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Abstract:



The balance between the cooling and warming effects of aerosol originating from open biomass burning (BB) critically depends on the ratio of its major absorbing and scattering components, such as elemental carbon (EC) and organic carbon (OC), but available direct measurements of this ratio in remote regions are limited and rather uncertain. Here, we propose a method to estimate the EC/OC mass ratio in BB aerosol using continuous observations of aerosol optical properties by the Aerosol Robotic Network (AERONET) and apply it to the data from two AERONET sites situated in Siberia. Our method exploits a robust experimental finding (that was reported recently based on laboratory analysis of aerosol from the combustion of wildland fuels) that the single scattering albedo of BB aerosol particles depends linearly on the EC/(EC + OC) mass ratio. We estimated that the mean value of the EC/OC ratio in BB aerosol observed in summer 2012 was 0.036 (±0.009), which is less than the corresponding value (0.061) predicted in our simulations with a chemistry transport model using the emission factors from the Global Fire Emissions Database 4 (GFED4) fire emission inventory. Based on results of our analysis, we propose a parameterization that allows constraining the EC/OC ratio in BB aerosol with available satellite observations of the absorption and extinction aerosol optical depths.
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1. Introduction


It is well established that aerosol released from open biomass burning (BB) has a substantial impact on global climate processes due to both absorption and scattering of incoming solar shortwave radiation [1], as well as due to aerosol-cloud interactions [2,3]. BB aerosol is also known to have a considerable effect on air quality in regions that are episodically affected by wildfires (e.g., [4,5,6]).



A balance between the cooling and warming effects of BB aerosol critically depends on the ratio of the major absorbing and scattering aerosol components contributing the radiative forcing of opposite sign, such as elemental or black carbon (EC or BC) and organic carbon (OC) [7]. As the available modeling estimates of the contribution of BB aerosol to radiative forcing are presently rather uncertain [8], a good knowledge of the EC/OC ratio in BB aerosol is therefore an important prerequisite for reducing uncertainties in the modeling analysis of the climate effects of BB aerosol. There is evidence [9,10,11,12] that knowledge of the EC/OC ratio in BB aerosol may also help to improve model representations of the absorption caused by organic compounds constituting the so-called brown carbon (BrC), which, along with EC (or BC), contributes significantly to the BB aerosol radiative forcing [13,14,15]. Unlike EC, BrC is subject to photochemical aging or may be formed as secondary species from primary gaseous emissions [16]. Similarly, any observational constraints to the partitioning between EC and OC may be beneficial for improving model representations of organic aerosol mass, which (again unlike EC) is prone to significant changes during the atmospheric evolution of BB aerosol [17,18,19,20], in the context of air pollution modeling applications. (Note that the distinction made in the literature between EC and BC mostly reflects the differences between specific measurement techniques [7,21] and is not so important here. For consistency, the former term (EC) is mostly used throughout this paper, unless otherwise necessary in a given context).



The partitioning between EC and OC in models simulating BB aerosol composition is usually based on data of fire emission inventories, such as, e.g., the Global Fire Emissions Database (GFED) [22], the Fire INventory from NCAR (FINN) [23] or the Global Fire Assimilation System (GFAS) [24], which employ available in situ measurements of the emission factors to calculate emissions of individual species on regional and global scales. However, due to variations in combustion conditions and in fuel origin, moisture and geometry, different measurements yield a wide range of emission factor values, even when they are made in similar climate zones and types of environment [25]. As a result of large variations in the emission factors for EC and OC, the uncertainty of typical values of the EC/OC ratio may considerably exceed a factor of two for BB aerosol in extratropical forest and a factor of four in savanna and grassland [26,27]. It seems reasonable to expect that the uncertainties in the emission factors for EC and OC assumed in the fire emission inventories are especially large in the case of fires in such a remote region as Siberia due to the lack of dedicated local measurements.



Siberia represents one of the world’s largest forested regions [28,29]. Devastating Siberian fires are known to considerably affect the composition of the atmosphere over vast territories in Russia [30], with smoke plumes reaching Japan, Korea and even North America [31,32,33]. Emissions from Siberian fires are also found to provide a major source of EC deposited in the Arctic [34], thus contributing to rapid warming observed there [35]. As the on-going global warming is likely to lead to increases in the probability and intensity of fires in the boreal forest, there is a need to better understand and quantify emissions from Siberian fires and possible complex feedbacks between Siberian fires and their effects on regional and global climate [36,37,38]. In view of these challenges, it is particularly important to ensure that predictions of the composition and optical properties of BB aerosol originating from boreal fires by climate and chemistry transport models are sufficiently adequate.



Consistent and abundant data on BB aerosol optical properties worldwide are available presently as inversion products from measurements performed by the ground-based Sun photometers at the Aerosol Robotic Network (AERONET) sites [39]. Several AERONET sites are located in the Siberian region. The aerosol absorption optical depth (AAOD) and single scattering albedo (SSA) retrieved from the AERONET measurements [40] are extensively used to evaluate and constrain the aerosol light absorption and atmospheric EC (BC) amounts simulated with models (e.g., [41,42,43,44,45]). Another promising source of aerosol light absorption data that can be used to constrain the models is the AAOD retrievals from satellite measurements [46]. For example, the OMI (Ozone Monitoring Instrument) observations of AAOD at the 388-nm wavelength were proven to be useful in improving simulations with a global chemistry transport model and in reducing uncertainties in BC emissions in Southeast Asia [47].



