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Abstract A newly developed data set from the Interagency Monitoring of PROtected Visual
Environments (IMPROVE) observation network, combined with a 3-D chemical transport model, is
used to evaluate the spatial and temporal variability of brown carbon (BrC) in the United States. The
model with BrC emitted from biomass burning and biofuel emissions agrees with the seasonal and
spatial variability of BrC planetary boundary layer (PBL) absorption aerosol optical depth (AAOD)
observations within a factor of 2. The model without whitening, the tendency for absorption to decrease
with aerosol aging, overestimates the observed BrC PBL AAOD and does not reflect the measured

BrC PBL AAOD spatial variability. The model shows higher absorption direct radiative effects (DRE)
from BrC at northern high latitudes than at midlatitudes in spring and summer, due to boreal fire
emissions, long whitening lifetimes, and high surface albedos. These findings highlight the need to study
BrC over the Arctic region.

1. Introduction

The light-absorbing component of organic aerosols (OA), often referred to as brown carbon (BrC), represents
a major uncertainty in current estimates of aerosol radiative forcing. In contrast to black carbon (BC), which
absorbs at all visible wavelengths with absorptivity proportional to the inverse of wavelength (Alexander
et al., 2008; Bond & Bergstrom, 2006; Kirchstetter et al., 2004), BrC shows much stronger absorptivity at
short visible and near-ultraviolet wavelengths. A strong BrC warming effect at the top of the atmosphere
(TOA) could be significant compared to the net positive forcing from BC (Arola et al., 2011; Brown et al., 2018;
Chung et al., 2012; Feng et al., 2013; Kirchstetter & Thatcher, 2012; Lin et al., 2014; Saleh et al., 2015; Wang
et al., 2014; Zhang et al., 2017).

Biomass burning is one of the major sources for BrC, including both primary emissions and secondary for-
mation of humic-like substances (HULIS) (Lack et al., 2012; Laskin et al., 2015). BrC concentrations depend
on the fuel and burning conditions for primary emissions (Chen et al., 2010; Chen & Bond, 2010; McClure
et al., 2020), as well as chemical changes of the multipollutant mixture between sources and receptors
(Cappa et al., 2020; Saleh et al., 2014). Recent studies have found that BrC from residential heating is asso-
ciated with nitrate-containing OAs (Cappa et al., 2019; Jiang et al., 2019; Zhang et al., 2016). BrC contribu-
tions from other anthropogenic sources remain poorly characterized (Lack et al., 2012).

The fate of BrC remains uncertain. Laboratory studies indicate that the BrC absorption lifetime ranges from
minutes (Lee et al., 2014; Zhao et al., 2015) to several days (Cappa et al., 2020; Fleming et al., 2020; Lin
et al., 2016; Sumlin et al., 2017; Zhong & Jang, 2014). Forrister et al. (2015) found that the BrC absorption
in wildfire plumes had a half-life of 9-15 hr, likely due to heterogeneous oxidation, photobleaching, or/
and volatilization. These processes are referred as “whitening” in the following sections. An analysis of bio-
mass burning plumes in the Amazon shows a similar lifetime of 1 day (Wang et al., 2016). Even with this
short lifetime, BrC can contribute a significant fraction of aerosol radiative forcing in certain regions, includ-
ing the Arctic (Saleh et al., 2015; Zhang et al., 2017).
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BrC observations are lacking. In situ measurements are available from individual field campaigns near
ground level (Chen et al., 2010; Hecobian et al., 2010; Zhang et al., 2011, 2013) and from aircraft sampling
aloft (Forrister et al., 2015; Wang et al., 2014, 2018; Zeng et al., 2020; Zhang et al., 2017, 2020) with limited
spatial and temporal coverage. The Aerosol Robotic Network (AERONET) offers another way to examine
BrC through aerosol absorption optical depth (AAOD) using multiband AOD retrievals between 340 and
1,020 nm from direct Sun measurements and single scattering albedo (SSA) derived from sky radiance mea-
surements at several wavelengths (Bahadur et al., 2012; Chen et al., 2019; Chung et al., 2012; Feng et al., 2013;
Wang et al., 2016). The AERONET BrC AAOD product is limited by its spatial coverage, data quality, and
retrieval assumptions (Schuster et al., 2016). To derive BrC AAOD, AERONET data are processed assuming
absorption Angstrém exponent (AAE) values for other light-absorbing aerosols such as BC and dust. AAOD
measurements below a preset threshold are considered unreliable.

