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Abstract

:

The aim of this study was to analyze the potential of the GRASP code to retrieve optical and microphysical properties vertically-resolved using a synergy of polarized Micro-Pulse Lidar and Sun/sky photometer observations. The focus was on the long-range transport of Canadian aged-smoke plumes observed at El Arenosillo/Huelva (Spain) from 7 to 8 September 2017. Both the columnar and height-resolved microphysical and optical properties were assessed in comparison with AERONET data and vertical lidar-retrieved profiles, respectively. In particular, the vertical properties were also derived using the POLIPHON approach, which serves as a comparison for GRASP retrievals. The retrieved columnar aerosol microphysical properties (volume concentration and effective radius) showed an excellent agreement, with negligible differences, and were within the uncertainties. Nevertheless, for the retrieved columnar optical properties, we could only perform an individual comparison, due to the strong AERONET limitations, and although the agreements were generally good, no conclusions were obtained, due to differences in the real refractive index and due to the large uncertainties obtained in the retrievals. For the vertical profiles, however, we present a large advance that permits obtaining aerosol backscatter and extinction coefficients, plus volume concentrations, without the need for internal assumptions (extinction-to-backscatter ratios and depolarization measurements), due to the very good agreement observed between GRASP and the lidar-derived methodologies. However, the separation of the properties into their fine and coarse modes was not feasible using the one-wavelength elastic lidar measurements with the GRASP retrieval configuration used in this work. Therefore, current studies are being addressed to assessing the introduction of lidar depolarization in the GRASP code as an encouraged added-value, for the improvement of the retrieval of vertical aerosol properties.
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1. Introduction


The Generalized Retrieval of Atmosphere and Surface Properties code (GRASP; [1,2]) has proven to be a versatile open-source code, allowing for the combination of remote sensing measurements from different instrumentations, to provide aerosol optical and microphysical properties. The GRASP code uses the heritage of both AERONET (Aerosol Robotic NETwork; [3,4]) and POLDER (POLarization and Directionality of the Earth’s Reflectances; [5]) inversion schemes, and further GRASP developments incorporated the GARRLIC scheme (Generalized Aerosol Retrieval from Radiometer and Lidar scheme; [6]), which permits simultaneously retrieving columnar and vertically-resolved optical and microphysical properties, by combining direct and sky radiances from sun photometry with elastic backscattered signals from lidar systems. Currently, the GARRLiC approach implemented in GRASP uses multiwavelength lidar measurements (e.g., 355 nm, 532 nm, and 1064 nm), being thus able to distinguish between fine- and coarse-mode optical and microphysical properties, which has been widely used and validated, e.g., [7,8]. In spite of the intrinsic limitations in the GARRLiC approach, its versatility permits day-time retrievals, which are only possible with very advanced multiwavelength Raman and HSRL systems [9,10]. Moreover, GRASP’s capabilities have been recently expanded by combining sun photometry with either ceilometers [11] or one-wavelength lidar measurements [12,13,14]. This approach permits obtaining an aerosol’s vertical distribution and concentration, although without distinguishing between fine and coarse modes. Nevertheless, the large number of one-wavelength lidar systems, which are able to operate continuously and unattended, opens new possibilities for this new inversion approach. In particular, GRASP’s potential for this simpler GARRLiC approach has been proven to derive optical and microphysical mineral dust properties [12,13,14], by combining AERONET Sun/sky photometer and polarized elastic Micro-Pulse Lidar (P-MPL) measurements. However, the suitability of GRASP for deriving the properties of aged biomass-burning (BB) aerosols, using the same approach as that applied for dust particles [13], has not yet been studied.



Wildfires are a significant source of BB particles in the atmosphere (both black and organic carbon), annually contributing around 40–59% of the global particulate organic carbon and 60–85% of black carbon emissions [15,16]. The direct effect of aerosols (scattering plus absorption) on the Earth’s total radiative forcing is close to zero, owing to the opposite effects of the two main components, namely the black carbon that induces a warming effect (light absorption) and the organic carbon that generates a cooling effect (light scattering) [17]. However, the impact of BB in clouds (aerosol indirect effect) has large uncertainties, because BB aerosols can act as cloud or ice nuclei [18,19]. Some studies have shown that convective smoke plumes from large wildfires under certain meteorological conditions, such as those that produce dry thunderstorms [20], can develop strong pyrocumulonimbus towers [21]. Thus, large amounts of BB aerosols can be lifted into the upper troposphere and lower stratosphere [22,23]. At those altitudes, the typical wet and dry deposition processes for aerosols are less efficient. The particles can persist for a longer time in the atmosphere, being transported over much longer distances. This represents unusual atmospheric conditions, differing from those when BB aerosols are just injected into the lower troposphere. Therefore, studying BB particles at different altitudes in the atmosphere is essential to further enhance the understanding of BB impacts on climate. Vertically-resolved BB optical and microphysical property retrievals are required and will serve to advance our knowledge from the first studies of column-integrated properties using AERONET data [24].



Intense and extreme wildfires occurred in Canada in the summertime of 2017. In particular, the British Columbia area suffered one of its worst burning seasons on record, with a total of 1.2 million hectares burned and over 65,000 people evacuated by the end of the record-breaking fire season (British Columbia Government communication; https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/wildfire-history/wildfire-season-summary, accessed on 28 March 2022). The meteorological conditions during this summer favored the injection of smoke particles into the upper troposphere–lower stratosphere and their transport over long distances. Following westerly winds, these smoke particles were transported to eastern latitudes, being registered in the Arctic [25] and Europe [26,27,28,29,30,31,32]. Particularly, the long-range transport of Canadian BB aerosols was reported in Europe in August–September 2017 at altitudes from 3 to 17 km, and their optical properties were studied over short- [26,28] and long-term [27,29,30,31] periods. More specifically, ref. [32] focused on a 2-day study of the tropospheric BB impact over the Iberian Peninsula of those Canadian wildfires that occurred in the 2017 summertime, and a detailed description of that particular smoke plume transport can be found in that work. Briefly, the first plume was released from the north-western areas of the North American continent on 30 August 2017 and travelled slowly eastwards over the Atlantic. On 3 September 2017 a second plume, with higher particle concentrations, was uplifted from the same source region and started travelling again to the east. From 4 to 6 September 2017, it was carried away by the jet stream and travelled rapidly towards the east. Finally, on 7 September 2017 both plumes merged into one and affected the Iberian Peninsula from 7 to 8 September 2017. Therefore, an in-depth analysis of this long-range BB transport would serve to complement other studies that focused on fresh-BB episodes [33,34,35] and others that used one-channel Raman lidar with satellite measurements [36,37].