A major obstacle in interpretation and addressing the discrepancies between the model and measurement AAOD data (note that the models were typically found to strongly underestimate AAOD) is that the modeled relationship between the atmospheric EC amounts and AAOD is very sensitive to the assumptions and simplifications regarding the mixing state of aerosol and intensive optical properties (such as, e.g., the absorption Ångström exponent and the refractive index) of its individual constituents, including EC and organic compounds [7,48]. One of the available approaches to overcoming this obstacle involves constraining the contribution of EC to aerosol light absorption by using the multi-wavelength absorption measurements and taking into account the fact that the absorption Ångström exponent (AAE) for EC is different from AAE of other aerosol components (including BrC and dust). Multiple studies (e.g., [11,15,49,50,51]) followed this approach in the analysis of field measurements and remote sensing aerosol absorption data by using different AAE-based methods. However, although such methods proved to be useful in constraining absorption of EC and BrC, they typically do not provide a direct inference on the EC/OC mass ratio in aerosol particles.



Another measurement-based approach to constraining EC absorption involves parameterization of the aerosol absorption properties as a function of the aerosol chemical composition. Specifically, it was shown [9,10] that the imaginary part of the refractive index for organic BB aerosol can be parameterized as a growing function of the EC/OC ratio. More recently, as a result of the analysis of optical properties and the composition of BB aerosol formed from a wide range of wildland fuels from North America, it was demonstrated [52] that there is a linear relationship between the EC/(EC + OC) ratio and SSA at several visible wavelengths (405, 532 and 660 nm).



In this study, we combine the AERONET multi-wavelength absorption measurements made in Siberia during the extreme summer fire season of 2012 [20,30] and the empirical relationships [52] between SSA and the EC/OC ratio. Our primary goal is to obtain measurement-based estimates of the EC/OC ratio for BB aerosol in Siberia and to use them for the evaluation of the corresponding simulations performed with a regional chemistry transport model involving EC and OC emission factors used in the GFED inventory. Another goal of this study is to develop a parameterization enabling estimation of the EC/OC mass ratio using a combination of data from available satellite measurements, such as AAOD retrieved from the OMI measurements [46] and extinction aerosol optical depth (AOD) from the MODIS (Moderate Resolution Imaging Spectroradiometer) [53] measurements. The parameterization is intended to contribute to the methodological basis for possible prospective inverse modeling studies aimed at constraining EC emissions from boreal wildfires using satellite observations.




2. Data and Method


2.1. Measurement and Model Data


2.1.1. Measurements


We use the aerosol SSA data provided by AERONET as the Version 2, Level-2 (cloud screened and quality assured) aerosol inversion product [40]. We also utilize AOD data available as the Version 2, Level-2 direct sun AERONET observations [39]. The data representing aerosol properties in the total atmospheric column were retrieved from diffuse sky radiance and direct sun radiance measurements performed by Cimel Electronique sun photometers and are publicly available for downloading from the AERONET website [54]. We use SSA observations at the 440-, 675- and 869-nm wavelengths and AOD values for the 440- and 500-nm wavelengths.



In our analysis, we consider the AERONET data available for the period of summer months (June–August) of 2012 from the Tomsk-22 (56°25′01″ N, 84°04′26″ E) and Yakutsk (61°39′43″ N, 129°22′01″ E) sites situated in Siberia. Unfortunately, the multi-day Level-2 SSA data for the fire season of 2012 were not available from any other Siberian stations. Furthermore, there were almost no data available from the Tomsk-22 and Yakutsk stations for spring and fall months of 2012.



To obtain estimates of the EC/OC ratio, we selected the SSA retrievals satisfying three criteria (see Table 1). First, it was required that AOD at 500 nm exceeds the value of 0.5. Taking into account the corresponding model results (see Section 3), this AOD value was chosen as an indicator of a predominant contribution of biomass burning to aerosol observed in almost pristine conditions of Siberian boreal forest. The second selection criterion was introduced to exclude situations where aerosol optical properties might be significantly affected by humidification of aerosol particles. Specifically, based on available studies of the effects of humidity on BB aerosol (e.g., [55,56]), we disregarded the observed cases where the average relative humidity (RH) in the aerosol column was greater than 60%. Values of RH were evaluated as described below in Section 2.1.2. Finally, the third selection criterion was introduced to minimize the possibility that observed aerosol optical properties are strongly affected by changes in particle morphology and composition that may occur [57,58] as a result of atmospheric aging of BB aerosol. The selection was based on our estimates of the photochemical age of BB aerosol (see Section 2.1.2): observations of aerosol aged more than 30 h were excluded from the analysis. While choosing the threshold age value (which, ideally, should be as small as possible), we tried to ensure that the amount of the remaining data would be sufficient for statistical inferences. With the current choice (30 h), our analysis involved 20 observations (including 14 and 6 observations at the Tomsk-22 and Yakutsk sites, respectively), while nearly the same amount of available observations (from the both stations considered) satisfying the two other criteria were disregarded.



Table 1. Selection criteria applied to the AERONET observations. BB, biomass burning.







	
Criterion No.

	
Selection Parameter

	
Threshold Value






	
1

	
Aerosol optical depth 1 at 500 nm

	
0.5




	
2

	
Relative humidity 2 in the BB aerosol column

	
60%




	
3

	
BB aerosol photochemical age 2

	
30 h








1 According to the AERONET observations; 2 according to the simulations with the CHIMERE model.








Note that one of the major screening criteria originally applied by AERONET to inversion data comprising the Level-2 product is that AOD at 440 nm (AOD440) must not be less than 0.4. This criterion allows constraining the error of SSA retrievals [59], but at the expense of the invalidation of many SSA retrievals, which are otherwise available as the Level-1.5 inversion product [60]. The uncertainty in the SSA retrievals in situations with prevailing BB aerosol was estimated to be ±0.03 [59] when AOD440 is larger or equal to 0.5.



In this study, we also utilized the Fire Radiative Power (FRP) data derived from the MODIS satellite measurements [61]. The FRP data were obtained as the Collection 6 Level 2 active fire product through the Reverb metadata discovery tool [62] and were used to specify BB emissions for our simulations described below.




