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Top-of-atmosphere radiative forcing affected by
brown carbon in the upper troposphere

Yuzhong Zhang', Haviland Forrister, Jiumeng Liu?, Jack Dibb3, Bruce Anderson?, Joshua P. Schwarz®,
Anne E. Perring>®, Jose L. Jimenez®’, Pedro Campuzano-Jost®’, Yuhang Wang',
Athanasios Nenes"®°'° and Rodney J. Weber'™*

Carbonaceous aerosols affect the global radiative balance by absorbing and scattering radiation, which leads to warming or
cooling of the atmosphere, respectively. Black carbon is the main light-absorbing component. A portion of the organic aerosol
known as brown carbon also absorbs light. The climate sensitivity to absorbing aerosols rapidly increases with altitude, but
brown carbon measurements are limited in the upper troposphere. Here we present aircraft observations of vertical aerosol
distributions over the continental United States in May and June 2012 to show that light-absorbing brown carbon is prevalent
in the troposphere, and absorbs more short-wavelength radiation than black carbon at altitudes between 5 and 12 km. We
find that brown carbon is transported to these altitudes by deep convection, and that in-cloud heterogeneous processing
may produce brown carbon. Radiative transfer calculations suggest that brown carbon accounts for about 24% of combined
black and brown carbon warming effect at the tropopause. Roughly two-thirds of the estimated brown carbon forcing occurs
above 5 km, although most brown carbon is found below 5 km. The highest radiative absorption occurred during an event that
ingested a wildfire plume. We conclude that high-altitude brown carbon from biomass burning is an unappreciated component

of climate forcing.

organic aerosols (OAs), have a significant influence on the
climate system. BC is estimated to be an important climate
warming agent, next only to CO, and CH, (ref. 1), because of its
absorption of solar radiation. OA haslong been thought to primarily
scatter sunlight and so cool the climate'. However, recent studies
report that brown carbon (BrC), a fraction of OA, can also heat
the atmosphere by absorbing sunlight, mostly in the lower visible
to ultraviolet wavelength range**. Emitted from incomplete com-
bustion of fuels, especially biomass®, or produced from secondary
formation®, BrC has been observed in various types of air mass,
including fire plumes®’, urban air®®, continental outflows®, and in
the continental free troposphere'®'’. BrC concentrations are thought
to be highest near biomass-burning sources but then decay over
time'?, with small secondary production from known mechanisms’.
Calculations from both remote sensing observations*™'* and chem-
ical transport models'*™"® suggest a non-negligible radiative forcing
by BrC, ranging from 0.1 to 0.6 W m ™2 averaged globally, underscor-
ing its potential climate forcing importance. However, these studies
have strong differences in their estimates of the distribution and
the magnitude of BrC forcing. The discrepancies result from lack
of in situ BrC data and from uncertainties in both remote sensing
and modelling methods.
The climate response to aerosol absorption is found to depend
strongly on the altitude of the absorbing aerosols®*2. Therefore,

C arbonaceous aerosols, consisting of black carbon (BC) and

information on the vertical distribution of BrC is essential to
improve the estimation of its climate impact. In two recent air-
craft campaigns, Deep Convective Clouds & Chemistry (DC3)
in May-June 2012* and Studies of Emissions and Atmospheric
Composition, Clouds and Climate Coupling by Regional Surveys
(SEAC'RS) in August-September 2013*, we measured the first
altitude-resolved BrC levels, along with many other species. Here,
we present results from the unique DC3 and SEAC’RS data sets,
with a focus on the radiative impact and sources of BrC in the
upper troposphere.

