Global atmospheric black carbon inferred
from AERONET
Makiko Sato*†, James Hansen*†‡, Dorothy Koch*†, Andrew Lacis*†, Reto Ruedy*§, Oleg Dubovik¶, Brent Holben¶,
Mian Chin¶, and Tica Novakov储
*National Aeronautics and Space Administration Goddard Institute for Space Studies and †Columbia University Earth Institute, New York, NY 10025; §SGT,
Inc., 2880 Broadway, New York, NY 10025; ¶Goddard Space Flight Center, Greenbelt, MD 20771; and 储Lawrence Berkeley National Laboratory,
Berkeley, CA 94720
Contributed by James Hansen, April 1, 2003

aerosols 兩 air pollution 兩 climate change

G

lobal climate forcing by black carbon (BC) aerosols is
uncertain in magnitude. The Intergovernmental Panel on
Climate Change estimated a global mean BC forcing of 0.1
W兾m2 in their 1996 report (1), but in 2001 they raised this to 0.3
W兾m2 (2). Others (3, 4) suggest that the BC forcing is probably
larger, ⬇0.5 W兾m2 or more. The BC forcing needs to be known
accurately for the sake of interpreting past climate change,
projecting future change, and developing the most effective
strategies for mitigating anthropogenic climate change.
It is difficult to determine the BC climate forcing by using
emission estimates and aerosol transport models, because of
imprecise knowledge of BC sources and uncertainties in simulation of aerosol removal mechanisms. We propose an alternative empirical approach for estimating the BC amount that uses
photometer data in the long wave (red) portion of the spectrum.
This approach is based on the fact that BC absorption exhibits
a 1兾 spectral dependence over this entire wavelength range (5).
This makes it possible to distinguish BC from other absorbing
aerosols, specifically organic carbon (OC) and soil dust, which
have appreciable absorption only at  ⬍ 600 nm (6). We employ
the optical depths for aerosol absorption (a) measured by
AERONET photometers (7, 8) at ⬎250 sites around the world.
We compare the aerosol absorption measured by AERONET
with the aerosol absorption in two aerosol climatologies, which
we label Koch (9) and Chin (10). This comparison yields a factor
by which the BC climatologies must be altered to achieve best
agreement with AERONET observations.
The aerosol compositions are treated as if they were externally
mixed in the aerosol climatologies and in our radiative forcing
calculations. This assumption does not affect our resulting
estimate for the BC climate forcing, because both the forcing and
the AERONET-measured a depend on the BC absorption, not
the BC mass. However, it means that, because internally mixed
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0731897100