The objective of this work was to assess the GRASP’s suitability to derive optical and microphysical aerosol properties for long-range transported BB aerosols using sun photometer and polarized micro-pulse lidar (P-MPL) observations. Measurements were acquired at El Arenosillo/Huelva station (ARN/Huelva, southwestern of the Iberian Peninsula), where AERONET and P-MPL observations are routinely performed. Preliminary results were previously reported in [38]. In this particular work, 10 study cases of BB particles, as observed for the period 7–8 September 2017, were selected and extensively analyzed. The paper is organized as follows. Section 2 describes the experimental site, the instrumentation, and the methodology used. Section 3 contains the main results and a comparison between the GRASP retrievals and AERONET/lidar-derived optical and microphysical properties. Section 4 has a discussion. The main conclusions are given in Section 5.




2. Materials and Methods


2.1. Measurement Site and Instrumentation


Atmospheric observations were performed at El Arenosillo/Huelva station (ARN/Huelva, 37.1°N 6.7°W, 59 m a.s.l., South-Western Iberian Peninsula), which is managed by the Spanish Institute for Aerospace Technology (Instituto Nacional de Técnica Aeroespacial, INTA, Torrejón de Ardoz, Spain). This station is in a rural protected environment close to the Doñana National Park and situated less than 1 km away from the Atlantic coastline. ARN/Huelva is an atmospheric observatory devoted to aerosols, gases, and solar radiation research. The facilities include diverse remote sensing, in situ, and solar radiation instrumentation, and also the ARN/Huelva site belongs to both AERONET and MPLNET (Micro-Pulse Lidar NETwork) aerosol networks. The background aerosols detected at ARN/Huelva are mostly of marine and/or rural origin, but the area is also frequently affected by Saharan dust outbreaks [39]. Exceptionally, smoke aerosols can also be transported to this site [27,32].



A polarized micro-pulse lidar (P-MPL, v. 4B, Droplet Measurement Technologies, LLC, Longmont, CO, USA) is deployed at ARN/Huelva. The P-MPL system is an elastic one-wavelength lidar with a relatively high pulse repetition frequency (~2500 Hz), a low-energy (~6 μJ) Nd:YVO4 laser at 532 nm, and depolarization capabilities. The P-MPL operates in full-time continuous mode (24/7), performing measurements with 1-min integrating time and 15-m vertical resolution. A complete description of the data correction and calibration processing can be found in [40,41,42,43,44]. In particular, the overlap calibration for the P-MPL systems is crucial, as the full overlap height is reached at relatively high altitudes (around 4–5 km height), due to the very narrow telescope field of view [40]. However, retrieval of the aerosol optical properties is accurately achieved once the overlap is optimally determined, by applying the experimental procedure described in [44], based on the comparison of the P-MPL range-corrected signal (RCS) with that obtained from a lidar system reaching the full overlap height at very low altitudes. Thus, an optimal overlap function (with relative errors lower than 25% below the full overlap height) can be obtained for the correction of P-MPL measurements. These primary P-MPL data are the RCS and the volume linear depolarization ratio (δv). By using different retrieval algorithms and methods (see Section 2.2.2), the P-MPL system enables obtaining height-resolved aerosol optical and microphysical properties. In particular, the total particle backscatter coefficient (βp(z), Mm−1 sr−1) together with the total volume concentration (VC(z), μm3 cm−3) were analyzed (see Section 2.3).



The Sun/sky/lunar photometer (CE-318T, Cimel Electronique, Paris, France) situated at ARN/Huelva is used for acquiring both the direct sun and sky radiance measurements. It consists of a sensor head, fitted with a filter wheel with different interference spectral filters, and a temperature sensor for the temperature correction of the signal [45]. Specifically, the CE318T has 9 available spectral bands (340 nm, 380 nm, 440 nm, 500 nm, 675 nm, 870 nm, 937 nm, 1020 nm, and 1640 nm). The instrument operates within the AERONET network, and the data used are AERONET L2 V3 (cloud-screening and quality assured) [46].




2.2. Retrieval of Aerosol Properties


2.2.1. AERONET Products


In order to distinguish the BB study cases, two products (with their associated uncertainties, Δ) are used. That is, the Angstrom exponent (AE; Δ = ±10%, [47]) at the wavelength pair of 440 nm and 675 nm (AE440/675), as they are closer to the P-MPL 532-nm laser, being an indicator of the predominant particle size (i.e., AE >0.6 should indicate a predominance of fine BB aerosols); and the fine mode fraction at 500 nm (FMF500, i.e., the fine-to-total optical depth ratio), whose values near to 1 represent the presence of BB particles. In addition, the aerosol optical depth (AOD; Δ = ±0.01, [3]) at different wavelengths (440 nm, 500 nm, 675 nm, 870 nm, and 1020 nm) is used as input of the GRASP scheme (see Section 2.2.3).



Moreover, the following products (with their associated uncertainties for BB, Δ) are used in this comparative study: the column-integrated single scattering albedo (SSA; Δ = ±0.03, [48]), the complex (real and imaginary) refractive indices (RRI and IRI, respectively; Δ = ±0.04, 30–50%, respectively, [48]), the particle volume size distribution (VSD, μm3 μm−2; Δ = 25% for 0.1 μm < radius < 7 μm, and Δ = 25–100% otherwise, [48]), the total columnar volume concentration (VC, μm3 μm−2), and the total effective radius (Reff, μm).




2.2.2. Lidar-Based Algorithms


First computations of the vertically-resolved particle backscatter coefficients (βp) are obtained using the Klett–Fernald (KF) inversion algorithm [49,50] that requires the assumption of the particle extinction-to-backscatter ratio (lidar ratio, LR). The particle extinction coefficient (αp) is derived by multiplying βp and an effective LR (LReff), which is estimated by tuning the LR value in the expression:


  τ =   ∑  z     LR   β   p   ( z )     Δ z  ,  



(1)




where τ is the vertically-integrated extinction coefficient (  =   ∑  z   α p   ( z )   Δ z   ), and Δz is the vertical resolution of the lidar profiles, by minimizing the difference between τ (LReff) and the AERONET AOD500 (a convergence threshold of 1% is used in this study). Optimal βp profiles are also obtained, corresponding to those calculated with the previously estimated LReff value.