Free tropospheric enhancement of BrC relative to BC
Figure la shows the median vertical profile and interquartile ranges
of the ratio between absorption coefficients of BrC (bg,c) and BC
(bgc) at 365 nm during DC3. Although both by, and by decrease
with altitude, the median by,c/byc increases from roughly 0.5 near
the boundary layer top (~2km) to above unity in the upper
troposphere (>9 km), indicating that BrC is more evenly distributed
in the tropospheric column than BC (Fig. 1¢). Combining DC3 and
SEAC'RS aircraft data shows that this feature is prevalent in various
regions over the continental US during the warm season and periods
of substantial wildfires (Supplementary Fig. 2) in two consecutive
years (Supplementary Fig. 1).

Figure 1lc plots the computed aerosol absorption optical
depth (AAOD, denoted as 7, absorption integrated over the
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Figure 1| Aerosol absorption by BC and BrC measured during the DC3
campaign. a, Vertical profile (medians and interquartile) of bg,c/bsc at

365 nm in DC3 (black, all of the data except for biomass-burning samples;
red, convective samples). The grey shading shows the altitude ranges of the
convective inflow and outflow samples. b, Sampling strategy of convection
samples in DC3. ¢, AAOD as a function of wavelength, decomposed into
those resulting from high-altitude BrC, low-altitude BrC, high-altitude BC
and low-altitude BC. The blue dots show the OMI-retrieved AAOD at 388
and 500 nm during DC3 over the sampling region. Vertical lines represent
the spatial standard deviation.

layer thickness; see Methods) as a function of wavelength and
decomposes 7 into that contributed by low-altitude BrC (tg,c, -5xm)»
low-altitude BC (tpc ~s5km), high-altitude BrC (Tp.c-skm) and high-
altitude BC (T3¢ ~5km)- Consistent with Fig. 1a, Tp,c-sim (3.6 X 1077)
is 1.8 times Tpc-s1m (2.0 X 107) at 365 nm. Furthermore, Ty - s1m
(1.4 x 107%) is about equal to Tpc.sm (1.6 x 107°) at 435nm
and Tgcosim (6.9 x 107*) is still non-negligible at more than half
of Tpcosim (1.4 x 107%) up to 500 nm. Thus, BrC absorption at
high altitudes is comparable to BC absorption over a substantial
range of visible wavelengths and can be optically and radiatively
important. Although satellite-retrieved AAOD is generally thought
to be uncertain and inferior to in situ measurements, it is interesting
to note that in the case of DC3, the retrieved AAOD from satellite
measurements is in agreement with that derived from in situ aircraft
measurements at 388 nm and 500 nm (Fig. 1c) over the sampling
region (Supplementary Fig. 1a) in May and June of 2012, suggesting
that satellite measurements may be sensitive to high-altitude BrC.

Strong warming by upper tropospheric BrC

Figure 2 and Table 1 present radiative transfer calculation results
based on DC3 observations (see Methods). For simplicity, the
radiative forcing (RF) values shown here are instantaneous clear-sky
direct RF values computed at a solar zenith angle of 40°,
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Figure 2 | Instantaneous clear-sky direct radiative forcing estimates of
aerosols using the DC3 data. The radiative forcing is decomposed into
those from aerosol scattering, BrC absorption and BC absorption. Red and
blue bars represent the RF due to aerosols at high (>=5km) and low
(<5km) altitudes. Error bars represent the standard deviations from the
Monte Carlo simulations.

approximately the mean and median solar zenith angles during
the measurement period”. Note that the forcing discussed here
is instantaneous and hence much larger than the global averages
often reported. The overall RF by aerosol (—15.8 & 4.0 Wm™?)
is negative (cooling), resulting mainly from aerosol scattering
(—20.0 £ 4.6 W m*). However, the absorption of solar radiation by
aerosols reduces this cooling effect by 4.2 £+ 1.8 W m™2. Notably, BrC
is responsible for 24% of the warming by aerosol absorption, which
is generally consistent with previous estimates'®"”.

