use the observed BC? Is the BC concentration shown in 

Figure 5 from the model results or from the observations? 

RHVSRQVH: The peUcenW conWUibXWionV of local emiVVionV and Uegional WUanVpoUW ZeUe 

obWained fUom WRF-Chem model. The BC concenWUaWion VhoZn in FigXUe 5 ZaV Whe 

obVeUYaWion YalXeV. We claUified in Whe manXVcUipW, and iW noZ UeadV aV folloZV: 

³AV VhoZn in Fig. S8, Vi[ VoXUce UegionV ZeUe idenWified in Whe WRF-Chem 

model Wo qXanWif\ Whe conWUibXWionV of local emiVVionV and Uegional WUanVpoUW Wo 

obVeUYed eBC maVV. The infoUmaWion on each VoXUce Uegion iV VXmmaUi]ed in 

Table S2, and WheiU conWUibXWionV Wo obVeUYed eBC maVV aUe VhoZn in Fig. 5.´ 



 
 

FLJXUH R3. ScaWWeU ploWV of Whe meaVXUed maVV concenWUaWionV of eqXiYalenW black 

caUbon (eBC) YeUVXV Whe eBC conWUibXWionV of diffeUenW VoXUce UegionV obWained b\ 

WRF-Chem model. 

(13) Figure 6. It would be useful to replace the Region 1-6 labels shown in the figure 

with the names of the regions used in the text (or include this information in the caption). 

RHVSRQVH: FolloZing Whe UeYieZeU¶V VXggeVWion, Ze added WhiV infoUmaWion in Whe figXUe 

capWion. PleaVe Vee Whe FigXUe R4 beloZ (alVo Vee FigXUe 7 in Whe UeYiVed manXVcUipW). 



 

FLJXUH R4. DiVWUibXWionV of Whe dail\ aYeUage maVV concenWUaWionV of eqXiYalenW black 

caUbon (eBC) (ȝg m-3, UepUeVenWed b\ Whe coloU baU) aW Xianghe and VXUUoXnding aUeaV 

fUom 11Wh Wo 14Wh JanXaU\, 2018 VimXlaWed b\ WRF-Chem model. The aUUoZ denoWeV Whe 

Zind Vpeed. The Ued UecWangleV UepUeVenW diffeUenW VoXUce UegionV, Zhich Region 1 iV 

Xianghe, Region 2 iV Beijing, Region 3 iV Tianjin, Region 4 iV NoUWh China Plain, 

Region 5 iV NoUWh Hebei PUoYince, and Region 6 iV oWheU aUeaV e[cepW Region 1±5. 

(14) Figure 8. It is unclear what the percentile range on the x-axis refers to. Is this with 

respect to the BC mass loading? 

RHVSRQVH: YeV, Whe peUcenWile Uange iV Whe BC maVV loading of diffeUenW VoXUceV. We 

UeYiVed WhiV figXUe Wo make iW cleaUeU. PleaVe Vee FigXUe R5 beloZ (alVo Vee FigXUe 9 in 

Whe UeYiVed manXVcUipW). 



 

 

FLJXUH R5. NXmbeU fUacWionV of elemenWal caUbon (EC)-conWaining paUWicle claVVeV aW 

diffeUenW loading UangeV of eqXiYalenW black caUbon (eBC) fUom VoXUceV of (a) liqXid 

foVVil fXelV (eBClff) and (b) Volid fXelV (BCVf). The 25Wh, 50Wh, and 75Wh denoWe Whe 25%, 

50%, and 75% peUcenWileV, UeVpecWiYel\. 

(15) It would be useful to discuss the results in Section 3.3 in the context of the different 

BC source emissions discussed in Section 3.1 

RHVSRQVH: We Whank Whe UeYieZeU¶V VXggeVWion. AV VhoZn in FigXUe R5 aboYe, Ze 

acWXall\ diVcXVVed Whe chaUacWeUiVWicV of chemical compoViWion of EC-conWaining 

paUWicleV in Whe conWe[W of Whe diffeUenW eBC VoXUceV in Whe oUiginal manXVcUipW. We 

UeYiVed Whe manXVcUipW in WhiV paUW Wo make Whe diVcXVVion cleaUeU. IW noZ UeadV aV 

folloZV: 

³Fig. 9 VhoZV Whe nXmbeU of fUacWionV of each claVV of EC-conWaining paUWicleV aW 

diffeUenW UangeV of eBClff and eBCVf. The EC-OCSO[ nXmbeU fUacWion incUeaVed 

aV eBCVf incUeaVed. In conWUaVW, iW dUopped Zhen eBClff ZaV higheU Whan Whe YalXe 

of Whe 75Wh peUcenWile of BClff. ThiV indicaWed a gUeaWeU impacW of Volid fXel VoXUce 

on EC-OCSO[ aW a high eBC loading enYiUonmenW compaUed Wo Whe liqXid foVVil 

fXel VoXUce.´ 

³The nXmbeU fUacWion of EC-NaK incUeaVed ZiWh an incUeaVe in BClff bXW kepW 

VWable ZiWh BCVf aV VhoZn in Fig. 9. TheVe UeVXlWV demonVWUaWe WhaW EC-NaK ZaV 



likel\ aVVociaWed ZiWh fUeVh WUaffic emiVVionV Whan fUom Volid fXelV.´ 

(16) Are the results in Section 3.4 from the WRF-Chem model? It is not clearly stated 

in the text. 

RHVSRQVH: The UeVXlWV of UadiaWiYe effecW in SecWion 3.4 ZeUe eVWimaWed fUom Whe 

SBDART model. We added a VenWence aW Whe beginning of WhiV paUagUaph Wo claUif\ WhiV 

in Whe UeYiVed manXVcUipW: 

³Fig. 11 VhoZV Whe eBC DRE YaUiaWionV aV eVWimaWed b\ Whe SBDART model.´ 

(17) Also it would be useful to provide some context for this estimation of the BC 

radiative effect in terms of previous calculations in the literature for the NCP region. 

RHVSRQVH: We folloZed Whe UeYieZeU¶V VXggeVWion and added Vome compaUiVonV of BC 

UadiaWiYe effecW fUom pUeYioXV VWXdieV. IW noZ UeadV aV folloZV: 

³In conWUaVW, eBC e[hibiWed a DRE Uange of +0.6 Wo +20.8 W m-2 ZiWh an aYeUage 

of +4.4 � 3.0 W m-2 aW Whe TOA, indicaWing a neW eneUg\ gain and ZaUm effecW. 

