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•  Black carbon (BC) exerts positive aerosol forcing 
(warming) - second only to CO2 

•  BB is a significant source of brown carbon (BrC) 
- Exhibits pronounced λ dependence in absorption 
- Role as CCN (in contrast to nascent BC) 

•  Estimated total climate forcing due to BB:                  
         -0.11 (-0.46 to +0.15) W m-2 (Bond et al. 2013) 

Uncertainly reflects knowledge gaps in BC-cloud interactions 
& BC interactions with co-emitted organic carbon 
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tration change, 0.97 (0.80 to 1.14) W m–2 versus 0.48 (0.43 to 0.53) 
W m–2, respectively. This is because emission of CH4 leads to ozone 
production, stratospheric water vapour, CO2 (as mentioned above), and 
importantly affects its own lifetime (Section 8.2). Actually, emissions of 
CH4 would lead to a stronger RF via the direct CH4 greenhouse effect 
(0.64 W m–2) than the RF from abundance change of CH4 (0.48 W m–2). 
This is because other compounds have influenced the lifetime of CH4 
and reduced the abundance of CH4, most notably NOx. Emissions of CO 
(0.23 (0.18 to 0.29) W m–2) and NMVOC (0.10 (0.06 to 0.14) W m–2) 
have only indirect effects on RF through ozone production, CH4 and 
CO2 and thus contribute an overall positive RF. Emissions of NOX, on 
the other hand, have indirect effects that lead to positive RF through 
ozone production and also effects that lead to negative RF through 

reduction of CH4 lifetime and thus its  concentration, and through con-
tributions to nitrate aerosol formation. The best estimate of the overall 
effect of anthropogenic emissions of NOX is a negative RF (-0.15 (-0.34 
to +0.02) W m–2). Emissions of ammonia also contribute to nitrate aer-
osol formation, with a small offset due to compensating changes in 
sulphate aerosols. Additionally indirect effects from sulphate on atmos-
pheric compounds are not included here as models typically simulate 
a small effect, but there are large relative differences in the response 
between models. Impacts of emissions other than CO2 on the carbon 
cycle via changes in atmospheric composition (ozone or aerosols) are 
also not shown owing to the limited amount of available information.

For the WMGHG, the ERF best estimate is the same as the RF.  The 
uncertainty range is slightly larger, however.  The total emission-based 
ERF of WMGHG is 3.00 (2.22 to 3.78) W m–2.  That of CO2 is 1.68 (1.33 
to 2.03) W m–2; that of CH4 is 0.97 (0.74 to 1.20) W m–2; that of strat-
ospheric ozone-depleting halocarbons is 0.18 (0.01 to 0.35) W m–2.

Emissions of BC have a positive RF through aerosol–radiation interac-
tions and BC on snow (0.64 W m–2, see Section 8.3.4 and Section 7.5). 
The emissions from the various compounds are co-emitted; this is in 
particular the case for BC and OC from biomass burning aerosols. The 
net RF of biomass burning emissions for aerosol–radiation interactions 
is close to zero, but with rather strong positive RF from BC and negative 
RF from OC (see Sections 8.3.4 and 7.5). The ERF due to aerosol–cloud 
interactions is caused by primary anthropogenic emissions of BC, OC 
and dust as well as secondary aerosol from anthropogenic emissions 
of SO2, NOX and NH3. However, quantification of the contribution from 
the various components to the ERF due to aerosol–cloud interactions 
has not been attempted in this assessment.

8.5.2 Time Evolution of Historical Forcing

The time evolution of global mean forcing is shown in Figure 8.18 for 
the Industrial Era. Over all time periods during the Industrial Era CO2 
and other WMGHG have been the dominant term, except for short-
er periods with strong volcanic eruptions. The time evolution shows 
an almost continuous increase in the magnitude of anthropogenic 
ERF. This is the case both for CO2 and other WMGHGs as well as sev-
eral individual aerosol components. The forcing from CO2 and other 
WMGHGs has increased somewhat faster since the 1960s. Emissions 
of CO2 have made the largest contribution to the increased anthropo-
genic forcing in every decade since the 1960s. The total aerosol ERF 
(aerosol–radiation interaction and aerosol–cloud interaction) has the 
strongest negative forcing (except for brief periods with large volcanic 
forcing), with a strengthening in the magnitude similar to many of the 
other anthropogenic forcing mechanisms with time. The global mean 
forcing of aerosol–radiation interactions was rather weak until 1950 
but strengthened in the latter half of the last century and in particular 
in the period between 1950 and 1980. The RF due to aerosol–radiation 
interaction by aerosol component is shown in Section 8.3.4 (Figure 8.8).

