Interactive comment on “Brown carbon’s emission factors and optical characteristics in household biomass burning: Developing a novel algorithm for estimating the contribution of brown carbon” by Jianzhong Sun et al.

J. Sun et al.

zhxi.2006@163.com
Reply to Referee 2

This paper presents emission factors for brown carbon and black carbon from 11 different biomass fuels in a commonly used cookstove. Most of the paper is focused on the development of an algorithm to convert AAE into the mass ratio of BrC to BC and solar absorption fraction attributed to BrC. The paper makes the important point that BrC absorption needs to be included in assessments of the climate impacts from biomass burning. Given the data presented here (one stove and several biomass fuels), the universality of the algorithm for multiple emission sources is overstated. Also, there is limited comparison of the algorithm with other methods, so it is not clear if it is an improvement over other approaches of estimating the impact of BrC on climate. I recommend major revisions to address the following comments:
Response:

Many thanks for the instructive and constructive comments. We have revised our manuscript according to the questions raised and suggestions made below.
General Comments: 

1. The quantiﬁcation of BrC as a mass emission is a relatively uncommon approach due to the complexity of BrC (i.e. many different chromophores with differing mass absorption efﬁciencies that are source dependent). A fuller description of the proxies used in this current study and how they compare to other black and brown carbon sources should be outlined (e.g. absorption efﬁciencies, AAE, primary particle size, etc.) and any shortcomings of using these proxies should be noted. How does this method of estimating BrC mass emissions compare with other approaches used in the literature that were cited for comparison of BrC emission factors (e.g. Aurell and Gullett 2013 and Schmidl et al. 2008)? 

Response:


Thanks for this comment. It’s true that the quantiﬁcation of BrC as a mass emission or a mass ambient concentration is a big challenge because BrC is not a pure substance but a mixture of light-absorbing organic compounds that may contain many different chromophores with differing mass absorption efﬁciencies dependent on origins.

Two reference materials were designated as proxies respectively for BC and BrC: carbon black (CarB) for BC and humic acid sodium salt (HASS) for BrC. Early studies by other researchers used to designate these two substances as proxies because of their similarities to actually observed BC and BrC in especially optical properties. For example, CarB was used as proxy for BC in diesel exhaust by Medalia et al. (1983) and HASS was used as proxy for BrC in wood combustion by Wonaschüetz et al. (2009). In a previous study conducted by ourselves, CarB and HASS were used as proxies for BC and BrC, respectively, from residential coal combustion (Sun et al., 2017). We carried over this philosophy to the current study and thus the reported BC and BrC masses here were essentially CarB-C-equivalent and HASS-C-equivalent in light absorption. This is different from some other approaches in literature reporting BC and/or BrC using other measurement techniques (e.g., thermal–optical method or aethalometer) (Chen et al., 2006; Zhi et al., 2008, 2009; Shen et al., 2013, 2014; Aurell and Gullett, 2013) or reference materials (e.g., fulvic acid, humic acid, or humic-like substances) (Duarte et al., 2007; Lukács, et al., 2007; Baduel et al., 2009, 2010). For example, some researchers used an aethalometer to quantify BrC, and the reported BrC mass was actually aethalometer-BC-equivalent in light absorption (Aurell and Gullett, 2013).

In one of our previous articles (Sun et al., 2017) (Table S1 and Figure S3 therein), the IS measured BC was significantly correlated with the thermal/optical EC (EC=0.884BC-0.114, R2=0.927). In addition, with CarB and HASS, researchers can link and compare the emission characteristics of BC and BrC from various sources or various regions. We described above notion in revised version (lines 141-160).
2. More description of the test protocol is needed, e.g. cold start? size of fuel? How was it determined that the test method was relevant for real-world stove emissions?

Response:


Thanks for this suggestion. We optimized the description on the test protocol by accounting for the suggestion (Revised version, lines 98-109).
3. Overall, there needs to be an analysis of the uncertainty or the error and potential impacts of the assumptions in the algorithm? What is the impact of assuming AAE = 1 for BC? How might lensing impact this analysis? What is the impact of measurement limit of detection?

Response:
Thanks for the instructive comment. This comment contains 4 questions. We’ll deal with them one by one.

