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ABSTRACT
This report provides an assessment of the impact of black carbon on the regional
radiative forcing and climate trends of California. The present regional integrated
assessment is the first such attempt to estimate the radiative forcing of BC for
one region (California in this case), both from a bottom-up approach (starting with
emission inventory as input to aerosol-transport models) and a top-down
approach (adopting satellite data in conjunction with ground based column
averaged aerosol optical properties). This approach enabled us to uncover three
unanticipated major findings: i) The first finding concerns the large decadal
trends in BC concentrations largely in response to policies enacted to decrease
PM emissions from diesel combustion. ii) The second is the discovery of the
large effects of brown carbon (a form of organic carbon aerosols) on radiative
forcing. iii) The third is the large discrepancy between the top-down and the
bottom-up approach of estimating radiative forcing and ways to close the gap.
Observed multi-decadal BC trends: The trends in BC concentrations were
determined from assimilation of mass-based measurements (from the IMPROVE
network that typically samples remote areas), and from analysis of the large set
of available COH (Coefficient of Haze) measurements (which typically sample
urban areas). The more reliable IMPROVE data showed that the annual average
BC concentrations in California have decreased by about 50% from 0.46 µg m-3
in 1989 to 0.24 µg m-3 in 2008. The COH data revealed that BC concentrations in
California decreased markedly from about 3.9 µg m -3 in 1966 to 2.3 µg m-3 in
1980 to 1.1 µg m-3 in 2000, agreeing with the trends reported from the IMPROVE
data sets. Trends in other co-emitted aerosols such as OC, sulfates were much
smaller or statistically insignificant. BC trends are related to an order of
magnitude reduction in diesel PM emissions since the first smoke reduction
standards were introduced in the 1970s. Other determining factors likely include
BC emissions reduction from other sources in the transport sector, the cleanup of
BC emissions in the industrial sector, and decreasing wood and waste burning
since 1990. Observations of large negative trends in BC and the lack of
corresponding negative trends in co-emitted OC and sulfate aerosols gives
compelling observational evidence for the model based hypothesis (e.g,
Jacobson, 2010; Bond et al, 2013) that mitigation of diesel BC would mitigate
global warming.
Importance of Brown Carbon for Solar absorption: Analysis of the spectral
dependence of solar absorption, measured in-situ as well as over the column,
indicates an enhanced absorption at shorter (<500 nm) wavelengths that
deviates from the expected behavior of BC. This enhanced absorption is
attributed to organic, “brown”, carbon. The solar absorption due to brown carbon
is found to contribute as much as 40% of the BC forcing in the near-UV (<440
nm) wavelengths. Field measurements in several independent campaigns using
aethalometers for absorption, and the ATOFMS for detailed chemical analysis
find that brown carbon is primarily related to residential wood burning. However,
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a new class of particles related to secondary organics, i. e., aged large organic
particles, is also found to contribute to solar absorption, thus raising the
possibility that fossil fuels also contribute – via their contribution to secondary
organic particles – to brown carbon absorption. We find that the direct warming
effect of brown carbon, ignored in most models, offsets about 60% to 90% of the
direct cooling effects of other organic carbon aerosols.
Direct Radiative Forcing Over California: We determine the radiative forcing
using a top-down approach developed by the PI’s (VR) group that relies on
NASA’s ground based AERONET data and assimilated satellite measurements
(MISR) of aerosol optical properties. This observationally constrained top-down
(OC_TD) estimate includes solar absorption by brown carbon while the emission
inventory based bottom-up (EI_BU) estimates included in this study do not
account for brown carbon. The uncertainty in the OC_TD forcing is about ±40%.
For the annual mean, the current top-of-atmosphere (TOA) forcing of BC+OC
varies from about 0.2 Wm-2 over Northern California (NCA) to as large as 1.9
Wm-2 over Southern California (SCA). The implication is, in the 1980s when BC
concentrations were higher by about 100%, the TOA forcing for BC+OC could
have been as large as 0.4 to 3.8 Wm-2. Overall we conclude that the large
negative trend in BC radiative forcing and the lack of corresponding negative
trends in OC, confirms the assessment of some other studies [Bond et al., 2013;
Jacobson, 2010a] that diesel related BC emission reduction would lead to global
cooling.
Regional Climate Effects: The regional climate changes associated with the
observed reduction in BC concentrations were estimated with a regional climate
model. The declining trends in BC (by a factor of five to approximate the 1960s)
cause a reduction in the TOA direct radiative forcing everywhere and the cooling
effect ranges from -0.5 to -3.5 Wm-2, consistent with the OC_TD estimates, with
larger effects during summer than winter. In response to this change, the lower
atmosphere is found to cool everywhere, accompanied by a smaller warming
near the surface, which is not statistically significant in any season. Overall, the
local climate effects are small.
Primary Finding: Mitigation of Global Warming
Reductions in emissions of BC, mostly from diesel engines, since the 1980s have
led to a measurable mitigation of anthropogenic global warming, equivalent to the
mitigation of 21 million metric tons of CO2 emissions annually. This climate
benefit may date back to at least the 1960s, and is currently ongoing.
Because of the long lifetime of CO2 (one century or longer) compared with the
much shorter lifetime of BC (about one week), mitigation of CO2 is critical for
limiting long term (>50 years) global warming, while mitigation of BC is critical for
limiting warming projected for the coming decades.
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EXECUTIVE SUMMARY

