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1. AERONET and UV-MFRSR inversions

Our technique uses simultaneous measurements from co-located AERONET and UV-
MFRSR instruments to ensure (1) accurate and consistent measurements of the spectral aerosol ex-
tinction optical depth (AOD), (2) consistent assumptions about surface reflectance, aerosol size dis-
tribution, and real part of the effective complex refractive index'~.

The primary data set consists of 1-minute measurements of diffuse and total irradiance at
305,311,317, 325, 332, 368, and 440 nm collected with the modified commercial UV-MFRSR in-
strument™”. A single measurement cycle consists of measuring total horizontal irradiance (no sun
blocking) following by 3 irradiance measurements with different positions of the shadow band
blocking the sun and sky radiance on each side of the sun (at 9°). All spectral channels were meas-
ured within one second by 7 separate solid-state detectors with interference filters sharing a com-
mon Teflon diffuser. The complete shadowing cycle takes about 10 seconds and is repeated every
minute throughout the day without averaging of the data. The raw data (voltages) were corrected for
non-ideal angular response and calibrated against co-located reference AERONET sunphotometers.

The AERONET automatic tracking sun and sky scanning radiometers made direct sun
measurements with a 1.2° full field of view every 15 minutes at 340, 380, 440, 500, 675, 870, 940,
and 1020 nm. Its accuracy of AOD is typically ~0.003 to 0.01 in the visible with larger errors in the
UV®. The AERONET version 2 level 2.0 AOD at 340, 380, 440, and 500 nm were interpolated in
time and wavelength® and compared with the UV-MFRSR measurements of cosine corrected direct-
normal voltages to derive daily V calibrations, consistent AOD, and diffuse and direct atmospheric

transmittances'. To ensure consistency between UV-MFRSR and AERONET retrievals, we only
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consider UV-MFRSR inversions when derived AOD agrees with the interpolated AERONET AOD
within 0.01.

We infer the column effective imaginary part of the refractive index (k) independently at
440 nm and each UV wavelength by fitting UV-MFRSR measured diffuse/direct (DD) irradiance
ratios” with the Mie-RT modeled irradiances (Arizona code®). Ancillary input parameters, such as
surface albedo, the column particle size distribution (PSD), and the real part of the refractive index
(n), are taken from near simultaneous AERONET inversions (within 10 minutes). Absorption by
trace gases (O3 and NO») was accounted for using Aura/OMI satellite data. The Mie-RT model iter-
ates to find the k value, which minimizes the difference between calculated and measured DD ratio.
Details of approach are described in Krotkov et al.>. Requiring AERONET spherical particle frac-

tion to exceed 95% validates the sphericity assumption.

2. OMI retrievals of carbonaceous aerosols

The Ozone Monitoring Instrument (OMI) flown onboard the EOS-Aura satellite as part of
the A-train satellite constellation measures sun backscattered radiance from the Earth’s atmosphere
and surface in the UV and visible region (270 — 500 nm) on a global scale and on daily basis *'°.
With a cross-track swath of about 2600 km, OMI scans the entire Earth in 14 to 15 orbits per day
with a nadir ground pixel spatial resolution of 13 x 24 km?”. The primary objective of OMI is to
measure concentrations of trace gases such as ozone, sulfur dioxide, and nitrogen dioxide along
with the optical properties of tropospheric aerosols. OMI observations in the near-UV region at 354
nm and 388 nm are used to derive UV Aerosol Index (UV-AI) which is a well-accepted indicator

11-13

for detecting and tracing the absorbing aerosols such as carbonaceous aerosols and dust and to
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retrieve AOD and SSA at 388 nm (OMAERUYV product'*'*). The most recent operational algorith-
mic upgrades are documented in Jethva and Torres' and Torres et al.'* that include three major
modifications: (1) improved representation of organic aerosols in the biomass burning smoke aero-
sols, (2) use of aerosol height climatology derived from Cloud-Aerosol Lidar with Orthogonal Po-
larization (CALIOP) lidar-based measurements of the vertical profiles in conjunction with OMI
UV-ALI, and (3) robust identification of aerosol types by taking advantage of concurrent observa-
tions of carbon monoxide (CO) measured by the Atmospheric Infrared Sounder (AIRS). The up-
graded OMAERUYV aerosol product has been validated globally using ground-based measurements
of AOD' and SSA'” inversions at 440 nm by the AERONET global network of ground sun-sky
photometers. The comparisons of OMI-retrieved SSA against equivalent inversions made by
AERONET revealed a good level of agreement between the two fundamentally different techniques
in which most matchup data points are found to fall within their expected retrieval uncertainties (+
0.03) for SSA at 440 nm'”. In the present study, we use the latest research version 1.7.3.1 of the
OMAERUYV aerosol product which includes major upgrades already documented in Jethva and
Torres'® and Torres et al." plus a few more improvements that are mostly related to the assignments