ThiV ZaV aWWUibXWed Wo Whe VWUong BC lighW abVoUpWion pUopeUW\ WhaW can impede 

Whe back VcaWWeUed UadiaWion Ueaching Whe TOA. The eBC DRE aW Whe TOA in WhiV 

VWXd\ ZaV compaUable Wo Whe YalXe oYeU Whe NCP Uegion (+6 Wo +8 W m-2, Li eW 

al., 2016).´ 

³CompaUed Wo pUeYioXV DRE obWained fUom Whe SBDART model, Whe 

aWmoVpheUic DRE deUiYed b\ eBC YalXeV in WhiV VWXd\ (+18.0 � 9.6 W m-2) ZaV 

compaUable Wo WhaW of SoXWh China (+17.0 W m-2, HXang eW al., 2011) bXW ZaV 

loZeU Whan WhaW of NoUWhZeVW China (+16.6 Wo +108.8ௗWௗm-2, Zhao eW al., 2019).´ 
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Abstract. Establishment of the sources and mixing state of black carbon (BC) aerosol is essential for 

assessing its impact on air quality and climatic effects. A winter campaign (December 2017±January 2018) 

was performed in the North China Plain (NCP) to evaluate the sources, coating composition, and radiative 

effects of BC under the background of emission reduction. Results showed that the sources of liquid fossil 

fuels (i.e., traffic emissions) and solid fuels (i.e., biomass and coal burning) contributed 69% and 31% to 20 

the total equivalent BC (eBC) mass, respectively. These values were arrived at by using a combination of 

multi-wavelength optical approach with the source-based aerosol absorption Ångström exponent values. 

The air quality model indicated that local emissions were the dominant contributors to eBC at the 

measurement site. However, regional emissions from NCP were a critical factor for high eBC pollution. 

A single particle aerosol mass spectrometer identified six classes of elemental carbon (EC)-containing 25 

particles. They included: EC coated by organic carbon and sulphate (52% of total EC-containing particles), 

EC coated by Na and K (24%), EC coated by K, sulphate, and nitrate (17%), EC associated with biomass 

burning (6%), pure-EC (1%), and others (1%). Different BC sources exhibited distinct impacts on the 

EC-containing particles. A radiative transfer model showed that the amount of detected eBC can produce 

an atmospheric direct radiative effect of +18.0 W m-2 and a heating rate of 0.5 K day-1. This study shows 30 

删䲔了: Evaluation of s…ources and mixing state of black 90 
carbon aerosol under the background of emission reduction …n 
the North China Plain: Ii ...

删䲔了: Regional Climate-Environment Research for Temperate 
East Asia

删䲔了: County, Hebei Province, 95 

删䲔了: Accurate understanding «f the sources and mixing state of 
black carbon (BC) aerosol is essential for assessing its impacts«on 
air quality and climatic effects. Here, a« winter campaign 
(December 2017 « «anuary 2018) was conducted «erformed in 
the North China Plain (NCP) to evaluate the sources, coating 100 
composition, and radiative effects of BC under the background of 
emission reduction since 2013« Results showed that the sources of 
liquid fossil fuel source« (i.e., traffic emissions) and solid fuel 
source« (i.e., biomass and coal burning) contributed 69% and 31% 
the total equivalent BC (eBC) mass, respectively. These values were 105 
arrived at by,«using a combination of multi-wavelength optical 
approach combined «ith the source-based aerosol absorption 
Ångström exponent values. The air quality model indicateds«that 
local emissions was «ere the dominant contributors to eBC at the 
measurement site on average,« Hh«wever, regional emissions 110 
in «romthe«NCP exerted «ere a critical role «actor for high eBC 
episode«ollution. A single particle aerosol mass spectrometer 
identified sS«x classes of elemental carbon (EC)BC«containing 
particles were identified,« They included:ing«(1) «B« coated by 
organic carbon and sulphate (52% of total EB«-containing 115 
particles), (2) «B« coated by Na and K (24%), (3) «B« coated by 
K, sulphate, and nitrate (17%), (4) B«C associated with biomass 
burning (6%), (5) P«ure-EB« (1%), and (6) «thers (1%). Different 
BC sources exhibitedhad«distinct impacts on those «he EB«-
containing particles. A radiative transfer model estimated «howed 120 
that the amount of detected eBC detected «an produce an 
atmospheric direct radiative effectforcing ...
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that reductions of solid fuel combustion-related BC may be an effective way of mitigating regional 

warming in the NCP. 

1 Introduction 

In the few past decades, black carbon (BC) aerosol has attracted considerable attention due to its 

substantial effects on the climate and atmospheric environment (Bond et al., 2013). It has strong light-5 

absorption abilities that lead to substantive climate changes in the global atmosphere (+1.1 W m-2). It is 

considered to be the second largest anthropogenic warming agent after carbon dioxide (Bond et al., 2013). 

In addition, the high atmospheric BC loading inhibits the development of a planetary boundary layer and 

enhances haze pollution (Ding et al., 2016). Reducing atmospheric BC loading is regarded as a win-win 

intervention for mitigating climate change and improving air quality (Kopp and Mauzerall, 2010). 10 

Different emission sources (e.g., fossil fuel and biomass burning) and complex physicochemical 

properties (e.g., morphology, size, and coating composition) have hindered the efforts to assess the 

climatic and environmental impacts of BC (Vignati et al., 2010). To determine BC sources, current 

methods rely on data obtained from offline filter-based or online spectroscopic techniques (Briggs and 

Long, 2016). Among them, the carbon isotope approach (Zhang et al., 2015) and multi-wavelength optical 15 

method (Zotter et al., 2017) are often used to determine BC sources. The carbon isotope approach can be 

used to obtain relatively accurate results of BC sources. However, the analysis is limited by time 

resolution of the filter samples. The multi-wavelength optical method utilizes online data and has the 

advantage of a superior time resolution when determining BC sources. The principle of the multi-

wavelength optical method is based on Beer-Lambert¶s LaZ. It utilizes measured aerosol light absorption 20 

at different wavelengths (Sandradewi et al., 2008). However, due to the lack of source-specific aerosol 

absorption Ångström exponent (AAE), studies often cite AAEs from previous literatures with fuel types 

being distinct among studies (Kalogridis et al., 2018; Zheng et al., 2019). These components induce 

potential uncertainties in using the multi-wavelength optical method. Therefore, a diverse set of AAEs 

from different source emissions are needed to improve the performance of this method. 25 

Black carbon mixing state is whereby another chemical composition is coated on BC particles (internally 

mixed) or exists as separate particles (externally mixed). Freshly emitted BC particles (e.g., diesel vehicle 

删䲔了: Results presented herein highlight «hat further «eductions 
of solid fuel combustion-related BC may be an more «ffective way 
to «f mitigatinge«regional warming in the NCP, although larger 
BC contribution was from liquid fossil fuel source95 ...