OVERALL FINDING
BC emission reductions since the 1980s, attributed in large part to diesel engine
emissions mitigation, are equivalent to reducing CO2 emissions by 21 million
metric tons annually. This is approximately equal to 5 % of the total direct CO2
annual emissions of 393 million metric tons.
As on-road diesel is very low in sulfur in developed regions and lowering
elsewhere, and since compared to other major BC sources, diesel PM has more
BC and less OC, it follows that controlling diesel BC would have a cooling effect.
The control of BC from diesel therefore is an effective means of mitigating nearterm global climate change. This observationally based conclusion is consistent
with recent modeling studies [e.g. Jacobson, 2010; Bond et al., 2013], which
suggested that reduction of BC from diesel sources would lead to global cooling.
However, we would like to caution that, without simultaneous reduction of CO2
emissions, it will not be possible to limit future warming to below 2 0C as required
by the Copenhagen accord.
Background
Black Carbon (BC): Soot contains black carbon and organic carbon aerosols,
which absorb and scatter solar radiation and thus impacts the climate system
from local to regional and global scales. The component of soot that absorbs
solar radiation is usually referred to as black carbon (BC) or elemental carbon
(EC). The two terms, BC and EC, are used interchangeably and we follow the
same practice in this report. BC or EC is simply a functional definition that
depends on the measurement technique. In principle, the relatively strong light
absorption properties of BC can be used to infer BC from an optical
measurement and knowledge of the mass specific absorption of BC. In thermal
methods, the filter media used for sample collection is heated and the thermally
evolved carbon in the specified temperature plateau and analysis atmosphere
defines the concentration of EC and organic carbon (OC).
Brown Carbon (BrC): Organic carbon is normally assumed to be a pure
scattering aerosol. However, recent experimental studies have demonstrated that
a fraction of OC also absorbs sunlight with their absorption increasing
dramatically towards shorter wavelengths (<500 nm wavelengths). The absorbing
part of OC referred to as brown carbon. In this report, the term OC includes BrC.
Radiative Forcing: The net effect of absorption and scattering of solar radiation
by, BC and OC, is to alter the solar radiation absorbed by the surface and the
atmosphere, which is the fundamental driver of the global climate system. The
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change in the radiative heating of the climate system is referred to as the
‘Radiative Forcing” [see the primer on radiative forcing later in the summary]. The
change in the forcing due to scattering and absorption of solar radiation is
referred to as ‘Direct Forcing”. But the addition of BC and OC aerosols as well as
the alteration of solar heating by BC and OC alters the cloud fraction and cloud
properties, which in turn alters the radiative forcing since clouds are the largest
modulators of solar radiation. These cloud induced radiative forcings are referred
to as indirect and semi-direct forcings [see the primer]. These changes to the
solar radiative forcing [units of W m-2] are the primary metric used to assess the
importance of BC and OC on climate.
Motivation [BC is the second Largest Contributor to Global Warming]: Black
carbon (BC), the main light-absorbing component of soot is the principal
absorber of visible solar radiation in the atmosphere. Jacobson, [2001] and
Ramanathan and Carmichael [2008] concluded that BC is the second largest
contributor to global warming, next to CO2. For present day BC, due to both
natural and anthropogenic sources, Ramanathan and Carmichael estimated a
direct forcing of 0.9 Wm-2 [0.45 to 1.35 Wm-2] compared to 1.6 W m-2 for CO2
[Forster et al., 2007] - this conclusion was debated because most estimates of
forcing from models were a factor of two to three lower. A major landmark study
of the BC forcing problem was published this year [Bond et al., 2013] by a group
of researchers that included many modeling groups, and their estimate of 0.88
Wm-2 for the BC direct forcing (due to all BC sources) is nearly identical to
Ramanathan and Carmichael’s estimate of 0.9 W m-2. Because of its short life
times of few weeks, BC is concentrated close to the sources and hence a
regional evaluation is critical for a better understanding of the global effects.
Furthermore, California has witnessed major decreases in its BC concentrations
and we need to understand the impact of these regional trends in climate.
The unique integrated approach
We have developed a balanced approach between observations, data analyses,
and modeling studies, allowing us to uniquely constrain the estimates provided in
this study using measurements conducted by ground based network, aircraft and
satellite instruments. The study consisted of four primary components (i) analysis
of available measurements, and documentation of multi-decadal BC trends
constrained by field measurements, (ii) estimation of the direct aerosol forcing
due to black and brown carbon using integrated observations as well as models,
(iii) Source apportionment based upon chemical mixing state, and (iv) estimating
the climate impact of BC emissions under various mitigation scenarios. The full
climate impact of BC on the regional climate of California is evaluated by using
regional climate models in a series of numerical experiments with varying BC
emissions to determine changes in the surface temperature and hydrology. The
regional climate models used to evaluate the climatic impacts of BC are also
used in step (ii) to estimate the BC forcing, so their uncertainty can be assessed
by comparing their estimated BC forcing with the observation based estimates.
Statewide temporal and spatial resolved BC concentrations have been derived
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by analyzing the coefficient of haze [COH] (directly correlated to the BC)
recorded at 100 locations throughout California (data available from CARB). A
key component of this work involves determining the actual single particle mixing
state of soot particles in California. These measurements allow us to proceed
without making major assumptions regarding the size, mixing state, and optical
properties of ambient soot particles that have resulted in tremendously large
uncertainties in prior studies.