Although there is high confidence for a substantial enhancement in the 
negative aerosol forcing in the period 1950–1980, there is much more 
uncertainty in the relative change in global mean aerosol forcing over 
the last two decades (1990–2010). Over the last two decades there 
has been a strong geographic shift in aerosol and aerosol precursor 

Figure 8.17 | RF bar chart for the period 1750–2011 based on emitted compounds 
(gases, aerosols or aerosol precursors) or other changes. Numerical values and their 
uncertainties are shown in Supplementary Material Tables 8.SM.6 and 8.SM.7. Note 
that a certain part of CH4 attribution is not straightforward and discussed further in 
Section 8.3.3. Red (positive RF) and blue (negative forcing) are used for emitted com-
ponents which affect few forcing agents, whereas for emitted components affecting 
many compounds several colours are used as indicated in the inset at the upper part 
the figure. The vertical bars indicate the relative uncertainty of the RF induced by each 
component. Their length is proportional to the thickness of the bar, that is, the full length 
is equal to the bar thickness for a ±50% uncertainty. The net impact of the individual 
contributions is shown by a diamond symbol and its uncertainty (5 to 95% confidence 
range) is given by the horizontal error bar. ERFaci is ERF due to aerosol–cloud interac-
tion. BC and OC are co-emitted, especially for biomass burning emissions (given as 
Biomass Burning in the figure) and to a large extent also for fossil and biofuel emissions 
(given as Fossil and Biofuel in the figure where biofuel refers to solid biomass fuels). 
SOA have not been included because the formation depends on a variety of factors not 
currently sufficiently quantified.

(             )

IPCC Fifth Assessment Report: Climate 
Change 2013, Ch: 8. 



Wildland Fires: Shrub, Forest 
Urban: Seattle (3), Portland (2), 
Spokane (2) 
MBO (3) 
SEAC4RS: Joint mission Aug., 6 

Prescribed Agricultural burns: 
rice, soybean, sorghum 
Urban:  Nashville (2), Memphis (2) 
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Scientific Challenge:  
 To understand and quantify the role of BB in aerosol forcing (heating/cooling) 

 
Investigate the evolution of chemical, hydroscopic, microphysical, and optical properties 

of biomass burn aerosols in the near field 
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This field campaign leveraged the capabilities of several new instruments or 
instrument combinations that have not been previously used in aircraft.   

Microphysical Properties: 
SP-AMS (chemical composition) 
FIMS (10 – 300 nm @1 Hz) 
Microscopy (TEM) 
SP2 (rBC conc. & mixing state) 
Dual column CCN 
UHSAS/PCSAP 
Particle counter  

Trace gas 
PTRMS (VOCs) 
H2O, CH4, N2O, NO, NO2, NOy, CO, 
CO2, O3 and SO2 

 

Optical Properties  
3-λ nephelometer (scat; 450, 550, & 700 nm) 
3-λ PSAP (abs; 461, 523, & 648 nm)  
1-λ PAS (abs & scat; 355 nm) 
1-λ PTI (abs; 532 nm) 
1-λ CAPS (ext; 628 nm) 

Radiation 
SW, Upwelling hemispheric, spectral  
SW, Upwelling hemispheric, broadband 
IR. Surface Temperature 
SW, Down-welling hemispheric, broadband, 
global and diffuse  
SW, Down-welling hemispheric, broadband, 
diffuse  

 

BBOP	
  Instrument	
  Suite	
  



Due to expected high OA/BC ratios, in situ measurement of light absorption is highly desirable:  
measurement artifacts associated with filter-based instruments 
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Excitation Laser  
(532 nm) Etalon 

block 

Interferometer  
Laser beam 
(632 nm) Retroreflector BS BS 

Mirror Mirror 

Reference Arm 

Probe Arm 

PTI (Sedlacek) 

PAS (Arnott) 



“Government Flats” Fire: 0 – 2 Hour Ageing 

24-hrs fire increased by > 2800 acres (4.4 sq. mi)  
Eventually consumed over 11,500 acres (18 sq. miles) 
Fuel: softwoods (pine and fir) and grass 
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Transect A à B offers opportunity to probe 
aerosol evolution without time gaps 
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Downwind Near Source 

•  Organic dominates aerosol mass 
•  Nitrate increases with age plume age 
•  UV absorption increases with nitrate 

Org  BC SO4 NO3 Chl 

Organonitrates can exhibit light absorption at shorter wavelength (Flores et al., 2014) 

Examine dependence of MACBC on NO3 to evaluate whether coating contains BrC 
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Plot courtesy of Y. Feng (ANL) 

Assumes that all ORG contributes to BrC absorption 

•  Assume negligible BrC absorption at λ = 532 nm 
•  Use Babs (BC, 532 nm) for estimate of Babs (BC, 355 nm) 
•  Babs (BrC, 355 nm) = Babs (total, 355 nm) - Babs (BC, 355 nm) 
•  OA loading from SP-AMS 
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Does	
  the	
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  Evolve?	
  