Once the βp profiles are determined, the total particle volume concentration (VC) profiles are derived by applying the POLIPHON (POlarization LIdar PHOtometer Networking, ref. [51] and references therein) methodology. POLIPHON uses lidar depolarization measurements to separate the optical properties of the individual particle components of aerosol mixtures, taking into account the specific particle linear depolarization ratio (δp) for each of those components. In this work, βp profiles are separated into their biomass-burning (βBB) and non-BB (βNB) components, as described in [40], using the typical δp for Canadian BB, i.e., δpBB = 0.15 [32,41]. The corresponding extinction coefficients (αBB and αNB) are obtained by multiplying βBB and βNB by the typical LR for each component (e.g., values of 70 and 50 sr are assumed for BB and NB components, respectively [52]). Finally, the total VC(z) profiles are obtained, as described in [13,53], i.e.,


  VC  ( z )  =   ∑  i   f v i       α   i   ( z )  ,  



(2)




where αi (z) are the extinction profiles for the i-component (i = BB, and NB), and fvi are the specific volume-to-extinction conversion factors. In particular, fv values of 0.13·10−12 Mm and 0.34·10−12 Mm are used in this work for BB and NB components, respectively. They correspond to the statistical AERONET-derived BB and NB values reported for Canadian boreal forest fires [54].




2.2.3. GRASP Retrieval


This work uses the GARRLiC approach that is implemented in GRASP, with the particular configuration of using only one-wavelength lidar measurements (see details in [11]). It is worth highlighting that the application of this retrieval scheme is able to obtain, besides column-integrated aerosol optical and microphysical profiles, height-resolved properties. However, separation into particle components of different aerosol mixtures is not possible using this configuration with a one-single wavelength lidar system such as the P-MPL.



Briefly, this GRASP configuration uses two types of inputs, the AERONET V3 L2.0 [4,46] AOD and the Sun/sky-photometer sky radiance measurements (almucantar sequence) at 440 nm, 675 nm, 870 nm, and 1020 nm at specific measurement times, and the successive P-MPL 1-min RCS profiles averaged over a ±15-min window of the sun-photometer measurements. P-MPL RCS are centered on the almucantar-recorded time and are normalized and discretely distributed in the GRASP height levels (60 bins).



In order to ensure that the input data are suitable for deriving robust aerosol retrievals, some quality criteria are applied [11]. In addition, P-MPL cloud-contaminated observations are discarded in advance. Thus, a minimum of 15 cloud-free 1-min RCS profiles are required for averaging, to increase the signal-to-noise ratio. A detailed description of this GRASP retrieval scheme can be found in [11], and its application to P-MPL measurements in [13]. The input and output (both columnar and height-resolved) variables used in this work are listed in Table 1. Details of the output calculations can be found in [2,55]. In this work, the errors provided by GRASP for the various retrieved parameters are also illustrated (more details can be found in [2,55]).



Finally, GRASP retrieval provides the aerosol columnar properties and the normalized aerosol vertical profile concentration, AVP(z), which is applied to derive both the βp(z) and VC(z) profiles, as follows:


   β p   ( z )  =    AOD   AVP   ( z )    LR   ,  



(3)






  VC  ( z )  =  VC   AVP   ( z )  ,  



(4)




where the columnar AOD, LR, and total volume concentration (VC) are also retrieved by GRASP.





2.3. GRASP Evaluation: A Comparative Analysis


The AERONET Level 2.0 Version 3 data inversion products are used for comparison with GRASP column-integrated retrievals. Particularly, comparisons are performed for the volume size distributions (VSD), effective radius (Reff), total volume concentrations (VC), and optical properties such as the spectral single scattering albedo (SSA) and real (RRI) and imaginary (IRI) refractive indexes. In addition, the GRASP-retrieved height-resolved total βp(z) and total VC(z) profiles are compared with those obtained from the lidar-derived methodologies previously described (Section 2.2).



To evaluate the discrepancies in the retrieved parameters between the different methodologies, the following statistical proxies are used [13]:




	
A linear regression analysis between GRASP and AERONET/lidar-based results (constraining to zero the intersection value). Both the slope (m) and the correlation coefficient (r) are obtained, not only as a measure of the similarities between GRASP and AERONET models but also as a quantification of the model’s capability to reproduce the shape of the aerosol profiling.



	
The mean fractional bias (MFB) for quantifying a possible under- or overestimation of the GRASP-derived products:


  MFB =  1 N    ∑   i = 1  N  2    Y G i  −  Y M i     Y G i  +  Y M i    ,  



(5)




where i represents the case study and Y is the variable to be compared (i.e., Y = Reff, VC, VSD, βp(z), VC(z)), G represents the GRASP-retrieved variable, M denotes AERONET or lidar-derived variable, and N is either the number of total cases (N = 10) for columnar properties or the number of total height bins (N = 60) for the vertical profiles.



	
The total occurrence (χ) of either BB cases (for the GRASP/AERONET comparison) or the height-resolved level (for the GRASP/lidar comparison) fulfils an acceptable confidence value (±20%) of the relative differences (ΔrelY, in %):


   Δ  rel   Y = 100    Y G  −  Y M     Y M    ,  



(6)












Typically, a high confidence level is accepted when the following conditions are satisfied simultaneously: m is within the 0.80–1.20 interval, r > 0.60, MFB < |±60%| for acceptable (|±30%|, optimal) performance and χ > 40%. Moreover, a moderate confidence level is accepted when 3 out of the 4 proxies are achieved fulfilling the above requirements.




2.4. Ancillary Information


The aerosol-type product from the S-NPP/VIIRS (Suomi-National Polar-Orbiting Partnership Visible Infrared Imaging Radiometer Suite; https://viirsland.gsfc.nasa.gov, accessed on 15 March 2022) “Deep Blue” plus the TERRA/MODIS (Moderate Resolution Imaging Spectroradiometer; https://modis.gsfc.nasa.gov, accessed on 15 March 2022) corrected reflectance images are used to obtain an overview of the BB transport through the WorldView tool from NASA’s Earth Observing System Data and Information System (EOSDIS, https://worldview.earthdata.nasa.gov, accessed on 15 March 2022).