(A) Regarding the uncertainty or error and potential impacts of the assumption in the algorithm. The algorithm is a function for FBrC, with AAE as the independent variable, expressed as FBrC=0.5519lnAAE+0.0067. To construct this function, we managed to gather four pairs of FBrC vs AAE values. The first pair is for pure BC (free of BrC), of which AAE and FBrC are 1.0 (Lack and Langridge, 2013; Laskin et al., 2015; Yan et al., 2015; Zhang et al., 2020) and 0.0, respectively. The second and third pairs are for household coal and biomass fuels, respectively, directly measured by our team. Concretely, our previous study on household coal (Sun et al., 2017) demonstrated that, when AAE was 1.58, FBrC was 0.265. In the present study, as mentioned in Section 3.3, an AAE of 2.46 led to an FBrC of 0.508. The last pair is assumedly for pure BrC. We averaged over the AAE values in the literature for WSOC or MSOC (free of BC) and obtained an AAE value of 6.09 ± 1.45 (Hoffer et al., 2006; Hecobian et al., 2010; Voisin et al., 2012; Srinivas and Sarin, 2013, 2014; Srinivas et al., 2016; Lei et al., 2018) (Table S3 Part I). Uncertainty exists in every pairs and thus in the algorithm. For example, for pure BC (the first pair), Lack and Langridge (2013) estimated that the uncertainty in short wavelength absorption by BC based on an extrapolation using an AAE=1 ranged from +7% to −22%. The other 3 points in Figure 5 are all averages over a cluster of individual dots (samples) and therefore we are able to give error bars for every points (lines 347-350).
(B) Regarding the impact of assuming AAE = 1 for BC. AAE = 1 is actually not an assumption, but derives from Mie Theory – for small particles (the primary particles of BC are of the order of 30 nm) AAE = 1, and this does not change for conglomerates of primary particles (application of Rayleigh-Gans-Debye theory). For this reason, it is no problem to think that the AAE of BC is about 1.0. However it is indeed problematic if we accept that the AAE of BC is a constant of 1.0. Studies show that the AAE values of BC actually vary from 0.8-1.4 depending on BC’s source, diameter, and coating manner (Gyawali et al., 2009; Lack and Cappa, 2010; Lack and Langridge, 2013). Here we would like to use the estimate of Lack and Langridge (2013) again: the uncertainty in short wavelength absorption by BC determined by extrapolation using an AAE=1 ranged from+7% to−22% (lines 349-350).
(C) Regarding how lensing might impact the analysis. As the IS technique uses samples suspended in liquid, the lensing effect is not applicable – if the non-absorbing coatings are soluble in the suspension liquid, they no longer coat the BC particles, and if they are not, the relative refractive index of the suspension fluid relative to the typical coating materials is quite near to 1, so the light does not “see” the coating material. A detailed discussion of this feature or the IS method is given by Hitzenberger and tohno (2001). In the revised version, lines 129-138 described the mechanism of the IS method, and lines 138-140 pointed out that the absorption enhancement by the coating is negligible.
(D) Regarding what about the impact of measurement limit of detection (LOD). In this study, we plotted the calibration curves (see Figure S4) for CarB masses from 1.5–90 μg and HASS masses from 3–240 μg according to their respective absorption signals measured by the IS device, at both 650 nm and 365 nm (Sun et al., 2017). The BrC and BC masses of the samples were calculated through an iterative procedure based on the different spectral dependences of absorption by BrC and BC (See Methods for calculation of iteration procedure in subsection 2.4 and Figure S4 in Supporting Information). Although the LODs were not tested when we prepared the calibration curves, all measured concentrations of our samples fell in the ranges: CarB masses from 1.5–90 μg and HASS masses from 3–240 μg. This anyhow reminds us of the importance of LOD.
4. How does the novel algorithm presented here compare with other approaches to quantifying the fractional contribution of BrC and BC to absorption? Is there a beneﬁt to calculating a BrC mass emission factor over other approaches based on AAE? A few studies that may pertain might be Corbin et al. 2018 (https://doi.org/10.1029/2017JD027818), Tian et al. 2019 (https://doi.org/10.1029/2018JD029352), or Zhang et al. 2018 (https://aaqr.org/articles/aaqr-17-12-ac3-0566.pdf) among many others. 

Response:


Thanks for this comment. The novel algorithm used in this study can estimate the absorption contribution of BrC in the wide range of solar spectrum from 350-850 nm. Yet other approaches (e.g., based on AAE method) usually quantify the fractional absorption contribution of BrC in low wavelengths. For example, Corbin et al. (2018), Zhang et al. (2018) and Tian et al. (2019) found that the contributions of BrC to total light absorption were 50%, 37.4% and 41-85%, respectively, at the wavelength of 370 nm. Note that the values of BrC contributions in those examples are not FBrC (integrated over 350-850 nm of solar radiation) but fBrC(370) (the absorption in 370 nm by BrC relative to that by BC+BrC, without accounting for solar spectrum). The fBrC values for coal and biomass fuels in 370 nm were 46.2% (Sun et al., 2017) and 77.9% (this study), respectively, whereas the FBrC values for coal and biomass fuels were 26.5% (Sun et al., 2017) and 50.8% (this study), respectively. Apparently the absorption contribution measured at a single wavelength cannot represent the actual absorption contribution associated with the solar spectrum. This is the biggest advantage of the novel algorithm over some other approaches. The definitions of FBrC and fBrC(λ) can be found in subsection 2.4 and the Supporting Information.
5. There is no validation that this algorithm works for sources other than the cookstove samples measured in this study and in Sun et al. 2017. Unless the authors can include some additional data points from some other sources in their algorithm development the statements made throughout the paper about the wide applicability of the algorithm for ‘any combustion sources’ are unsupported and should be removed. 