We then calculated the separate influence of high-altitude
(>5km) and low-altitude (<5km) aerosols on the clear-sky direct
RF (Fig. 2 and Table 1). Because of rapidly decreasing concentra-
tions of total aerosols and BC with altitude, aerosol forcings due
to light scattering and BC absorption are considerably smaller at
high altitudes (aerosol scattering: —6.4 &+ 2.9 W m™2; BC absorp-
tion: 1.2 + 0.8 Wm™) than at low altitudes (aerosol scattering:
—13.6 &+ 3.2 Wm % BC absorption: 2.0 £ 1.0 W m?). In contrast,
because of less reduction in BrC with altitude, the RF by BrC at
high altitudes (0.65 £ 0.34 Wm™?) is about twice that by BrC at
low altitudes (0.35 4= 0.16 W m?) even though the optical depth of
high-altitude BrC is only about half of low-altitude BrC (Fig. 1c).
As a result, the RF due to BrC contributes ~34% of the RF due to
absorbing carbonaceous aerosols at high altitudes, compared with
24% for the whole column and just 15% at low altitudes. In compar-
ison with clear-sky conditions, calculations with DC3 data under
global-mean cloudy conditions find a 40% increase in RF due to
BrC and 28% increase in RF due to BC, indicating a more significant
contribution of BrC if the enhancement of aerosol absorption above
clouds is considered (Supplementary Table 2, Supplementary Fig. 3
and Supplementary Text 1). Calculations using SEAC*RS data, a
second aircraft campaign a year after DC3, show results similar to
DC3, but the RF from high-altitude absorption is less pronounced
(Supplementary Table 3 and Supplementary Fig. 4b), very likely to
be a result of less convective influence during SEAC'RS (see next
section and Supplementary Text 2). High sensitivity of the radiative
balance to absorption at high altitudes underscores the importance
of understanding the dynamics of absorbing carbonaceous aerosols
(that is, BC and BrC) in the upper troposphere.

In addition to the direct radiative effect, high-altitude BrC
can also indirectly impact climate through the ‘semi-direct effect;
whereby absorption of solar radiation at high altitudes can increase
atmospheric stability and subsequently affect convection and
cloud formation®"**. Incorporation of the absorbing BrC into high
convective or cirrus clouds may potentially decrease the reflectivity
and lifetime of these clouds, which in turn changes the overall
RF*. Evaluating the influence of high-altitude BrC on these effects
is beyond the scope this study; however, including high-altitude
BrC in a chemical transport model should improve estimations of
these effects.
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Table 1] Instantaneous clear-sky direct RF estimates of aerosols (scattering, BrC absorption, and BC absorption) over the

continental US using the DC3 data.

Net RF (W m?) Absorption (W m?) Scattering (W m2)
BrC + BC BrC BC
Column —15.8 £ 4.0 42+18 1.0+ 04 3.2+16 —20.0+ 4.6
High altitudes (=5 km) —45+24 1.9+10 0.65+0.34 1.2+0.8 —64+£29
Low altitudes (<5 km) —11.3+29 23+10 0.35+0.16 20+10 —13.6 +3.2

A campaign-mean solar zenith angle of 40° is used. Mean =+ s.d. from the Monte Carlo simulations are reported.
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Figure 3 | Measured outflow/inflow ratio of multiple gaseous and aerosol
species using the convection samples from DC3. Error bars represent
interquartile ranges.

BrC generation and transport by convection

What are the mechanisms responsible for the enhancement of
BrC relative to BC in the upper troposphere? To successfully
simulate BrC in a chemical transport model, it is critical that this
is understood. In May and June of 2012 during the DC3 campaign,
the aircraft extensively sampled the inflows and outflows of 12
convective storms (Fig. 1b) (see Methods). These aircraft sampling
periods, identified in ref. 25, provide an opportunity to investigate
whether convection can serve as a major source of BrC in the upper
troposphere. Supplementary Table 1 summarizes information about
these convective storm samples. The inflow altitudes are mostly
between 1 and 4km, indicating a boundary layer and possible
biomass-burning influence. The outflow altitudes are between 9 and
12 km, which intriguingly coincides with the altitudes where the
enhancement of by,c/bpc occurs (Fig. 1a).

