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Abstract Measurements of black carbon (BC) aerosol mass concentration in remote air are sparse, leading
to poorly constrained regions that models struggle to represent. Here we present a new data set of BC
concentration over the remote Pacific and Atlantic basins from 80 N to 65°S latitude that was obtained as part
of NASA’s Atmospheric Tomography campaign in July/August 2016. More than 100 vertical profiles,
extending from ~0.2 to 13 km altitude above mean sea level, reveal sharp contrasts in loadings between the
two basins. Over the Pacific, we found average BC concentration vertical profiles to be largely consistent
with seasonally matched data obtained in 2011. Substantially higher loads were observed over the Atlantic in
the low to middle troposphere than in the Pacific, likely due to strong regional sources and reduced
convective removal in the tropics in this basin. Atlantic and Pacific BC concentrations converge in the upper
troposphere and lower stratosphere, reflecting similar high-altitude background concentrations.
Comparison of the Atlantic data to the Aerosol Comparisons between Observations and Models suite of
models (Phase II) reinforces previous speculation about the ensemble in the remote by quantifying an
upper-troposphere model-high-bias of as much as two orders of magnitude over wide latitude bands.
However, these direct BC measurements reveal Aerosol Comparisons between Observations and Models
ensemble underestimation of biomass burning BC in the outflow of continental Africa by nearly a factor of 5.
This high-BC loading region likely dominates BC’s direct radiative effect over remote areas of the Pacific and
Atlantic basins during the month of August.

1. Introduction

Black carbon (BC), a byproduct of incomplete combustion, absorbs solar radiation more efficiently than any
other aerosol material in the atmosphere and is a substantial contributor to global radiative forcing (Bond
et al., 2013; IPCC, 2014). Further, BC aerosol has disproportionately large direct, indirect, and semidirect
impacts on climate uncertainty (Carslaw et al., 2013; IPCC, 2014; Koch & Del Genio, 2010). This uncertainty
is partially due to biases in model estimates of BC’s global concentrations, which, in some remote regions,
are strongly driven by insufficient understanding of the processes by which BC is removed from
the atmosphere.

Large relative discrepancies exist between climatological model predictions of BC concentration and
observations, especially far from sources and at high altitudes. Measurements from the High-performance
Instrumented Airborne Platform for Environmental Research Pole-to-Pole Observations (HIPPO, Schwarz
et al., 2013) as well as a collection of primarily northern hemisphere missions spanning a large longitudinal
range (Schwarz et al., 2017) revealed regions with substantial vertical gradients in BC concentrations above
both remote ocean and populated continental regions, and approximately uniform loadings in the upper
troposphere and lower stratosphere (UTLS). These measurements deviate significantly from the average
model-ensemble predictions of the Aerosol Comparisons between Observations and Models (AeroCom),
demonstrating a high bias of model-generated concentrations that are at times factors of 10 too large,
especially in the UTLS. Samset et al. (2014) attribute some of this bias to overestimated BC lifetime, or mean
atmospheric residence time, and found that a global lifetime of less than 5 days is necessary to harmonize
even the best-performing AeroCom contributors with remote aircraft data. Wang et al. (2014) calculate a
tropospheric BC lifetime of 4.2 days as necessary to reconcile GEOS-Chem model performance with HIPPO
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Key Points:
• Black carbon loadings over the

remote Atlantic are generally
comparable to those over the Pacific,
except at low-altitude near the
equator

• AeroCom’s model-ensemble average
overestimates loadings, except in the
lower troposphere of the equatorial
Atlantic region

• The direct radiative effect of BC over
the remote Pacific and Atlantic in
August is likely dominated by African
biomass burning outflow
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observations, which was achieved by implementing more efficient wet scavenging in the model. They also
note that the difference between their estimates of global top-of-atmosphere direct radiative forcing and
the likes of Bond et al. (2013) is driven by estimates of BC concentration over oceans and in the free
troposphere. Additionally, measured background UTLS concentrations appear to vary on month-long time
scales due to nonseasonal processes, indicative of different long-term concentration states that are currently
unexplained. Clearly, improved knowledge of BC concentrations over global scales is necessary to properly
predict BC’s effect on climate. Thus, more aircraft measurements are essential to develop tighter constraints
on concentrations, especially in areas where the presence of BC is predominantly driven by transport and wet
scavenging.