Response:


We agree to this comment. There is no validation that this algorithm works for sources other than the cookstove samples measured in this study and in Sun et al. (2017). To assure the solidness and rigorousness of our statement, we have revised “in any combustion process” to “perhaps many combustion process” (Revised version, line 391).
6. The manuscript needs to be edited for language, see minor comments for speciﬁc examples. But generally, if you are writing ‘in other words’ it means your ﬁrst explanation should be simpliﬁed and stated only once. 

Response:


Thanks for this comment. We’ll improve our text following the specific comments below.
Speciﬁc Comments: 

Line 30-31: The sentence needs to be rewritten since the two clauses of this sentence are saying the same thing, BrC absorbs more at shorter wavelengths. 

Response:


Thanks. We have deleted “particularly in the ultraviolet (UV) range, on account of there being a larger spectral dependence for BrC than for BC”. The remained sentence now is “The light absorption of BrC is more emphasised towards short wavelengths (IPCC, 2014; Pokhrel et al., 2017; Li et al., 2018; Ferrero et al., 2020)” (lines 30-31, revised version).
Line 46: Why are the units in mg/m2? Most species in the atmosphere are reported in terms of concentration. Is this a typo? 

Response:


Thanks for this question. The units in “mg/m-2” here are for column concentration instead of volume concentration (line 45, revised version).
Line71: Need to be clearer about what characteristics are being referred to here. There are many references published on emissions which measure chemical composition, size distribution, and some even quantify optical properties. Most do not report a BrC emission factor because there is no standard for quantifying BrC mass. 

Response:


Thanks for this reminder. After a comprehensive consideration of the context of this paragraph, we have decided to delete the sentence “Few studies have addressed the typical sources of emission characteristics (Fan et al., 2016; Lin et al., 2017; Mo et al., 2017; Phillips et al., 2017; Huo et al., 2018; Rawad et al., 2018; Sumlin et al., 2018; Xu et al., 2018; Zhang et al., 2018)” without affecting our intent.
Line 114: These ‘soft materials’ are usually referred to as kindling and is commonly used when igniting wood and the emissions from a kindling ignition should be included in this analysis since they are representative of real-world use. 

Response:

Thanks for this comment. The paragraph (lines 112-117 in original version and lines 115-120 in revised version) intends to show: (i) in ordinary practice, there are some difficult-to-ignite biomass fuels (e.g., wood) that need to be kindled by some flammable soft materials (e.g., wheat straw, rice straw, or even leaves) and therefore additional emissions from the flammable soft materials must be considered; (ii) however in our study, only solid alcohol was used to ignite experimental biomass fuels and almost no pollutants other than CO2 and H2O were released from alcohol combustion.
Line 120: What is meant by ‘envisaged emission intensity’? How was this determined? Is this just the concentration in the sampling duct? 

Response:


Thanks for this question. The emission intensities of different biomass fuels varied greatly, so we have to properly set appropriate dilution ratios for different biomass fuels to meet the experimental needs. The ‘envisaged emission intensity’ was obtained from two approaches, one from our experiences in household solid fuel combustion experiments, and the other from sufficient pre-experiments.

A stream of flue gas was ducted from the stovepipe into the diluter. That is, the concentration before the diluter was the same as in the stovepipe and the concentration after the diluter was lower than in the stovepipe. The ‘envisaged emission intensity’ mentioned in this study refers to the concentration inside the stovepipe or before the diluter. The dilution ratios were preset depending on the envisaged emission intensity. Please see the description in lines 121-127.
Line 172: Please cite a reference and quantify how much lower the burning temperature or heat release is for herbaceous fuels to support this speculation. 

Response:


Thanks for this suggestion. In lines 191-192, we added a sentence “In this study, the temperature tested in the stovepipe (50 cm above the stove upper surface) for HPs was 62.9 °C  while for LPs, was 77.1 °C ”.
Lines 175 – 181: Were no other measurements made during the tests (e.g. CO, CO2, PM, EC, OC)? These other measurements would greatly support some of the speculation in this section. I am not sure the speculation is justiﬁed without measurements from actual study here. 

Response:


Thanks for the suggestion. We do have got some data during the tests, including organic carbon (OC), elemental carbon (EC), and modified combustion efficiency (MCE) of every combustion experiment (Table S3 here). OC and EC values were extracted from our previous publication (Sun et al., 2018). These data favor our speculation mentioned in this section.
Table S3 The values of MCEs of every samples

	Sample ID
	Biomass fuels
	MCE
(%)
	EFOC
(g/kg)
	EFEC
(g/kg)

	1
	rape straw
	88.12
	15.46
	3.43

	2
	peanut stalk
	83.95
	0.53
	0.05

	3
	rice straw
	93.40
	2.76
	0.35

	4
	wheat straw
	84.83
	0.82
	0.10

	5
	bean straw
	92.70
	0.67
	0.081

	6
	corncob
	99.21
	1.15
	0.12

	7
	sorghum stalk
	~100.00
	0.28
	0.08

	8
	maize straw
	99.86
	0.76
	0.086

	9
	cotton straw
	98.63
	0.91
	0.16

	10
	pine
	97.34
	0.37
	0.063

	11
	pellet fuel
	94.45
	0.05
	0.016

	
	Mean
	93.86
	2.16
	0.42


Lines 205: This paragraph needs to be revised for language usage. 