For the 12 convective storms surveyed in DC3, Fig. 3 gives
the median and interquartile range for the outflow/inflow ratio of
various aerosols and gases. As expected, the behaviours of most
gaseous and aerosol species are consistent with their solubility
(insoluble CO and toluene have a higher outflow/inflow ratio than
soluble CH,0, HNO; and SO,*”). Notable exceptions are high
outflow/inflow ratios (>0.7) for Ca*" and BrC, both of which are
often considered to be hydrophilic. The high outflow/inflow ratio
for Ca** has been noted and discussed”. Figure 3 also shows that the
outflow/inflow ratio for BC is less than 0.25, indicating that a large
fraction of BC is removed during convective transport. These results
are consistent with the enhancement of by./byc between 9 and
12 km, suggesting that convection may be an important mechanism
for enhancing BrC relative to BC at high altitudes. Also noteworthy
is that the median outflow/inflow ratio for OA is only ~0.25, which
is similar to that for BC and significantly smaller than that for
BrC. This indicates that BrC behaves distinctly from bulk organic
aerosols during convection, even though BrC is a component of OA.
It should be noted however that the BC and OA instruments sample
particles with diameters smaller than approximately 1 um, whereas
the Ca** and BrC filter-based collection system includes particles up
to nominally 4 um.

One hypothesis that could explain the difference in the
outflow/inflow ratio between BrC and BC is the size dependence of
wet removal. Using the aerosol size distributions optically measured
by a laser aerosol spectrometer during DC3, a previous study
found that fine particles (0.1-1 um diameter) were significantly

removed during convective events whereas coarse particles (1-5 um
diameter) were not”. Although the reason for this unexpected size
dependence was still unknown, it appeared to be consistent with
the high outflow/inflow ratio for dust-originated Ca** (ref. 25).
The difference in the outflow/inflow ratio between BrC and BC
may reflect the relative enrichment of BrC in the coarse particle
mode. If the BrC in convective outflow is associated with larger
particles (for example, median size of 2 um in diameter), the RF by
high-altitude BrC absorption reduces from 0.65 to 0.45 W m 2, but
the dominance of high-altitude BrC on overall BrC direct radiative
forcing remains (see Methods for more discussion on uncertainties).
However, this hypothesis cannot be tested without size-resolved BrC
measurements, which are unavailable in this data set.

The high outflow/inflow ratio for BrC may also result from BrC
formation during convective transport. Field studies have shown
evidence that biomass-burning emissions can form BrC in clouds
or fogs, a process that can be aided by the pH change in the
aqueous phase’®”. The cold environment in the outflow region
(Supplementary Table 1) may also cause semi-volatile organic
compounds, many of which contain chromophores (for example,
functionalized polycyclic aromatic compounds®), to condense on
aerosols. This condensation could be facilitated by ice crystallization
during the convective transport. More laboratory and field studies
are needed to determine whether these mechanisms are important
for BrC formation during convective transport.

Among the 12 convection events in DC3, the highest levels of BrC
absorption in the convective outflows were observed in the 22 June
event that ingested a wildfire plume® (Supplementary Fig. 5). This
result appears to be consistent with recent field observations of
secondary formation of BrC from biomass-burning emissions in
fog water and wet aerosols”. Although the detailed mechanism is
still unclear, it is likely that biomass-burning emissions make large
contributions to not only fresh absorbing aerosols seen in laboratory
burning experiments and smoke plume measurements, but also
aerosol absorption in the upper troposphere.

Implications

Analysis of DC3 and SEAC'RS data shows that BrC constitutes
a significant part of absorbing carbonaceous aerosols, especially
at high altitudes. Previous comparisons with remote sensing
measurements found that current climate models underestimated
AAQOD over many regions of the world, although model simulated
BC was in reasonable agreement with observations at low altitudes
and was even biased high at high altitudes?®*. Many factors are very
likely to have led to this disagreement®. Our results suggest that
BrC, which is largely neglected in current climate models, may be
a significant factor underlying this disagreement.