BC absorbs more effectively (3, 11), the BC mass may be less
than obtained in the externally mixed approximation.
We first describe the AERONET data and the aerosol climatologies. We discuss assumed optical properties for soil dust and
OC, because the absorption by these aerosols is not negligible in
comparison with that of BC. We then estimate the amounts of
BC and OC that provide the best match to aerosol absorption
measured by AERONET. Finally we calculate the climate
forcing associated with the inferred BC amount and discuss
implications for strategies to minimize anthropogenic climate
effects.
AERONET Data
AERONET is an internationally federated, globally distributed
network of automatic sun and sky scanning radiometers that
routinely observe and transmit observations for processing and
posting to the AERONET web site (7). The instruments are
returned annually to Goddard Space Flight Center in Greenbelt,
MD, for calibration against Mauna Loa Langley calibrated
reference instruments for aerosol optical depth (⫾0.01) and a
National Institute of Standards and Technology referenced
integrating sphere for sky radiances (⬎5% absolute accuracy).
Our analysis uses the quality assured data that were available in
late November of 2002, when there were 322 AERONET sites,
of which 263 had data available for at least 1 month.
The processing method for the AERONET data (8, 12)
involves fitting the multiangle multiwavelength observations
with Mie scattering calculations, yielding best-fit values for
aerosol (extinction) optical thickness () and aerosol absorption
optical thickness (a). We employ the AERONET calculated
monthly means of  and a. These data are available for four
narrow wavelength bands centered at 440, 670, 870 and 1,020 nm.
We prepare the AERONET data for map display and comparison with aerosol model climatologies as follows. If there are
two or more stations within a 1° ⫻ 1° box for any given month,
their data (for  and a) are combined with equal weights.
Further, data for the 1° ⫻ 1° boxes within each 4° ⫻ 5° box are
combined with equal weights. If there are at least 2 months with
data in a given season for a given (4° ⫻ 5°) grid box, we calculate
the seasonal means of  and a. The number of 4° ⫻ 5° boxes with
seasonal mean data are thus 102 (March–April–May), 117
(June–July–August), 108 (September–October–November), and
81 (December–January–February). Annual means are calculated for the 95 4° ⫻ 5° boxes with at least three seasons of data.
There are 3,312 4° ⫻ 5° grid boxes on the globe, so the 95 boxes
with annual data cover ⬇3% of the world. The locations of the
boxes with data are shown in later figures in this paper. Coverage
is good in the United States, Europe, and most of South America
and Southern Africa.
We do not imply that a single station should be taken as
providing a representative mean for a 4° ⫻ 5° region. One can
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AERONET, a network of well calibrated sunphotometers, provides
data on aerosol optical depth and absorption optical depth at >250
sites around the world. The spectral range of AERONET allows
discrimination between constituents that absorb most strongly in
the UV region, such as soil dust and organic carbon, and the more
ubiquitously absorbing black carbon (BC). AERONET locations,
primarily continental, are not representative of the global mean,
but they can be used to calibrate global aerosol climatologies
produced by tracer transport models. We find that the amount of
BC in current climatologies must be increased by a factor of 2– 4 to
yield best agreement with AERONET, in the approximation in
which BC is externally mixed with other aerosols. The inferred
climate forcing by BC, regardless of whether it is internally or
externally mixed, is ⬇1 W兾m2, most of which is probably anthropogenic. This positive forcing (warming) by BC must substantially
counterbalance cooling by anthropogenic reflective aerosols. Thus,
especially if reflective aerosols such as sulfates are reduced, it is
important to reduce BC to minimize global warming.

Fig. 1.

Aerosol absorption (1,000 ⫻ a) at  ⫽ 550 nm based on the chemical transport models of Koch (Left) and Chin (Right).

argue that, because of the small-scale heterogeneity of aerosols,
many stations are required within a 4° ⫻ 5° box to obtain grid box
mean values. On the other hand, the atmospheric lifetime of
aerosols is typically several days, during which time the aerosols
can travel thousands of kilometers, even though the aerosols may
undergo physical and chemical changes during that period. Thus,
one way to estimate global aerosol distributions and global mean
aerosol properties is to use observations such as those of
AERONET to test and constrain the aerosol climatologies from
aerosol chemical transport models. That is the essence of the
approach that we employ in this study. Improvements in this
approach will be possible in the future, as aerosol sources for the
transport models are specified with more precision, transport
calculations improve, and aerosol observations attain better
coverage and include additional aerosol microphysical composition-related information.
Transport Model Climatologies
We employ aerosol climatologies from two chemical transport
models, Koch and Chin, to obtain an indication of how the results
depend on the assumed aerosol climatology. We use the same
aerosol optical constants and size distributions in the two models
to eliminate that as a source of difference between the two
models. However, we vary aerosol optical constants and sizes to
examine their influence on the results.
The Koch and Chin aerosol distributions differ because of
differing sources, transports, and removal mechanisms. For the
constituents of special interest here, global sources for Koch兾
Chin in Tg of C per year are 5.2兾6.5 industrial BC, 6兾11 biomass
BC, 20.8兾10.5 industrial OC, 47兾77 biomass OC, and 8.7兾12.7
terpene OC. ‘‘Industrial’’ refers to the total fossil fuel contribution, including transportation.
Fig. 1 compares a in the Koch and Chin climatologies at
wavelength  ⫽ 550 nm (approximate midpoint of 440- and
670-nm AERONET channels).  is provided in Fig. 7, which is
published as supporting information on the PNAS web site,
6320 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0731897100