of retrieval quality flags.

3. Photolysis rate

Actinic fluxes in the atmosphere are computed in the 290 — 425 nm spectral range using the
Discrete Ordinates Radiative Transfer Model (DISORT)'® for a Multi-Layered Plane-Parallel Medi-
um with the 16-stream setup. Chemical composition of the atmosphere is prescribed according to
the monthly climatology derived from the Global Modeling Initiative (GMI) model output. The

GMI 3-D chemistry and transport model is integrated with meteorological fields from the Modern



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

Era Retrospective-analysis for Research and Applications (MERRA) and includes full chemistry for
both the troposphere and the stratosphere'**". Gas absorption and scattering optical depths are com-
puted using components from the Line-By-Line Radiative Transfer Model*'**. The aerosol optical
properties (extinction, single scattering albedo, and phase function) are calculated for a given size
distribution assuming the sphericity of particles using analytic Mie solution”’. Lower boundary con-
ditions assume a Lambertian reflection with the ultraviolet surface albedo of 0.04. Photolysis rate

calculations are based on the absorption cross section and quantum yield data*.

4. Box model

The box model is based on the Regional Atmospheric Chemical Mechanism Version 2
(RACM2)* and is run on the FACSIMILE platform for Windows software (MCPA Software, Ltd).
RACM?2 is well known and has been used in research and regulatory applications. The RACM2
mechanism with the chemical kinetic data replaced with the most recently evaluated set of chemical

. 2426
kinetic data™

was used in this study.

RACM2 is a revised version of Regional Atmospheric Chemical Mechanism Version 1
(RACM)?’. 1t is intended to be valid for conditions ranging from pristine to polluted and from the
Earth's surface through the upper troposphere. The main revisions have been performed for organic
chemistry such as the oxidation mechanisms for isoprene, a-pinene, and d-limonene. Most of the
organic species are aggregated into the model species based on their similarity in functional groups
and reactivity toward OH. For instance, alkenes other than ethene are represented by three species:

terminal alkenes, internal alkenes, and dienes. Some organic species such as formaldehyde and iso-

prene are treated explicitly.
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The box model was initialized with a NOy (= NO + NO;) concentration of 100 ppbv and a
VOC concentration of 200 ppbv. To represent the smoke plume in this work, the mean NO to NO,
ratio, VOC speciation, mean concentrations of long-lived species like CO and CHy, as well as mean
temperature, pressure and humidity in the Canadian wildfire plumes observed during the Arctic Re-
search of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) in 2008 (es-
po.nasa.gov/arctas). The photolysis reaction coefficients, or photolysis frequencies, used in the
model were calculated by radiative transfer model using DISORT with 16 streams (See Supplemen-
tary Section 3 for details). The box model was run for 20 days and the output calculated OH, HO,,
and other reactive intermediates. The net instantaneous O3 production rate, P(O3), can be written

approximately as the following equation:

P(03)=kyo,+n0[HO,][NO] + Z KRo,+n0[RO2i][NO] - Ky, 4+0,[HO,][03]

- Kon+05 [OH][03]- Ko 1y 11,0 [0C' D) [H>O] 3
where k terms are the reaction rate coefficients and RO; is the individual organic peroxy radicals.
The negative terms correspond to the reaction the reactions of OH and HO, with O3 and the photol-

ysis of O5 followed by the reaction of O('D) with H,O.
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Figure 1. Summary of studies of brown carbon imaginary refractive indices for biomass
burning. kg,c from previous literature studies are parameterized by equation (1). POA and SOA
correspond to primary organic aerosol and secondary organic aerosol, respectively. The topmost
value of kg,c at 368 nm (Kg;c-365 ~ 0.34) are found from smoke chamber experiments28 shown as
gray shade. However, we do not use this value because it is obtained by heating the aerosol to
250 °C to measure only highly absorptive extremely low-volatility organic compounds (ELVOC).
Under typical conditions, ELVOCs are usually mixed with other OA components (semi-volatile or-
ganic compounds (SVOC) and low-volatile organic compounds (LVOC)). Excluding ELVOC, we