Previous studies tend to focus on the optical and radiative
effect of primary BrC emitted from fire sources™’. Our study
reveals a more dynamic picture of BrC, which undergoes convective
transport to high altitudes and affects regional radiative forcing.
Previous studies have also shown that BrC freshly emitted from
fires bleaches on the timescale of 10h (ref. 12). In contrast, using
measurements in the ‘aged’ storm outflow sampled one day after
the 29 May storm™, we found that BrC absorption was comparable
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between aged and fresh convective outflow (Supplementary Fig. 6),
suggesting that BrC at high altitudes persists longer than fresh fire
emissions. This finding is significant because horizontal transport is
faster in the upper than lower atmosphere. Therefore, high-altitude
BrC may disperse into a large area and become an important climate
factor on a regional scale (Supplementary Fig. 7). The data point to
biomass burning as an important source of BrC, implying that BrC
will play an increasing role in the planetary radiative balance due to
expected intensifying future wildfire emissions™.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Aircraft measurements. During the DC3 campaign in May and June 2012, the
NASA DC-8 research aircraft was deployed to collect a comprehensive suite of gas
and aerosol data in the troposphere (0.5-12 km) over the central US. Ref. 23
describes the scientific goals and the sampling strategy of the campaign.

During the DC3 campaign, 541 filter samples (Teflon EMD Millipore, 1 um
pore size, 90 mm diameter) were collected. Most of the samples have a 5min
integration time during level flight legs. These filters were stored below freezing in
the dark before analysis and were extracted in water to quantify soluble species
such as Ca**, SO,>” and NO; ™~ using ion chromatography (Dionex)* and light
absorption coefficients of BrC. The filter was then re-extracted in methanol and the
light absorption coefficients of BrC measured again®. Ion concentrations and BrC
light absorption coefficients were corrected for filter artefacts using filter blanks
collected during each flight. The sum of water and methanol light absorption is
taken as the total solution absorption by BrC (bsgp.c), which is the basis for the BrC
light absorption measurements of this study. A multiplication factor of 2 was
applied to convert the solution absorption to aerosol absorption (bg,c) (refs 9,10).
This factor (fy,c) is mainly a result of enhanced particle absorption efficiency by
particles in the Mie regime versus absorption by chromophores (molecules) in the
bulk liquid extract, and therefore a function of BrC aerosol size distributions.
Closure analyses in multiple field studies all indicate that the factor is close to 2
(refs 7,9,10,31), which is consistent with a median particle diameter of 0.5 um. If
BrC-containing particles are larger than this, the factor will be smaller. We discuss
the influence of an increased median diameter of BrC on radiative forcing in the
main text where we hypothesize that one cause for BrC enhancements relative
to BC when passing through convection may be due to differences in
size distributions.

The accumulation-mode mass concentration of BC was measured by a
single-particle soot photometer (SP2) (ref. 32) and submicrometre particulate mass
loading of OA was measured by an aerodyne aerosol mass spectrometer™. Particle
light absorption coefficients at 400, 550 and 660 nm wavelength were measured by
a particle soot absorption photometer (PSAP)***. Light scattering coefficients of
dry particles at 450, 550 and 700 nm wavelength were measured by a TSI-3563
Nephelometer®. Readers are referred to ref. 23 for more information about the DC3
payload, including additional instruments whose data are used here. To support
our conclusions, we also use some data from SEAC*RS. The payload in SEAC*RS
was largely identical to that in DC3 and a description can be found in ref. 24.