Principal Findings
I. BC concentration results
We examine the temporal and the spatial trends in the concentrations of black
carbon (BC) using filter based mass measurements recorded by the IMPROVE
monitoring network, and optical measurements reconstructed from the available
Coefficient of Haze (COH) records in California.
1. Annual average BC concentrations measured at California IMPROVE
sites have decreased by about 50% from 0.46 µg m-3 in 1989 to 0.24 µg
m-3 in 2008 compared to a corresponding reductions in diesel BC
emissions (also about 50%) from a peak of 0.013 Tg Yr -1 in 1990 to 0.006
Tg Yr-1 by 2008 (Figure 2(a)).
2. A larger set of COH measurements is also used to determine BC
concentrations and reveals that these trends are uniform across the state
and persistent in several major air basins (Figure 2(b)).
The consistency between the IMPROVE and COH trends is important since the
COH data are largely from urban sites whereas IMPROVE is from remote sites.
3. A corresponding trend in co-pollutants such as nitrates, sulfates, and
organic carbon is not observed (Figure 2(a)).
This finding is crucial, since the co-pollutants are largely cooling aerosols,
through their direct and indirect effects on clouds. Since they are not showing
negative trends, it implies that the decrease in BC will most likely lead to a global
cooling effect from California’s BC reductions.
4. As no similar trends are observed in other chemical source tracers (such
as K, for biomass burning), we therefore attribute the observed BC trends
primarily to the emission reduction from transport-related PM emissions,
primarily from diesel.
A detailed analysis of technology based emission inventories and fuel use in
California indicates that although the total consumption in diesel fuel has
increased, the emissions of BC from diesel fuel combustion have decreased
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significantly. The reduction in emissions is due to a number of factors, including
the introduction of low sulfur fuel, tighter emission standards, cleaner burning
engines, and other improvements in technology mandated by statewide
regulations. California therefore appears as a success story in mitigating the
anthropogenic impact on climate. While, decreasing trends in BC have been
noted in other states (of US), we are unable to comment on their climate
mitigation efficacy since data on other co-pollutants have not been analyzed in
published literature.
5. Our conclusion that the reduction in diesel emissions is the primary cause
of the observed BC reduction is also substantiated by a significant
decrease in the ratio of BC to non-BC aerosols.
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Figure 0.1 (a) Statewide trends in concentrations of common aerosol species
from the IMPROVE network, and (b) historical BC concentrations resolved by air
basin. A clear reduction in BC is observed.
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II. Role of brown carbon absorption
We have developed an observationally based analytical method for rigorously
partitioning measured aerosol absorption optical depths (AAOD) and single
scattering albedo (SSA) among EC and BrC using multi wavelength
measurements of total (EC, OC and Dust) absorption.
1. We have quantified column-integrated absorption in multiple wavelengths
by brown carbon from observations for the first time.
The new method we developed separates dust, BC and BrC absorption from
spectral solar observations. It can now be applied to other regions of the world.
2. Organic carbon (OC) is shown to absorb strongly at visible to UV
wavelengths, an effect typically not represented in climate models. The
BrC absorption at 440 nm is about 40% of the EC, while at 675 nm it is
less than 10% of EC (Figure 2).
We find an enhanced absorption due to BrC in the summer months, and in South
California (related to forest fires and secondary OC). The contribution of BrC to
the total aerosol absorption is largest over northern and central California.
3. BrC emissions are likely both from biomass burning (forest fires and
residential wood burning) as previously thought, and also from large aged
particles indicating that secondary organics may also be absorbing.
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Figure 0.2 Wavelength dependent relative Absorption Aerosol Optical Depths
(AAODs) for BC and BrC determined from ground-based estimates of the SSA
and AOD in California.