www.pnas.org. We also use the Chin sea salt distribution for
Koch, because at the time of our computations Koch had not
used her transport model to simulate sea salt. Koch’s soil dust
distribution is from an earlier study (13).
The global mean aerosol optical depth at 550 nm is 0.11 for
Koch and 0.12 for Chin. Regional and species differences are
larger. Chin has ⬇50% more sulfate than Koch. Koch’s industrial
OC is about twice that of Chin, whereas Chin’s biomass BC is two
and one-half times greater than Koch’s. These differences are
indicative of large uncertainties in sources, models, and resulting
aerosol amounts. Our objective is to derive information on global
BC amount despite current uncertainties in aerosol distributions.
Aerosol Optical Properties
BC is believed to be the aerosol most responsible for absorption
of solar radiation (14). However, OC (15) and soil dust (6) are
also significant absorbers, especially in the UV region. Therefore, we need to account for the absorption of these latter
aerosols as well as possible, before attempting to infer BC
absorption from AERONET observations. In this section we
define the optical properties that we used for all aerosols.
BC optical properties (16) have nr varying from 1.56 to 1.60
and ni from 0.48 to 0.53 over the relevant (AERONET) wavelength range. Sea salt is assumed to have nr ⫽ 1.45 and ni ⫽ 0
(16). Soil dust optical properties (17) have nr varying from 1.6 to
1.54 and ni varying from 0.024 to 0.005 over the relevant
wavelengths. Sulfate is practically nonabsorbing at relevant
wavelengths (18).
OC absorption properties are based on laboratory measurements on urban and biomass smoke samples at Lawrence
Berkeley National Laboratory (T. Novakov, personal communication), which yield an OC absorption coefficient (m2兾g) of
2.75, 0.95, 0.42, 0.32, and 0.21 at  ⫽ 400, 500, 600, 700, and 900
nm, respectively. The resulting values for ni ⫽ abs兾4 are
0.029, 0.013, 0.007, 0.006, and 0.005 at the respective wavelengths. We assume that nr ⫽ 1.5. The organic matter (OM) in
Sato et al.

Fig. 2.

Comparison of a from Koch and Chin models with AERONET observations at 440 and 670 nm.

Comparisons with AERONET Data
Fig. 2 compares a observed by AERONET with a calculated by
using the aerosol climatologies (models) of Koch and Chin. The
wavelengths illustrated, 440 and 670 nm, are the AERONET
wavelengths closest to  ⫽ 550 nm, where aerosol climatologies
are usually defined. The numbers in the upper-right corners are
area-weighted ‘‘global’’ means for grid boxes with data, so they
are biased toward the large values that occur over land.
It is apparent that both models, especially Koch’s, underestimate a at most AERONET locations. Primary exceptions are a
few grid-boxes in northern Africa, where both models have more
absorption than observed, and in Europe, where Chin has more
absorption than observed by AERONET.
Soil Dust. Excess absorption occurs in northern Africa in the

models despite the fact that aerosol optical depth (Fig. 7) in the
models is less than observed there. This finding suggests that
the soil dust absorption coefficient is too large in that region.
Others (8, 20, 21) have noted that the desert dust in this region
is much less absorbing than is obtained with the soil dust
properties that we have used (17).
It is desirable to minimize errors in the models’ soil dust
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the tracer transport model is assumed to be OM ⫽ 1.5 OC, the
additional portion of OM being nonabsorbing.
The calculated aerosol absorption and single scattering albedo
() also depend on the aerosol size distributions. However, we
find that the inferred BC climate forcing is not sensitive to
variations of the size distribution within reasonable ranges. Our
calculations here use the gamma size distribution (19) with
veff ⫽ 0.2. Most of our illustrations in this paper are for reff ⫽
0.2 m for BC, OC, and sulfate. The soil dust size distribution
is defined elsewhere (13) and sea salt has reff ⫽ 2 m. Use of the
same reff for BC, OC, and sulfate might be appropriate if they are
internally mixed. However, we also carried out our entire analysis
with reff ⫽ 0.04 and 0.1 m for BC and reff ⫽ 0.3 m for OC and
sulfate, for the purpose of verifying that our conclusions about
the derived optical depth and climate forcing by BC were not
affected by the aerosol size distribution. It is not surprising that
the inferred spectrally integrated BC absorption is rather insensitive to the aerosol size distribution, because the AERONET
wavelengths constraining the BC absorption are in the spectral
region of maximum solar irradiance. Errors in the size distribution primarily affect the calculated absorption at wavelengths
outside the AERONET range.