Response: 

Thanks for this comment. We have carefully read this paragraph and have tried to improve the language. Particularly, the next two comments of this reviewer and a comment of another reviewer are all regarding this paragraph and have incurred immense changes in the text. The paragraph in our original version has now even been expanded into two paragraphs (lines 222-236 and lines 237-244). We paid great attention to language usage when constructing these two paragraphs.
Line 208: What is meant by ‘the signiﬁcant potential of BrC emissions than BC emissions’? Does this mean larger emissions? Larger mass fractions? Larger BrC/BC ratios? Larger impact? Be speciﬁc about what quantity is of BrC emissions is signiﬁcant and by what amount. 

Response:


Sorry for the ambiguity. This sentence has been deleted in our revised version without affecting our intent.
Line 212: Please provide the average absorption efﬁciencies of BrC and BC that are being referenced for this statement. 

Response:


Thanks. We have provided a set of MAE values for BC, BrC, and dust in lines 242-244 (revised version) to show the huge difference between the MAEs of BC and BrC. In Yang et al.(2009), the MAEs at 550nm were estimated to be 9.5, 0.5, and 0.03 m2/g, respectively, for BC, BrC, and dust.
Line 255-57: Why are funeral pyres used as an emissions comparison? It seems like an odd source to include and to leave out any mention of open burning (e.g. ag residues, forest ﬁres) or coal for cookstoves. Is coal included in the ‘biomass fuels’ in mentioned in line 255? 

Response:


Indeed, funeral pyres combustion is an odd source for comparison. However the studies regarding the emission factors of biomass BrC were so scarce, we had to mention funeral pyres combustion as one source of information.

In line 255 (original version), coal is not included in the ‘biomass fuels’ (line 285 in revised version).
Line280: What was the source of the uncertainties in the Lack and Langridge analysis? Do they apply in this study? 

Response:

The uncertainty analysis in Lack and Langridge (2013) includes the uncertainty of AAE allocation method (the uncertainty of AAE of BC) and the uncertainty of experiment (the uncertainty of instrument measurement). We quoted them here just for knowing the potential of uncertainty subject to AAE.
Line 328-331: How does this compare to the direct radiative forcing attributed to BrC referred to in the introduction? 

Response:


Thanks for this comment. The FBrC and radiative forcing (RF) are of different concepts. The former refers to “the contribution of absorption by BrC to the total absorption by BC + BrC across the strongest solar spectral range of 350–850 nm” (see lines 16-17 in Abstract), while the latter refers to the difference of insolation (sunlight) absorbed by the Earth and energy radiated back to space (https://encyclopedia.thefreedictionary.com/Radiative+forcing). There is no fixed relation between them. However, the knowledge of FBrC helps identify which one of BC and BrC dominates the light absorption of solar radiation.
Figure 1: Please include error bars to show the uncertainty in the measurement. Presumabley repeat measurements were made because there are standard deviations (standard error?) provided in Table 1. 

Response:


Thanks for this suggestion. We have done accordingly.
Table 1: Please include all the quantities measured and calculated for each sample (e.g. AAE, RBrC/BC, fBrC, FBrC) along with propagated uncertainties. 

Response:


Thanks for this suggestion. The AAE data can be found in Table S2-I, and the RBrC/BC data were added in Table 1. The data of fBrC were both sample-specific (11 biomass fuels and more than 20 coals) and wavelength-specific (stepwise from 350 nm to 850 nm) and therefore were too many; we had to arrange them (for biomass fuels and coals (Sun et al., 2017)) in Table S2-II (Supporting Information). The plots of fBrC for biomass fuel and coal can be seen in Figure 4.

FBrC is just sample-specific and can’t be given in every single wavelength like fBrC.
Figure 4: What is the impact of limit of detection on this plot? The data > 750 nm is very noisy, and I wonder if that is not due to limitations of the measurement? If this data is below the limit of detection it should not be used in the calculation of fBrC.

Response:


Thanks for this reminder. The samples of coals and biomass fuels were actually analyzed with the same instrument (Perkin Elmer Lambda 950) during the same period. The status of the instrument was normal and stable then. In Figure 4, although the fBrC at wavelength >750nm for biomass fuels looked very “noisy”, the fBrC at wavelength >750nm for coals fluctuated very gently. This implies that the larger fluctuation for biomass fuels than for coals in Figure 4 resulted unlikely from the limitation of measurement (instrumental detection limit) but very likely from samples themselves (e.g, chemical composition). Sure it deserves further study in future. Again thanks.
Figure 5 and line 303: Why only use the mean (median?) fBrC from these current study and Sun et al. 2017? Although the regression is strongly correlated here, the scatter in the data is covered up by using the mean value instead of every measured data point. 