The data set presented here closely replicates the HIPPO sampling of BC over the Pacific and is extended to
the Atlantic basin, where different processes and source regions affect BC vertical profiles. This sampling
occurred as part of the first installment of NASA’s Atmospheric Tomography mission (ATom, with the first
installment referred to as ATom1). Refractory BC (rBC) concentrations were determined with a single-particle
soot photometer (SP2, Droplet Measurement Technologies, Longmont, CO). Collected over a 4-week period
spanning July–August 2016, ATom provides near a pole-to-pole survey of the atmosphere’s gas and aerosol
composition through most of the troposphere and at times into the lower stratosphere. Flight tracks of
near-continuous profiling ranged from 0.2 to 13 km above mean sea level (AMSL), with latitude coverage
of S65 to N80. The data offer a first opportunity to asses global-scale remote Atlantic BC loadings and to
compare remote Pacific BC measurements to previous seasonally matched observations over a
near-complete latitude range.

The experimental details are discussed in section 2. Section 3 presents the results including Atlantic and
Pacific loadings, Pacific observations compared to seasonally resolved HIPPO data, comparisons to model
results generated by the Phase II AeroCom suite (http://aerocom.met.no), and comparison of estimates of
BC’s direct radiative effect (DRE) over the Pacific and Atlantic basins using both ATom1 measurement and
models as inputs. A summary of results with their significance and implications is provided in section 3.1.

2. Experimental Details

A NOAA SP2, flown onboard NASA’s DC-8 (https://airbornescience.nasa.gov/aircraft/DC-8), was used to
detect the rBC mass content of individual aerosol particles in the accumulation mode. Here we use the term
rBC as recommended by Petzold et al. (2013) to refer to the specific material quantified by laser induced
incandescence, the technique used by the SP2. The SP2 relies on well-established methods with reasonably
well-quantified uncertainties and has been successfully deployed on aircrafts for over a decade (Schwarz
et al., 2006, andmany others). rBCmasses are determined by relating peak incandescent signal from fullerene
soot, a proxy for atmospheric BC (Baumgardner et al., 2012), to the mass of mobility diameter-selected soot
via the parameterization of Gysel et al. (2011). This mass determination is independent of particle
morphology (Cross et al., 2010; Moteki & Kondo, 2010; Slowik et al., 2007). rBC particle size distributions
can be achieved by converting particle mass to a volume equivalent diameter, assuming a void-free density
of 1.8 g/cm3. While the lower limit of rBC detection ultimately depends on the instrument’s laser intensity
(Schwarz, Spackman, Gao, Perring, et al., 2010), the upper limit can be adjusted via detector gain and
sampling line strategy. Here the upper limit of detection was set to cover the majority of rBC typically present
within the accumulation mode (up to ~550 nm) for flights over the Pacific basin and extended to ~725 nm
volume equivalent diameter over the Atlantic to assess possible contributions of larger particles to total
rBC mass concentration. However, no significant contribution to mass fraction was observed above
550 nm. Mass mixing ratios (MMRs) are formulated by summing the total mass of rBC particles in a volume
of ambient air and reported as ng rBC/kg air (henceforth, simply ng/kg). As is typical for SP2 determinations
of ambient rBC accumulation-mode concentration, these MMRs are scaled upward by a missing-mass factor
to account for undetected rBC mass. This factor is calculated via extrapolation of a lognormal fit to the rBC
mass-size distributions to determine the fraction of accumulation mode mass quantified within the SP2’s
dynamic range. In remote environments, concentrations are typically low enough that long time scales of
integration are necessary to obtain a robust size distribution, thus this correction is performed on a
flight-by-flight basis (rather than a shorter time scale). On average during ATom1, the SP2 detected 91% of
accumulation mode mass. The total uncertainty of MMRs calculated for 1 km bins is 30%, about half of
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which is associated with difference in SP2 response between the fullerene soot calibration standard and
ambient rBC (Kondo et al., 2011; Laborde et al., 2012). All ATom rBC MMR data used in this analysis can be
found at Katich et al. (2018), which is a subset of Wofsy et al. (2018). A complete description of the SP2
design and performance can be found in Schwarz et al. (2006).