删䲔了: Over «n the few past decades, black carbon (BC) aerosol 
has attracted considerable attention due to its substantial effects on 
the climate and atmospheric environment (Bond et al., 2013). It has 
BC can affect climate via direct or semidirect radiative effects or 
effects or indirect cloud-albedo effects (Boucher et al., 2013). Due to 100 
its «trong light-absorptionbing«abilities that lead toy, BC can 
produce a«substantiveal«climate forcing «hangesglobally«in the 
present-day«lobal atmosphere (+1.1 W m-2). , and hence i«t is 
considered as «o be the second largest anthropogenic warming agent 
after carbon dioxide (Bond et al., 2013). Moreover«n addition, the 105 
high atmospheric BC loading can depress«nhibits the development 
of a planetary boundary layer and aggravate «nhances haze 
pollution (Ding et al., 2016). Due to the short atmospheric residence 
time, r«educing atmospheric BC loading is regarded as a win-win 
policy «ntervention to «or mitigatinge«climate change and 110 
improvinges« ...
删䲔了: OZing to BC¶s various«ifferent emission sources (e.g., 
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hindered the efforts to, large uncertainty still remains in«assess 115 
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al., 2010). To determine For «C source apportionment«, current 
methods relyare usually based«on the«data obtained from offline 
filter-based or online spectroscopicy«techniques (Briggs and Long, 
2016). Among them, the carbon isotope approach (e.g., ǻ14C«hang 120 
et al., 2015) and multi-wavelength optical method (e.g., aethalometer 
model«otter et al., 2017) are often used to quantify «etermine 
BCthe«sources of BC (e.g., Zotter et al., 2017; Zhang et al., 2015)« 
The carbon isotope approach could «an be used to obtain relatively 
accurate results of BC source apportionment«. However, the 125 
analysis is limited by time resolution of the filter samples. The multi-
wavelength optical methodaethalometer model which«utilizes 
online data and,«has the advantage of a superior time resolution 
whenin«determining BC sources. The principle of the multi-
wavelength optical methodaethalometer model«is based on 130 
the«Beer-Lambert¶s LaZ. It utilizes using«measured aerosol light 
absorption at different wavelengths (Sandradewi et al., 2008). 
However, due to the lack of source-specific aerosol absorption 
Ångström exponent (AAE), a number of «tudies often adopted «ite 
AAEs in aethalometer model cited «rom previous literatures even 135 
the«ith fuel types are «eing distinct among studies 
(e.g., «alogridis et al., 2018; Zheng et al., 2019). These 
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using the multi-wavelength optical method the accuracy of BC source 
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删䲔了: As an important chemical property of aerosol, BC «ixing 
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emission) exhibit typical external mixing, but over time, they become internally mixed with other non-

BC materials (e.g., organics, sulphate, and nitrate) during atmospheric processes (Eriksson et al., 2017). 

Compared to uncoated BC particles, the coated ones enhance the absorption efficiency of solar radiation 

by a factor of 1.2±2.0. This factor is strongly correlated with the chemical composition of the coatings on 

BC particles and their thickness (Wang et al., 2014; Fierce et al., 2016; Liu et al., 2017). Determination 5 

of BC mixing states through observation is challenging. Advances in online mass spectrometric 

techniques have enabled the elucidation of chemical characteristics of BC coatings. Based on this method, 

studies have reported direct observations of chemical compositions associated with BC-containing 

particles and their evolutionary features in the atmosphere (Zhang et al., 2014; Arndt et al., 2017). 

China is a hotspot for anthropogenic BC emissions. It accounts for up to 14% of the global BC radiative 10 

forcing (Li et al., 2016). In the past decade, China has experienced severe air pollution, especially in the 

North China Plain (NCP) (An et al., 2019). To improve air quality, the Chinese State Council has 

promulgated a series of regulations to reduce air pollutants. The most rigorous regulation of the µAction 

Plan for the Prevention and Control of Air Pollution (APPCAP)¶ released on 10th September 2013, aimed 

at reducing particulate matter by up to 10% in 2017 relative to 2012 levels for all prefecture-level cities 15 

in China. Studies have demonstrated the effectiveness of China¶s clean air policies in the reduction of 

particulate matter (Zhang et al., 2019). Decreased BC and co-emitted pollutant levels affects the 

interactions between BC and secondary aerosols which in turn results in changes in the physicochemical 

properties of BC aerosol. To reduce emissions, the assessment of physicochemical characteristics of BC 

will enhance the understanding of anthropogenic climate impact in China. However, studies focused on 20 

this aspect are limited. Therefore, we performed intensive measurements during winter in the last year of 

the APPCAP at a regional site in the NCP region to  determine the influences of different sources and 

regions to BC loading, identify the chemical composition of BC coatings, and evaluate the impact of BC 

on radiative effect. 
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2 Methodology 

2.1 Sampling site 

The sampling site was the Xianghe Atmospheric Integrated Observator\ (39�45¶ N, 116�57¶ E). It is 

located in a small county of Xianghe, north of the NCP (Fig. 1). The county has an area of 458 km2 and 

a total population of 0.36 million. It is bordered by Beijing in the northwest (~45 km) and Tianjin in the 5 

southeast (~79 km). This place is considered to be a regional observatory site that is exposed to frequent 

pollution plumes (e.g., urban, rural, or mixed origins) from surrounding areas (Wang et al., 2019a). 

Intensive measurements were performed in winter (1st December, 2017 to 31st January, 2018). During this 

period, atmospheric temperature was -1°C while relative humidity was 35%. 