Convective inflow and outflow samples. One of the major scientific objectives of
DC3 was to study the influence of mid-latitude convective clouds on the dynamics
and chemistry in the upper troposphere?**”%_ The aircraft purposefully sampled
the inflow and outflow of convective storms. The inflow and outflow samples of
12 storms, mainly over the states of Colorado and Oklahoma, were identified in
previous studies”. The inflow samples were determined on the basis of video
record, flight report and radar, and the outflow samples were determined on the
basis of ice water content and NO concentrations®. Supplementary Table 1
summarizes the information (date, time, altitude and outflow temperature)
regarding these inflow and outflow samples.

To understand the effect of convection, we computed the ratio between the
outflow and the inflow samples for multiple gaseous and aerosol species, including
BrC and BC. Note that the apparent outflow/inflow ratio presented in this study
accounts for the influence of convective transport, entrainment and, for some
species, chemical production and cloud processing. The influence of entrainment is
estimated to 7.3 &= 3.3% km ™! (ref. 37). We also assume that the inflow and outflow
samples represent the same air mass before and after each convective transport.
The assumption is supported by similar n-pentane to i-pentane ratios between the
inflow and the outflow samples®.

Radiative forcing calculation. On the basis of the measurements obtained during
DC3 and SEAC'RS, we conducted a series of radiative transfer calculations using
the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model® to
compute the short-wave (0.25-4 um) radiative forcing (RF) at the top of the
troposphere. All of the DC3 data were used in our calculation except for
biomass-burning plume samples'’. Therefore, the results should be interpreted as a
regional background, which was probably influenced by wildfires (Supplementary
Fig. 2). A similar analysis was done for the SEAC*RS data, which were used only to
support the findings from the DC3 study; the predicted radiative results are not
reported in the main text.

We employ the Monte Carlo method to account for the uncertainty in the
parameters and variation in the measurements. To compute the input to SBDART,
we first bin the DC3 samples into 10 altitude bins each containing approximately
10% of the data. For each Monte Carlo run, we generate a composite vertical profile
by randomly picking one sample from each bin. We used the measurements in this
composite vertical profile to compute the altitude- and wavelength-dependent
partial aerosol optical depth and single scattering albedo (SSA). This aerosol optical
information was then used as input to SBDART.
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The partial aerosol optical depth (7 (h, 1)) at altitude h and wavelength A is
contributed by aerosol scattering and absorption by BC and BrC:

T (h, ) = (byic (1, A) + byc (1, A) + bsear (h, D)) Ah (&)

where Ah represents the layer thickness centred at h, by is the BC absorption
coefficient, by, is the BrC absorption coefficient, and bs., is the aerosol scattering
coefficient. The SSA at altitude / and wavelength A is computed as:

bpc(h, A) + by (h, )
SSA(h,A)= 2
o) = e ) + b (U )+ bocn (1) @

Aircraft measurements are used to compute the aerosol absorption and
scattering coefficients in equations (1) and (2) (Supplementary Table 4). The
wavelength-dependent aerosol absorption coefficients of BrC (by,c) are derived
from measured solution absorption coefficients of BrC (bsgp.c) at 365 nm with the

following equation:
—AAEg,c
> X firc (3)

where AAEg,c is the absorption angstrom exponent for BrC and fg,c is the factor
converting bulk solution absorption to aerosol absorption (see the Aircraft
measurements section for more information about f;,¢). To account for the
uncertainty in these parameters, we assign fg,c a normal distribution with mean 2
and standard deviation 0.5 and a uniform distribution from 4.1 to 6.4 for AAE,¢
(refs 10,12) in the Monte Carlo computation. The range for AAEy, was derived
using spectral information from the filter extract measurements and was found to
show insignificant altitude dependence during DC3 (ref. 10).