Fig. 3. Comparison of  from Koch and Chin models, using aerosol optical properties described in our text, with AERONET observations for the ‘‘full’’ soil dust
absorption coefficient of Patterson et al. (17).
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Fig. 4. Difference between modeled and AERONET-measured a, averaged over grid boxes with AERONET stations, as a function of the factors by which the
models’ BC and OC amounts are multiplied. The fifth column is the rms for the four AERONET wavelengths.

absorption before using the models for inferences about absorption by BC. The soil dust effect can be seen clearly in  at the
shortest wavelength, 440 nm, shown in Fig. 3. Even when the soil
dust absorption coefficient is reduced by one-half, the calculated
absorption is excessive in several grid boxes in northern Africa.
However, soil dust absorption varies considerably from one place
in the world to another, with the Sahara being a relatively high
albedo desert (6). Thus, a single soil dust absorption coefficient
cannot yield good agreement with observed absorption everywhere. We take, for our standard case, the reduced (50%) soil
dust absorption coefficient. However, we also carry out calculations with the larger soil dust absorption coefficient to show
that the uncertainty in soil dust absorption has only a minor
impact on the inferred BC absorption.
BC and OC. The other known absorbing aerosols, in addition to

soil dust, are BC and OC. BC is the primary absorber at the three
longer AERONET wavelengths, as mentioned above. However,
because there is uncertainty about the global amounts of both
BC and OC, we wish to allow both BC and OC to be variables
as we try to find a best fit with AERONET observations. Because
Koch and Chin assume a different ratio of BC兾OC emissions
(see above), it is of interest to see whether the AERONET
analysis can constrain this ratio.
Fig. 4 shows the difference between model a and AERONETmeasured a (‘‘global’’ means) as a function of the factors, FBC
and FOC, by which BC and OC amounts are changed individually
in the models. At a given wavelength, any combination of BC and
OC amounts within the white region provides a good fit to the
observed a. However, the rms best fit for the combination of all
wavelengths, shown in the fifth column of Fig. 4, yields a
reasonably well defined set of FBC and FOC for each of the Koch
and Chin climatologies. The factors are different for Koch and
Chin, but after multiplication by the amounts of BC and OC in
their unmodified climatologies, we find similar amounts for both
BC and OC (Table 1).
The consistency of the derived BC and OC amounts between
6322 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0731897100

the Koch and Chin distributions, despite their large differences
in aerosol sources and distributions, provides one piece of
evidence that the required very large increase in BC (factor of
⬇2–4) and large increase in OC (factor of ⬇1.5–2) are meaningful. In addition, the results are consistent at all three of the
longer wavelengths (Fig. 4), where BC is the primary absorber.
BC and OC sources are uncertain, and the ratio of their source
strengths is different in the Koch and Chin climatologies.
However, this difference between Koch and Chin is largely
removed when we allow BC and OC to vary independently in
fitting to AERONET data (Table 1). The resulting global
BC兾OC ratio is about twice as large as in the estimated sources.
Thus we speculate that, rather than the BC兾OC source ratio
being that much in error, the result is an indication that most BC
is internally mixed, as discussed below.
Discussion
Our conclusion, that there is more atmospheric absorption by BC
aerosols than has generally been realized, seems difficult to deny
unless one argues either that AERONET measurements are
inaccurate, with excessively large absorption, or that there is
Table 1.  and a at 550 nm for BC and OC in original and
modified climatologies
Koch

Chin



a



a

Original
Climatology

BC
OC

0.003
0.016

0.0016
0.0005

0.005
0.012

0.0029
0.0004

Multiplying
Factor

BC
OC

3.8
1.6

3.8
1.6

2.2
1.8

2.2
1.8

Inferred
Amount

BC
OC

0.010
0.025

0.0060
0.0008

0.011
0.022

0.0064
0.0007
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Climate Forcing. Fig. 6 shows the BC climate forcing calculated for

Fig. 5.