2.2 Field Observations 10 

2.2.1 Aethalometer measurement 

A model AE33 aethalometer (Magee Scientific, Berkeley, CA, USA) was used to measure the aerosol 

light absorption at multi-wavelengths (babs(Ȝ), Ȝ =370, 470, 520, 590, 660, 880, and 950 nm) with a PM2.5 

cyclone (SCC 1.829, BGI Inc. USA). A schematic representation of the instrumental setup of the ambient 

aerosol measurements is shown in Fig. S1. The operational principle of this instrument was described in 15 

detail by Drinovec et al. (2015). Briefly, seven different light sources are used to irradiate the filter 

deposition spot and light attenuation is detected by optical sensors. The biases associated with the 

nonlinear loading effect were resolved by the AE33 aethalometer. However, the impact of filter matrix 

scatters interferes with the accuracy of measurements (Drinovec et al., 2015). To overcome this limitation, 

a photoacoustic extinctiometer (PAX) operating at a Ȝ = 532 nm Zas installed in parallel Zith AE33 20 

aethalometer. A detailed operating principle and calibrating procedures of PAX were described in our 

previous publication (Wang et al., 2018a). As shown in Fig. S2, a 520 nm wavelength of AE33 absorption 

was strongly correlated with the PAX absorption (R2 = 0.97, p < 0.01). The slope of 2.57 was then used 

to correct the AE33 data. However, a single-wavelength-based correction method may result in 

underestimation at Ȝ = 370 and 470 nm, and overestimation at Ȝ = 590, 660, and 880 nm (Kim et al., 25 

2019). 
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Furthermore, based on the assumption that only BC is absorbed at the near-infrared region, the mass 

concentration of equivalent BC (eBC) was estimated using babs(880). The mass absorption cross section 

(MAC) of eBC at Ȝ = 880 nm (MACeBC (880)) was a conversion factor between babs(880) and eBC. It was 

retrieved from the correlation between babs(880) and filter-based elemental carbon (EC, see Text S1). A 

good correlation of babs(880) and EC mass concentration (R2 = 0.86, p < 0.01) was observed as shown in 5 

Fig. S3. Therefore, the MACeBC(880) was estimated by babs(880) dividing the EC mass concentration 

(MACeBCሺ880ሻ ൌ bୟbୱሺ880ሻ/ሾECሿ). 

2.2.2 Single particle aerosol mass spectrometer (SPAMS) 

A SPAMS (Hexin Analytical Instrument Co., Ltd., Guangzhou, China) was used to determine the real-

time chemical composition of EC-containing particles. Ambient aerosol was drawn into the evacuated 10 

system through a critical orifice (100 µm) at a flowrate of 0.08 L min-1. After passing through an 

aerodynamic lens, the sampled particles were accelerated to certain speeds. Two diode Nd:YAG lasers 

(MLL-III-532, Changchun, China) operating at 532 nm were used to determine the aerodynamic 

diameters (0.2±2.0 µm) of the passing particles. A pulsed 266 nm Nd:YAG laser (UL728F11-F115, 

Quantel, France) was then used to ionize the particles. Finally, a dual-polarity time-of-flight mass 15 

spectrometer was applied to detect the generated positive and negative fragment ions. A MATLAB-based 

YAADA toolkit (www.yaada.org) was used to search and analyze the imported single-particle mass 

spectral data. An adaptive resonance theory-based neural network algorithm (ART-2a) was used to 

perform particle clustering, with a vigilance factor of 0.8, a learning rate of 0.05, and 20 iterations (Li et 

al., 2019). 20 

2.3 Source emission experiments 

A custom-made passivated aluminum chamber (~8 m3) was used to characterize the emissions of solid 

fuels (i.e., biomass and coal) (Fig. S4). Performance evaluation of this chamber was done by Tian et al. 

(2015). Several types of biomass residues (wheat straw, rice straw, corn stalk, cotton stalk, sesame stalk, 

soybean straw, and firewood) and coal (bituminous coal and honeycomb briquet) were used to represent 25 

biomass burning and coal combustion that occurs in the NCP. Each weighted sample was burned on a 
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platform or a stove that was placed inside the combustion chamber. For biomass burning, the chamber 

background babs(Ȝ) Zas measured b\ AE33 aethalometer before ignition. When the background babs(Ȝ) 

was close to zero and stable, a propane torch was used to ignite the biomass on the platform. For coal 

combustion, a burned-out honeycomb coal in the stove was used as the igniter after the background babs(Ȝ) 

was small and stable in the chamber. The emitted smokes of each burn test were first diluted by a Model 5 

18 dilution sampler (Baldwin Environmental Inc., Reno, NV, USA) before AE33 aethalometer 

measurements (Fig. S4). The babs(Ȝ) used to estimate the AAE Zas averaged over the entire period of each 

burn from ignition to babs(Ȝ) back to the background. 

The motor vehicle exhaust emissions were performed using a LDWJ6/135 detection system of loading 

and speed reduction on the light duty diesel vehicle (Shenzhen Huiyin Industrial Development Co., Ltd, 10 

Shenzhen, China). This system contains two different sizes of expansion cylinders that are used to carry 

the driving wheels of the vehicles. Fig. S5 shows the schematic presentation of the instrumental setup of 

motor vehicle exhaust emissions. Gasoline and diesel cars at idle speed and at different driving speeds 

(i.e., 20 and 40 km h-1) were tested. The automobile exhaust smoke particles were collected using a 

particle sampling probe in the exhaust pipe. The particles were dried by a silica gel dryer before AE33 15 

aethalometer measurement. The measured babs(Ȝ) used to estimate the AAE Zas averaged over the period 

that the driving speed was relatively stable. 

2.4 Data analysis methods 

2.4.1 Multi-wavelength optical method 

A multi-wavelength optical method proposed by Sandradewi et al. (2008) was used to quantify the 20 

influence of liquid fossil fuels (i.e., gasoline and diesel for traffic emissions) and solid fuels (i.e., biomass 

and coal) to eBC mass at Xianghe. The measured babs(Ȝ) at the Zavelengths of 370 nm (babs(370)) and 

880 nm (babs(880)) were used in this study. The babs(Ȝ) value is determined by carbonaceous aerosols and 

mineral dust. The mass fraction of mineral dust in PM2.5 was small (11%) during the campaign. Moreover, 

the MAC of mineral dust was 0.09 m2 g-1 at Ȝ = 370 nm and 0.001 m2 g-1 at Ȝ = 880 nm (Yang et al., 25 

2009). Therefore, the light absorption capacity of mineral dust in this study is negligible. For 

carbonaceous absorption, it can be divided into light absorption attributed to primary emissions (i.e., BC 

删䲔了:  (Wang et al., 2018b)

删䲔了: Meanwhile, bituminous coal and honeycomb briquet that 
commonly used in the NCP were collected in Shanxi and Shaanxi 30 
Provinces. A typical stove that extensively used in the NCP was 
applied for coal test burns inside the combustion chamber (Tian et al., 
2019). Furthermore, motor vehicle exhaust emissions were conducted 
using bench tests.