Response:

The question why only the mean values of FBrC vs AAE rather than the data of each sample were used to construct the function between FBrC and AAE is really worth explaining. The same question had actually been raised by the editor and we had listed the reasons. On the one hand, we know, each of the latter three points (1.58, 0.265; 2.46, 0.508; 6.09, 1.00) in Figure 5 is the average of a number of data, and therefore each of them can be replaced with a cluster of individual dots if we like; yet on the other hand, the first point (0.00, 1.00) is not originated from averaging over a cluster of individuals but from theoretical consideration, and hence there are no cluster of individual dots to replace this single point. Under the circumstances, replacing each of the latter three points with a cluster of individual dots will substantially lower the weight of the first point from 25% to almost being negligible. Given the theoretical significance of the first point, this is not only unfair but also unacceptable. For this consideration, we prefer to use the average value for each of the latter three points so that all the four points in Figure 5 are put equal weight (25%). Additionally, compared with a cluster of individuals, an average is usually more representative of the true value and hence is more persuasive. We added an explanation in our revised version (lines 341-343).


Uncertainty exists in every pairs and thus in the algorithm. For example, for pure BC (the first pair), Lack and Langridge (2013) estimated that the uncertainty in short wavelength absorption by BC determined by extrapolation using an AAE=1 ranged from +7% to −22%. The other 3 points in Figure 5 are all averages over a cluster of individual dots and therefore we are able to give error bars for every points (Figure 5).
SI: 

Tables S3 Part I: Extracts are dominated by ambient aerosols, what about source? E.g. fossil fuel combustion, woodstoves, open burning? (Just a few examples are: Xie et al. 2017 https://doi.org/10.1038/s41598-017-06981-8 for open burning and gasoline exhaust; Xie et al. 2018 https://doi.org/10.1016/j.envpol.2018.04.085 for cookstoves using wood, kerosene and charcoal; Corbin et al. 2018 https://doi.org/10.1029/2017JD027818 for marine diesel engines). Since this paper is focused on emissions it would be good to have a more exhaust list of emissions AAE measurements. Calculations: should ‘coal’ here be ‘biomass fuel’? 

Response:


Thanks for this reminder. We agree that “Since this paper is focused on emissions it would be good to have a more exhaust list of emissions AAE measurements”. In our revised version, the suggested AAEs have been added to Table S3 part I.

We are grateful for the reviewer’s carefulness in finding our miswording and have changed ‘coal’ to ‘biomass fuel’.
Figures S2-S4: Appear to be identical to those in Sun et al. 2017, should the reference be noted in the caption? 

Response:


Thanks. We have added the reference of ‘Sun et al., 2017’ in Figure S2-S4.
Figure S4: Hard to follow the text here, would be easier to understand in equation form or even a diagram.

Response:
Thanks for this suggestion. We’d like to add a flow chart in Supporting Information, so that readers could understand the mechanism of iterative process used in this study more easily.
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Figure S5 Calculation of BC and BrC with iterative process
References

Aurell, J. and Gullett, B. K.: Emission factors from aerial and ground measurements of field and laboratory forest burns in thesoutheastern US: PM2.5, black and brown carbon, VOC, and PCDD/PCDF, Environ. Sci. Technol., 47(15), 8443-8452, 2013.

Baduel, C., Voisin, D., and Jaffrezo, J. L.: Comparison of analytical methods for Humic Like Substances (HULIS)measurements in atmospheric particles, Atmos. Chem. Phys., 9, 5949–5962, 2009.

Baduel, C., Voisin, D., and Jaffrezo, J.L.: Seasonal variations of concentrations and optical properties of water solubleHULIS collected in urban environments, Atmos. Chem. Phys., 10, 4085–4095, doi: 10.5194/acp-10-4085-2010, 2010.

Chen, Y., Zhi, G., Feng, Y., Fu, J., Feng, J., Sheng, G., and Simoneit, B.: Measurements of emission factorsfor primary carbonaceous particles from residential raw-coal combustion in China, Geophys. Res. Lett., 33 (20), 1-4, 10.1029/2006gl026966, 2006.