The rBC vertical profiles exclude data collected in clouds, as impaction of ice or water crystals on the sampling
inlet can generate data artifacts (Murphy et al., 2004). Cloud cuts were generated using data from a Cloud
Aerosol and Precipitation Spectrometer (Droplet Measurement Technologies, Longmont, CO), with 3 s of data
on each side of cloudy regions removed to account for slight timing offsets. Locally sourced pollution at
take-off and landing is also excluded from the analysis (including when performing lognormal fits to size
distributions). Additionally, in-flight calibrations were removed, as were any periods in which the SP2 sample
flow was outside the range of 0.5–6 vccs (usually due to abrupt aircraft maneuvers). Lengthy horizontal stays
at the tops of ascents were not included in the profile analysis to avoid biasing the latitude/longitude
associated with a profile.

3. Observations and Interpretation

The flight path of ATom1 is shown in the left panel of Figure 1. The right panel shows 0.1 Hz data of altitude
versus latitude colored by rBC MMR. The aircraft consistently ascended beyond 12 km AMSL, but did not
reach above 13 km. For each ascent or descent of the aircraft, rBC MMR measurements were averaged with
1-km high altitude bins to form one profile measurement. We use five latitude ranges (N60–N90, northern
polar; N20–N60, northern midlatitudes; S20–N20, equatorial; S60–S20, southern midlatitudes, S90–S60,
southern polar) to match the averaging ranges used in earlier HIPPO analyses, and we separate analysis of
the Pacific and Atlantic basins. Individual profiles within the latitude/longitude bins are averaged together
with equal weighting to arrive at an average representative profile for each region. This treatment of profile
averaging is the same as is followed in Schwarz, Spackman, Gao, Watts, et al. (2010) and Schwarz et al. (2013,
2017) and has the benefit of providing our best estimate of the average loading relevant to rBC direct forcing.
This approach is free of bias introduced in nonuniform sampling (e.g., due to air traffic control requiring an
extended level leg within a profile), and also allows estimation of variability via comparison of individual
profile measurements within each region. Constituent profiles contributing to each bins’ average can be
found in supporting information Figures S1 and S2.

The authors recognize that the latitude bins used here, which are chosen for sake of comparison to previous
Pacific data with matching latitudinal binning, are not optimally defined in terms of the influencing source
regions. This is evident, for instance, in the northern midlatitudes. In this region, our profile presentation indi-
cates a strong low-altitude contrast between the Pacific and Atlantic extending from N20 to N60. However,
inspection of the rBC spatial distribution in Figure 1 reveals that the major difference only extends as far as
N40 latitude. To this extent, some discretion is necessary on the readers’ part when interpreting the profiles.

Figure 1. (left) Flight tracks (colored line) of the NASA DC-8 during the ATom1 August 2016 deployment. Colored boxes at the far-left show latitude binning for
Pacific and Atlantic data. (right) Altitude versus latitude for the Pacific (top) and Atlantic (bottom), colored by black carbon mass-mixing ratio in units of ng rBC/
kg of air. The color scale between the figures, which applies to all of Figure 1, represents black carbon mass mixing ratio in ng/kg.
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3.1. rBC Spatial Distributions

Vertical rBC MMR profiles for each region in the Pacific are shown in Figure 2. Here the solid colored line
represents the average of the individual profiles in the region (individual profiles are available in supporting
information). The colored dashed lines in Figure 2 represents the seasonally matched HIPPO data (HIPPO5 for
this data set). Dashed gray lines represent the remaining HIPPO deployments, which provide a sense of

Figure 2. Pacific ATom1 rBC mass-loading vertical profiles with 1 km vertical binning. Solid thick colored line is ATom1 average profile data, with 25th and 75th per-
centile shown in solid thin lines of the same color. Colored dashed line is HIPPO5 (which was during the same season). Gray dashed lines are other High-performance
Instrumented Airborne Platform for Environmental Research Pole-to-Pole Observations deployments for scale of seasonal variation. Thick black line is the
Aerosol Comparisons between Observations and Models suite average with 25th and 75th percentile shown in the thin black line. Gray shading represents the
minimum andmaximumAerosol Comparisons between Observations andModels values. The bottom right panel shows all ATom1 remote Pacific profiles. BC = black
carbon; MMR = mass mixing ratio; rBC = refractory BC.
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variations due to seasonality. Average Pacific rBC profile MMRs ranged from 0.05 to 5 ng/kg, with the lowest
rBC loadings observed in the lower troposphere of the southern polar region. The highest MMRs were at high
altitude near both poles and midaltitude in the southern midlatitude region, though the high-altitude polar
data are relatively limited in statistics compared to the other regions explored here. The agreement between
ATom1 and HIPPO5 in both the northern polar andmidlatitude regions is remarkable, showing no statistically
significant difference in N60–N90 and only a slight difference at midaltitude between N20 and N60. The
equatorial region (S20–N20), which shows distinct evidence of convectively processed clean air in the
pressure range 450–850 hPa, exhibits consistency in the two data sets at both low and high altitude, with
approximately 1 standard deviation (calculated using individual profiles) lower loading at midaltitudes.
This difference becomes more significant in the southern midlatitudes (S60–S20), where the ATom data
are clearly statistically lower throughout the column, until an apparent convergence at the top. However,
compared to the overall seasonal variation of all HIPPO data, the two average profiles are still comparable.
Observations in the southern Pacific, while of poor statistical significance due to low profile count, generally
reveal similar concentrations as in HIPPO, and evidence the same vertical trends now expected in the region
due to high altitude transport and low altitude removal.