删䲔了: several 35 

删䲔了: Aethalometer model

删䲔了: An aethalometer model

删䲔了: applied 

删䲔了: contributions 

删䲔了: the model40 
删䲔了: As demonstrated previously,

删䲔了: can be contributed 

删䲔了: Due to the small

删䲔了:  (11% of PM2.5 mass)

删䲔了: and its small mass absorption cross section45 
删䲔了: (
删䲔了: ,

删䲔了: ,
删䲔了: caused by

删䲔了: can be neglected50 
删䲔了: Previous studies have demonstrated that the babs(880) is 
mainly contributed by BC aerosol, while babs(370) is associated with 
BC, primary and secondary brown carbon 



7 
 

and primary brown carbon (BrC)) and secondary formation (i.e., secondary BrC) (Laskin et al., 2015). 

Therefore, the babs(370) and babs(880) could be calculated from the perspective of emission sources as 

follows: 

𝑏ୟbୱሺ880ሻ୪୤୤ ൅ 𝑏ୟbୱሺ880ሻୱ୤ ൌ 𝑏ୟbୱሺ880ሻ        (1) 

𝑏ୟbୱሺ370ሻ୪୤୤ ൅ 𝑏ୟbୱሺ370ሻୱ୤ ൌ 𝑏ୟbୱሺ370ሻ െ 𝑏ୟbୱሺ370ሻୱBrC      (2) 5 

𝑏౗ౘ౩ሺ370ሻౢ౜౜
𝑏౗ౘ౩ሺ880ሻౢ౜౜

ൌ ሺ370
880

ሻ−AAEౢ౜౜          (3) 

𝑏౗ౘ౩ሺ370ሻ౩౜
𝑏౗ౘ౩ሺ880ሻ౩౜

ൌ ሺ370
880

ሻ−AAE౩౜          (4) 

where babs(880)lff and babs(880)sf refer to the light absorptive capacity of BC at Ȝ = 880 nm from liquid 

fossil fuel and solid fuel sources, respectively; babs(370)lff and babs(370)sf are the light absorptive capacities 

of BC and primary BrC at Ȝ = 370 nm emitted from liquid fossil fuel and solid fuel sources, respectivel\; 10 

babs(370)sBrC is the absorption caused by secondary BrC, which was estimated by a BC-tracer method 

combined with a minimum R-squared approach (Wang et al., 2019b); and AAElff and AAEsf described 

the aerosol AAEs from sources of liquid fossil fuels and solid fuels, respectively. 

After obtaining babs(880)lff and babs(880)sf, the mass concentrations of eBC contributed by liquid fossil 

fuel and solid fuel sources (eBClff and eBCsf, respectively) were calculated by dividing MACeBC(880) as 15 

follows: 

eBC୪୤୤ ൌ 𝑏౗ౘ౩ሺ880ሻౢ౜౜
MAC౛ాిሺ880ሻ

           (5) 

eBCୱ୤ ൌ 𝑏౗ౘ౩ሺ880ሻ౩౜
MAC౛ాిሺ880ሻ

           (6) 

The underlying assumption of Eqs. (5) and (6) was that the MACeBC(880) value was the same from liquid 

fossil fuel and solid fuel sources. The rationality of this assumption has been confirmed by Zotter et al. 20 

(2017).  

2.4.2 Regional chemical dynamical model 

In this study, local and regional contributions to eBC mass at Xianghe were quantified by the Weather 

Research and Forecasting model coupled with Chemistry (WRF-Chem). The eBC utilized as a tracer was 
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added into the WRF-Chem to improve the model¶s operational efficiency (Zhao et al., 2015). Detailed 

descriptions regarding the model¶s configurations are shown in Text S2. The performance of WRF-Chem 

simulation was evaluated with a mathematical parameter of index of agreement (IOA). This index 

describes the relative differences between the simulated and observed values. The IOA values vary from 

0 to 1. An index that is closer to 1 is associated with better performance of the simulation model. The 5 

IOA was calculated as follows (Li et al., 2011): 

IOA ൌ 1 െ ∑ ሺ𝑆೔−𝑂೔ሻమಿ
೔సభ

∑ ሺ|𝑆೔−𝑆౗౬౛|+|𝑂೔−𝑂౗౬౛|ሻమಿ
೔సభ

         (7) 

where 𝑆௜  and 𝑂௜  were the simulated and observed mass concentrations of eBC, respectively; 𝑆ୟ୴e and 

𝑂ୟ୴e  represented the average value of simulated and observed eBC loadings, respectively; while 𝑁 

denoted the number of simulations. 10 

2.4.3 Radiative effect and heating rate 

Aerosol direct radiative effect (DRE) (Heald et al., 2014) at the top of the atmosphere (TOA) or at the 

Earth¶s surface (ES) is the difference betZeen the incoming (↓) and outgoing (↑) solar fluxes (F) with and 

without aerosols: 

DRE ൌ ሺF ↓ െF ↑ሻ୵୧୲୦ ୟer୭ୱ୭୪ െ ሺF ↓ െF ↑ሻ୵୧୲୦୭୳୲ ୟer୭ୱ୭୪      (8) 15 

The aerosol DRE in the atmosphere was calculated b\ subtracting the DRE at the Earths¶ surface from 

the DRE at the top of the atmosphere. 

In this study, the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model that was 

developed by Ricchiazzi et al. (1998) was used to perform the radiative transfer calculations in the 

shortwave spectral region of 0.25±4.0 ȝm. The SBDART model is a widely used tool for estimating 20 

aerosol DRE in the atmosphere (e.g., Zhang et al., 2017; Rajesh and Ramachandran, 2018; Boiyo et al., 

2019). A detailed description of this model can be found in Ricchiazzi et al. (1998). The aerosols¶ optical 

depth, single scattering albedo, and asymmetric parameters are essential input factors in the SBDART 

model. These optical parameters were estimated using the Optical Properties of Aerosols and Clouds 

(OPAC) model (Hess et al., 1998). Detailed calculations are shown in Text S3. Moreover, the surface 25 

albedo, solar zenith angle, and atmospheric parameter profiles are also important input factors in the 

SBDART model. The surface albedo was derived from the Moderate Resolution Imaging 
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Spectroradiometer (https://modis-atmos.gsfc.nasa.gov/ALBEDO/index.html, last access: November 

2019). The solar zenith angle was estimated using the latitude, longitude, and sampling time of the 

location. The atmospheric vertical profiles (including vertical distributions of temperature, pressure, water 

vapor, and ozone density) of mid-latitude winter embedded in the SBDART model were used. 

