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Introduction 
This supplementary material includes three texts respectively demonstrate: S1) the analysis about our AOCH-O2AB retrieval for Sep. 9th , 2020 California fire case in detail; S2) the comparison of retrievals using different bands in our algorithm; S3) a brief summary of the main components of the TROPOMI operational algorithm and our algorithm. 

Text S1: Analysis of the smoke plume in Sep. 9th, 2020
[bookmark: _GoBack]For the smoke event shown in the main text Figure 7 in Sep. 9th, 2020, we validated our AOCH-O2AB retrieval in the downwind region over ocean when CALIOP went across and found good agreement with lidar data. However, for the coastal region where AOCH-O2AB is higher than 6 km, there are no lidar measurements catching this plume and makes it hard to validate our passive remote sensing results directly. However, we found one MISR orbit went through this region despite its partial coverage for this smoke plume due to its narrow swath. MISR provides a cloud top height product retrieved by stereoscopic image match technique from observations at multiple viewing angles (Jan-Peter Muller and Paradise 2002; Nelson et al. 2013). This product also describes the aerosol plume height when MISR observes thick aerosol plume instead of cloud. As shown in Figure S1a, MISR stereo height along the coastline is close to 6 km, similar to our retrieval in Figure 7r. Even though there are systematic differences between the absolute values of these two heights because of different definitions of aerosol plume height and physical principles of retrieval, MISR product presents similar spatial distribution of this smoke plume as our retrieval, especially the higher height along coastline than other regions, which indicates the reasonable AOCH retrieval ( 6 km) from our algorithm in this region. On the other hand, the vertical velocity at 500hPa from MERRA-2 (Figure S1b) shows large negative values along coastline at UTC 21:00, around ~1hr earlier than TROPOMI observation time, demonstrating the air moves upward and aerosol particles rise. Consequently, the aerosol plume in coastal region are expected to ascend to higher height ( 6 km). In fact, a pyrocumulonimbus (pyroCb) cloud at Sep. 9th produced by Northern California’s Bear Fire has been reported ( https://cimss.ssec.wisc.edu/satellite-blog/archives/date/2020/09/09 ). The “pyroCb” is a fire-started or fire-augmented thunderstorm that in its most extreme manifestation injects huge abundances of smoke and other biomass-burning emissions into the lower stratosphere. Even though the southward drift of the high-altitude pyroCb cloud spreads dense smoke that covered much of California at lower altitudes at the TROPOMI overpass time (~UTC 22:00), the dense smoke could still stay at upper or middle troposphere with altitudes larger than 6 km. Overall, although there are no lidar measurements to validate and evaluate the bias of our AOCH retrieval along coastline directly, the above sources of information all support the reasonability of  6 km AOCH retrieval in this region. 
[image: ]Figure S1. (a) Cloud top height from MISR stereoscopic height product at Sep. 9th, 2020. (b) MERRA-2 500hPa vertical velocity at UTC 21:00, Sep. 9th, 2020.

Text S2: The comparison of using different bands in our algorithm
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]We tried to apply our algorithm but only using O2 A measurements in a smoke case (Aug. 10th, 2018, the second case in Figure 7) and compared the retrieved AOCH-O2A with TROPOMI operational product only using O2 A band as well (ALH-O2A) in the following Figure B. It is found that if only using one O2 A band, even though the aerosol model and surface reflectance data used in both algorithms are different, the AOCH-O2A and ALH-O2A show little difference. We also used only O2 B band in our algorithm and found the retrieval of AOCH-O2B is closer to lidar aerosol extinction and AOCH-O2AB than AOCH-O2A and ALH-O2A but ~1 km overestimated. In other words, the better performance of our AOCH-O2AB than ALH-O2A shown in the manuscript is mainly caused by adding O2 B band measurement instead of different assumptions in the algorithm. The possible reasons of this improvement include: 1) Adding one more measurement could provide more information for the state vector. 2) The lower surface reflectance in O2 B band than A band helps reduce the impact of the uncertainty of surface reflectance on the aerosol retrieval. 3) The influence of the measurement errors on the retrieval could be reduced at some extent by the combination of multiple measurements. Although over ocean, the second reason is not important, the other two reasons still result in the improvement of using two bands in the retrieval.
[image: Chart
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Figure S2. The CALIOP Level 2 aerosol 532 nm extinction profile curtain overlapped by the retrieved AOCH-O2A (green), AOCH-O2B (brown), AOCH-O2AB (violet) and ALH-O2A (magenta) for the smoke event in the North America, Aug. 10th, 2018.

Text S3: The summary of two TROPOMI algorithms
The key parts of the TROPOMI operational algorithm and our algorithm are summarized and compared in Table S1. Our O2AB algorithm uses different schemes with the O2A operational algorithm in the following four parts: aerosol optical properties assumptions, aerosol vertical distribution assumptions, surface reflectance data and how to use L1B data. The operational O2 A algorithm assumes a single, average aerosol model with a fixed single scattering albedo of 0.95 and a fixed phase function that is given by a Henyey-Greenstein (HG) function with asymmetry parameter of 0.7. Even though this is a climatological model derived from long-term AERONET observations by Dubovik et al. (2002), we believe that the separating aerosol models by different aerosol types in our O2AB algorithm are more reasonable. A simple profile parameterization in which aerosols are uniformly distributed within a single layer of 50 hPa thickness is assumed in O2 A algorithm; in contrast, a quasi-Gaussian aerosol profile close to the lidar observations (Zeng et al. 2018) is used in our algorithm. Furthermore, the GOME-2 Lambertian Equivalent Reflectance (LER) surface product is replaced by MODIS MCD43 with finer spatial resolution over land in our algorithm. This may also cause the aerosol retrieval differences between two algorithms. Last, instead of using L1B hyperspectral radiances directly, we convolve them to narrow bands and retrieve AOCH from the TOA reflectance ratio of inside to outside O2 absorption band. This may reduce the impact of the calibration errors in L1B measurements on the ALH retrieval. 

Table S1. The summary of the key parts of the TROPOMI operational algorithm (ALH-O2A) and our two-bands algorithm (AOCH-O2AB) in this study.
	Retrieval algorithms
	Aerosol model
	Aerosol profile assumption
	Surface reflectance
	L1B data used

	ALH-O2 A 
	SSA=0.95, HG phase function asy=0.7
	Uniformly distributed single layer with fixed thickness of 50hPa
	GOME-2 LER (0.5o)

	Hyperspectral radiances


	AOCH-O2AB
	AOD-dependent smoke/dust model
	Quasi-Gaussian distribution from 0-15 km
	Land: MODIS MCD43 (0.05o) 
Ocean: GOME-2 LER
	Convolved narrow-band radiance ratio in and out absorption band
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