Moreover, the NOAA Air Research Laboratory’s HYSPLIT model ([56]; Hybrid Single-Particle Lagrangian Integrated Trajectory model version 4; https://ready.arl.noaa.gov/HYSPLIT.php (accessed on 8 November 2021)) is used to determine backward-trajectories in the experimental site. The GDAS database (Global Data Assimilation System; spatial resolution of 1° × 1° every 3 h; ftp://www.arl.noaa.gov/puv/archives/gdas1 (accessed on 8 November 2021)) is used as inputs in HYSPLIT. On the one hand, backward trajectories are computed for 240 h flight-time and for altitudes of 2500 m, 4000 m, and 8000 m, which are representative of the upper troposphere–lower stratosphere. On the other hand, in order to determine the possible uncertainty of those individual trajectories, a trajectory ensemble is calculated, by offsetting the meteorological data by a fixed grid factor. In particular, in this work, one meteorological grid point in the horizontal and 0.01 sigma units in the vertical are the offset used. This results in 27 trajectories for all-possible offsets. When all the trajectories follow a similar path, any trajectory represents the mean flow with high confidence.





3. Results


3.1. Selection of the Biomass-Burning Cases


Figure 1a shows the aerosol typing based on the Suomi NPP/VIIRS satellite imagery for the 7–8 September 2017. Smoke particles were identified over the north-western United States and Canada, while the images show the presence of mixed particle types on the ARN site (marked as a black star in Figure 1a). Large portions over the North Atlantic Ocean are cloud-covered, and the algorithms were not able to identify an aerosol type.



Figure 1b shows the 10-day backward trajectories analysis at ARN (marked by a white star) for those two days for the air masses arriving at 2500 m, 4000 m, and 8000 m a.g.l. Backward trajectories clearly showed air masses coming from the West with an origin in North America. An ensemble trajectory analysis (images not shown) revealed a high confidence for these results.



Finally, Figure 1c shows P-MPL RCS at 532 nm in the ARN site from 7 September 2017 at 00:00 UTC to 9 September 2017 at 00:00 UTC. This figure clearly shows aerosol structures above the atmospheric boundary layer, at altitudes that vary between 2 km and 8 km height, depending on the time. These aerosol layerings can be associated with long-range aerosol transport and potentially identified as BB aerosols from North America because of the backward trajectories’ patterns. Moreover, more lofted aerosol structures are observed on 7 September 2017 after midday and until early in the night, when aerosol entrainment is observed in the atmospheric boundary layer.



As sky radiances are needed to run GRASP, only 10 BB cases fulfilling the high-quality approach were found, which are marked in red in Figure 1c (see Section 2.2.2). For those specific cases, the mean AERONET values of AOD500, AE440/675, and FMF500 are shown in Table 2. The 2-day BB event showed a medium aerosol load, with AOD500 ranging from 0.26 to 0.40, being a mean value of 0.29 ± 0.04. A high predominance of fine-mode particles was observed for time-period, although they were slightly larger on 7 September 2017 after midday, when more BB layers were observed in the vertical. In particular, this was confirmed by the AE and FMF values reported, i.e., AE440/675 (FMF500) ranged from 1.76 (0.92) at the beginning of the BB event to 1.67 (0.98) at the end of the episode, showing averaged values of 1.68 ± 0.07 (0.95 ± 0.02). Indeed, these results agree with the predominance of small-sized particles, which is typical of biomass-burning aerosols [57].




3.2. Columnar Optical and Microphysical Properties


Figure 2 shows the VC and Reff retrieved by GRASP versus those derived by AERONET for the selected BB cases. The dashed line corresponds to the 1:1 line, while the blue line is the linear fit, with the main parameters of this fit included in the graph (slope (m) and the correlation coefficient (r), together with the MFB as estimated by Equation (6)). Additionally, the frequency analysis of the relative differences (Δrel, %) is shown in the bottom panels, including χ values (Figure 2c,d).



Figure 2 reveals the very good correlation (r ~ 1) between GRASP and AERONET retrievals for both parameters. For VC, the linear slope is very close to 1, and the MFB is close to zero. However, the occurrence χ of the BB cases with Δrel values within ±20% (good level of confidence) is 40%. The GRASP-derived Reff values are slightly higher than the AERONET ones (linear slope of 1.12 ± 0.06), MFB is within the optimal range of the confidence interval (±30%), and Δrel is χ = 60%. It should be highlighted that for the Δrel values within ±30%, χ increases up to 80% and 100%, respectively, for VC and Reff.



Figure 3 shows the VSD derived by both GRASP and AERONET. The main results of the statistical proxies for VSDs can be found in Table 3. Particularly, for the coarse (fine) mode, 80% (30%), 100% (100%), 100% (90%), and 90% (40%) out of the 10 BB cases fulfilled the conditions for m, r, MFB, and χ, respectively. Regarding the total VSD, 40%, 100%, 100%, and 80% out of 10 BB cases fulfilled the above conditions.



Unfortunately, a comparative analysis such as that performed for the VSDs could not be applied to the columnar optical variables (i.e., SSA, RRI, IRI), since only one case (8 September 2017 at 09:23 UTC; Table 2) is available from AERONET Level 2.0 Version 3 data with AOD440 ≥ 0.40, which is a mandatory condition for a good-quality AERONET retrieval. Figure 4 shows the spectral SSA, RRI, and IRI obtained from GRASP and AERONET for this BB case. For comparison, the climatological values as reported in [57] of those variables for BB aerosols are also shown in Figure 4.



Figure 4a shows that GRASP provided lower values than AERONET, but the differences were within 0.02, which is the uncertainty claimed for the use of SSA in climate studies. In addition, the GRASP uncertainties increased with wavelength (from ~10% at 355 nm to ~20% at 1064 nm). The relative differences (Δrel) for SSA also increased as the wavelength increased, from −2.8% (440 nm) to −5.0% (1020 nm); this result agrees with the spectral dependence of the uncertainties. Regarding the typical SSA values observed for BB, the Δrel for SSA ranged from −0.3% (440 nm) to −2.7% (1020 nm).



GRASP retrievals also showed lower values (~1.45) than AERONET (from 1.55 to 1.50) for RRI, with the differences being outside of the uncertainties range (Figure 4b). The Δrel for RRI were smaller compared to AERONET, ranging from −6.7% (440 nm) to −3.4% (1020 nm), whereas those values were around −3.0% with respect to statistical RRI values. The GRASP and statistical values were almost constant at all wavelengths.