2.1.2. Simulations


The model data play a supplementary, but still significant role in this study, being used for the justification of the criterion applied to select observations representative of BB aerosol, for estimation of the BB aerosol age and for the comparison with the EC/OC ratios derived from the AERONET measurements. The simulations were performed with the CHIMERE chemistry transport model (CTM) [63]. Similar simulations were employed in the framework of our previous studies of atmospheric effects of Siberian fires [20,30]. For this reason, we describe our simulations only briefly, focusing on modifications and differences with respect to earlier studies.



In this study, the simulations were performed with one of the latest CHIMERE versions (v2016, http://www.lmd.polytechnique.fr/chimere/CW-chimdev.php) [64]. An important feature of that model version is online calculations of photolysis rates with the Fast-JX scheme enabling representation of optical effects of aerosols and clouds and estimation of AOD. The optical calculations in CHIMERE are based on the Mie theory and make use of a pre-described set of typical values of the refractive index for all aerosol species, including EC and OC. Our simulations were configured by using mostly the “recommended values” of input parameters as specified in the CHIMERE documentation [65]; otherwise, the simulation settings are described below.



The simulations addressed the atmospheric evolution of several types of aerosol, including dust, biomass burning, anthropogenic, biogenic and sea salt aerosols, and of a number of minor gaseous species affecting the oxidation potential and secondary aerosol formation in the lower atmosphere. The aerosol dynamics was simulated using the sectional approach with 10 bins covering the range of particle sizes from 10 nm–40 µm. Organic aerosol (OA) evolution was represented in the simulations by taking into account both its primary and secondary fractions: the primary OA was assumed to be composed of nonvolatile material, while the secondary OA (SOA) was formed as a result of a single step oxidation of aromatic and biogenic VOC precursors; note that the representation of OA evolution in this study was the same as in the “STN” (“standard”) model runs performed in our previous studies [19,20].



Anthropogenic emissions of aerosol and gases were specified using monthly emission data for the year 2010 from the global HTAP (Hemispheric Transport of Air Pollution) v2 emission inventory [66] and the CHIMERE standard emission interface. The HTAP data for the year 2010 were used because the corresponding 2012 data were not available; we presume that changes in annual anthropogenic emissions in the Siberian region could hardly be considerable during the period of three years and can be disregarded. The BB emissions were estimated using the FRP observations mentioned above by applying to them, sequentially, the FRP to biomass burning rate conversion factor and the emission factors (species and land cover dependent). The methodology used to process and re-grid the FRP data, as well as the procedure aimed at the estimation of the conversion factor relating FRP and biomass burning rate values were developed earlier and are described elsewhere [4,30,67].



In this study, the conversion factor was calibrated by minimizing the root mean square difference between the AOD values obtained from CHIMERE for the 500-nm wavelength and corresponding AOD values available from the AERONET sites considered (see Section 2.1.1) for summer months of 2012. The optimal value of the conversion factor was found to be 6.81 × 10−4 g s−1 W−1. For comparison, a similar calibration procedure applied earlier to the satellite AOD data in the same region yielded a 40% larger value of the conversion factor [20]. The difference may, in particular, be due to spatial and temporal inhomogeneity in burning conditions, as well as due to the fact that the previous study [20] utilized the Collection 5 fire data product, while the more recent Collection 6 data were used in this study. The emission factors for aerosol and gaseous species used in this study were specified using the recommended emission factor values for boreal forest, savanna and agricultural fires from the GFED4 (Global Fire Emissions Database) emission inventory [68]. The EC/OC ratios in BB aerosol emissions were accordingly assumed to be of 0.052, 0.14 and 0.32 for boreal forest, savanna (including both grass and bush) and agricultural fires, respectively.



To enable estimation of the photochemical age of BB aerosol, the standard CHIMERE simulations were extended (similarly as was done previously [20]) to include two special tracers. While the first tracer (Tp) was chemically passive, the second tracer (Tr) reacted with OH (without consuming it). The reaction rate (kOH) in this case was 9 × 10−12 s−1 cm3. Again similarly to the method proposed earlier [20], the photochemical age of BB aerosol in the atmospheric column at a given location was estimated using the ratio of the mass column concentrations, [Tp] and [Tr], of the corresponding tracers:


[image: there is no content]



(1)




where [OH] is the weighted vertical mean OH concentration at the location and time of the AERONET measurements, with the weights proportional to concentration of the inert tracer Tp. Note that a similar estimation described earlier [20] involved constant (typical) OH concentration (independent of location and time). Variations in OH concentration may be due to the variability of the density of BB plumes and typically increases as AOD increases. Therefore, on the one hand, allowing for variations of OH concentration in Equation (1) may enable more realistic estimates of the BB aerosol photochemical age in view of a probable large variability in density of young BB plumes. However, on the other hand, using OH concentration corresponding to aged (and thus, dispersed) plumes is likely to result in overestimation of the photochemical age. A comparison of the photochemical age estimated using Equation (1) with the duration of daylight on the days when the AERONET measurements selected for this study were made indicated that Equation (1) applied to the data analyzed here typically overestimates the photochemical age by about 30%.



We used the model domain covering Siberia and parts of European Russia and the Russian Far East (48° N–66° N; 20° E–56° E) with a horizontal resolution of 1.0° × 1.0°. The model grid had 12 non-equidistant levels, with the top of the upper level fixed at 200 hPa. The simulations were done for the period of four months (May–August) of 2012, with the model’s spin-up period comprising the initial month. The CHIMERE runs were driven with meteorological data provided by the WRF (Weather Research and Forecasting) (v.3.6, http://www.wrf-model.org/index.php) model [69] configured as described earlier [20]. The same meteorological model provided RH values employed in the data selection procedure (see Section 2.1.1): RH in the BB aerosol columns was calculated as a weighted vertical average of the local RH values, with the Tp concentration used as the weights. Separate simulations (labeled below as “fire” and “bgr”) were performed with and without fire emissions. The contribution of fires to EC or OC concentrations and AOD were evaluated as the difference between the corresponding values predicted by these simulations.