Since January 2016, the Interagency Monitoring of PROtected Visual Environments (IMPROVE) observa-
tion network, which measures ground-level aerosol chemical composition across the United States for visi-
bility and air quality purposes, started to acquire and process BrC absorption using a multiwavelength
thermal/optical analyzer (Chen et al., 2015; Chow et al., 2015, 2018). This dataset can be used to constrain
the mass of BrC and BC and their optical properties.

Global modeling of BrC is still at an early stage, largely due to limited knowledge of emissions, optical prop-
erties, chemical compositions, atmospheric transformation, and fate. First, no consensus exists on the global
emission inventories of BrC. Several modeling studies estimate emissions using a relative ratio of BrC to
organic carbon (OC) from BB and biofuel combustion, but this ratio varies from 25% to 100% among different
studies (Feng et al., 2013; Lin et al., 2014; Saleh et al., 2015; Wang et al., 2014). Second, measured optical
properties of BrC, particularly the imaginary part of aerosol refractive index (RI), vary widely (Wang
et al., 2014). BrC consists of a range of poorly characterized organic compounds with absorptivities and vola-
tilities spanning several orders of magnitude (Saleh et al., 2014). Lastly, there is no consensus on the fate of
BrC (Cappa et al., 2020; Wang et al., 2018; Zhao et al., 2015). Modeling studies suggest that one of the largest
uncertainties in their estimates is the absence of a continuous BrC observational network.

Here we use the OC, EC, and BrC data processed from the IMPROVE observation network (153 sites) in the
year of 2016, combined with a global chemical transport model (GEOS-Chem), to examine the spatial and
temporal variability of BrC in the United States. The concurrent constraints on aerosol mass and optical
properties in a 3-D model provide an unprecedented opportunity to examine source contributions, distribu-
tions, lifetimes, and radiative impacts of BrC in the United States and likely elsewhere.

2. Observations and Model
2.1. Observational Data Set

The 2016 IMPROVE data set contains concentrations of PM,s; IMPROVE OC, EC, total carbon
(TC = OC + EC), and BrC absorption for 17,390 filter samples from 153 monitoring locations representing
regional-scale National Parks and Wilderness areas. Light absorption coefficients at seven wavelengths (i.e.,
405, 445, 532, 635, 780, 808, and 980 nm) are apportioned to BC and BrC following a two component model
with correction for aerosol filter loading (Chen et al., 2015, 2019; Chow et al., 2015). The mass absorption
coefficients (MAC) for both BC and BrC are also established for each of the seven wavelengths by reconciling
the BC and BrC absorptions (Absgc and Absg,c) with TC values. This results in MACp,¢ of 3.9, 2.0, and
0.8 m? g~ and MACgc0f13.2,10.9, and 8.8 m* g~ for 365, 440, and 550 nm, respectively. With these empiri-
cally derived MACs, BC, BrC, and non-light-absorbing OC (i.e., TC-BC-BrC) mass concentrations are calcu-
lated for each sample. BC derived by this method agrees well with EC quantified by the IMPROVE_A carbon
analysis protocol (Chen et al., 2015; Chow et al., 2007). Taking non-light-absorbing OC into account, the
average MACp, are 0.81, 0.41, and 0.18 m? g_1 at 365, 440, and 550 nm respectively, in agreement with field
observations (Table S3 in the supporting information) and a recent review by Saleh (2020). This dataset does
not address the effect of relative humidity on OC optical properties or the aging of BrC on filters as they are
stored under refrigeration <4°C.

The planetary boundary layer (PBL) absorption aerosol optical depth (AAOD) from observations for each
site is calculated as
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AAODgc, 2 = MACgc, 2 X Massgrc X PBLyeignt, ey

where MACg, ¢, is the derived MAC for BrC at wavelength A (m? g_l) and Massg,c is the derived BrC
mass concentrations in g m™>. PBLjpeign; is the monthly average boundary layer height obtained from
the model. The AAOD for BC is calculated in a similar way. As PBL AAOD is based on
MACg,c X Massg,c, a quantity directly obtained from multiwavelength absorption measurements, this
metric is used for the following comparison to minimize uncertainties in the two component model.
The uncertainties associated with BrC AAOD observations are estimated to be 33% on annual mean basis,
consistent with Chung et al. (2012).