Finally, both GRASP and AERONET showed very similar values for IRI, with a negligible spectral dependence. By looking at the statistical parameters, Δrel IRI was around 6.0% and ranged from 65.9% (440 nm) to 43.8% (1020 nm) compared to AERONET.




3.3. Height-Resolved Optical and Microphysical Properties


Height-resolved optical and microphysical properties, as derived by GRASP, were compared with their independent lidar-derived variables. In particular, the profiles of both the total particle backscatter coefficient βp (z) at 532 nm and the total volume concentration VC(z) are shown in Figure 5 and Figure 6 (top panels), respectively, for the 10 selected BB cases. For comparison purposes, the lidar-derived profiles were degraded to the GRASP height levels (Section 2.2.3. Their relative differences Δrel βp(z) (%) and Δrel VC(z) (%) with height are also shown in Figure 5 and Figure 6 (bottom panels), respectively. The confidence levels within ±20% intervals are marked by a shaded grey band (the ±40% interval by a shaded light-grey band). Finally, linear fits using all the points of the vertical profile were performed between the GRASP and lidar-derived properties for each BB profile individually. The results of these linear fits, together with MFB and χ values, are summarized in Table 4.



Figure 5a–j shows a chronological overview of the βp(z) profiles at 532 nm for the 10 selected BB cases. The presence of smoke layers is clearly illustrated in most of the graphs, although from the afternoon of 8 September 2017 this is less pronounced and the layer starts to dissipate with entrainment in the atmospheric boundary layer. Smoke layers on the upper troposphere (>6 km height) are also observed, although they are more pronounced from 7 September 2017 at 12:00 UTC to 8 September 2017 at 00:00 UTC. After that time, the upper troposphere is very clean, and the low signal-to-noise ratio did not permit retrievals at those levels. VC(z) profiles (see Figure 6a–j) follow tendencies very similar to βp(z), although for the case on 8 September 2017 at 09:23 UTC VC(z), the values are similar to those near the surface, which can be explained by the presence of large particles in the upper troposphere layers. This result suggests that the long-range transport of smoke layers at these altitudes may imply larger particles, rather than fresh-smoke particles, because of particle ageing.



Regarding the statistical proxies for the βp(z) profiles, m ranged from 0.80 to 1.20, r > 0.98, MFB varies from −3.3 to 35.5%, and χ was between 38% and 87%. Those results were even better if a ±40% interval of confidence was considered, with χ ranging from 68 to 97%. With respect to the VC(z) profiles, 90%, 100%, 100%, and 80% of the 10 BB cases satisfied the high-confidence conditions for m, r, MFB, and χ, respectively. In particular, m ranged from 0.90 to 1.58, r was higher than 0.97, and the MFB and χ varied in the range [−8.9, 53.0] and [3%, 83%], respectively. Moreover, χ increased when considering a ±40% for the interval of confidence, and then χ ranged from 35 to 95%.





4. Discussion


4.1. Columnar Optical and Microphysical Properties


Regarding the VC properties, a moderate agreement between GRASP and AERONET was found on the basis of three out of four proxies, fulfilling the high-quality criteria. Although the correlation was near 1 and the MFB was close to zero, almost half of the VC values between GRASP and AERONET differed, showing a point dispersion, which is reflected in the low values of Δrel (40%). Thus, a high value of r could be explained in this particular case by the symmetry in the data distribution. In the case of Reff, a good agreement was found based on the four proxies, fulfilling the high-quality criteria. The Reff values were within 0.2–0.4 μm; this result agrees with the typical values for long-range smoke particles of different sources [58], but also for specific Canadian BB particles, as observed on 22 August 2017 over Leipzig [28].



Figure 3 shows the volume size distributions, both by GRASP and AERONET, for each particular BB case. All size distributions are bimodal and the differences between GRASP and AERONET are within the uncertainties associated with each methodology. Nevertheless, slightly larger particle VSDs were retrieved by GRASP in comparison with AERONET, in both fine and coarse modes. The maximum values of the fine (coarse) mode were 1.0–1.3 (1.1–1.5) times greater than the AERONET ones. However, there are two important exceptions to highlight for the fine mode. The two BB cases on 7 September 2017 at 16:00 and 16:25 UTC presented maximum values 1.6 and 2.4 times, respectively, smaller than those for the AERONET fine mode (Figure 3e,f). These differences in the maximum values are compensated by the larger values of the modal radius of each mode. The statistical proxies revealed a high (moderate) degree of agreement between GRASP and AERONET for the coarse (fine) mode, based on 80% (30%) out of all the cases fulfilling the high-confidence criteria for the four proxies. Regarding the total VSD, a moderate degree of agreement was found, on the basis that only 40% out of all the cases showed a high confidence level, fulfilling the criteria for the four proxies. The slope was the proxy that shows the least agreement (40%). However, more than 80% of the cases satisfied the high-confidence conditions regarding r, MFB, and χ. These similarities and differences agreed with the results found in Figure 2.



Regarding the columnar optical properties (see Figure 4), it was highlighted that GRASP retrieval shows lower values for SSA and RRI than AERONET. Specifically, SSA followed the same spectral dependence, which is typically observed for BB [57], showing similar values as those reported in [32] for long-range Canadian BB aerosols, which were registered over the southern Iberian Peninsula on 7 to 8 September 2017. The uncertainties increased with the wavelength, due to the high predominance of fine mode particles. In the case of RRI, GRASP showed values 7% lesser than AERONET, an important result and one that requires further analyses to determine which approach, between AERONET and GRASP, has the superior precision in RRI estimations. Preliminary results by other authors (e.g., [33,57]) provided higher RRI values close to 1.55 for fresh biomass burning and lower values (~1.45) for aged-smoke RRI. Nevertheless, further studies are required. Finally, for the IRI values, no spectral dependence could be found in either GRASP or AERONET, with values lower than 0.01. These results agree with those reported by other authors, showing that long-range transported smoke particles usually present a lower absorption than fresh ones, due to the ageing processes [30,57].



A sensitive analysis of the aerosol retrieval properties can be found in [11], where synthetic data were used for different aerosol scenarios (dust, smoke, and different mixtures of both) in the GRASP model. Regarding the microphysical properties, larger discrepancies between retrieved and reference VSDs were found for the fine mode under the smoke scenario, being more evident at lower AODs. In the present work, a lower agreement was also found for the fine mode of the VSD. Moreover, the retrieved SSA, RRI, and IRI fit better when AOD increased; unfortunately, only one case could be studied in this work with an AOD400 ≥ 0.40 (see Section 3.2). Therefore, it would be necessary to analyze other real smoke scenarios with greater AODs (>0.40) to clarify this point.