2.2. Method for Estimation of the EC/OC Ratio


Our estimation procedure is based on recent findings [52] from the Fourth Fire Laboratory at Missoula Experiment (FLAME-4), which involved burning of a wide variety of biomass fuels and measuring absorption properties of the produced fresh aerosol at several wavelengths (660, 532 and 405 nm). It has been shown, specifically, that BB aerosol particle SSA (denoted in the formulations given below as ω0) can be parameterized as a linear function of the elemental to total carbon ratio:
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(2)







Here and below, [image: there is no content] is SSA at a given wavelength λ; [EC] and [OC] are the mass concentrations of the corresponding species; and aλ and bλ are constant positive parameters depending on the wavelength, λ. Values of aλ and bλ that have been reported [52] for optimal fits to the FLAME-4 data are listed in Table 2 along with their uncertainties. It is noteworthy that aλ was found to be about minus unity for all of the wavelengths considered.



Table 2. The coefficients of the linear regressions relating single scattering albedo (SSA) at different wavelengths, λ, as the dependent variable to the EC/(EC + OC) ratio (see Equation (2)). The regressions were fitted previously [52] to the Fourth Fire Laboratory at Missoula Experiment (FLAME-4) data using the orthogonal distance regression method. The numbers in brackets are the standard deviations of the regression coefficients.







	
Wavelength (nm)

	
Slope (a)

	
Intercept (b)






	
405

	
−1.07 (±0.08)

	
0.94 (±0.007)




	
532

	
−1.06 (±0.04)

	
0.99 (±0.004)




	
660

	
−1.11 (±0.04)

	
0.99 (±0.004)










The linear relationship given by Equation (2) was proven [52] to be applicable not only to fresh and dry aerosol in a controllable laboratory environment, but also to actual aging atmospheric aerosol. Specifically, SSA values predicted for the 660-nm wavelength using Equation (2) with the parameter values fitted against the FLAME-4 data were found to be in a reasonably good agreement with observations of SSA at 637 nm made during major fires in African savanna [18]. Moreover, the SSA predictions for 532 nm were found to be consistent with (although smaller than) corresponding observations of BB aerosol onboard aircraft intersecting forest fire plumes in North America [70]. To further illustrate the applicability of the linear relationship given by Equation (2) to actual atmospheric aerosol, we plotted the relationship between SSA at 532 nm and the EC/(EC + OC) ratio (see Figure 1) using the same aircraft measurements [70] and fitted a linear regression line corresponding to Equation (2). Note that following the approach used previously [52], the EC/(EC + OC) ratio was derived from the measurement data for the BC and PM2.5 enhancement mass ratio by assuming that the OC mass fraction of the PM2.5 was 39%. Evidently, the linear approximation fits the data shown in Figure 1 quite adequately. Additionally, it is again noteworthy that the coefficient of proportionality aλ (see the fitting equation shown in Figure 1) was found be about minus unity.


Figure 1. The relationship between the EC/(EC + OC) ratio and SSA at 532 nm. The relationship has been obtained in this study by using the data of aircraft measurements of SSA, BC and PM2.5 in aging BB plumes [70] (see Figure 9b in ref. [70]). The EC/(EC + OC) ratio has been derived from the measurement data for the ΔBC/ΔPM2.5 enhancement mass ratio by assuming that the BC measurements were representative of the EC content in BB aerosol and that OC mass fraction of the PM2.5 was 39% [70]. The solid and dashed blue lines show the linear fit and the 90% confidence intervals.
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In principle, Equation (2) could be inverted and directly used to estimate the elemental to total carbon ratio as a function of SSA as follows:
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(3)







However, it can be noticed that in the case of highly reflective BB aerosol (e.g., with SSA of 0.95 and higher), which is typically observed by AERONET in boreal regions [71], such an estimate of the elemental to total carbon ratio would be very sensitive to uncertainties in bλ, especially at shorter wavelengths (as confirmed below in Section 3). Furthermore, in the limiting case when the EC/OC ratio approaches zero and bλ is expected to approximate an observed value of SSA, BB aerosol absorption is likely to be mostly determined by BrC concentration, which has been shown to strongly decrease as BB aerosol ages [16]. This reasoning is confirmed by the fact that the discussed parameterization fitted to the laboratory data was previously found [52], as mentioned above, to systematically (even though not significantly) underestimate actual SSA (at 532 nm) available from the aircraft observations. Therefore, we suppose that the estimates of bλ derived for fresh BB aerosol from the FLAME-4 data may be not always representative of actual atmospheric BB aerosol that has been exposed to aging processes (unlike smoke aerosol analyzed in FLAME-4), especially at shorter wavelengths (e.g., less than 500 nm) where the absorption of BrC typically becomes quite significant.



In contrast, we assume that the estimates of aλ from the FLAME-4 study [52] are sufficiently robust and representative of aged aerosol observed in the AERONET stations in Siberia. This assumption is upheld by the fact that the available estimates of aλ for fresh aerosol (see Table 2), unlike the estimates for aλ, are practically independent (within their uncertainties) on the wavelength and thus on BrC absorption. Furthermore, there is no significant difference between the estimates of aλ for the 532-nm wavelength, which were derived from the FLAME-4 data (see Table 2) and aircraft measurements of aging aerosol (see Figure 1). Apart from variations in BrC absorption, which can change very significantly both with the wavelength (e.g., [15]) and the BB aerosol age [16], significant deviations of aλ from the estimates obtained for fresh and dry aerosol can potentially be caused by major morphological changes in BB aerosol particles due to aerosol aging [57]. However, as explained above (see Section 2.1.1), we tried to minimize the possibility that such changes affected the observations selected for our analysis.