Corbin, J., Pieber, S., Czech, H., Zanatta, M., Jakobi, G., Massabò, D., Orasche, J., ElHaddad1, I., Mensah, A., Stengel, B., Drinovec, L., Mocnik, G., Zimmermann, R., Prévôt, A, and Gysel, M.: Brown and black carbon emitted by a marine engine operated on heavy fuel oil and distillate fuels: Optical properties, size distributions, and emission factors. J. of Geophys. Res.: Atmos., 123, 6175–6195. doi: 0.1029/2017JD027818, 2018.
D’Almeida, G., Koepke, P., and Hess, M.: The Meteorological Institute Munich (MIM) Optical Aerosol Climatology, BMFT Forschungs-bericht KF-1011; Meteorological Institute Munich: Munich, Germany: 271 pp, 1989.
Duarte, R. M., Santos, E. B., Pio, C. A., and Duarte, A. C.: Comparison of structural features of water-soluble organic matter from atmospheric aerosols with those of aquatic humic substances, Atmos. Environ., 41(37), 8100–8113, 10.1016/j.atmosenv.2007.06.034, 2007.
Fan, X., Wei, S., Zhu, M., Song, J., and Peng, P.: Comprehensive characterization of humic-like substances in smoke PM2.5 emitted from the combustion of biomass materials and fossil fuels, Atmos. Chem. Phys., 16, 13321-13340, doi:10.5194/acp-16-13321-2016, 2016.

Ferrero, L., Gregorič, A., Močnik, G., Rigler, M., Cogliati, S., Barnaba, F., Di Liberto, L., Gobbi, G. P., Losi, N., and Bolzacchini, E.: The impact of cloudiness and cloud type on the atmospheric heating rate of black and brown carbon, Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-264, in review, 2020.
Gyawali, M., Arnott, W. P., Lewis, K., and Moosmüller, H.: In situ aerosol optics in Reno, NV, USA during and after the summer 2008 California wildfires and the influence of absorbing and non-absorbing organic coatings on spectral light absorption, Atmos. Chem. Phys., 9, 8007–8015, doi:10.5194/acp-9-8007-2009, 2009.
Hecobian, A., Zhang, X., Zheng, M., Frank, N., Edgerton, E. S., and Weber, R. J.: Water-soluble organic aerosol material and the light-absorption characteristics of aqueous extracts measured over the Southeastern United States, Atmos. Chem. Phys., 10(13), 5965-5977, doi: 10.5194/acp-10-5965-2010, 2010.

Hitzenberger, R., and Tohno, S.: Comparison of black carbon (BC) aerosols in two urban areas-concentrations and size distributions,  Atmos. Environ., 35: 2153-2167, doi: 10.1016/s1352-2310(00)00480-5, 2001.

Hoffer, A., Gelencser, A., Guyon, P., Kiss, G., and Schmid, O.: Optical properties of humic-like substances (HULIS) in biomass-burning aerosols, Atmos. Chem. Phys., 6, 3563-3570, doi:10.5194/acp-6-3563-2006, 2006.
Huo, Y., Li, M., Jiang, M., and Qi, W.: Light absorption properties of hulis in primary particulate matter produced by crop straw combustion under different moisture contents and stacking modes. Atmos. Environ., 191(OCT.), 490-499, doi：10.1016/j.atmosenv.2018.08.038, 2018. 
IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, R. K. Pachauri and L. A. Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Lack, D. A., Langridge, J. M., Schwarz, J. P., Bahreini, R., Cappa, C. D., Middlebrook, A. M., and Schwarz, J. P.: Brown carbon and internal mixing in biomass burning particles, PNAS, 109, 14802–14807, doi:10.1073/pnas.1206575109/-/DCSupplemental, 2012.
Lack, D. A. and Cappa, C. D.: Impact of brown and clear carbon on light absorption enhancement, single scatter albedo and absorption wavelength dependence of black carbon, Atmos. Chem. Phys., 10, 4207–4220, doi:10.5194/acp-10-4207-2010, 2010.
Lack, D. A. and Langridge, J. M.: On the attribution of black and brown carbon light absorption using the Ångström exponent, Atmos. Chem. Phys., 13(20), 10535-10543, 10543, doi:10.5194/acp-13-10535-2013, 2013.

Laskin, A., Laskin, J., and Nizkorodov, S. A.: Chemistry of atmospheric brown carbon, Chem. Rev., 115 (10), 4335-4382, doi:10.1021/cr5006167, 2015.

Lei, Y., Shen, Z., Zhang, T., Zhang, Q., Wang, Q., Sun, J., Gong, X., Cao, J., Xu, H., and Liu, S.: Optical source profiles of brown carbon in size-resolved particulate matter from typical domestic biofuel burning over Guanzhong Plain, China, Sci. Total Environ., s622–623, 244-251, doi: 10.1016/j.scitotenv.2017.11.353, 2018.
Li, S., Zhu, M., Yang, W., Tang, M., Huang, X., Yu, Y., Fang, H., Yu, X., Yu, Q., Fu, X., Song, W., Zhang, Y., Bi, X., and Wang, X.: Filter-based measurement of light absorption by brown carbon in PM2.5 in a megacity in South China, Sci. Total Environ., 633, 1360-1369, doi: 10.1016/j.scitotenv.2018.03.235, 2018.

Lin, P., Bluvshtein, N., Rudich, Y., Nizkorodov. S., Laskin, J., and Lasin, A.: Molecular chemistry of atmospheric brown carbon inferred from a nationwide biomass burning event, Environ. Sci. Technol., 51(20), 11561-11570, doi: 10.1021/acs.est.7b02276, 2017.