Examine AàB transect introduced earlier  
 
Assumption: All OA is BrC (unlikely) 
 
Preliminary analysis suggests that the 
MACBrC increases downwind of the fire 
 
Limiting BrC to oxidized OA -  

•  Larger MACBrC 
•  Suppress change in MACBrC 
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FIG. 4. (a) Ratio of PSAP to PAS measured aerosol absorption coefficient as
a function of Q-AMS OA mass. OA mass concentrations measured for different
regions of the globe are included from data from Zhang et al. (2007) and this
study. (b) Ratio of PSAP to PAS absorption versus ratio of OA to estimated
LAC mass. The laboratory data of Cappa et al. (2008a) are included as red
circles (LAC) and squares (Nigrosin). For both Figure 4a and Figure 4b graphs
the solid black line is a least-square fit to the data, the dashed line is the expected
1:1 agreement between PSAP and PAS, the grey points are individual data points
from which bin averages are obtained. Size of the binned data points relates to
abundance of data in each OA mass bin and uncertainty bars are 1 σ . (c) A
reproduction of Figure 4b showing the individual data points color coded by
fraction of OOA to total OA. Black solid line is the linear fit to all data, dashed
black lines are linear fits to the 25% of data having the lowest and highest
fractions of OOA. Expected 1:1 line is also included.

bias (due to evaporation or otherwise) was found to be small
compared to the total absorption (Cappa et al. 2008a).

The Optical Nature of Organic Aerosol
When considering the nature of OA, it is important to under-

stand the extent to which the OA is light absorbing in nature,
which is currently not well established at the mid-visible wave-
lengths considered here. The PSAP data were used to determine
the Ångström exponent of absorption (Åabs), defined as:

Åabs = In (bx/by)
In (x/y)

[1]

where bX and bY are the measured absorption at wavelengths x
and y (467 nm and 660 nm). Kirchstetter et al. (2004) showed
that some compounds in OA emitted by biomass combustion
(termed CBROWN due to their brown or yellow appearance) have
a spectral dependence of light absorption that is stronger than
that due to soot (i.e., Åabs for soot = 1; Åabs for CBROWN > 1).
Subramanian et al. (2007) showed that OA containing particles
from biomass combustion (including CBROWN) are often liquid-
like and can form beads and coatings around the filter fibers after
deposition. They suggested that this could alter absorption and
scattering by the deposited OA compared to its in-situ state and
affect filter-based measurement of absorption. If the deposition
and spreading of CBROWN is the source of the bias we might
expect to see Åabs > 1 for much of the data. For OA > 2 µg m−3

(majority of data) Åabs was near 1 (Figure 5), which suggests that
the influence of OA on the PSAP absorption is not from CBROWN.
At lower OA concentrations, where HOA was a larger fraction of
the OA, the Åabs is noisy due to lower absorption levels but does
display a small upward trend to a Åabs of ∼1.5, suggesting that
the HOA measured may be mildly absorbing. However, the OA
in this study appears to be dominated by non-absorbing OOA.
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Lack et al.,(2008) dataset does not contain 
significant sampling of biomass burning aerosol. 
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So:         solar flux (ToA) 
T:           atmospheric transmittance 
(1-Ac):   albedo in non-cloud covered areas 
R:           mean surface reflectance 
β:           mean upscatter fraction  (0.14) 
τ:            extinction optical depth 
ω:           single scattering albedo 

Forcing Fraction Optically-thin limit (Chylek and Wong, 1995)   

ΔF ≈         T 2 (1 − Ac)τ[2βω(1 − R)2 − 4R(1 − ω)]  −So 
 2 

Surface albedo is important on FF estimate 
 Pre-burn albedo: 0.15 – 0.4 
 Burn albedo: ~ 0.05 

Smoke aerosols quickly evolve to become negative forcers (< 2 hrs) 



Summary	
  

•  Rapid evolution of BB aerosol optical properties (SSA, AAE) 

•  AAE values suggest presence of brown carbon (BrC) 
 MACBC dependence on NO3 concentration observed at 355 nm only 

•  Estimate of MACBrC (355 nm): ~1 ± 0.04 m2/g 

•  Evidence for the evolution of MACBrC downwind of fire 

•  PSAP exhibits measurement bias on OA/BC ratio that consistent with previous 
study Radiative forcing in the optically-thin limit: 

 In situ measurements suggest BB quickly exhibit SSA values consistent with 
negative forcing 

 PSAP suggest that this transition takes much longer 
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