24

III. Source attribution and speciation
1. Major differences exist in the PM sources in northern and southern
California. In-situ measurements of optical properties and chemical
mixing state reveal fossil fuel sources contribute the most strongly in
southern California, whereas biomass burning and biogenic sources
dominate in northern California. This has been shown in other recent
studies as well (Cahill et al. 2012).
2. Using optical properties for estimating aerosol speciation using satellites
or networks such as AERONET has the potential to provide extensive
input into global climate and air pollution studies. This study demonstrates
that the interpretation of the AERONET results is strengthened by
complementary measurements of aerosol sources.
Speciation of dust, BC and BrC are well classified by optical data, but the
separation between fossil fuel and biomass burning sources has limitations
because of their overlapping optical properties.
3. Despite these limitations, detailed comparison reveals the significance of
aerosol absorption due to secondary organic aerosol (OC) which is
currently underestimated in climate models, in addition to black carbon.
Brown carbon and secondary sources impact many absorption events,
indicating these processes must be given consideration when developing
future climate mitigation policies.
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IV. Radiative forcing results: Present day values

Radiative Forcing: A Primer
Direct Radiative Forcing: BC and OC increase the amount of solar radiation
absorbed by the atmosphere, by intercepting the direct incoming solar radiation
and also by intercepting the solar radiation reflected by the surface, the
atmosphere and the clouds. The interception of solar radiation also leads to a
decrease in solar radiation absorbed at the surface (dimming). The alteration of
the solar absorption of the surface and the atmosphere by BC and OC is referred
to as direct radiative forcing. The net effect is the sum of the atmospheric heating
and the surface dimming and is referred to as the top-of-the atmosphere (TOA)
forcing. The TOA forcing is the most relevant quantity for assessing the
significance of California’s BC policy actions for mitigating global warming.
However, for assessing the impacts on California’s regional climate, we have to
examine the impact of EC and OC on atmospheric solar heating (atmospheric
forcing) and surface solar dimming (surface forcing).
Indirect and semi-direct Radiative Forcing: BC and OC also influence cloud
formation. They nucleate cloud drops that increase the number of cloud drops
and also increase cloud fraction, both of which enhance the cloudy-sky albedo
and lead to cooling. This is the indirect effect of BC and OC. On the other hand,
the solar heating of the atmosphere by BC and BrC leads to burn-off of clouds. In
addition, inclusion of BC in cloud drops also enhances solar absorption by the
drops. This cloud-inclusion effect also enhances cloud burn-off. The burn-off in
turn decreases the cloudy-sky albedo and thus provides an offset to the cooling
effect of the indirect effect.
The annual average direct radiative forcing associated with BC+OC from the
observationally constrained Top-Down (OC_TD) approach, initialized with two
assimilated data sets is summarized in Table 0.1. The total aerosol optical depth
(AOD) is retrieved from the MISR satellite whereas the single scattering albedo
(SSA) is based upon observations from the AERONET network, and from the
GOCART climate model. The two different values of SSA allow us to estimate
the upper and lower limits for the BC and BrC (details in Chapter 9). However,
our baseline estimate is that given by the version of OC_TD with SSA from
AERONET. Table 0.1 also shows simulated forcing by the emission-inventory
based bottom up (EI_BU) WRF-Chem models. PNNL and LBL refer to the two
modeling groups participating in our study.
1. Direct Radiative Forcing by BC+OC is positive everywhere in California. It
ranges from 0.2 Wm-2 in northern California to 0.88 Wm-2 over S.
California.

26

2. The annual average BC+OC direct forcing for California estimated using
the WRF-Chem regional climate model (with the published emission
inventory) is 0.16 W m-2, compared to 0.51 W m-2 (±40%) from the
observationally constrained estimate. Thus, even regional models with
region specific emissions; severely underestimate the BC+OC warming
effects by a factor of three.
The WRF-Chem model also underestimates surface BC concentrations by a
factor of two. We show the forcing with BC emissions increased by a factor of
2 (4th column) that reduce this discrepancy, but the model forcing of 0.29 W
m-2 is still much lower than the OC_TD approach. Some of the remaining
discrepancy can be further explained due to the neglect of BrC absorption in
the regional models.
3. The underestimation (by a factor of three) is consistent with Bond et al.
[2013]’s conclusion that models underestimate absorption by BC by a
factor of three on a global mean basis.
4. The BrC absorption has a major impact on the direct forcing due to OC
aerosols. Without BrC absorption, models estimate direct forcing due to
OC to be between -0.30 and -0.15 W m-2 depending on the location and
region, whereas inclusion of BrC brings the net cooling down to between
0.00 and -0.10 W m-2. Thus models that neglect BrC severely
overestimate the OC cooling effects.
Table 0.2 presents a comparison in the atmospheric heating rates from the
observationally constrained calculations, and the WRF-Chem regional model
operating in two independent configurations. All three calculations produce
similar trends in the magnitude of the forcing. This agreement obtained from
three independent calculations indicates the robustness and significance of the
results.
5. The atmospheric heating, or energy added to the atmosphere, is a factor
of four to eight larger than the TOA forcing (Table 0.2).
Carbonaceous aerosols are found to be warming in all regions and seasons with
a magnitude ranging between 0.5 and 3.5 W m-2. The greatest warming is
observed in Southern California (which typically has a higher anthropogenic
aerosol concentration and lower cloud cover), and also in the summer (possibly
due to a higher net solar flux).
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Observationally
Constrained Top-Down