The comparison between ATom1 and the seasonally matched HIPPO data can be used as a test for evaluating
the relationship between short-time scale remote BC measurements averaged over large areas and
climatological averages. Overall, we find reasonable agreement between the two data sets. Within individual
latitude bands and altitude ranges, some variability exists (lower pane of Figure S4), and the global-scale
average (Figure S4, black trace) also exhibits variation, spanning an order of magnitude over the altitude
range explored when all five latitude bins are included. However, this variation drops to just a factor of
two when the S90–S60 bin, which has poor statistics, is excluded. Using a simple vertical-line fit to the
global-scale average as an indicator of agreement, we calculate an average ATom1/HIPPO5 ratio of 1.05.
Further, in all regions, the seasonal variation between HIPPO deployments is significantly larger than that
between seasonally matched ATom1 and HIPPO profiles. While the degree to which ATom BC data can be
considered climatologically representative is currently unknown and the subject of ongoing analyses, these
findings strengthen confidence that background BC concentration profiles have long-scale climatological
relevance and provides some scale for variability within the climatology.

Average Atlantic rBC profile MMRs span the range of 0.2 to 640 ng/kg and, in the lower and middle
troposphere, are often substantially higher than Pacific loadings at comparable latitudes. The one obvious
exception to this is the northern polar Atlantic where loadings were low and stable throughout the entire
column, with the average never exceeding 2.5 ng/kg at any altitude before falling back to just below
1 ng/kg at ~190 hPa. The highest Atlantic MMRs are associated with African BB (S22–N12 latitude) and
Saharan dust outflow (N16–N34 latitude) below 6 km. These enhanced loadings noticeably affect both the
northern and southern midlatitude regions, though more so in the northern hemisphere. Both midlatitude
regions exhibit not only substantial vertical gradients, but also latitudinal gradients at low altitude, with larger
values near the tropics. For instance, the southern midlatitude region’s average MMR below 1 km, at
25 ng/kg, is biased by the two most northern of the 11 measured profiles (31 and 234 ng/kg at 27S and
21S latitude, respectively). The average drops to 0.5 ng/kg when these two constituent profiles are excluded.
However, as the influence of BB outflow tapers dramatically at 500 hPa, these two profiles do not bias the
profile high throughout the column. Low-altitude loadings in the northern midlatitude region reveal weaker
latitudinal gradients, likely due to the gradual mixing of Saharan dust outflow with northern hemisphere
anthropogenic outflow.

The equatorial region itself has extremely high and relatively uniform concentrations, as high as 600 ng/kg,
which are constrained to pressures higher than 600 hPa (here below ~4 km AMSL) and exhibit very little
latitudinal variation. In fact, the extraordinary MMRs found here make up about 60% of the total rBC mass
sampled over remote ocean during ATom1. The observed loadings are in good agreement with the
measurements of Zuidema et al. (2018), who continuously monitored boundary layer rBC loadings on
Ascension Island from June 2016 to October 2017 as part of the Layered Atlantic Smoke Interactions with
Clouds campaign. Inspection of Layered Atlantic Smoke Interactions with Clouds data over a 5-month period
(which is inclusive of the time period of ATom1) reveals that BC concentrations far from Africa’s coast, which
peaked at more than 1,700 ng/kg at Ascension in mid-August, regularly exceeded 100 ng/kg. These
concentrations are well beyond those typically observed over remote ocean. Further, the African outflow
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as viewed by ATom1 spanned roughly 30° of latitude (refer to Figure 1), with near-surface concentrations
typically above 500 ng/kg and never falling below 100 ng/kg (see Figure S2). These two points lead us to
postulate that our Atlantic equatorial profiles is representative of a persistent large-scale plume
predominantly contained within our defined equatorial region, and not simply due to the interception of a
short-lived event. Ongoing analysis of Atom 2–4 will provide valuable insight regarding this.