After obtaining eBC DRE, the atmospheric heating rate (ப୘
ப୲

, in unit of K d-1) induced by eBC was further 5 

calculated using the first law of thermodynamics and hydrostatic equilibrium as follows (Liou, 2002): 
ப୘
ப୲

ൌ g
C౦

ൈ ᇞF
ᇞP

          (8) 

where g
C౦

 described the lapse rate, of which g was the acceleration due to gravity and C୮ represented the 

specific heat capacity of air at a constant pressure (1006 J kg-1 K-1); ∆F was the atmospheric forcing 

induced by the eBC aerosol; while ∆P was representative of the atmospheric pressure difference, which 10 

was assumed to be 300 hPa. 

3 Results and discussion 

3.1 BC source apportionment 

3.1.1 Determination of source-specific AAEs 

Table 1 summarizes the average AAEs obtained from the sources of liquid fossil fuels and solid fuels. 15 

These source-specific AAEs were calculated using babs(370) and babs(880) (Eqs. 3 and 4). The average 

AAElff was 1.3 ± 0.2 with the gasoline car exhibiting higher values (1.4 ± 1.5) compared to the diesel 

engine car (1.1 ± 1.2). In comparison with AAElff, a higher average value was exhibited by AAEsf (2.8 ± 

1.0). The highest value was, however, obtained from honeycomb briquet emissions (4.0 ± 0.9), followed 

by burning firewood (2.9 ± 0.2), crop residues emissions (2.4 ± 0.4), and bituminous coal emissions (1.1 20 

± 0.2). The variance in AAEsf were attributed to the different types of solid fuels and their burning 

conditions. For example, the AAEsf exhibited a weak but significant inverse correlation with combustion 

efficiency at 95% confidence interval as shown in Fig. S6 (R2 = 0.14, p < 0.05).  

From Eqs. 1±4 of the multi-wavelength optical method, its limitation is attributed to the choice of source-

specific AAE. Since AAE exhibited high variations (e.g., 1.1±4.0 in this study), different AAE selections 25 
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may lead to uncertainties when estimating the contributions of solid fuels and liquid fuels to eBC mass. 

In this study, the obtained average AAElff (1.3) and AAEsf (2.8) were applied in the multi-wavelength 

optical method to obtain eBC source apportionment. A sensitivity test for each eBC source and organic 

aerosol (OA) subtype was further performed to verify the rationality of the used AAEs. The mass 

concentration of OA was measured using an aerosol chemical speciation monitor (ACSM). The primary 5 

OA was further resolved into hydrocarbon-like OA (HOA), biomass burning OA (BBOA), and coal 

combustion OA (CCOA). HOA is associated with liquid fuel sources while the BBOA and CCOA are 

associated with solid fuel sources. Detailed descriptions of OA measurements and its source 

apportionment are shown in the supplementary material of Wang et al. (2019b). 

In light of the range of source-based AAEs as shown in Table 1, a series of AAElff and AAEsf were used 10 

to obtain the mass concentrations of eBClff and eBCsf. Correlations for eBClff versus HOA and eBCsf 

versus (BBOA + CCOA) were then established as shown in Fig. 2. AAElff variations could not affect the 

correlations between eBClff and HOA at a fixed AAEsf. However, their R2 increased as AAEsf increased 

before 3. When the AAEsf was larger than 3, the R2 was constant regardless of the variability in AAEsf. 

In contrast, at a fixed AAElff, the R2 between eBCsf and (BBOA + CCOA) was independent of the AAEsf 15 

variation. For the AAElff (1.3) and AAEsf (2.8) used in this study, the coefficients of determining eBClff 

versus HOA (R2 = 0.60) and eBCsf versus (BBOA + CCOA) (R2 = 0.66) were belonged to the upper limit 

of all the R2 values obtained from different ranges of AAElff and AAEsf (Fig. 2). Furthermore, the 

estimated ratios of HOA/BClff (1.7) and (BBOA + CCOA)/BCsf (8.4) were comparable to the values 

calculated with emission factors (Cheng et al., 2010; Sun et al., 2018). Therefore, the AAElff of 1.3 and 20 

AAEsf of 2.8 were reasonable selections for this study. 

3.1.2 Characteristics of eBClff and eBCsf 

Fig. 3a shows that the hourly eBC mass concentration varied from0.1 to 24.4 ȝg m-3 with an average of 

3.6 � 4.0 ȝg m-3. The estimated eBClff (2.5 ȝg m-3) comprised 69% of the total eBC loading, which was 

over two times larger than the contribution of eBCsf (31%, 1.1 ȝg m-3) (Fig. 3b). This indicated that at 25 

Xianghe, traffic emissions were the dominant contributors to eBC mass. As shown in Fig. 3c, the diurnal 

variation of eBClff exhibited peaks at 08:00 and 19:00. These findings coincided with the rush-hour traffic 
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of the morning and evenings. The peaks of eBCsf were also found to be in the same period as eBClff. 

However, they could be attributed to residential cooking in surrounding rural areas where solid fuels are 

a commonly used source of household energy (Liu et al., 2016). Due to the increased planetary boundary 

layer height and wind speed (data sources see Text S1), decreased eBClff and eBCsf values were observed 

in the afternoon (Fig. 3d). In contrast to the rapid decline in eBClff after 19:00, eBCsf persisted at a high 5 

level until midnight. Moreover, the eBCsf fraction in eBC was also elevated towards the night, indicating 

enhanced heating activities using solid fuels during cold nights. 

Fig. 4 compares findings from various studies regarding eBC sources, and their detailed information is 

summarized in Table S1. Because of the heavy traffic, liquid fossil fuel emissions are major contributors 

to eBC mass in urban areas. However, emissions from solid fuels contribute more to eBC mass compared 10 

to liquid fossil fuels in rural area. This is attributed to wood burning used as an energy source in rural 

households. In addition, the dominant eBC source in winter NCP has changed from past solid fuels to 

current liquid fossil fuels. This change is probably attributed to the rigorous regulations that have been 

promulgated by the Chinese State Council in recent years. The large-scale project of coal-to-gas switching 

is considered an effective way of reducing atmospheric pollutants (Qin et al., 2017). Moreover, the total 15 

number of vehicles in the NCP region increased from 38.7 million in 2013 to 60.3 million in 2017 (NBS, 

2018), although high-emission motor vehicles are banned. Therefore, emissions from liquid fossil fuels 

are more important to eBC compared to solid fuels. 