Single scattering albedo  (reff, ) for BC, OC, and soil dust aerosols.

Internal vs. External Mixing. The mass of BC implied by our results
is 2.0 ⫾ 0.4 mg兾m2 (or 1.0 Tg globally), assuming that the BC
occurs as externally mixed particles with reff ⫽ 0.2 m. Much of
the BC may in reality be combined with other constituents.
Absorption by BC specks that adhere to the outside of other
particles is accurately rendered by the externally mixed approximation (M. Mishchenko, personal communication). However, if
the BC is internally mixed, as it is with sulfate coating on BC, the
absorption effectiveness is altered. Specifically, it has been
shown that the average of all possible locations of BC within a
sulfate particle is accurately represented by the Bruggeman or
Maxwell-Garnett effective medium approximation (11). In that
case absorption by BC within sulfate aerosols is a factor of 2–2.5
greater than by BC in free air (i.e., BC externally mixed). Thus,
if internal mixing is the more common situation, the actual mass
of BC may be only about half of that estimated from the
externally mixed approximation, i.e., ⬇1 mg兾m2. Reality presumably lies somewhere between these two situations, but we
suggest that it may be closer to the internally mixed case for the

APPLIED BIOLOGICAL
SCIENCES

another strong absorber at the red wavelengths, in addition to
BC. We comment here on both of these possibilities.
Aerosol absorption is summarized in the single scatter albedo,
. The AERONET sites, mostly continental, have mean  that
decreases monotonically from 0.914 at 670 nm to 0.897 at 1,020
nm. There are several dozen papers reporting measurements of
aerosol absorption at various places around the world in recent
decades. These results provide no general indication that
AERONET is overstating aerosol absorption. Based on such
comparisons and on validations of the AERONET measurements (7, 8, 22), there is no indication that AERONET is
exaggerating aerosol absorption.
If there is an unidentified material providing the absorption,
the absorber would need to have properties similar to those of
BC in the sense of providing comparable absorption at all three
AERONET channels between 670 and 1,020 nm. Although there
have been suggestions of a possible mystery atmospheric absorber (23, 24), it has been shown that aerosols and water vapor
accurately reproduce atmospheric transmission data (25). Also,
AERONET measurements indicate that there is no significant
nonaerosol absorption in spectral bands without gaseous absorption (26), and it has been shown (ref. 27 and references
therein) that BC accounts for most of the aerosol absorption in
continental regions.
Fig. 5, which shows  (reff, ) for BC, OC, and soil dust, clarifies
why BC can match the absorption measured by AERONET and
the other aerosols cannot. AERONET retrievals show that the
aerosols become slightly darker as  increases from 670 to 1,020
nm. Fig. 5a shows that BC becomes gradually darker toward
longer , so that, when combined with the predominant nonabsorbing aerosols, it is easy to achieve a rather flat , decreasing
slightly to longer wavelengths. OC and soil dust have the
opposite behavior for any reasonable particle size. Although one
can hypothesize an unidentified absorber, Occam’s razor favors
BC as the primary absorber at the red wavelengths.

the BC amount that we inferred from the Koch and Chin models,
the global means being 0.91 and 1.05 W兾m2. OC forcings for
Koch and Chin are ⫺0.45 and ⫺0.38 W兾m2, with most of this
forcing from biomass burning, but OC forcings are poorly
constrained by AERONET because of the similarity of OC and
soil dust absorption spectra. These forcings are calculated with
the assumption that aerosol optical depths are similar in clear
and cloudy regions, an assumption that may exaggerate the
climate forcings, because the rainout preferentially reduces
aerosols in cloudy regions. Because rain occurs in only a fraction
of the cloudy area and does not scavenge 100% of the aerosols,
and because aerosols occur above and below the clouds, it seems
unlikely that the average aerosol burden in cloudy regions is
reduced by more than half.
The fossil fuel portion of the BC climate forcing (35% for Chin
and 50% for Koch, but our analysis provided no check on these
proportions) must be anthropogenic, and part of the biomass兾
biofuels BC is natural. Thus, accounting also for reduced aerosol
amount in cloudy regions, we estimate the anthropogenic BC
forcing as ⬇0.7 ⫾ 0.2 W兾m2. The indicated uncertainty is a
subjective 1 error estimate.
This BC climate forcing is larger than the 0.3 W兾m2 estimated
by the Intergovernmental Panel on Climate Change (2001),
although we note that this estimate referred only to the fossil fuel
component. The derived BC climate forcing is reasonably consistent with an estimate (3) of ⬇0.5 W兾m2 for the fossil fuel
component. It is also consistent with the estimate 0.8 ⫾ 0.4
W兾m2 for the total BC forcing (4) that included indirect BC
forcings such as reduced snow albedo.