4.2. Height-Resolved Optical and Microphysical Properties


The comparison of βp(z) profiles between GRASP and lidar-derived ones (Figure 5) showed a very good agreement between both approaches, the differences being within the uncertainties. Actually, the GRASP uncertainties (shaded areas) were within 20%, which is very similar to those associated with the lidar-derived methodology. In addition, there were no differences in altitude, showing that both methodologies presented the same patterns. The specific LRs used in the lidar-derived methodology (P-MPL/POLIPHON retrieval) for separating the backscatter coefficients for the BB and NB components and, hence, for estimating the VC profiles (Section 2.2.3) were statistically determined from AERONET long-term measurements of BB aerosols from Boreal forest wildfires [57]. Hence, those LRs might not coincide with the real LRs for each specific profile, leading to an intrinsic uncertainty source. GRASP retrieved parameters were 60% lower than the lidar-derived ones for the BB cases (Table 4). Those small differences may be related to the LRs obtained by GRASP, which on average were slightly greater than those used by the KF method. In particular, for the 10 BB cases the averaged GRASP- and KF-LR were 70 ± 7 and 62 ± 7 sr, respectively, thus showing a relative difference of around 10%, which is within the uncertainties. On the other hand, high confidence values were found for Δβp(z) (Figure 5a–j (bottom)) at the altitudes where BB particles predominate. Overall, good agreements were found between both methodologies, considering that more than 90% of the profiles fulfilled the optimal confidence conditions for the four statistical proxies.



By comparing VC(z) profiles (Figure 6), a very good agreement between GRASP and lidar-derived parameters (Figure 6a–j (top)) was observed, the differences being within the uncertainties associated with each methodology. The BB cases with remarkable differences at low altitudes were the first four cases (Figure 6a–d), where the values were not within the uncertainty interval. This is associated with the different methodological approaches used by each algorithm and the change of the particle properties in the lowermost region. GRASP retrieves the VC without discriminating between depolarizing and non-depolarizing particles in this configuration, and POLIPHON takes advantage of incorporating depolarization information together with different volume-to-extinction conversion factors for each component. Thus, a potential change with time in the depolarizing-to-non-depolarizing particles ratio might cause the discrepancies observed in the retrieval of VC profiles by each algorithm. Likewise, by comparing with the results obtained from synthetic data (as reported in [11]), the largest differences between the retrieved and reference VC(z) profiles were found for smoke, especially at heights below 2 km. In addition, differences were found above GRASP uncertainties for the layer in the upper troposphere on 8 September 2017 at 09:23 UTC, due to the difficulties in accurately measuring depolarization at these altitudes, which might ultimately have affected the lidar-derived parameters. Another uncertainty affecting the lidar-derived parameters is associated with the LR assumption, as introduced in the lidar retrievals. Moreover, it should be noticed that the methodology used to calculate the VC(z) profiles differed between GRASP and the lidar-derived method (see Section 2.2.2 Equation (2), and Section 2.2.3 Equation (4)). In the GRASP method, the VC(z) profiles were calculated by multiplying the columnar volume concentration by the normalized aerosol vertical profile concentration (see Section 2.2.3 Equation (4)). In the lidar-derived method, they were obtained from the sum of the coarse and fine VC, by applying a volume-to-extinction conversion factor to the extinction profile for each POLIPHON-separated component (see Section 2.2.2 Equation (2)). In particular, the climatological values for Canadian BB [54] were chosen. Thus, it is possible that the uncertainties could be related to the fact that the POLIPHON method included information of the depolarization ratio, unlike the GRASP configuration retrieval (no depolarization was used). However, the good agreement found between the profiles is supported by the statistical parameters.





5. Conclusions


For the first time, the performance of the GRASP model in the retrieval of aerosol optical and microphysical properties for aged-smoke plumes was evaluated using the combination of both sun/sky photometer and Polarized Micro-Pulse Lidar measurements. For that purpose, biomass-burning (BB) aerosols, which originated in intense Canadian wildfires in summertime 2017 and were transported at long distances, were analyzed using observations of BB particles detected over the El Arenosillo/Huelva station in the south-western Iberian Peninsula in September 2017. Ten BB cases fulfilling the high-quality GRASP criteria were selected to evaluate the degree of agreement between GRASP and AERONET products for columnar aerosol optical and microphysical properties, as well as GRASP and independent lidar-derived variables for height-resolved properties.



The comparison analysis for the columnar aerosol microphysical properties such as particle volume size distribution showed a moderate agreement between the GRASP and AERONET values. Thus, eight cases (coarse mode) and three cases (fine mode) fulfilled the high-quality criteria. The volume concentration (effective radius) revealed a moderate (high) agreement between GRASP and AERONET, with values of 0.97 (1.12), 0.97 (0.99), 0.7% (15.9%), and 40% (60%) for m, r, MFB, and χ, respectively. For the columnar aerosol optical properties (e.g., single scattering albedo and complex refractive index), unfortunately, only one case could be compared, because of the strict restrictions in AERONET V3 L2 data requiring AOD440 > 0.40; the rest of the cases presented AODs < 0.25. For that single case, the differences between both retrieval techniques indicated the same spectral pattern, with values coincident with those typical for biomass-burning aerosols. In addition, the discrepancies found in the real refractive index require extended evaluations. Further analyses are also required to be performed in future works to evaluate the precision of GRASP retrieval for the imaginary refractive index.



Moreover, the height-resolved properties such as the total particle backscatter coefficient (total volume concentration) also presented a good agreement between GRASP and lidar-derived methodologies, on the basis of 100% (90%), 100% (100%), 100% (100%) and 90% (80%) satisfaction of the high-confidence conditions for m, r, MFB, and χ, respectively. Their discrepancies were within the interval of uncertainty. For the total backscatter coefficient, differences were related to the lidar ratio as estimated by each method, differing from each other by around 10% on average. On the other hand, the differences found in the total volume concentration may be associated with the internal assumptions of statistical values assumed for the volume-to-extinction conversion factors and those uncertainties introduced into the depolarization measurements within the lidar retrievals, in addition to the uncertainties in GRASP inversion.