The following equation computes the wavelength-dependent aerosol absorption
coefficient of BC (byc) using the mass concentration (M) measured by SP2:

by )= bSE,BrC (365nm) x < 365nm

1 —AAEpc
bpc () = Mpc X MACpc(660nm) x ( ) (4)
660 nm

where AAEj is the absorption angstrom exponent for BC and MACs is the mass
absorption cross-section for BC. We assign AAEgc a uniform distribution from 0.8
to 1.2 (refs 14,40) and MACgc at 660 nm a normal distribution with mean

10 m? g~! and standard deviation 4 m* g~'. The numbers for MACg are derived
from the analysis using BC mass concentration and PSAP absorption at 660 nm,
assuming BC is the only absorbing agent at 660 nm. The MAC of uncoated BC is
recommended as 7.5 m” g~' at 550 nm (ref. 41), which is 6.25m? g~ at 660 nm
assuming AAEyc =1. Therefore, the mean MAC; (10 m* g™') used in our
calculation is equivalent to a factor of 1.6 lensing effect, in agreement with the
atmospheric relevant range suggested by previous studies'®".

Measurements from a three-wavelength (that is, 450, 550 and 700 nm)
nephelometer are used to provide aerosol scattering information to the radiative
transfer model. To account for the influence of hygroscopic growth on aerosol
scattering, dry aerosol scattering at all three wavelengths is multiplied by the ratio
of ambient aerosol scattering to dry aerosol scattering at 550 nm. Then, the
wavelength-dependent aerosol scattering coefficients (bs.,) are computed with the
following equation:

bscat (do)
I (550 mmy )

A In( 535%5)
bscar (A) = bseut (550nm) x o (5)
550 nm

where 1,=450nm when A < 550nm and A, =700nm when A > 550 nm.

Since the SBDART model outputs only the radiative imbalance at the top of the
troposphere, to derive the radiative forcing, we conducted simulations with and
without the agent in question and computed the radiative forcing of the agent as the
difference of radiative imbalance between the two simulations. We gathered
1,000 samples from the Monte Carlo simulation and reported the mean and the
standard deviation. The radiative forcing reported here is instantaneous direct
forcing, assuming a zenith angle of 40°. To assess the influence of clouds, we
conducted two sets of computation, one with clear sky and the other with the
global-mean cloud distribution**. The RFs reported here are not directly
comparable to the Intergovernmental Panel on Climate Change RF estimates,
which are global and annual averages.

Uncertainties in radiative calculation. In this section, three major uncertainty
sources for the BrC radiative calculation (that is, measurement/parameters, the size
distribution of BrC, and the mixing state of BrC) are discussed.

Measurements and parameters. Using Monte Carlo simulations, we conduct
additional analyses to further attribute the sources of uncertainty on the clear-sky
calculation for DC3 (Table 1). For BrC, the horizontal inhomogeneity in BrC
vertical profiles (0.09 W> m™*) is responsible for 50% of the variation in the
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computed RF due to BrC (0.18 W> m™*), followed by the uncertainty in f,.c (36%),
AAEg,¢ (10%) and measurements (4%). For BC, the uncertainty in MACpc

(1.8 W? m™*) accounts for 62% of the variation in the computed RF due to BC

(2.9 W2 m™*). The contributions from horizontal inhomogeneity and measurement
uncertainty are 27% and 11%, respectively.

Size distribution of BrC. In our radiative calculation, we use a factor

(farc ~ N (2,0.5%)) to convert measured solution BrC absorption to aerosol BrC
absorption, which stems mainly from the size effect of aerosols (that is, optical
effects described by the Mie regime). According to the Mie calculation, a f;,¢ close
to 2 corresponds to a BrC median diameter of 0.5 um (ref. 9), and is in agreement
with several closure analyses using field measurements””'**!. However, it is
reasonable to speculate that the size distribution of BrC may have changed before
and after convective processing, which can influence the value of f;,c. Ref. 25 did
show that a substantial fraction of fine mode (0.1-1 um diameter) was removed
during convection while the coarse mode (1-5 wm diameter) tended to remain.
Unfortunately, we do not have size-resolved BrC data to verify if the size
distribution of BrC follows the bulk aerosols.