Accordingly, our analysis is based on the two main assumptions: (1) the relationship between SSA and the elemental to total carbon ratio in BB aerosol is approximately linear; and (2) the optimal estimates found in the analysis of the FLAME-4 data for the parameter aλ at the wavelengths 660 and 532 nm (a660 and a532) of the relation specified in Equation (2) are sufficiently representative (given the reported uncertainty range) of actual aging BB aerosol. In addition, following previous studies (e.g., [15]), we assume that the contribution of BrC to BB aerosol absorption at 869 nm is negligible, and so, SSA at 869 nm (ω0869) should approach unity as the elemental carbon content approaches zero. Therefore, using Equation (2), we posit:
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(4)







However, the value of a869 is unknown. To exclude it from the analysis, we substitute Equation (4) into Equation (2) and obtain:
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(5)




where,
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(6)







Values of Aλ and Bλ can be readily estimated by fitting a linear regression to the relationship between the available observations of SSA at 675 or 440 nm and SSA at 869 nm. Then, using Equation (5), Equation (3) can be re-written as follows:
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(7)




or also in another form:
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(8)







Note that neither bλ nor Bλ are used in Equations (7) and (8). In essence, we use SSA measurements at two wavelengths along with experimental estimates of the proportionality coefficient, aλ, relating the elemental to total carbon ratio and SSA at a given wavelength λ, to calibrate the unknown value of a869.



Our best (the “base case” or “Case 1”) estimates of the EC to OC ratio are based on using the AERONET SSA observations at 675 and 869 nm along with the estimate of a675, which was obtained from the power-law extrapolation from available values of the absolute values of a660 and a532 (see Table 2). For comparison, we consider three other cases listed in Table 3. Specifically, the Case 2 estimate is also obtained with Equation (8), but using SSA observations at 440 nm along with the corresponding estimate of a440 derived by the power-law interpolation between the experimental estimates of a405 and a532. The Cases 3 and 4 are based on a direct application of the available linear approximations (see Equation (3) and Table 2) from the FLAME-4 study [52] to the SSA values obtained correspondingly for the 660- and 405-nm wavelengths by interpolation or extrapolation from the AERONET SSA observations at the 675- and 440-nm wavelengths. In other words, Cases 3 and 4 involve not only the available estimates of aλ (as in Cases 1 and 2), but the estimates of bλ, as well. Along with the different observation-based estimates of the EC/OC ratio, we consider predictions of the EC/OC ratio from the 3D model simulations (see Section 2.1.2). The model estimates are calculated as the ratio of the column mass densities of EC and OC in primary and secondary aerosol originating from fire emissions.



Table 3. Distinctive features of the different cases of estimation of the EC/OC ratio using the AERONET observations.







	
Estimation Cases

	
Distinctive Features of Estimation Procedures






	
Case 1

	
The estimates are obtained using Equation (8) and SSA observations at 675 nm




	
Case 2

	
The same as Case 1, but using SSA observations at 440 nm




	
Case 3

	
The estimates are obtained using the available parameterization [52] for SSA at 660 nm (see Equation (1) and Table 2)




	
Case 4

	
The same as Case 3, but using the similar parameterization for SSA at 405 nm










Note that all of the estimates for aλ, bλ, Aλ and Bλ employed in our analysis are obtained using the orthogonal distance regression (ODR). Unlike a simple linear regression model, which is based on the assumption that an explanatory variable is not affected by errors and which minimizes the distance between the dependent variable and the fitting line only in the vertical direction, the ODR method allows for observation errors in both the explanatory and dependent variables and minimizes the orthogonal distances between each data point and the regression line. Therefore, the use of the ODR method ensures that the linear fits analyzed below are sufficiently symmetric with respect to the choice of the explanatory and dependent variables, and so, the corresponding linear approximations can be inverted as suggested by Equations (3) and (7).



As noted in the Introduction, one of the main goals of our analysis was to create a robust parameterization that would allow one to estimate the EC/OC ratio in BB aerosol by using available satellite observations, such as the retrievals of the absorption AOD at 388 nm (AAOD388) from the OMI measurements [46] and the retrievals of the extinction AOD at 550 nm (AOD550) from the MODIS measurements [53]. To this end, we consider the ratio of AAOD388 to AOD550 as a function of the EC/(EC + OC) ratio estimated as described above for the Case 1. We expect that inasmuch as there is a regular relationship between the EC/(EC + OC) ratio and SSA at 440 nm, there should also be a similar relationship between the EC/(EC + OC) and AAOD388/AOD550 ratios.



Indeed, SSA at 440 nm (ω0440) can, by definition, be expressed through the ratio of AAOD and AOD at 440 nm (AAOD440 and AOD440):
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(9)







Both AAOD440 and AOD440 can be extrapolated to the 388-nm and 550-nm wavelengths, respectively, using the corresponding Ångström exponents, αa and αe, which, in turn, can be evaluated using the AERONET observations at two different wavelengths.
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(10)







The uncertainties (confidence intervals) for any coefficients of linear regressions built in this study were evaluated using a Monte Carlo procedure based on one of the standard bootstrapping techniques [72]. The procedure comprised 5000 iterations involving random sampling of N (20, in our case) data points from the original dataset (including the same number, N, of data points). The sampled data were then used in each of the iterations to obtain perturbed estimates of a given parameter (e.g., the slope of the linear regression in Equation (5) or the mean of the estimates for individual observations) in the same way as the original data were used to obtain a corresponding optimal estimate. The underlying assumption in this procedure is that the errors of individual SSA observations are statistically independent. Wherever an estimation involved uncertainties in input parameters (as, e.g., in the case of the estimation given by Equation (8)), such uncertainties were taken into account by randomly perturbing the corresponding parameter values (within the range of their uncertainties; see Table 2) in each iteration of the same Monte Carlo procedure. The spread of estimates from different iterations was used to evaluate the confidence intervals for a corresponding optimal estimate. For definiteness, the confidence intervals of all estimates reported below (including estimates of regression coefficients) are given in terms of the 90th percentile.