Between altitudes of 4 and 6 km (600 and 460 hPa), a dramatic drop-off in concentrations occurs in the
equatorial region before tapering to much lower uniform loadings of about 1 ng/kg. Hybrid Single-Particle
Lagrangian Integrated Trajectory back trajectories confirm that while the rBC below 4 km can be attributed
almost solely to African outflow, there exists variation in the source regions above this altitude. This suggests
that the air masses above this level have experienced a more diverse history, including the transport and
aging processes of rBC contained within. Still, due to the abundance of rBC in the lower troposphere, it is
likely that some nonnegligible fraction of the high-altitude rBC in this region is due to upward transport
via deep convection. This could in part explain the ratio of middle and upper troposphere rBC in the
Atlantic to the Pacific, which varies between a factor of 2 and 10.

One consistent feature of the ATom1 data set that strengthens previous conjecture is that while loadings are
markedly different in several instances, all average rBC MMR profiles excepting the Pacific equatorial region
ultimately converge in the UT to values between ~0.2 and 4 ng/kg. This is in agreement with the findings of
the five HIPPO deployments as well as a combined global data set presented in Schwarz et al. (2017). Note
that ATom1 flights did not reach altitudes at which the Pacific equatorial profile from HIPPO was seen to
converged to the aforementioned levels, though the effect has been observed by other high-altitude
equatorial measurements such as Spackman et al. (2011). Overall, this feature of the ATom1 data strongly
supports the supposition that UTLS loadings reflect long-term and global-scale uniformity and can be used
as a simple challenge for global models.

3.2. Comparison to AeroCom Model Suite Climatology

Here we compare ATom1 profiles to model predictions from the Phase II AeroCom suite (Myhre et al., 2013).
Thirteen different models used emission inventories from the year 2000 and meteorology from 2006 to
generate amonthly average output (hereAugust) for rBCMMRs along the flight path. AeroCom’smonthly time
resolution is notably longer than the time scales over which the ATom measurements occurred within each
latitude bin (typically 1–3 days). Further, the spatial resolution of grids in the AeroCom calculations is notably
finer than our latitude bins (which are 10 s of degrees in latitude). Hence, some care in interpreting a compar-
ison is needed lest transient events skew our evaluation of model performance. For this analysis, we speculate
that potential errors from small-scale spatial and short-length temporal variations are negligible relative to the
model biases we observe. The ATom analysis length scales are so large and measurements are made so far
from sources that the potential for both spatial and temporal sampling errors is reduced (Schutgens,
Gryspeerdt, et al., 2016; Schutgens, Partridge, et al., 2016). As comparison of ATom1 Pacific data to HIPPO indi-
cates a reasonable degree of climatological representativeness, we do not expect these sampling limitations
to greatly curb our ability to assess ensemble performance of AeroCom models in the Atlantic.

Shown in Figures 2 and 3 alongside the ATom1 observations are the ensemble-average profiles of all 13 mod-
els, which is interpolated to the ATom1 profile latitudes, longitudes, and altitudes. A high bias in Phase II
AeroCom ensemble BC estimates over much of the remote atmosphere and at high altitudes is well
established (Samset et al., 2014; Schwarz et al., 2013, 2017), and it should be noted that several of the
included models have already been updated in response to HIPPO and other data for AeroCom Phase III.
However, Phase II has yet to be compared to the Atlantic on a global scale. Not surprisingly, the Phase II
models in each Pacific zone overestimate loadings from pole-to-pole at high altitude. It is notable that in this
season (as was the case in HIPPO5), the average factor of ~10 overestimation of the models exhibits little
altitude dependence (Figure S4), whereas the annual-average HIPPO measurement (Schwarz et al., 2013)
agreed slightly better with the model-ensemble at low altitude. For ATom1 Pacific data, the southern polar
region is the only bin that is inconsistent with both the general Pacific ATom1 and annual-average HIPPO
model-to-measurement trends. Here the model ensemble overestimates the measurement by less than a
factor of 2 at high altitude and more than a factor of 10 at low altitude. Note again, however, that this bin
has relatively poor statistics compared to others. Overall, the Pacific ATom1 model-to-measurement ratios
reinforce the HIPPO findings.
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The Atlantic model-to-measurement comparisons corroborate previous high-model bias conclusions at high
altitude, but exhibit substantially more variation at low altitude. In areas not strongly influenced by African
outflow, the model ensemble still tends to overpredict loadings to some degree across all latitudes and
altitudes. In the northern polar region, this occurs by roughly an order of magnitude throughout the column.
The northern midlatitude zone shows reasonable agreement at the lowest altitude before quickly diverging
above the boundary layer. There is no statistical difference in southern midlatitude measurements and