Lukács, H., Gelencsér, A., Hammer, S., Puxbaum, H., Pio, C., Legrand, M., Kasper-Giebl, A., Handler, M., Limbeck, A., Simpson, D., and Preunkert, S.: Seasonal trends and possible sources of brown carbon based on 2-year aerosol measurements at six sites in Europe, J. of Geophys. Res., 112 (D23S18), 1-9, 2007.
Medalia, A., Rivin, D., Sanders, D.: A comparison of carbon black with soot, Sci. total Environ., 31: 1-22, doi: 10.1016/0048-9697(83)90053-0, 1983.
Mo, Y., Li, J., Liu, J., Zhong, G., Cheng, Z., Tian, C., Chen, Y., and Zhang, G.: The influence of solvent and PH on determination of the light absorption properties of water-soluble brown carbon, Atmos. Environ., 161, 90-98, doi: 10.1016/j.atmosenv.2017.04.037, 2017.
Phillips, S. M., Bellcross, A. D., and Smith, G. D.: Light absorption by brown carbon in the Southeastern United States is PH-dependent, Environ. Sci. Technol., 51(12), 6782-6790, doi: 10.1021/acs.est.7b01116, 2017.
Pokhrel, R. P., Beamesderfer, E. R., Wagner, N. L., Langridge, J. M., Lack, D. A., Jayarathne, T., Stone, E. A., Stockwell, C. E., Yokelson, R. J., and Murphy, S. M.: Relative importance of black carbon, brown carbon, and absorption enhancement from clear coatings in biomass burning emissions, Atmos. Chem. Phys., 17(8), 5063-5078, doi: 10.5194/acp-17-5063-2017, 2017.
Rawad, S., Zezhen, C., and Khairallah, A.: The brown–black continuum of light-absorbing combustion aerosols, Environ. Sci. Technol. Lett., 5(8), 508-513, doi: 10.1021/acs.estlett.8b00305, 2018.

Reisinger, P., Wonaschütz, A., Hitzenberger, R., Petzold, A., Bauer, H., and Jankowski, N.: Intercomparison ofmeasurement techniques for black or elemental carbon under urban background conditions in wintertime:Influence of biomass combustion, Environ. Sci. Technol., 42, 884-889, 10.1021/es0715041, 2008.

Schmidl, C., Marr, I., Caseiro, A., Kotianová, P., Berner, A., Bauer, H., Kasper-Giebl A., and Puxbaum H. Chemical characterisation of fine particle emissions from wood stove combustion of common woods growing in mid-European Alpine regions. Atmos. Environ., 42, 126-141, doi: 10.1016/j.atmosenv.2007.09.028, 2008.

Shen, G., Tao, S., Chen, Y., Zhang, Y., Wei, S., Xue, M., Wang, B., Wang, R., Lu, Y., Li, W., Shen, H., Huang, Y., and Chen, H.: Emission characteristics for polycyclic aromatic hydrocarbons from solid fuels burned in domestic stoves in rural China,Environ. Sci. Technol., 47 (24), 14485-14494, 2013.

Shen, G., Xue, M., Chen, Y., Yang, C., Li, W., Shen, H., Huang, Y., Zhang, Y., Chen, H., Zhu, Y., Wu, H., Ding, A.,and Tao, S.: Comparison of carbonaceous particulate matter emission factors among different solid fuelsburned in residential stoves, Atmos. Environ., 89, 337-345, 10.1016/j.atmosenv.2014.01.033, 2014.
Srinivas, B. and Sarin, M. M.: Light absorbing organic aerosols (brown carbon) over the tropical Indian Ocean: Impact of biomass burning emissions, Environ. Res. Lett., 8(4), 1-7, doi: 10.1088/1748-9326/8/4/044042, 2013.

Srinivas, B. and Sarin, M. M.: Brown carbon in atmospheric outflow from the Indo-Gangetic Plain: Mass absorption efficiency and temporal variability. Atmos. Environ., 89, 835-843, doi:10.1016/j.atmosenv.2014.03.030, 2014.

Srinivas, B., Rastogi, N., Sarin, M. M., Singh, A., and Singh, D.: Mass absorption efficiency of light absorbing organic aerosols from source region of paddy-residue burning emissions in the Indo-Gangetic Plain. Atmos. Environ., 125, 360-370, doi:10.1016/j.atmosenv.2015.07.017 , 2016.
Sumlin, B. J., Oxford, C. R., Seo, B., Pattison, R. R., Williams, B. J., and Chakrabarty, R. K.: Density and homogeneous internal composition of primary brown carbon aerosol, Environ. Sci. Technol., 52(7), 3982-3989, doi: 10.1021/acs.est.8b00093, 2018.