3. Results


Figure 2 and Figure 3 characterize the impact of open biomass burning in Siberia on AOD observed at the two AERONET sites (indicated in Figure 2) that provided the data for this study. Specifically, Figure 2 shows the spatial averages of AOD at 500 nm according to the CHIMERE simulations made with and without fire emissions for the Siberian model domain; the averages were calculated over the selection of the simulated AOD values corresponding in time to the AERONET retrievals selected for our analysis (see Section 2.1.1). Figure 3 shows the time series of the simulated AOD values along with the observed AOD values for our selection of the AERONET retrievals. Additionally, Figure 3 also illustrates the selection of SSA observations with respect to relative humidity (see Section 2.1.1 and Table 1).


Figure 2. Averages of absorption optical depth (AOD) at 500 nm according to the CHIMERE simulations performed (a,c) with and (b,d) without fire emissions. The averages are calculated only over the data and hours that were supplied with the selected measurement data from the (a,b) Tomsk-22 and (c,d) Yakutsk AERONET sites for the period of the June–August 2012. The locations of the AERONET sites considered are indicated by purple asterisks.
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Figure 3. (a,b) Time series of AOD at 500 nm and (c,d) SSA at 675 nm according to the AERONET measurements at the (a,c) Tomsk-22 and (b,d) Yakutsk sites. Also shown are (a,b) the corresponding AOD data from the two CHIMERE runs, ”fire” and “bgr”, made with and without fire emissions, respectively, and (c,d) the ambient relative humidity (RH) in the BB aerosol columns. Dark green crosses indicate the points selected for our analysis based on the criteria specified in Section 2.1.1 and Table 1. The shaded areas (c,d) indicate the periods for which the AOD values from the “fire” run exceed the corresponding values from the “bgr“ run by more than a factor of three. The horizontal dash-dotted lines depict the RH threshold value used in one of the selection criteria.
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Evidently, the simulation results presented in the both figures indicate that fires had a major impact on AOD at the locations considered and provided a predominant component of observed aerosol on many days in summer 2012. Furthermore, our simulations are supportive of the validity of the selection criterion (requiring that AOD at 500 nm exceeds 0.5; see Table 1), which was used as an indicator of a predominant contribution of biomass burning to aerosol observed at the AERONET sites considered. Specifically, according to our simulations shown in Figure 3, the contribution of BB aerosol resulted in large enhancements of AOD observed in the selected episodes with respect to the background AOD (by more than a factor of six on average and by at least a factor of three in almost all of the selected individual episodes). In addition, the comparison of AAOD observations with the background AAOD predicted by the model (the corresponding data are not shown) indicated even larger enhancements, by factors of eleven and eight on average, in AAOD at 675 and 440 nm, respectively: this result is not surprising taking into account that, according to our simulations, a dominant mass fraction of background aerosol at the both sites is constituted by biogenic SOA, which is very weakly absorptive [73].



Figure 4 shows the relations between the AERONET observations of SSA at 675 nm and 440 nm and those at 869 nm. The relations were fitted with the linear model given by Equation (5). Evidently, the SSA values for the 869-nm wavelength very strongly correlate with those for the 675-nm wavelength (R = 0.98), and the relation between them is indeed practically linear. These observations confirm our reasoning behind Equation (5) explained in Section 2.2. The correlation of SSA at 869 nm with SSA at 440 nm is much weaker, but it is still rather considerable (R = 0.62), and there is no visible evidence that the corresponding relationship is strongly nonlinear. It is noteworthy that the slopes of the linear fits (A675 and A440) are close to unity, being statistically different from zero. In view of the relation given by Equation (6) and the available estimates for a675 and a440 (which are both near minus unity), this fact indicates that a869 is also close to minus unity. In contrast, the intercepts, B675 and B440 are not statistically different from zero.


Figure 4. The AERONET SSA observations (ω0) at (a) 675 nm and (b) 440 nm plotted as a function of the corresponding observations at 869 nm. Also shown are linear regressions (and their equations) fitted with the orthogonal distance regression (ODR) method and the 90% confidence intervals (given in parentheses) of the fits. The regressions were fit by considering the observations from the TOMSK-22 and Yakutsk sites all together.
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The estimates of the EC/OC ratios for the different cases specified above (see Table 3) are presented and compared in Figure 5. In addition, the mean values and their confidence intervals for the different types of estimates are listed in Table 4, which also reports the mean value for the corresponding model predictions of the EC/OC ratio. Values of our best (Case 1) estimates range from 0.015–0.077, with the mean value of 0.036. It is useful to note that this value is in a very good agreement with the recently reported [74] value of EC/OC enhancement ratio (0.038) evaluated for BB aerosol in Siberia using the long-term in situ measurements of carbonaceous aerosol at the Zotino tall tower observatory (ZOTTO). Taking into account the uncertainties of the fits involved in the estimation procedures, one can see that the base case estimates almost perfectly agree with the Case 2 estimates (see Figure 5a). This finding upholds the assumption about the linear dependence of SSA (within the range of wavelengths considered in this study) on the EC/(EC + OC) ratio. Furthermore, it can be regarded as evidence that the AERONET observations are consistent with the estimate of a440 based on the FLAME-4 analysis.


Figure 5. The relationships between the estimates of the EC/OC mass ratio for different cases ((a) Case 1 and Case 2, (b) Case 1 and Case 3, (c) Case 1 and Case 4 and (d) Case 3 and Case 4) of the estimation procedure. Error bars show the 90% confidence intervals representing the uncertainty of the approximations, but not comprising possible measurement errors. Note that the error bars are shown only for a part of the data points to ensure the readability of the plots. Note also that where Equation (2) yielded unphysical negative values for the Case 4 estimates, the EC/OC ratio for that case was assumed to be zero. The dot-dashed lines indicate the 1:1 ratios. Also indicated are values of the Pearson’s correlation coefficient, r.
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Table 4. Average values of the EC/OC ratio estimates derived from the AERONET observations according to different estimation cases along with the corresponding value predicted by simulations with the CHIMERE model. The numbers in parentheses indicate the 90% confidence intervals for the average estimates based on observations. The uncertainty of the model predictions has not been evaluated in this study.