Fig. 6.
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Climate forcing by BC based on the Koch and Chin models modified by AERONET.
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reason given in the final section above. The global atmospheric
mass of BC is thus in the range 0.5–1.0 Tg, but probably closer
to the lower value.
Practical Implications. We conclude that BC aerosols cause a

larger climate forcing than has been assumed by the Intergovernmental Panel on Climate Change (1, 2). This large positive
climate forcing has occurred in approximately the same regions
of the globe as the negative direct and indirect climate forcings
by reflective aerosols (sulfates, nitrates, and OC). We suggest
that this large positive BC forcing provides a partial explanation
for why global warming has proceeded rapidly despite the fact
that the estimated negative (direct plus indirect) forcing by
reflective aerosols is almost as large as the positive forcing by
long-lived greenhouse gases (2, 4). Another air pollutant, tropospheric ozone, contributes in a similar way to BC (4).
If, as we suggest, BC has substantially reduced the net cooling
effect of anthropogenic aerosols, there is a danger that policies
designed to reduce reflective aerosols, such as sulfates and
nitrates that cause acid rain, could accelerate global warming.
This suggests that policy-makers should place at least as much
emphasis on reducing BC aerosols (‘‘soot’’) as on reducing
reflective aerosols.
Jacobson (3) goes even further, suggesting that reducing BC
aerosols may be the best strategy to slow global warming,
perhaps more effective than slowing CO2 emissions. That is
unlikely. Reduction of BC emissions could minimize the global
warming bounce that will result from reductions in reflective
aerosols, but, at best, the net cooling effect will be small, for
several reasons. First, actions to reduce BC will also reduce OC
from the same sources, and, as shown above, the negative OC
forcing counterbalances about half of the BC forcing. Second,
some of the actions that reduce BC and OC require reducing the
sulfur content of fuels, which will reduce the negative forcing by
sulfate aerosols. Third, reduced aerosol amounts will tend to
reduce the (negative) indirect aerosol forcing because of their
effects on clouds (2). Fourth, the efficacy of the direct climate
forcing by absorbing aerosols is less than that for the same
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forcing by CO2 and other well mixed greenhouse gases, i.e., it is
less effective in producing warming of surface air temperature
(28). For these reasons, the cooling effect of actions to reduce
BC emissions will be small. Nevertheless, we agree that such
actions are desirable not only to minimize the warming from
expected reductions in reflective aerosols, but also to reduce the
regional climate impacts of BC aerosols (29) and the human
health and agricultural impacts of these aerosols.
Despite the uncertainties in the several climate forcings
associated with actions designed to reduce aerosols, meaningful
implications can be drawn for both developing and developed
countries. The large emissions of soot aerosols in developing
countries have negative impacts on human health, agricultural
productivity, regional climate, and global warming. Reductions
of soot emissions from cook-stoves, polluting industries, and
vehicles thus would have multiple benefits.
In developed countries, diesel-powered vehicles are one of the
largest sources of BC aerosols. Although there are plans to
reduce such emissions from trucks, buses, and off-road vehicles
in many developed countries, there is also a trend toward
increasing use of diesel automobiles. This latter trend is driven
by the higher efficiency of diesel engines, and thus reduced fuel
cost and reduced CO2 emissions. However, diesel engines produce much more BC, and although particle traps can capture
most of the BC, these traps are expensive and it may be difficult
to assure use of the traps for the life of the vehicle. Gasoline–
electric hybrid engines are a diesel alternative that reduce both
CO2 and BC emissions, thus presenting a win–win option for
climate and human health.
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