Some degree of discrepancy in the retrieved properties between GRASP and AERONET/lidar-derived methods was expected, not only because of the particular retrieval method, but also as BB aerosols present low AODs and due to the predominance of fine particles, as highlighted in [11] (synthetic data). However, an overall good agreement of the optical and microphysical properties could be found by using real measurements, and it could be even improved by adding the lidar depolarization measurements in the GRASP scheme. Indeed, GRASP is presented as a consistent inversion scheme for aerosol property determination. It could be also useful for deriving columnar optical properties with a high degree of confidence, even for aerosol optical depths below 0.40, i.e., when AERONET is unable to retrieve optical properties with a high accuracy. The capabilities of GRASP to provide error estimation of the retrieved variables is also a step forward, to better understand the feasibility of these derived parameters.



The synergy of the Micro-Pulse Lidar and Sun/sky photometer in combination with the GRASP code, as shown in this work, opens new opportunities for the characterization of vertically-resolved aerosol properties, without internal assumptions of aerosol lidar ratios and depolarization measurements. However, the separation of the optical and microphysical variables into their fine and coarse modes is not feasible using one-wavelength elastic lidar measurements with the current GRASP retrieval configuration, as presented in this work. On the contrary, methods based on lidar depolarization measurements (e.g., POLIPHON/P-MPL synergy) are devoted to discriminating an aerosol into fine and coarse components. Therefore, current studies are being addressed to assess the introduction of lidar depolarization in the GRASP code as an encouraged added-value, for an improved vertical retrieval of aerosol properties. Indeed, such GRASP optimization will permit further advances in aerosol studies by its implementation in global networks, and will also validate satellite retrievals. In particular, this is in relation to the usual co-location of Micro-Pulse Lidars with AERONET sun/sky photometers, since a semi-automatic retrieval processing of the aerosol properties with vertical resolution and a separation into particle size modes could be easily implemented.
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Figure 1. (a) Deep Blue Aerosol Type (Suomi NPP/VIIRS) and corrected reflectance (TERRA/MODIS) on 7 and 8 September 2017. The ARN station is marked with a white star. (b) HYSPLIT 10-day backward trajectories arriving at ARN/Huelva (Spain; marked with a black star) at altitudes of (left) 2500 (red) and 4000 (blue) m a.g.l., and (right) 2500 (red), 4000 (blue) and 8000 (green) m a.g.l. on 7 and 8 September 2017, respectively. (c) Lidar range-corrected signal (RCS) at 532 nm for the period of 7 September 2017 at 00:00 UTC to 9 September 2017 at 00:00 UTC at ARN. Vertical red lines indicate the periods with correlative sun/sky radiances that allow for GRASP retrievals. 
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Figure 2. Comparison between GRASP and AERONET retrievals of the more representative properties of columnar aerosol size distribution: (Left) total volume concentration (VC, μm3 μm−2) and (Right) effective radius (Reff, μm). (a) and (b) Linear regression for each parameter was performed, showing the slope (m, with their error in brackets) and the correlation coefficient (r). The dark blue line represents the linear fit, while the dashed line is the 1:1 line. Light blue lines in (a) represent the error for the VC. The mean fractional bias (MFB) for each parameter is also included. (c) and (d) Relative differences (Δrel, %) for each parameter, together with the optimal occurrence (χ, %) of biomass-burning cases that fulfil ±20% of Δrel (as marked by a grey band, green bars). 
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Figure 3. Particle volume size distributions (VSD) derived using GRASP (purple line + squares) and AERONET (black line + dots) retrievals for the 10 selected BB cases. Corresponding errors provided by GRASP are shown by shaded areas. 
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Figure 4. Spectrally-resolved (a) single scattering albedo (SSA), (b) real refractive index (RRI), and (c) imaginary refractive index (IRI) obtained from AERONET (black dots) and GRASP (purple squares) on 8 September 2017 at 09:23 UTC (BB case with AOD440 ≥ 0.40). GRASP errors are shown by the shaded areas for each retrieved property. For comparison, statistical values as reported in [57] of those variables for BB particles are shown with yellow diamonds. 
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Figure 5. (Top panels) GRASP (purple) and lidar-derived (black) retrievals of the height-resolved total particle backscatter coefficient βp (Mm−1 sr−1) at 532 nm for the 10 selected biomass-burning cases (chronologically shown from (a–j)). Errors provided by GRASP are shown by the purple shaded areas. (Bottom panels) Relative differences between GRASP and lidar-derived values, Δrelβp (%). Those Δrelβp values within ±20% (marked by the shaded grey band) are indicated by green points; the rest of them are marked in black. The ±40% for the confidence interval is indicated by a shaded light-grey band. The profiles are averaged at the time interval of ±15 min around the sun photometer measurements. 
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Figure 6. The same as for Figure 5, but for (top panels (a–j)) the vertical total volume concentration VC (z) (μm3·cm−3), and (bottom panels) the relative differences ΔrelVC for the 10 selected BB cases. 
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Table 1. Inputs and outputs of the columnar and height-resolved variables used in this work.
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Column-Integrated Data

	
Vertical Profiles






	
INPUTS




	
Sky radiances

(440, 675, 870, and 1020 nm)

	
Range-corrected signal

(RCS, 532 nm)




	
AOD

(440, 500, 675, 870, and 1020 nm)

	




	
OUTPUTS




	
Total Volume Concentration (VC)

	
Total Volume Concentration (VC(z))




	
Total Effective Radius (Reff)

	
Total Backscatter Coefficient (βp(z))




	
Particle Volume Size Distribution (VSD)

	




	
Single Scattering Albedo (SSA)

	




	
Complex Refractive Indexes (RRI, IRI)
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Table 2. Aerosol Optical Depth at 500 nm (AOD500), Angstrom Exponent at the pair of wavelengths 440 nm and 675 nm (AE440/675), and Fine Mode Fraction at 500 nm (FMF500) for the 10 selected cases of the aged smoke event.
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Date and Time (UTC)

	
AOD500

	
AE440/675

	
FMF500






	
7 September 2017

	
07:20

	
0.26

	
1.75

	
0.92




	

	
07:56

	
0.26

	
1.76

	
0.92




	

	
08:50

	
0.27

	
1.76

	
0.93




	

	
09:22

	
0.29

	
1.73

	
0.93




	