	
Estimation Case

	
Average Value of the EC/OC Ratio






	
Case 1

	
0.036 (±0.009)




	
Case 2

	
0.038 (±0.035)




	
Case 3

	
0.031 (±0.009)




	
Case 4

	
0.002 (±0.011)




	
CHIMERE

	
0.061










The base case estimates are also consistent with estimates for the Case 3, although the Case 3 estimates are slightly, but systematically smaller than the Case 1 estimates. This consistency is not surprising, taking into account that the BrC absorption (that, as noted above, might be the main reason for a possible inconsistency of the bλ estimates derived from the FLAME-4 data with the AERONET observations) is likely to be small at the 660nm wavelength (e.g., [15]). This finding indicates that the SSA parameterization derived from the FLAME-4 data for the 660-nm wavelength is consistent (although not ideally) with the AERONET observations of BB aerosol in Siberia.



In contrast, there are major inconsistencies between the Case 1 and 4 estimates, as well as between the Case 3 and 4 estimates. In fact, Equation (2) with the parameters fitted with the FLAME-4 data for the 405-nm wavelength (see Table 2) predicts mostly negative (that is, unphysical) values for the EC/OC ratio; such values are replaced in Figure 5 by zeros. These inconsistencies indicate that the SSA parameterization derived from the FLAME-4 data for the 405-nm wavelength is not directly applicable to the BB burning aerosol observations in Siberia. Presumably, the discrepancy between the Case 4 estimates and the other estimates is mainly due to a strong effect of BB aerosol aging processes on the short-wave light absorption by brown carbon.



Our estimates of the EC/OC ratio for the base case are compared with the corresponding predictions by CHIMERE in Figure 6. Obviously, the model tends to overestimate the EC/OC ratio, even though the differences between individual estimates can, in many instances, be explained by the uncertainty of the AERONET SSA retrievals. Specifically, the model predictions are larger than the observation-based estimates in 18 from 20 episodes considered, with the simulated mean value (0.061) being a factor of 1.7 larger than the mean value for our estimates. The modeled estimates for the EC/OC ratio are also characterized by much smaller variability than the observation-based estimates. Furthermore, it is evident (see Figure 6) that the variability of the observation-based estimates cannot be explained by the model. However, we cannot claim that the variability of our estimates is representative of the actual variability of the EC/OC ratio, as our estimates are subject to a potential large uncertainty in the SSA retrievals. The fact that the model predicted larger values of the EC/OC ratio in BB aerosol than the EC/OC ratio (0.052) assumed for forest fire emissions is indicative of a considerable contribution of grass (and/or agricultural) fires. However, according to our simulations, the forest fires are evidently a predominant source of BB aerosol at the sites considered, since otherwise the simulated EC/OC ratio in the aerosol particles would be much larger (taking into account that the EC/OC ratios assumed for the grass and agricultural fires were 0.14 and 0.32, respectively, while the contribution of SOA to the OC columns was always less than 15%).


Figure 6. The relationship between the EC/OC mass ratios derived from the AERONET measurements and predicted with the CHIMERE chemistry transport model (CTM) (based on the emission factors used in the Global Fire Emissions Database 4 (GFED4) emission inventory). The error bars shown by green lines depict the 90% confidence intervals that were evaluated by taking into account both the uncertainty of the approximations and the probable error (of 0.03) of individual SSA observations, while the 90% confidence intervals depicted by blue brackets include only the uncertainty of the assumed relationship between SSA and the EC/OC ratio. The dot-dashed line depicts the 1:1 ratio.
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The observation-based and model estimates of the EC/OC ratio for Case 1 are considered as a function the photochemical age of BB aerosol in Figure 7. The estimates derived from the AERONET observations demonstrate a weak positive association (at the edge of statistical significance) with the photochemical age. The modeled estimates are practically independent of the photochemical age. The absence of large systematic changes in the EC/OC ratio with changes of the photochemical age can be considered as additional evidence that our estimates are sufficiently robust with respect to BB aerosol aging.


Figure 7. The dependence of the EC/OC mass ratio on the photochemical age of BB aerosol according to the analysis based on the AERONET data (see the green solid line) and the simulations with the CHIMERE CTM (see the red solid line). The corresponding 90% confidence intervals of the linear fits (simple linear regressions) are shown by the green and red dashed lines.
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Theoretically, an increase in the EC/OC ratio may be due to evaporation of organic matter (OM) upon dilution of BB plumes, as well as due to fragmentation processes involving semi-volatile organic compounds [75]. There is observational evidence (e.g., [76]) confirming that the OM enhancement ratio (that is, the ratio of mass concentration of OM in BB aerosol to that of the BB fraction of a long-lived tracer, such as, e.g., CO) can indeed decrease as aerosol ages, although there is also evidence that the OM enhancement ratio can increase with the age (e.g., [18,19]). Using satellite observations of AOD over Siberia [20], a significant increase (followed by a decrease) of the OM enhancement ratio during about the first 15 hours of BB aerosol evolution was detected in dense BB plumes selected as the high (70th and higher) percentiles of the observed and modeled CO columns. However, the amount of data available for this study was insufficient for any conclusions regarding the evolution of the EC/OC ratio in BB aerosol aged less than 15 h. Furthermore, this study did not involve pre-selection of the most dense plumes (because of an insufficient amount of available data), except for the application of a general criterion aimed to identify BB aerosol in AERONET observations.



Note that since the large differences between the Case 1 and Case 4 estimates are likely due to the effects of photochemical aging (as discussed above), the Case 4 estimates could be expected to be more strongly dependent on the photochemical age than the Case 1 estimates. However, the available data allowed us to obtain physically meaningful Case 4 estimates of the EC/OC ratio only for five episodes (see Figure 5), and so, the corresponding statistical analysis was not feasible with a such a small amount of data.