2.2. Model

We run GEOS-Chem v11.1.0 coupled with the Rapid Radiative Transfer model for GCMs (RRTMG) module
(Heald et al., 2014). GEOS-Chem is a global 3-D chemical transport model driven by assimilated meteorolo-
gical observations from the Goddard Earth Observing System (MERRA-2) of the NASA Global Modeling and
Assimilation Office (GMAO) (www.geos-chem.org). The MERRA-2 meteorological data have 3-hr temporal
resolution (1 hr for surface variables and mixing depths) with 0.5° X 0.625° horizontal resolution and 72 ver-
tical layers from the surface to 0.01 hPa. We regrid the meteorological data to 2° X 2.5° horizontal resolution
and 47 vertical layers for GEOS-Chem input. Previous analyses show that he MERRA-2 field provides rea-
sonable PBL height (Molod et al., 2019). The model reads in a multiwavelength 8-day average surface albedo
that is constructed from MODIS land albedo data (MCD43C3) (Heald et al., 2014).

GEOS-Chem simulates aerosol mass concentrations for sulfate-nitrate-ammonium (Park et al., 2004),
size-resolved mineral dust (Duncan Fairlie et al., 2007), fine and coarse sea salt (Alexander et al., 2005),
and OC (Park et al., 2003). GEOS-Chem assumes external mixing for all aerosols, with hygroscopic growth
factors dependent on local relative humidity. Biomass burning emissions of BC and primary organic aerosols
(POA) use the year-specific daily mean GFED v4.1 (Global Fire Emissions Database) inventory for the year
of 2016 (Giglio et al., 2013; van der Werf et al., 2010) (Figures S11). Anthropogenic emissions use the EPA
National Emissions Inventory (NEI11v1) for the United States (EPA NEI, 2015). The sector of biofuel emis-
sions is separated from total emissions for this study. All NEI emissions were scaled to 2013 using
nation-wide scaling factors, as 2013 is the closest available year out of the available range (2006-2013).
POA emissions from these sources are processed in the model. Secondary organic aerosols (SOA) are
adopted from GEOS-Chem v12.1 with a simple scheme that includes SOA formation from isoprene, mono-
terpenes, biomass burning, and fossil fuel, as detailed by Pai et al. (2020).

The GEOS-Chem model has been used to study BrC on regional and global scales (Jo et al., 2016; Park
et al., 2010; Wang et al., 2014, 2016, 2018). This study follows Wang et al. (2018), with explicit treatment
of BrC emissions from biomass burning and biofuel emissions. This model has been evaluated against sev-
eral aircraft measurements over the United States (SEAC4RS and DC3) and elsewhere (ARCTAS,
EUCAARI, and HIPPO) (Wang et al., 2014, 2018). Instead of separating BrC from non-light-absorbing car-
bon, we assign absorption properties to OA with the assumption that OA absorption (Absp,) results exclu-
sively from BrC absorption (Absg,¢). BrC absorption is computed as

AbSBrC = AbSOA = MACopys X Massos = MACpgc X Massgc. (2)

Thus, BrC represents a fraction of OA, and only MACp, is computed. MACp, and its wavelength depen-
dence can be computed as a function of BC/OA ratio (Saleh et al., 2014):

BC
kOA, 550 nm = 0.016 10g10 (07) + 0.04, (3)
0.21
T 007 )
oA + 0.
550\
koa = koa, 550 nm (T) (5)
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where Koa 550 nm iS the imaginary RI for OA at 550 nm, ko4 is the imaginary RI at wavelength A, and w is
the wavelength dependence of imaginary RI. w is different from AAE, as w is only related to RI and AAE
is related to other factors such as aerosol size distribution and density. MAC values at wavelength 4 can be
computed using Mie theory following Wang et al. (2018). Assuming BC/OA emission ratios of 0.05 for bio-
mass burning and 0.12 for biofuel, MAC, for biomass burning emissions are 1.33, 0.77, and 0.35 m? g’1
for 365, 440, and 550 nm, respectively; MACo, for biofuel emissions are 1.19, 0.76, and 0.39 m? g~* for
365, 440, and 550 nm, respectively. These values are consistent with the values from Wang et al. (2018).
These MAC values differ from MAC values from IMPROVE observations that are based on total OA mass
rather than BrC mass. SOA is assumed to be nonabsorbing, as Wang et al. (2018) finds that anthropogenic
SOA contributes little to absorption in the United States, and laboratory studies find biogenic SOA to be
nonabsorbing (He et al., 2018). The aromatic anthropogenic SOA could play a more important role for
regions where aromatic emissions are high (Zhang et al., 2020). The lensing effect appears to be small
(Cappa et al., 2020) and is not explicitly treated.