	
16:00

	
0.28

	
1.64

	
0.95




	

	
16:25

	
0.28

	
1.61

	
0.96




	
8 September 2017

	
09:23

	
0.40

	
1.53

	
0.98




	

	
15:37

	
0.29

	
1.66

	
0.97




	

	
15:58

	
0.29

	
1.68

	
0.97




	

	
16:24

	
0.29

	
1.67

	
0.97
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Table 3. Mean statistical parameters of the comparisons of GRASP vs. AERONET retrievals for the fine (particle radius < 0.5 μm) and coarse (particle radius ≥ 0.5 μm) mode, and for total volume size distributions (VSD, μm3 μm−2): slope (m) and correlation coefficient (r) from the linear regression, MFB (%) and χ (%) values for the 10 selected biomass-burning cases. The percentage of the 10 BB-selected cases fulfilling the high confidence condition for each proxy is also included (last row).
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BB Case (Date, Time)

	
Fine

	
Coarse

	
Total




	

	
m

	
r

	
MFB (%)

	
χ (%)

	
m

	
r

	
MFB (%)

	
χ (%)

	
M

	
r

	
MFB (%)

	
χ (%)






	
7 September 2017

07:20 UTC

	
1.24 (0.04)

	
0.99

	
−6.4

	
33

	
1.16 (0.13)

	
0.94

	
31.8

	
54

	
1.19 (0.08)

	
0.96

	
16.2

	
45




	
7 September 2017

07:56 UTC

	
1.25 (0.03)

	
0.99

	
6.6

	
33

	
1.21 (0.09)

	
0.97

	
31.2

	
62

	
1.22 (0.06)

	
0.98

	
21.1

	
50




	
7 September 2017

08:50 UTC

	
0.91 (0.09)

	
0.97

	
−17.2

	
67

	
1.10 (0.08)

	
0.97

	
14.8

	
62

	
0.99 (0.06)

	
0.96

	
1.7

	
64




	
7 September 2017

09:22 UTC

	
0.97 (0.08)

	
0.98

	
8.8

	
67

	
1.11 (0.13)

	
0.93

	
16.0

	
69

	
1.00 (0.07)

	
0.96

	
13.0

	
68




	
7 September 2017

16:00 UTC

	
0.63 (0.06)

	
0.97

	
−22.8

	
22

	
1.12 (0.14)

	
0.92

	
12.1

	
54

	
0.66 (0.05)

	
0.94

	
−2.2

	
41




	
7 September 2017

16:25 UTC

	
0.39 (0.08)

	
0.87

	
−63.9

	
11

	
1.08 (0.18)

	
0.87

	
17.9

	
15

	
0.43 (0.07)

	
0.80

	
−15.6

	
14




	
8 September 2017

09:23 UTC

	
1.30 (0.10)

	
0.98

	
37.5

	
11

	
1.19 (0.09)

	
0.97

	
18.8

	
46

	
1.28 (0.06)

	
0.98

	
26.5

	
32




	
8 September 2017

15:58 UTC

	
0.84 (0.08)

	
0.97

	
−12.8

	
56

	
1.12 (0.09)

	
0.96

	
15.3

	
62

	
0.87 (0.06)

	
0.96

	
3.8

	
59




	
8 September 2017

16:24 UTC

	
1.27 (0.05)

	
0.99

	
13.8

	
56

	
1.26 (0.05)

	
0.99

	
27.8

	
46

	
1.26 (0.05)

	
0.99

	
22.1

	
50




	
Percentage of BB cases fulfilling high confidence conditions

	
30%

	
100%

	
90%

	
40%

	
80%

	
100%

	
100%

	
90%

	
40%

	
100%

	
100%

	
80%
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Table 4. GRASP vs. lidar-derived retrieval of the total particle backscatter coefficient (βp(z), Mm−1 sr−1) and total volume concentration (VC(z), μm3 cm−3). Results obtained from the linear regression, i.e., m (and their error in brackets) and r, together with both MFB and χ values for those 10 selected BB cases. The profiles are averaged at the time interval of ±15 min around the sun photometer measurements.
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Total Particle Backscatter Coefficient

βp(z) (Mm−1 sr−1)

	
Total Volume Concentration

VC(z) (μm3 cm−3)




	
Date, Time

	
m

	
r

	
MFB (%)

	
    χ   ( % )    

	
m

	
r

	
MFB (%)

	
    χ   ( % )    






	
7 September 2017,

07:20 UTC

	
0.91 (0.01)

	
0.99

	
−3.3

	
87

	
1.16 (0.04)

	
0.97

	
28.0

	
58




	
7 September 2017,

07:56 UTC

	
0.88 (0.01)

	
0.99

	
−9.6

	
82

	
1.18 (0.04)

	
0.97

	
24.6

	
62




	
7 September 2017,

08:50 UTC

	
0.82 (0.01)

	
0.99

	
−21.1

	
53

	
1.09 (0.03)

	
0.99

	
12.9

	
82




	
7 September 2017,

09:22 UTC

	
1.20 (0.02)

	
0.99

	
20.3

	
42

	
1.58 (0.06)

	
0.97

	
53.0

	
3




	
7 September 2017,

16:00 UTC

	
1.01 (0.02)

	
0.99

	
13.7

	
78

	
1.18 (0.02)

	
0.99

	
28.8

	
45




	
7 September 2017,

16:25 UTC

	
1.09 (0.03)

	
0.98

	
32.2

	
52

	
1.20 (0.03)

	
0.98

	
45.7

	
27




	
8 September 2017,

09:23 UTC

	
1.07 (0.03)

	
0.98

	
35.5

	
62

	
1.02 (0.02)

	
0.98

	
31.2

	
67




	
8 September 2017,

15:37 UTC

	
0.81 (0.02)

	
0.98

	
−18.9

	
38

	
0.90 (0.02)

	
0.98

	
−8.9

	
63




	
8 September 2017,

15:58 UTC

	
0.82 (0.02)

	
0.98

	
−15.6

	
43

	
1.00 (0.02)

	
0.98

	
2.8

	
83




	
8 September 2017,

16:24 UTC

	
0.88 (0.02)

	
0.98

	
−7.2

	
60

	
1.19 (0.03)

	
0.98

	
21.5

	
63




	
Percentage of BB cases fulfilling high confidence conditions

	
100%

	
100%

	
100%

	
90%

	
90%

	
100%

	
100%

	
80%
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