3.2 Contribution of regional transport to eBC 

The 2±23 January, 2018 period was arbitrarily selected to explore the influence of regional transport on 20 

eBC loading in Xianghe using the WRF-Chem model. The simulated mass concertation of eBC was 

significantly correlated with the measured value (R2 = 0.61, p < 0.01) as shown in Fig. S7. The estimated 

IOA was 0.72. This indicated that the formation process of eBC was captured by WRF-Chem. As shown 

in Fig. S8, six source regions were identified in the WRF-Chem model to quantify the contributions of 

local emissions and regional transport to observed eBC mass. The information on each source region is 25 

summarized in Table S2, and their contributions to observed eBC mass are shown in Fig. 5.  
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Local emissions (53%) contributed more to eBC mass compared to regional transport (47%), Furthermore, 

regional transport could be divided into 20% from Beijing, 5% from Tianjin, 11% from NCP, 9% from 

northern Hebei, and 2% from other regions. Fig. 6 shows the correlations between total eBC mass and the 

contributions of each source region. Local emission contributions were negatively correlated with eBC 

loading (Fig. 6a). This finding shows the increasing importance of regional transport at high eBC episode. 5 

Among the regional transport areas, the contributions of Tianjin and NCP exhibited a positive correlation 

with eBC loading (Fig. 6c and d) suggesting their important roles in eBC pollution at the sampling site. 

A high eBC loading episode was recorded on 12th±13th January and was taken as an example to explore 

the formation process of regional pollution (Fig. 7). On 11th of January before eBC pollution, strong north-

westerly winds prevailed in the north of Xianghe. About 44% and 32% of the total eBC mass were 10 

contributed by Region 1 (local emissions) and Region 2 (Beijing), respectively. Afterwards, the winds 

turned to the southwest and passed over the NCP region on the 12th of January. The mass concentration 

of eBC increased sharply. Regional transport contributed to 83% of the total eBC mass, of which the NCP 

region accounted for 63% (Fig. 5). On the 13th of January, the winds switched towards the south over the 

NCP region but decreased near the sampling site. Therefore, the contribution of regional transport reduced 15 

to 66% of the total eBC mass with 40% from NCP region and 15% from Tianjin (Fig. 5). On 14th of 

January, the winds turned to the northwest, and the mass concentration of eBC decreased gradually. 

Finally, the high eBC pollution episode dissipated. 

3.3 Chemical composition of EC-containing particles 

The chemical compositions of EC-containing particles were determined using a SPAMS. A total of 20 

454433 particles whose mass spectra had obvious carbon fragment ions (e.g., m/z ±12, ±24, ±36, ±48, 

±60, and so on) were identified as EC-containing particles. Six particle categories including EC-OCSOx, 

EC-NaK, EC-KSOxNOx, EC-BB, pure-EC, and EC-others were classified based on their mass spectral 

feature. The average mass spectral pattern of each class is shown in Fig. 8, and the contribution of each 

class to the total EC-containing particles is summarized in Table 2. 25 

The EC-OCSOx particles were characterized by obvious signals of organic carbon (OC) (e.g.,, 37C3H+, 
39C3H3

+, 50C4H2
+, 27C2H3

+, 51C4H3
+, and 63(CH3)2NH2OH+) in the positive mass spectrum and strong 
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sulphate signal (97HSO4
-) in the negative mass spectrum. This group exhibited the highest contribution to 

the total EC-containing particles (52%, Table 2), indicating that EC was mainly coated with OC and 

sulphate. The presences of 43C2H3O+, a marker denoting the oxidized organics (Gunsch et al., 2018), and 
97HSO4

- implied that EC-OCSOx underwent a certain degree of atmospheric aging process. Fig. 9 shows 

the number of fractions of each class of EC-containing particles at different ranges of eBClff and eBCsf. 5 

The EC-OCSOx number fraction increased as eBCsf increased. In contrast, it dropped when eBClff was 

higher than the value of the 75th percentile of eBClff. This indicated a greater impact of solid fuel source 

on EC-OCSOx at a high eBC loading environment compared to the liquid fossil fuel source. The diurnal 

variations in EC-OCSOx number fraction exhibited an upward trend at night after 19:00 (Fig. 10). This 

may be attributed to intensive domestic heating activities in the surrounding rural areas. 10 

The EC-NaK particles presented strong signals of 23Na+ and 39K+ in the positive mass spectrum and less 

intense signals of 26CN-, 46NO2
-, 62NO3

-, and 97HSO4
- in the negative mass spectrum. This group exhibited 

the second largest contribution to total EC-containing particles (24%, Table 2). Intense signals of carbon 

fragment ions (m/z 24, 36, 48, 60, and 72) were observed in the negative mass spectrum. This indicated 

that EC-NaK particles were freshly emitted. Additionally, larger signals were found for nitrate compared 15 

to sulphate in the negative mass spectrum. However, their signals were low. This finding was consistent 

with the motor vehicle emissions, which were shown to contain substantial nitrogen oxides (May et al., 

2014). The number fraction of EC-NaK increased with an increase in eBClff but kept stable with eBCsf as 

shown in Fig. 9. These results demonstrate that EC-NaK was likely associated with fresh traffic emissions 

than from solid fuels. 20 

The EC-KSOxNOx particles exhibited strong 39K+ signal in the positive mass spectrum and intense 46NO2
-, 

62NO3
-, and 97HSO4

- signals in the negative mass spectrum. This group accounted for 17% of the total 

EC-containing particles (Table 2). The high signal intensities of nitrate and sulphate indicated that EC-

KSOxNOx particles underwent substantive atmospheric aging processes. As shown in Fig. 10, the number 

fraction of the EC-KSOxNOx class was the only one that increased in the afternoon. This finding was 25 

consistent with the increase of ozone (O3) as measured by an ultraviolet photometric Model 49i O3 

analyzer (Thermo Fisher Scientific, San Jose, CA, USA). This indicated that EC particles were more 
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likely to be coated with sulphate and nitrate in high oxidation environments. The strong 39K+ ion signal 

in EC-KSOxNOx particles implied a partial influence of emissions from biomass burning (Bi et al., 2011). 

The EC-BB particles were characterized by 39/41K+ signals in the positive mass spectrum and 26CN-, 
46NO2

-, and 97HSO4
- signals in the negative mass spectrum. It accounted for 6% of the total EC-containing 

particles as shown in Table 2. Several levoglucosan 45CHO2
-, 59C2H3O2

-, and 73C3H5O2
- signals were also 5 

found in the negative mass spectrum. They suggested a typical biomass-burning feature. Intense signals 

of negative carbon ion spectrum (e.g., m/z -24, -36, and -48) and low signals of nitrate and sulphate 

indicated that EC-BB particles underwent low aging atmospheric processes. 