BrC whitening follows the description by Wang et al. (2018):

(6)

[OH] - At
5% 10°

Abspc, ¢ + ac = Abspyc, - €Xp <—

BrC absorption decreases as a function of ambient OH concentrations. The whitening scheme also
assumes that BrC absorption remains constant after it drops to 25% of its initial value. This results in a
whitening lifetime of 0-3 days in summer and 3-10 days in winter, with a strong latitude gradient result-
ing from solar radiation intensity (Figure S2). The model-estimated whitening lifetime appears to be
longer than that from several laboratory studies (Lee et al., 2014; Zhao et al., 2015), but it is comparable
to others (Cappa et al., 2020; Fleming et al., 2020; Li et al., 2019; Lin et al., 2016; Sumlin et al., 2017;
Zhong & Jang, 2014).

3. Results
3.1. Model Evaluation for OC and EC

Figure 1 compares the monthly averaged modeled and observed OC mass concentrations for four regions of
the continental United States (NE, SE, NW, and SW). Observed OC peaks during summer and fall in the NE,
NW, and SW regions and peaks during fall in the SE region. To a large extent, this is driven by wildfire emis-
sions (Carter et al., 2020), as shown in Figure S10. In particular, Southern Appalachian Fires occurred from
October to December 2016 in Georgia and North Carolina due to abnormal drought, leading to OC peaks
during fall in this region. OC shows another peak during winter in the NE, which is largely attributed to bio-
fuel emissions in this region. In general, the model can reasonably reproduce the magnitude and annual
cycle of OC in the NW and SW, with SOA contributing to 30-50% of OC. However, the model tends to over-
estimate IMPROVE OC by a factor of 2 throughout the year for the NE and SE regions, largely due to high
SOA production. Compared to observed OC, the modeled POC has a negative normalized mean bias (NMB)
throughout all seasons and regions, with —31% in the NE, —29% in the NW, —32% in the SE, and —57% in the
SW (Table S2). The following analyses compare the observed OC with modeled primary OC (POC) and dis-
cuss the potential role of SOA contributions to BrC. The model reproduces the observed seasonality and
magnitude of EC (Figures S7 and S8), lending confidence in model representation of BC optical properties
in this work.

3.2. Model Evaluation of BrC Absorption

As model estimates and measurements are based on different assumptions of MAC values (MACp4 Vs.
MACS,¢), it is impractical to compare modeled versus observed BrC on a concentration basis. The PBL
AAOD is used for this comparison, which is directly observed from IMPROVE network and independent
on MAC assumptions. Comparing to total column AAOD, PBL AAOD has several advantages. It minimizes
the influence from BrC in the free troposphere, which is not well constrained by the IMPROVE data set; it
also removes the influence of seasonal variations in PBL height, allowing comparison of BrC absorption and
radiative impacts between different seasons. The total column BrC AAOD is higher than PBL AAOD by
30-50%. The comparison on surface AAOD is shown in Figure S1, consistent with Figure 2.
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Figure 1. Monthly averaged observed (green) organic carbon (OC) concentrations and modeled (red) primary OC (POC)
at observation sites defined by the quadrants created by the 40°N latitude line and the 90°W longitude line. The
observed OC is directly measured following the IMPROVE_A carbon analysis protocol. Error bars represent the monthly
standard deviation of the OC observations. The red dashed line is the modeled total OC with both POC and SOA
contributions. R values are the Pearson correlation coefficients between the model POC and the IMPROVE observations.

Figure 2 shows the modeled and observed BrC PBL AAOD at 365 nm for 2016, with NMB and normalized
mean error (NME) for each region and season described in Table S1. The comparisons at 440 and 550 nm are
shown in Figures S3 and S4, respectively. Observations show stark differences between the western and east-
ern United States. First, the eastern United States shows higher BrC AAOD than the west in most seasons
(winter, spring, and fall), likely due to its higher biofuel and biomass burning emissions. However,
maxima of BrC AAOD are found in the western U.S. during summer, which are mainly attributed to
wildfires. Figure 2 also shows that the eastern United States shows higher BrC AAOD in winter than in
summer, which could be explained by the seasonal variations of emissions and whitening lifetimes,
including the Southern Appalachian Fires in Southeast United States during fall and winter. Another
important feature from observations is that the BrC PBL AAOD shows a minimum in the SE United
States during summer, when observed OC levels reach their maxima in summer and when biogenic SOA
are likely predominant (Ridley et al., 2018), suggesting a minor contribution of biogenic SOA to BrC.