Sun, J., Zhi, G., Hitzenberger, R., Chen, Y., Tian, C., Zhang, Y., Feng, Y., Cheng, M., Zhang, Y., Cai, J., Chen, F., Qiu, Y., Jiang, Z., Li, J., Zhang, G., and Mo, Y.: Emission factors and light absorption properties of brown carbon from household coal combustion in China, Atmos. Chem. Phys., 17(7), 4769-4780, doi: 10.5194/acp-17-4769-2017, 2017.

Sun. J., Zhi, G., Jin, W., Chen, Y., Shen, G., Tian, C., Zhang, Y., Zong, Z., Cheng, M., Zhang, X., Zhang, Y., Liu, C., Lu, J., Wang, H., Xiang, J., Tong, L., Zhang, X. Emission factors of organic carbon and elemental carbon for residential coal and biomass fuels in China- A new database for 39 fuel-stove combinations. Atmos. Environ., 190: 241-248, doi: 10.1016/j.atmosenv.2018.07.032, 2018.

Tian. J., Wang, Q., Ni, H., Wang, M., Zhou, Y., Han, Y. Shen, Z., Siwatt, P., Zhang, N., Zhao, Z., Zhang, Q., Zhang, Y., Long, X. and Cao, J. Emission characteristics of primary brown carbon absorption from biomass and coal burning: Development of an optical emission inventory for China. J. of Geophys. Res.: Atmos., doi: 10.1029/2018JD029352 , 2019.
Voisin, D., Jaffrezo, J. L., Houdier, S., Barret, M., Cozic, J., King, M. D., France, J. L., Reay, H. J., Grannas, A., Kos, G., Ariya, P. A., Beine, H. J., and Domine, F.: Carbonaceous species and humic like substances (HULIS) in Arctic snowpack during OASIS field campaign in Barrow, J. Geophys. Res., 117, 1-17, doi: 10.1029/2011jd016612, 2012.

Wonaschütz, A., Hitzenberger, R., Bauer, H., Pouresmaeil, P., Klatzer, B., Caseiro, A., and Puxbaum, H.:Application of the integrating sphere method to separate the contributions of brown and black carbon in atmospheric aerosols, Environ. Sci. Technol., 43, 1141-1146, 10.1021/es8008503, 2009.
Xie, M., Hays, M., and Holder, A.: Light-absorbing organic carbon from prescribed and laboratory biomass burning and gasoline vehicle emissions, Scientific reports, 7: 7318, doi: 10.1038/s41598-017-06981-8, 2017.
Xu, H., Guinot, B., Cao, J., Li, Y., Niu, X., Ho, K. F., Shen, Z., Liu, S., Zhang, T., Lei, Y., Zhang, Q., Sun, J., and Gao, J.: Source, health risk and composition impact of outdoor very fine particles (VFPs) to school indoor environment in Xi'an, Northwestern China, Sci. Total Environ., 612, 238-246, doi: 10.1016/j.scitotenv.2017.08.101, 2018.
Yan, C., Zheng, M., Sullivan, A. P., Bosch, C., Desyaterik, Y., Andersson, A., Li, X., Guo, X., Zhou, T., Gustafsson, Ö., and Collett, J. L.: Chemical characteristics and light-absorbing property of water-soluble organic carbon in Beijing: Biomass burning contributions, Atmos. Environ., 121, 4-12, doi:10.1016/j.atmosenv.2015.05.005, 2015.
Yang, M., Howell, G., Zhuang, J., and Huebert, B.: Attribution of aerosol light absorption to black carbon, brown carbon, and dust in China – interpretations of atmospheric measurements during EAST-AIRE, Atmos. Chem. Phys., 9: 2035-2050, doi: 10.5194/acpd-8-10913-2008 , 2009.
Zhi, G., Chen, Y., Feng, Y., Xiong, S., Li, J., Zhang, G., Sheng, G., and Fu, J.: Emission characteristics ofcarbonaceous particles from various residential coal-stoves in China, Environ. Sci. Technol., 42(9), 3310-3315, 10.1021/es702247q, 2008.

Zhi, G., Peng, C., Chen, Y., Liu, D., Sheng, G., and Fu, J.: Deployment of coal briquettes and improved stoves:Possibly an option for both environment and climate, Environ. Sci. Technol., 43 (15),5586-5591, 10.1021/es802955d, 2009.

Zhang, G., Peng, L., Lian, X., Lin, Q., Bi, X., Chen, D., Li, M., Li, L., Wang, X. and Sheng, G. An Improved Absorption Ångström Exponent (AAE)-Based Method for Evaluating the Contribution of Light Absorption from Brown Carbon with a High-Time Resolution. Aeros. and Air Quality Res., 19: 15–24, doi: 10.4209/aaqr.2017.12.0566 , 2018.
Zhang, Y., Shen, Z., Zhang, B., Sun, J., Zhang, L., Zhang, T., Xu, H., Bei, N., Tian, J., Wang, Q., and Cao, J.: Emission reduction effect on PM2.5, SO2 and NOx by using red mud as additive in clean coal briquetting, Atmospheric Environment, 223, doi: 10.1016/j.atmosenv.2019.117203, 2020.
S2