Figure 3. Atlantic ATom1 rBC mass-loading vertical profiles with 1 km vertical binning. Solid thick colored line is ATom1 average profile data, with 25th and 75th
percentile shown in solid thin lines of the same color. Thick black line is Aerosol Comparisons between Observations and Models suite average with 25th and
75th percentile shown in thin black line. Gray shading represents the minimum and maximum Aerosol Comparisons between Observations and Models values. The
Pacific to Atlantic ratio for each bin is shown in the lower left plot (note that there is no ratio for S90–S60, as ATom1 did not fly south of S60 in the Atlantic). The
bottom right panel shows all ATom1 remote Atlantic data. BC = black carbon; MMR = mass mixing ratio; rBC = refractory BC.
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predictions throughout most of the column (~830–400 hPa, or ~1.5–8.5 km), and at the lowest measured
altitude in this region (0.4 km) the measurement is a factor of 2.5 higher. As noted previously, the
low-altitude measurement in this region is heavily biased by its two northern-most profiles, which are
dominated by low-lying African outflow. Interestingly, inspection of individual profiles from model
predictions (not shown) in this southern region show that most models generate a population of profiles
that are influenced by BB, and another which is not, the average of which agrees well with our
measurement. On the contrary, individual model predictions in the northern midlatitude region are
consistently high above the boundary layer, which could be indicative of a difference in how the models
deal with anthropogenic versus BB influence, or in their source inventories.

The equatorial region of the Atlantic is the only place along the ATom1 flightpath where measured
concentrations noticeably exceeded model predictions. Enhanced rBC concentrations are predicted in the
lower troposphere, presumably from African outflow, though the maximum ensemble-estimate of
~130 ng/kg is well short of the observed average concentrations of about 600 ng/kg. This underprediction
stands in stark contrast to the model-high bias in most other remote areas throughout HIPPO and ATom1.
Recent studies, including Kipling et al. (2013) and Wang et al. (2014) conclude that the typical model-high
bias compared to HIPPO data is at least partially resolved by increasing the wet scavenging of BC. Other stu-
dies, however, indicate that regional differences in emissions, transport, and scavenging processes make it
difficult to extrapolate such results to other measurement series (Lund et al., 2018). It is a reasonable starting
point to assume that the low-altitude model biases in the remote equatorial Atlantic, and to some extent the
midlatitude regions, are driven by incomplete emission inventories, though long-range transport and
scavenging efficiencies may also contribute. Ultimately, this model overestimation, while limited to a
relatively small fraction of Earth’s surface area, most likely has important consequences when determining
rBC’s global DRE over remote ocean waters.

3.3. rBC DRE Over the Pacific and Atlantic

We estimate the DRE of rBC over the remote Pacific and Atlantic basins during the northern hemisphere
summer using both ATom1 measurements and the corresponding AeroCom model predictions. This is done
relying on the method presented in Samset and Myhre (2011) and Samset et al. (2014) which allows calcula-
tion of the normalized forcing of BC at different altitudes. Here we multiply each defined regions’ average
measured (and AeroCom modeled) BC concentration profiles (from Figures 2 and 3, which are in ng
rBC/kg air) by monthly (August) regional mean profile of normalized radiative forcing (W/g BC; see
Figures S5 and S6). The resulting DRE profiles are then integrated over the column to arrive at an estimate
for the average column DRE in each latitude bin in the Pacific and Atlantic. These integrated values are shown
for each latitude bin in Table 1, columns A and B. Those DRE numbers are then scaled by approximate remote