Emission Inventory Based
Bottom-Up

(OC_TD)
SSA from
AERONET

(EI_BU)

SSA from
GOCART

WRF_PNNL
(1*BC)

WRF_PNNL
(2*BC)

TOA forcing
North

0.20

0.28

0.09

0.16

Central

0.44

0.48

0.17

0.32

South

0.88

1.92

0.21

0.40

State

0.51

0.89

0.16

0.29

Atmospheric heating, W m

-2

North

1.73

1.79

0.60

0.82

Central

2.40

2.78

0.86

1.25

South

2.44

4.05

0.96

1.41

State

2.19

2.87

0.81

1.16

Surface forcing, W m

-2

North

-1.54

-1.47

-0.51

-0.65

Central

-1.94

-2.38

-0.68

-0.92

South

-1.62

-2.47

-0.75

-1.01

State

-1.70

-2.11

-0.65

-0.86

Table 0.1 Annual average radiative forcing attributed to BC+OC at the top of the
atmosphere, atmospheric heating, and at the surface determined using the
observationally constrained MACR model and the WRF-Chem climate model
simulations based on emission inventories.
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V. Surface brightening:
Radiative calculations also estimate that the 50% decrease in BC
concentration from the 1980s to current levels should have led to an increase
in the surface solar radiation (surface brightening) between 1.5-3.5 W.m-2.
We looked for this brightening effect in a network of surface solar radiometers
operated by California’s CIMIS network since 1982. The inter-annual variability
was much larger than the detected trend in solar flux measurements and when
this is considered with the limited data duration of the measurements (about 25
years), we are led to the deduction that the detected trends during the 1980s to
1990s are not statistically significant to verify the predicted brightening trends
due to decreasing BC concentrations.
VI. Implication to mitigation of global warming
1. Our findings thus far suggest that policies enacted by California to reduce
diesel emissions should have led to a measurable mitigation of the global
warming associated with anthropogenic aerosols, equivalent to the
elimination of 21 million metric tons of CO2 annually.
This conclusion is derived from the following observations and model
simulations:
2. The observed decrease in surface-BC by a factor of 2 from 1989 to 2008
and by a factor of 3.5 from 1960s to 2008.
3. This decrease was not accompanied by a comparable decrease in OC or
other cooling aerosols such as sulfates.
4. As a result the decrease of BC was accompanied by a decrease in ratio of
BC to Non-BC aerosols, which implies the warming aerosols decreased more
in relation to cooling aerosols.
5. The observed BC decreases were largely attributed to the decrease in
diesel emissions of BC.
6. Targeted emission controls adopted by the State of California are shown to
be effective in reducing BC concentrations, by a factor of at least 2 dating
back to the 1980s, and by as much as a factor of 3.5 dating back to the
1960s. At the regional level this decrease is associated with a TOA cooling of
between 0.5 and 1.5 W m-2.
7. The indirect and semi-direct forcing changes due to the observed decrease
in BC is expected to be much smaller than the direct forcing changes given
above, due to the following two reasons: The negative indirect forcing is large
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mainly for OC and we did not observed statistically significant changes in OC
concentrations (as expected for diesel related BC changes); As estimated by
UNEP(2011) and Bond et al (2013), the sum of the indirect effect and the
semi-direct effect is nearly zero for BC.
The above finding, while it is the most important scientific aspect of our
results, needs to be validated by doing similar analyses for other states of US
that have experienced strong reductions in BC.
In order to estimate the global warming mitigation from this diesel related BC
forcing decrease, we need to account for not only the direct radiative forcing
due to BC but also the following: Brown Carbon absorption; indirect effects of
BC and OC; cloud-inclusion effects of BC and BrC; semi-direct effects of BC
and BrC. We are aware of only one such modeling study by Jacobson [2010]
that has explicitly estimated the global warming potential of fossil fuel BC.
Furthermore, Jacobson’s direct forcing estimate is consistent with our OC_TD
estimates. As a result, we rely on Jacobson’s 100 Year-GWP, which for fossil
BC is 3000 (using his lower range).
8. We estimate that reduction of BC emissions primarily from diesel engines
from 1989 to 2008 has mitigated global warming equivalent to reducing
annual CO2 emissions by 21 million metric tons/year. This corresponds to
about 5% of California’s 2009 CO2 direct emissions of 393 metric tons.
VII.