The pure-EC particles were characterized by EC fragment ions (e.g., m/z ±24, ±36, ±48, ±60, and ±72). 

The low nitrate and sulphate ion signals in pure-EC indicated that they were freshly emitted. This group 10 

exhibited minor contributions to the total EC-containing particles (1%, Table 2). The particles of EC-

others were characterized by some metallic signals (e.g., 40Ca+, 56Fe+/CaO+, and 62FeO+) and aromatic 

signatures (e.g., 51C4H3
+, 63C5H3

+, 77C6H5
+, and 91C7H7

+) in the positive mass spectrum and strong NO2
- 

signal (m/z 46) in the negative mass spectrum. This indicated that EC-others underwent a certain degree 

of atmospheric aging processes and internally mixed with metals and aromatic compounds. This class 15 

accounted for 1% of the total EC-containing particles (Table 2). 

3.4 Implications for radiative effect 

Fig. 11 shows the eBC DRE variations as estimated by the SBDART model. The variations in eBC DRE 

were highly correlated with eBC burden on each day. Due to the decrease in radiative energy reaching 

the surface, eBC exhibited a DRE range of -1.9 to -27.9 W m-2 with an average of -13.6 ± 7.0 W m-2 at 20 

the ES indicating a cooling effect. In contrast, eBC exhibited a DRE range of +0.6 to +20.8 W m-2 with 

an average of +4.4 ± 3.0 W m-2 at the TOA, indicating a net energy gain and warm effect. This was 

attributed to the strong BC light absorption property that can impede the back scattered radiation reaching 

the TOA. The eBC DRE at the TOA in this study was comparable to the value over the NCP region (+6 

to +8 W m-2, Li et al., 2016). 25 

The difference between eBC DRE at the TOA and ES gave an atmospheric DRE (a net atmospheric 

absorption) of +18.0 ± 9.6 W m-2. This corresponded to a heating rate of 0.5 K day-1. The eBC DRE in 
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the atmosphere accounted for 86% of the total aerosol DRE (+21.0 W m-2), suggesting that eBC exhibited 

a significant impact on perturbing the Earth-atmosphere radiative balance. The atmospheric heating in 

conjunction with the surface reduction in solar flux may aggravate the low-level inversion. This can lead 

to a slowdown of thermal convection and in turn reduce the cloud formation process (Chou et al., 2002). 

Compared to previous DRE obtained from the SBDART model, the atmospheric DRE derived by eBC 5 

values in this study (+18.0 ± 9.6 W m-2) was comparable to that of South China (+17.0 W m-2, Huang et 

al., 2011) but was lower than that of Northwest China (+16.6 to +108.8ௗWௗm-2, Zhao et al., 2019). In 

addition to the varying BC burden in different areas, the BC measurement techniques used in different 

studies may also contribute to the differences in BC DRE calculations. 

As shown in Fig. 11c and d, the mean eBC DRE caused by the sources of liquid fossil fuels (solid fuels) 10 

was -7.0 W m-2 (-5.4 W m-2) at the ES and +2.1 W m-2 (+1.7 W m-2) at the TOA. It produced an 

atmospheric DRE of +9.1 W m-2 (+7.1 W m-2). Due to a stronger eBC DRF, the average heating rate (0.3 

K day-1) of the atmosphere caused by liquid fossil fuel sources was 33% more than that of solid fuels (0.2 

K day-1). Although larger eBC DRE was found for liquid fossil fuel sources, its atmospheric DRE 

generated per unit eBC mass concentration (3.6 (W m-2) (ȝg m-3)-1) was 81% smaller compared to that of 15 

solid fuels (6.5 (W m-2) (ȝg m-3)-1). This implies that reduction in eBC from solid fuel emissions may be 

a more effective way to mitigate regional warming in the NCP region, and eBC from motor vehicle 

emissions should also be controlled. 

4 Conclusions 

The sources, coating composition, and radiative effects of BC were investigated during winter in the last 20 

year of the APPCAP at a regional site in the NCP. Based on the source-specific AAEs (AAElff = 1.3 and 

AAEsf = 2.8), about 69% of eBC was contributed by liquid fossil fuel sources while the rest 31% was 

contributed by solid fuel sources using a multi-wavelength optical method. Both eBClff and eBCsf 

exhibited peaks at 08:00 and 19:00. Due to rigorous regulations, the dominant eBC source in winter NCP 

may be changed from past solid fuels to current liquid fossil fuels. The WRF-Chem model showed that 25 

local emissions (53%) were the largest contributors to eBC loading on average, followed by Beijing (20%), 

Tianjin (5%), NCP (11%), northern Hebei (9%), and other regions (2%).  
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Among the six classes of EC-containing particles,, EC-OCSOx was the largest contributor (52%). The 

presence of 43C2H3O+ and 97HSO4
- in this particle implied that it underwent a certain degree of 

atmospheric aging processes. Solid fuel sources exhibited a greater impact on EC-OCSOx at a high eBC 

loading environment compared to liquid fossil fuels. EC-NaK was the second largest contributor to total 

EC-containing particles (24%). This class was associated with fresh traffic emissions than with solid fuels. 5 

EC-KSOxNOx accounted for 17% of the total EC-containing particles. This class was partially influenced 

by biomass-burning emissions and underwent substantive atmospheric aging processes. The classes of 

EC-BB, pure-EC, and EC-others exhibited minor contributions to the total EC-containing particles (1±

6%). 

The SBDART model showed that eBC induced a cooling effect of -13.6 W m-2 at the ES and a warming 10 

effect of +4.4 W m-2 at the TOA. The difference between eBC DRE at the TOA and ES gave the 

atmospheric forcing of +18.0 ± 9.6 W m-2. This produced a heating rate of 0.5 K day-1 on average. The 

atmospheric DRE of eBC had a contribution of 86% to the forcing caused by total aerosols in the 

atmosphere. This suggested that BC exhibited a significant impact on perturbing the Earth-atmosphere 

radiative balance. From the eBC source perspective, the atmospheric eBC DRE was higher for liquid 15 

fossil fuel source than solid fuel source. However, the atmospheric DRE generated per unit eBC mass 

concentration was larger for solid fuel sources. This indicates that a reduction in solid fuel eBC may be 

an effective way of mitigating regional warming in the NCP. 

Data availability. The data presented in this study are available at the Zenodo data archive 

https://doi.org/10.5281/zenodo.3923612. 20 

Supplement. The supplement related to this article is available online. 
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