Table 1
Estimates of Refractory Black Carbon’s Direct Radiative Effect (in W/m2) for Each Latitude Region Over Each Basin, Including ATom (AeroCom) Estimated DRE, an Estimate
of the Fraction of Global Area, the Resulting Area-scaled DRE, and the Total Sums of the DRE That are Used to Make the Qualitative Statements in the Main Text

Pacific

A B C D E

ATom DRE (W/m2) AeroCom DRE (W/m2) Frac Global Area Scaled ATom DRE (W/m2) Scaled AeroCom DRE (W/m2)

N60–N90 0.082 0.554 0.01 0.001 0.006
N20–N60 0.039 0.572 0.06 0.002 0.034
S20–N20 0.003 0.048 0.10 0.000(3) 0.005
S60–S20 0.024 0.084 0.07 0.002 0.006
S90–S60 0.012 0.040 0.01 0.000(1) 0.000(4)
Sum: 0.25 0.005 0.051
Atlantic Atom DRE (W/m2) AeroCom DRE (W/m2) Frac Global Area Scaled ATom DRE (W/m2) Scaled AeroCom DRE (W/m2)

N60–N90 0.064 0.641 0.01 0.001 0.006
N20–N60 0.127 0.569 0.04 0.005 0.023
S20–N20 1.442 0.275 0.04 0.058 0.011
S60–S20 0.085 0.107 0.03 0.003 0.003
Sum: 0.12 0.067 0.043

Note. ATom = Atmospheric Tomography; DRE = direct radiative effect; AeroCom = Aerosol Comparisons between Observations and Models.
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longitude ranges (Table 1, column C) such that the resulting DRE numbers (Table 1, columns D and E)
roughly represent the total DRE within each latitude bin over the longitudinal span of the remote basins.
The sum of Table 1, columns D and E, over each basin represent the total DRE calculated using either
ATom1 or model data.

Over the entire Pacific basin, we find the DRE to be roughly an order of magnitude higher when using the
model input (0.051 W/m2) versus ATom1 input (0.005 W/m2); a result not surprising, given the wide spread
model high-bias in BC concentration. Conversely, in the Atlantic the DRE when calculated with model input
(0.043 W/m2) is just over one half of that calculated with ATom1 data (0.067 W/m2), reflecting the significant
low bias in the model in the African biomass-burning outflow. Indeed, the total sum of the DRE in the remote
Atlantic (0.067W/m2) is more than an order ofmagnitude larger than in the remote Pacific (0.005W/m2) when
using ATom1 data as input, compared to being roughly equivalent (0.051 W/m2) for model input. Combining
the Pacific and Atlantic, we estimate the sum of DRE over both basins to be quite comparable when using
model input (0.094 W/m2) versus ATom1 data (0.072 W/m2). This finding is markedly different than previous
conjecture in Schwarz et al. (2013), which suggested that model-overestimates of DRE in remote atmospheres
could potentially be even higher than their concluded range of a factor of 3–11. While the DRE calculations
presented here are specific to August 2016, it is possible that models underestimate the DRE over remote
oceans during all portions of the year when African biomass burning is significant.

4. Conclusion

We have measured BC concentrations over remote regions of the Pacific and Atlantic basins during the first
installment of NASA’s ATom campaign in August of 2016. The data highlight dramatic differences in loadings
between the two basins and provide valuable new constraints on BC concentrations in remote regions
throughout the globe, which in most areas are dominated by long-range transport and removal. The
Pacific data are generally in good agreement with seasonally matched HIPPO data, supporting the
climatological relevance of background BC loading profile measurements averaged over large latitude bands.
The Atlantic loadings are often higher than the Pacific, especially in lower altitude regions that are heavily
influenced by outflow from Africa including biomass burning and dust source regions. The data show
significant vertical gradients of rBC loadings in both the Pacific and Atlantic that converge to near-uniform
(relative to the overall span of observed) concentrations of 0.2–4 ng/kg in the UTLS, which strongly supports
the idea of globally uniform rBC loadings in the UTLS. Comparison of Phase II AeroCom ensemble-average BC
load predictions to the expansive remote Atlantic measurements supports previous findings that
concentrations are dramatically overestimated in the UTLS throughout the globe. However, model-low biases
of BC loadings below 5 km in the Atlantic equatorial region likely negates any significant high
AeroCom-ensemble bias in total BC DRE over remote ocean waters during peak burning seasons.
Ultimately, more seasonal measurements of BC loadings in both remote regions and near sources remain
necessary to further constrain the global BC burden and their effects on DRE.
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