Validation and Improvement of regional climate model treatment
of BC forcing

Our goal is to use Emission Inventory based bottom-up (EI_BU) regional
models to understand the regional climate effects of BC mitigation measures.
However, we must validate these models first. In this study, we use the WRFChem model in a variety of numerical experiments to estimate the seasonal
scale changes in radiative forcing. Two configurations of the WRF-Chem
model were used, the standard version 3.2.1, and one that includes more
updated cloud microphysical and radiative transfer parameterizations [Zhao et
al., 2012].
1. A comparison between the simulated BC concentration and
measurements at over 30 sites in California revealed that WRF-Chem
under-predicted BC by nearly a factor of two, which indicates that the
emission inventory developed in the ARCTAS-CA campaign, may be
under representing BC.
The climate impact of BC was evaluated by changing the emissions by
factors of 10x, 5x, and 2x. The 2x case approximates the conditions for the
present day emissions; the 5x and the 10x cases approximate the emissions
during the 1980s and the 1960s respectively.
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2. The simulated seasonal and regional variation in BC forcing is consistent
with the patterns in OC_TD and furthermore, in agreement with OC_TD,
the TOA forcing is positive everywhere. However, the direct forcing of
(BC+OC) even with the 2x simulations is about 60% smaller than the
OC_TD values.
Table 0.2 compares the atmospheric heating calculated using both the
observationally constrained and climate model approaches. Two sets of
observationally constrained calculations were performed – in the first, OC was
treated as a scattering species, and in the second, some of the OC was
allowed to absorb light as well as the BC.
3. The comparison indicates that about a third of this difference between the
models and the observationally constrained approach is due to the fact
that the models ignore BrC. With respect to the other 2/3, we must point
out that the observational estimates have an uncertainty of ±40%.

Annual
Average
Spring
Average
Summer
Average
Fall Average

Winter
Average

North
Central
South
North
Central
South
North
Central
South
North
Central
South
North
Central
South

Observationally
Constrained

Observationally
Constrained

BC Only

BC+OC
1.36
2.10
2.24
1.71
2.77
2.41
1.95
3.17
3.70
1.03
1.37
1.95
0.75
1.08
0.91

1.54
2.26
2.34
1.97
2.85
2.43
2.21
3.49
3.94
1.12
1.55
2.09
0.85
1.15
0.91

WRF-CHEM
calculation
using 2xBC
emission:
PNNL
0.82
1.25
1.41
0.74
1.12
1.37
1.35
2.04
2.23
0.72
1.11
1.25
0.45
0.70
0.77

WRF-CHEM
calculation
using 2xBC
emission:
LBL
0.99
1.31
1.49
0.95
1.30
1.55
1.85
2.14
2.33
0.98
1.33
1.48
0.45
0.64
0.80

Table 0.2 Comparison of Atmospheric Heating Rates in Wm-2 in California
attributed to carbonaceous aerosols, calculated using both an observationally
constrained aerosol approach (for AOD and AAOD), and from the WRF-Chem
model using a 2x scaled up BC emission inventory.
VIII.

Regional climate impact results

To determine the climate impacts of BC, we performed two simulations, each
covering 5 years for the 2005 - 2009 meteorological conditions. In one
simulation, we used 2xBC to represent the conditions of the 2000s, and in the
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other simulation, we used 10xBC to represent the conditions of the 1960s (with
BC reduced by a factor of five to approximate the historical COH records).
Following this decreasing trend, we expect the top of the atmosphere (TOA) to
cool.
1. Overall, comparing the 2000s to the 1960s we find that the TOA radiative
forcing decreases by up to 3 W m-2 (Figure 4) with larger and statistically
significant changes at 90% confidence level in the summer and fall and
over the Central Valley and southern CA.
The diabatic heating in the atmosphere is reduced by up to 0.06 K/day, and
maximizes in the summer and at about 2 km above the surface. Reduction in BC
leads to brightening at the surface as expected.
2. Corresponding to the enhanced surface solar radiation, skin temperature
increases while the TOA radiative cooling leads to a cooling of
atmospheric temperatures, but the average temperature changes are
small (<0.1 C) and are not statistically significant due to the large
inter-annual variability.
Winds at 10m generally become weaker over CA but stronger off shore in
southern CA. Finally, changes in surface hydrology are small because the BC
effects are generally small during winter, and BC is mostly concentrated in the
Central Valley and southern CA, so its effects are negligible in the Sierra
Nevada, which is where hydrology is most critical.
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Figure 0.3 Changes in TOA solar radiation in the last 40 years attributed to BC
decrease. Changes that are statistically significant at the 90% confidence level
are stippled. The simulated atmospheric cooling and surface warming (only in
summer) are shown on the right panel (not significant at the 90% level).
1. Based on an assessment of regional climate models, the observed
reduction of BC concentrations from the 1960s to 2000s produce a cooling
of the lower atmosphere. This cooling of the atmosphere has been
accompanied by an average decrease in surface temperatures; however,
the small decrease (0.01 K) is not significant compared to the inter-annual
variability.
However, the larger scale and remote influence due to BC reduction over CA
cannot be assessed in the regional modeling framework, which could also
potentially affect the regional results over CA. In addition, the WRF-Chem model
does not account for solar absorption by brown carbon. These uncertainties
should be addressed in future studies.
Recommended future work
A more comprehensive understanding of the climate impacts of California’s BC
(+OC) mitigation on global and regional climate (including impacts on California’s
snow packs) processes requires further work along the following lines:
I.