13! measured acetone

use the highest kg,c.363 (~0.14) in the mixed condition that Kirchstetter et a
soluble BrC extracted from African savanna biomass burning smoke samples. The lowest value of
Ksrc-3es in the mixed condition is 0.025 measured by Saleh et al.?. The used range of Kgrc-3es iS

shown as orange shade.
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Figure 2. Model simulation for BrC effect on the photolysis rate. The vertical profile of a, Jyo2

and b, Jos from SZA=24.5° to SZA=53.1°. Solid line: no aerosol, dotted line with filled circle: BC

only, and dashed line with open circle: BC+BrC (See Supplementary Table 2 for details). Compar-

ing with the no aerosol case, Joz and Jyo2 for both BC only and BC+BrC cases show reduced val-

ues below the smoke layer due to the absorption of solar radiation but increased values above the

smoke layer due to the higher backscattering. Interestingly, BrC causes not only more absorption

below the smoke layer but also less backscattering above the layer than BC. In other words, BrC

absorbs more UV flux in the boundary layer and cause less backscattering flux above the layer.
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Figure 3. Modeling the impact of BrC absorption on surface ozone. a, Net ozone production
(P(0Oy)) in three cases: background (no aerosols), BC, and BrC+BC. b, The ratio of P(O5) in the
BrC+BC case to P(O3) in the BC case. The box model was initialized with 200 ppbv VOCs and 100
ppbv NOy. Both VOCs and NOy are unconstrained in the model. The plotted NO, range of 5 — 100
ppbv reflects ~2 — 3 days that are needed for a smoke plume to travel from the sources in Amazo-

nia to Santa Cruz.
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Figure 4. Modeling the impact of BrC absorption on OH, HO,, and RO, concentration. a, The
ratio of [OH] in the BrC+BC case to [OH] in the BC case, b, The ratio of [HO] in the BrC+BC case
to [HO;] in the BC case, and c, The ratio of [RO;] in the BrC+BC case to [RO;] in the BC case. The
box model was initialized with 200 ppbv VOCs and 100 ppbv NO,. Both VOCs and NO are uncon-
strained in the model. The plotted NO, range of 5 — 100 ppbv reflects ~2 — 3 days that are needed

for a smoke plume to travel from the sources in Amazonia to Santa Cruz.
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Tables

Table 1. The calculated BrC volume fraction (fg;c) and column mass density. The estimated

ranges are the uncertainty bound.

Used Kerc at 368 nm (Kerc-365) Kirchstetter et al.** Saleh et al.?®
BrC volume fraction 0.048 0.270
BrC column mass density ([BrC], mg/mz) 10.89 61.24
[BrCJ/[BC] 1.68 9.47

fsc = 0.019 calculated from AERONET wavelengths (670, 870, and 1020 nm)

BC column mass density ([BC]) = 6.46 [mg/mz]

Table 2. Summary of explicit input aerosol parameters for radiative transfer model and

chemical model simulation.

Wavelength (nm) 305 311 317 325 332 368 440 670 870 1020

Model 1:
0.0126 0.0126 0.0126 0.0126 0.0126 0.0126 0.0126 0.0126 0.0126 0.0126
k (BC only)

Model 2: 0.0342 0.0271 0.0296 0.0209 0.0245 0.0192 0.0144 0.0125 0.0136 0.0122

k (BrC+BC)

median of real part of the refractive index at 440 nm from AERONET: 1.4905

median of surface albedo at 440 nm from AERONET: 0.04085

median of volume concentration for fine mode from AERONET: 0.1525

median of volume concentration for coarse mode from AERONET: 0.0365

median of (standard deviation from) volume median radius for fine mode from AERONET: 0.1810 (0.4320)

median of (standard deviation from) volume median radius for coarse mode from AERONET: 3.7410 (0.6585)