The model reproduces the spatial and temporal patterns of BrC AAOD at 365 nm over the Continental
United States (CONUS), as shown in Figure 2. The model run with whitening has a NMB of 41% in the
NE, 87% in the NW, 20% in the SE, and —35% in the SW. Detailed statistics on these comparisons are tabu-
lated in Table S1. Since the model only assumes BrC from biomass burning and biofuel emissions, this agree-
ment supports the hypothesis that biomass burning and biofuel emissions account for the majority of BrC on
a regional basis, and biogenic SOA may play a relatively minor role in BrC concentrations. The model tends
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Figure 2. BrC aerosol absorption optical depth in the planetary boundary layer (PBL AAOD) at 365 nm averaged by season for 2016. The background grid is the
GEOS-Chem modeled output, and circles are BrC observations from IMPROVE sites. The four seasons are winter: December to February (DJF); spring:

March to May (MAM); summer: June to August (JJA); and fall: September to November (SON). Detailed statistics on the comparison, grouped by

season and region, are described in Table S1.

to underestimate observed BrC AAOD in the western United States during summer and the northern United
States during spring, likely due to uncertainties in biomass burning emissions and/or optical properties, and
model representation errors (i.e., the model tends to have too much numerical diffusion for plumes)
(Eastham & Jacob, 2017). Lastly, the model tends to overestimate observations in Alaska during summer,
mainly because these IMPROVE sites are rarely exposed to interior boreal forest fires while model results
are heavily influenced by numerical diffusion of these fire plumes (Potter & Conkling, 2017).

3.3. BrC Whitening Lifetime

Figure 3 compares BrC PBL AAOD at 365 nm between observations and two model runs: with and without
whitening. The model without whitening tends to overestimate BrC PBL AAOD in spring, fall, and winter by
more than a factor of 2, exceeding the measurement uncertainties of BrC (28-37%). Similar results are found
in Table S1, where NMB and NME are significantly improved for the model with whitening in most regions
and seasons. These statistics indicate that the model with whitening better represents the observations.

The short whitening lifetime of BrC is consistent with the large spatial variability revealed by the IMPROVE
observations (Figure 2). For example, in Figure 2, the model with whitening successfully captures the
observed spatial variability in the SE United States during fall (SON panel). However, this feature is not
found in the model without whitening (Figure S6). As those high BrC AAOD measurements are not
propagating to the nearby sites, whitening suppresses the wide spreading of BrC absorption and enhances
its spatial variability.

3.4. Seasonal Variation of BrC Absorption Direct Radiative Effect

With a reasonable agreement on BrC AAOD, the direct radiative effect (DRE) due to BrC absorption can be
estimated for different seasons. Similar to Wang et al. (2018), the global BrC absorption DRE computed for
2016 is 0.04 W/m?, lower than the estimate of 0.13 W/m? by Brown et al. (2018) and the 0.10 W/m? by Zhang
et al. (2020).

Figure 4 shows the all-sky absorption DRE at the TOA only due to BrC absorption over the CONUS and
lower Arctic Circle. This is calculated as the difference between the DRE from total OA from the base run
and the DRE from total OA in the model run excluding BrC absorption. The resulting difference is thus only
due to BrC absorption. As shown in Figure 4, the absorption DRE of BrC shows significant seasonal varia-
tion, with enhancement in the NE during winter, in the NW in summer, and the SE in fall. These effects
are driven by both the strength in biomass burning and biofuel emissions and the BrC whitening lifetime
(Figure S2). The impact of BrC absorption in CONUS appears to be mainly local, limited in source
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Figure 3. Comparisons of BrC PBL AAOD at 365 nm with whitening (blue) and without whitening (green) for four seasons (DJF, MAM, JJA, and
SON). Reduced major axis regressions are shown as solid lines, with confidence level (0.95) and fit equations implemented following Warton et al. (2006)
for limiting the influence of outliers. The linear regression slopes are displayed on each plot.

regions. In contrast, BrC absorption DREs show higher and more widespread impacts over the northern
high latitude, particularly during summer and spring, consistent with recent global survey of BrC (Zeng
et al., 2020) and global model studies (Brown et al., 2018; Zhang et al., 2020).