To quantify this uncertainty, we conducted an additional radiative calculation,
in which we assume the median diameter of high-altitude (>5km) is 2 um.
According to Mie calculations, this corresponds to a fi,c of 1.35. Results show that
the smaller fi,¢ for high-altitude BrC reduces the direct RF by high-altitude BrC
absorption from 0.65 to 0.45 W m ™, indicating that the size dependence of fy,c
may be an important source of uncertainty. However, the main conclusion that
high-altitude BrC is a major contributor to the direct RF by BrC (57% in this
calculation versus 65% if fi,.c =2 throughout the column) is unchanged.

Mixing state. The RF can also be affected by the mixing state between BC, BrC and
other aerosol components. Using model simulations with varied mixing state
configurations, a recent study showed the nonlinear interplay between BrC
absorption and the so-called lensing effect to be significant'®. Instead of extensive
modelling treatment for the mixing state as in ref. 19, our approach in this study is
to use empirically determined parameters (MACy and fy,c) to account for the
influence of mixing state on the RF calculations.

First, we use the total light absorption at 660 nm (measured by the PSAP) and
BC mass concentration (measured by the SP2) data from the DC3 campaign to
calculate the mean MACj at 660 nm, assuming all the absorption at 660 nm is due
to BC. On the basis of a linear regression fit, this results in a campaign-mean
MAC; of 10 m* g™! at 660 nm. In comparison to the measured MAC of uncoated
BC (7.5m? g ™" at 550 nm and 6.25 m* g~ at 660 nm), our MACj is equivalent to a
factor of 1.6 enhancement of absorption due to lensing, falling in the
atmospherically relevant range suggested by ref. 19.

Second, we use a factor (fi,c ~N(2,0.5%)) to convert measured solution BrC
absorption to aerosol BrC absorption. Careful closure analyses against PSAP
measurements in multiple field studies all support fs.c to be close to 2
(refs 7,9,10,31). The closure in the field data indicates that the conversion factor has
accounted for the size effect (the Mie effect) and, if any, the nonlinear effect due to
BrC coating on BC.

Satellite products. We compare the AAOD derived from DC3 and SEAC'RS with
satellite retrieval products (OMI OMAERUVd v003) at 388 and 500 nm. The

1° x 1° data are obtained from the NASA Giovanni data portal
(http://giovanni.gsfc.nasa.gov/giovanni). To compare with aircraft measurements,
we average the satellite data during the DC3 (or SEAC'RS) campaign over the
corresponding regions in Supplementary Fig. 1. The averaging is weighted by the
number of aircraft observations in sub-regions of Supplementary Fig. 1. Figure 1c
and Supplementary Fig. 4a show that satellite-retrieved AAOD and wavelength
dependence between 388 and 500 nm are in good agreement with aircraft
observations in both DC3 and SEAC*RS. Although uncertainties associated with
satellite retrieval of AAOD are generally thought to be quite large®, the interesting

agreement between aircraft observations and satellite retrievals may partially result
from good sensitivities of satellite observations to high-altitude absorption,
suggesting that the satellite retrieval product can be useful to capture regional
features of BrC**.

We also use the Global Fire Emission Database Version 4s (GFED4s) to show
that both DC3 and SEAC*RS campaigns were under the influence of substantial
biomass-burning emissions (Supplementary Fig. 2). GFED4s fire emissions are
based on both satellite information and vegetation productivity. We obtain the data
from www.globalfiredata.org/data.html and the horizontal resolution of the data is
0.25° x 0.25°.

Code availability. The code used to generate the radiative forcings is available
from the authors on request.

Data availability. The DC3 data can be found at https://www-air.larc.nasa.gov/
missions/dc3-seacdrs and the SEAC*RS data at https://www-air.larc.nasa.gov/
missions/seac4rs. The data supporting the findings of this study are also available
from the corresponding author.
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