Global climate mitigation

1. We need to estimate the magnitude and uncertainty associated with the
regional indirect and semi-direct effects through the OC_TD approach to
better constrain the models.
While the scope of this work was limited to determining the impact of BC, we
discovered that BrC is also a significant absorber of radiation, particularly at short
wavelengths and may serve as an extra warming agent due to its typically higher
concentrations. The BrC is particularly important for California since our data
reveals that open biomass burning is a large source for BrC. This opens up a
whole new avenue of research as unlike BC, the sources, chemistry, and optical
properties of BrC are less well understood. In particular we need to understand
the following physic-chemical-optical properties of BrC:
2. What is the relative role of primary aerosols from biomass burning and
diesel sources to BrC?
3. What is the relative role of secondary organics from biomass burning and
diesel sources to BrC?
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4. What are the intrinsic properties of BrC such as: size distribution, the
single scattering albedo, and the angstrom exponent of absorption
coefficient and scattering coefficient of BrC?
5. How does BrC within cloud drops and as interstitial aerosols in clouds
enhance radiative forcing?
We recommend extensive future work, including field studies, laboratory studies,
and data assimilation and modeling studies to better understand BrC. Further,
current climate models do not consider BrC absorption and treat OC as a cooling
agent – while there still exists an uncertainty in the final sign of the net OC
forcing we assert that climate models are overestimating its cooling impact.
In this report we presented several mitigation scenarios for BC that represent
current and historical records of BC concentrations in California that are shown to
be consistent with the control of diesel emissions. The mitigation scenarios
considered in this study were constructed based on trends in California’s aerosol
concentrations. Although regional emissions are most important considering the
short lifetime of BC, we did not consider variations in long-range transport (such
as from Asia) in this study. Future studies should attempt to distinguish between
transported and locally emitted BC.

II.

Regional climate change

1. Continuation of EC/BC monitoring networks. The major findings of this
study were made possible by the excellent networks of surface BC and
column averaged aerosol optical properties. Unlike the long-lived
greenhouse gases, documenting the impacts of mitigating short lived
climate warmers such as BC requires continuation of such local and
regional networks.
In the course of this study, we also discovered large uncertainties in existing data
sets and resources that are currently used by climate scientists, such as in the
solar flux measurements (Chapter 9) and the BC emission inventory (Chapter
11).
2. We recommend a more complete analysis of these resources and
possible studies to implement better quality control, and to reduce the
associated uncertainty.
3. Reducing uncertainty in regional model forcing: As documented here the
OC_TD and EI_BU estimates of the forcing differ by a factor of almost
two. Model treatment of EC and BrC emission inventory, optical effects,
long range transport of BC from outside California, and vertical profiles of
BC in models and simulation of clouds have to be validated first to bring
the two approaches closer
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For example, an earlier study by us [Hadley et al., 2007] revealed that about 75%
of BC above 2 km over California during spring time is transported from Eastern
Asia.
4. A more detailed assessment of regional affects: The current study does
not allow for the interaction with the larger scale circulation. Imbedding the
WRF-Chem in a global model is required to simulate the potential changes
in large-scale circulation due to BC reductions in CA.

5. The model does not account for solar absorption of OC, so the climate
influence may be underestimated. In addition, it has been shown in an
earlier study [Hadley and Kirchstetter, 2012] that snowfall deposits about
90% of the BC emissions to the snow packs of California, contributing to
their melting.
6. Lastly, model biases and uncertainties in the model formulations and
parameterizations, particularly related to clouds and aerosol-cloud
interactions, should be addressed in the future to provide more robust
simulations of BC climate effects.

III.

Health Impact Studies
We recommend that our climate benefits studies of BC reductions
be followed with a study that estimates the health benefits of the
observed reductions in BC in rural and urban areas of California.
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1.0 INTRODUCTION