It was shown earlier [20] that BB aerosol simulations using the “standard” representation (as in this study) of organic aerosol processes in the CHIMERE model predict a slight increase of the OM enhancement ratio as a result of SOA formation. Accordingly, it could be expected that the EC/OC ratio predicted by the model should be a slowly decreasing function of the BB aerosol photochemical age. Taking into account the scatter of the model data presented in Figure 7, the simulated values of the EC/OC ratio are not inconsistent with this expectation.



Figure 8 examines a potential impact of ambient relative humidity (RH) in the BB aerosol columns on our estimates. The absence of a significant dependence of the EC/OC ratio on RH confirms that the SSA observations selected for our analysis (using a criterion requiring that RH should be less 60%) and ensuing estimates are not systematically affected by RH variations in the considered range of its values.


Figure 8. Case 1 estimates of the EC/OC mass ratio plotted against the ambient relative humidity in the BB aerosol columns. A linear fit (a simple linear regression) and its 90% confidence intervals are shown by solid and dashed lines, respectively.
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Finally, the AAOD388/AOD550 ratio is plotted as a function of the EC/(EC + OC) ratio in Figure 9. The variables are positively correlated (R = 0.63), although there is a considerable scatter of the data. The linear fit (obtained with the ODR method) to the relationship between the AAOD388/AOD550 and EC/(EC + OC) ratios is given by the following equation:


[image: there is no content]



(11)






Figure 9. The ratio of absorption and extinction AOD at 388 nm and 550 nm, respectively, as a function of the EC/(EC + OC) mass ratio. Both ratios were evaluated in this study using AERONET observations. A linear regression (fitted with the ODR method) and the 90% confidence intervals of the fit are shown by solid and dashed lines, respectively.
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Importantly, the slope of the linear fit is estimated to be a positive value, which is statistically different from zero. Note that the relation given by Equation (11) can be easily rewritten using the EC/OC ratio instead of the EC/(EC + OC) ratio, as is done above in the case of Equation (7). Overall, the results shown in Figure 9 indicate that if typical values of the AAOD388/AOD550 ratio retrieved from satellite measurements fall into the range of values representative of the AERONET observations analyzed in this study, the mean value of the EC/OC ratio can be constrained within the relative uncertainty of about 50%, which is much lower than probable uncertainties of the ratio of the EC and OC emission factors in fire emission inventories.




4. Conclusions


In this paper, we examined feasibility of using observations of aerosol optical properties at AERONET sites to estimate the EC/OC mass ratio in BB aerosol in Siberia and to create a parameterization relating the EC/OC ratio with the ratio of AAOD and AOD retrievals from available satellite observations. Our method for estimation of the EC/OC ratio is based on the recent robust findings from the FLAME-4 study [52] of the chemical composition and optical properties of aerosol emitted from laboratory combustion of a range of wildland fuels. Specifically, consistent with the experimental findings, we presumed that SSA of BB aerosol particles at the submicrometer wavelengths depends linearly on the elemental to total carbon ratio, EC/(EC + OC), with the coefficient of proportionality of about minus unity. Using the retrievals at the 869-, 675- and 440-nm wavelengths from the measurements at the “Tomsk-22” and “Yakutsk” AERONET sites in summer 2012, we obtained estimates for the EC/OC ratio in BB aerosol in Siberia and examined the consistency of the parameterizations derived earlier [52] from the FLAME-4 data for SSA at the 660- and 405-nm wavelengths. Simulations performed with the CHIMERE chemistry transport model were employed to ensure that BB aerosol was a predominant aerosol type in the observed episodes selected for our analysis, as well as to estimate the photochemical age of BB aerosol in those episodes.



Our estimates of the EC/OC mass ratio range from 0.015–0.077, with the mean value of 0.036 (±0.009). The estimated mean value of the EC/OC ratio is found to be significantly smaller than the corresponding value (0.06) predicted by the BB aerosol simulations based on the emission factors specified in the GFED4 emission inventory, but in a very good agreement with the recently reported [74] value of the EC/OC enhancement ratio (0.038) evaluated in long-term in situ measurements of carbonaceous aerosol at the Zotino tall tower observatory. Our estimates indicate that the EC/OC mass ratio tends to increase with the photochemical age of BB aerosol, although the statistical significance of the tendency is rather low. No association is found between the EC/OC ratio and ambient relative humidity (RH) in the range of RH values less than 60%; observations corresponding to higher levels of RH were not considered in this study.



The EC/OC ratio estimates derived from the AERONET SSA observations with our method using the combination of observations at 869-nm and 675-nm wavelengths are found to be consistent with the corresponding estimates derived in the same way, but using the combination of observations at 869-nm and 440-nm wavelengths, although the estimates in the latter case proved to be much more uncertain. In contrast, there are significant discrepancies between the estimates obtained using the AERONET data with the original FLAME-4 parameterizations for SSA of fresh BB aerosol at the 660- and 405-nm wavelengths. Specifically, the parameterization for 405 nm is found to strongly underestimate the EC/OC ratio. We argue that the underestimation may be due to a decrease of BrC absorption by atmospheric aging of BB aerosol. Therefore, possible future applications of parameterizations for the EC/OC ratio, which are based on SSA measurements of fresh BB aerosol at wavelengths where the BrC absorption may be significant, to the actual aging BB aerosol require special precautions.



Finally, we proposed a parameterization relating the EC/OC ratio and the ratio of the absorption AOD to the extinction AOD at 388- and 550-nm wavelengths, respectively. Since the corresponding absorption and extinction AOD data are presently available as retrievals from the OMI and MODIS satellite measurements, this parameterization may be helpful for constraining EC (or BC) emissions from wildfires in Siberia. The applicability of our parameterization to other regions affected by intense biomass burning requires further research.
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