The high-absorption BrC DRESs at northern high latitudes during summer and spring are due to several rea-
sons. First, boreal forest fires become active in spring and reach maximum in summer, with little activity in
other seasons. The western Arctic is also exposed to biomass burning contributions from Siberia during
spring (Warneke et al., 2009), as shown in Figure S10. Second, boreal forest fire emissions tend to have
higher OC contents relative to BC, in contrast to midlatitudes where savanna, grass, shrub, and agricultural
burning have lower emission factors of OC relative to BC. It is also shown in Figure 4 that BrC can account
for over 50% of BC + BrC warming at northern high latitudes during summer and spring when boreal forest
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Figure 4. (Upper) Seasonal averaged BrC all-sky absorption direct radiative effect (DRE) computed by the GEOS-Chem model for the year of 2016. (Lower)
Seasonal averaged ratio of BrC all-sky absorption DRE and the combined all-sky absorption DRE of BrC and BC. The four seasons are winter: December to
February (DJF); spring: March to May (MAM); summer: June to August (JJA); and fall: September to November (SON).

fires are most active, but to a lesser extent during fall and winter. Third, BrC shows longer whitening
lifetimes at high latitudes than that at midlatitudes (Figure S2). The BrC whitening lifetime can reach
3-7 days in spring at high latitudes, while it is less than 1 day at midlatitudes. This difference in lifetime
allows further wide spreading of BrC DRE. Fourth, BrC absorption DRE is amplified by high surface
albedos due to surface snow at northern high latitudes in the spring (Arola et al., 2015). As a result, BrC
absorption DRE in spring is as significant as that in summer at high latitudes, despite lower emissions
from boreal forest fires in spring than in summer. In fact, the BrC absorption DRE during spring can
exceed the scattering DRE of OAs during spring, leading to a net warming from OAs at northern high
latitudes (Figure S9). Additional field observations are needed to evaluate model results in this region.

4. Discussion

A new observational data set from the IMPROVE network is combined with a 3-D chemical transport model
to evaluate the spatial and temporal variability of BrC in the United States. This data set provides concurrent
constraints on both aerosol mass and optical properties. The model with only BrC emitted from biomass
burning and biofuel emissions can largely reproduce the seasonal and spatial variability of BrC PBL
AAOD from observations, within a factor of 2. This suggests that biomass burning and biofuel emissions
may contribute most of the BrC in the United States, while biogenic SOA appears to be of minor importance
to BrC (Flores et al., 2014; He et al., 2018; Lambe et al., 2013). The model without whitening tends to over-
estimate the observed BrC PBL AAOD nor does it reflect the spatial variability of BrC PBL AAOD that is dri-
ven by the relative short BrC lifetime. The model suggests higher absorption DREs from BrC at northern
high latitudes than at midlatitudes in spring and summer, due to boreal fire emissions, long whitening life-
time, and high surface albedo.

Despite the reasonably good agreement of BrC PBL AAOD between observations and the model with
whitening, large uncertainties remain to be resolved. First, filter-based observations do not address the effect
of relative humidity on OC and its optical properties, while the model computes AAOD at ambient condi-
tions. Modeled BrC PBL AAOD can be reduced by 40-60% when dry aerosols are assumed for AAOD calcu-
lations. How to apply humidity dependence for both model and filter-based observations requires further
investigation. Second, the IMPROVE data set only provides constraints on the surface and PBL BrC over a
limited longitude and latitude range. The BrC formed in the free troposphere is not well constrained and
requires further evaluation from aircraft measurements (Zeng et al., 2020; Zhang et al., 2017). Third, other
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photochemical aging mechanism, such as nighttime processing (Cheng et al., 2020; Li et al., 2019) and NOy
modulation (He et al., 2018), are not taken into account in this work. These uncertainties warrant future stu-
dies on BrC from laboratory, field observations, and modeling. As wildfires become more and more intense
due to global warming, the Arctic and northern high latitudes may deserve particular attention, where BrC
absorption DRE appears to be most significant.

Data Availability Statement

The IMPROVE OC and EC data are available at IMPROVE website (http://vista.cira.colostate.edu/Improve/
data-page/). Processed BrC data and model output can be accessed online (at https://figshare.com/articles/
dataset/BrC_Observation_and_Model_for_United_States/13048337).
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