1.1 Motivation
Black Carbon, or BC, is a major component of ambient aerosols, and is generally
related to combustion sources such as automobile exhaust and biomass burning
[Andreae and Merlet, 2001]; yet the effects of BC remain a wildcard in assessing
the impacts of aerosols on climate change. BC is ubiquitous as recent studies
show that 10% to 80% of the submicron particle number size distribution
measured in Mexico City were primarily black carbon or contained black carbon
[Moffet et al., 2008]. BC’s light absorbing and myriad chemical properties
enhance its contribution to visibility degradation, change in the earth’s radiation
budget, and health risks from air pollution. Recent research has also shown that
BC contributes to the accelerated melting of snow and ice in the poles and
mountain glaciers through the reduction in snow albedo [Hansen and Nazarenko,
2004]. Studies show that BC in Arctic snow increases the absorption of
shortwave radiation by 5-10% compared to soot-free snow [Clarke and Noone,
1985]. The heating of the atmospheric boundary layer also compounds this
increase in the sensible heat at the surface. At the meso-scale, Ramanathan et
al. [2007] showed that the atmospheric heating related to BC is of the same
magnitude as greenhouse gases over the Himalayas and regional scales as
large as the Indian subcontinent. Atmospheric BC also reduces regional rainfall
and changes the spatial distribution of precipitation [Chung et al., 2005; Menon et
al., 2002]. Furthermore, BC contributes to sea ice and glacier melting [Flanner et
al., 2011; Menon et al., 2010; Ramanathan et al., 2007; Shindell and Faluvegi,
2010] further impacting regional climate. BC aerosol particles have an
atmospheric lifetime of the order of one week [Ogren and Charlson, 1983; Stier
et al., 2007] and are not well mixed in the atmosphere but are instead
geographically and temporally correlated to emission sources. Reducing BC
emissions therefore has been proposed as a control strategy to offset short-term
climate changes [Jacobson, 2002]. BC particles also impact climate in a series of
feedbacks through their interaction with clouds and temperature [Jacobson,
2002; Koch and Del Genio, 2010]. BC particles internally mixed with or coated by
hygroscopic species serve as efficient cloud condensation nuclei (CCN) for both
warm and mixed-phase clouds [Andreae and Rosenfeld, 2008; Chen et al., 2010;
Dusek et al., 2006; Koehler et al., 2009; Lammel and Novakov, 1995].
Perturbations to the BC concentration can therefore change the cloud droplet
number (CDN) concentration and droplet size [Roberts et al., 2003], which in turn
influence both the cloud optical properties and cloud lifetime. These two so-called
aerosol indirect effects are thought to have a net cooling effect on the
atmosphere [Lohmann and Feichter, 2005]. Competing semi-direct effects are
found to decrease the cloud cover by stabilizing the atmosphere through BC
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warming [Hansen et al., 1997] and to increase absorption by the cloud, helping to
burn it off [Jacobson, 2006]. In contrast to the direct aerosol effect, the net
climate forcing due to these cloud feedbacks and semi-direct effects are highly
uncertain [Forster et al., 2007]. A recent international assessment by UNEP &
WMO [Shindell et al., 2012b] has estimated that the two effects nearly offset
each other leaving the direct forcing as the dominant effect.
California’s regional climate may especially be sensitive to these radiative effects
of BC. Summer water supplies in California rely predominantly on run-off from
mountain snow packs located within the state as well as from the Rocky
Mountains via the Colorado River. Agriculture, which represents a large fraction
of California’s economy, suffers drastically during water shortages. The potential
impact of aerosols including BC on precipitation and freshwater availability has
received increasing attention in California [Jacobson, 2007; Lynn et al., 2007].
Furthermore, a warmer atmosphere over already dry regions, combined with less
mountain runoff during the summer months, leads to optimal conditions for
wildfires. A recent study has tied an observed increase in frequency and duration
of wildfires in Western United States to warmer temperatures, earlier snowmelt,
and drier summers [Westerling et al., 2006]. On the other hand, increases in
wildfires serve only to further enhance the concentration of light absorbing
carbon particles and additional climate impacts on California.
Due to its short atmospheric lifetime, BC is not well mixed globally and reductions
in BC emissions are a low hanging fruit for slowing down global warming in the
coming decades. However, unlike ozone or carbon dioxide for which strict
chemical definitions and measurement standards are clear, black carbon is
chemically ambiguous and operationally defined. While this shortcoming in no
way minimizes the importance of black carbon for climate and air quality, it does
mean that monitoring and mitigating it will be subject to a series of technical and
legal challenges. To address these environmental issues and reduce the
warming commitment, the California Air Resource Board (CARB) has adopted
the nation's most sweeping global warming plan, outlining for the first time how
individuals and businesses will have to meet a landmark 2006 law that made the
state of California a leader on curbing the emissions of greenhouse gases. This
report details the results of a two-year effort combining observational and
modeling studies that provides insights on the role of BC aerosols in California
weather and climate, and help remove impedance to policy-making decisions.
1.2 Prior work
Compared to greenhouse gases, aerosol concentrations have much greater
spatial and temporal variation because they reside in the atmosphere for much
shorter times. Consequently, frequent measurements at numerous sites are
needed to reliably track trends in aerosol concentrations and evaluate the
changing impact of aerosols on climate over time. There are, however, few
extensive records of aerosol concentrations in existence. One of the longest BC
records is from coefficient of haze (COH) measurements in California. COH
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levels recorded at 100 sites throughout California have been archived by the
California Air Resources Board (CARB). We previously analyzed a fraction of this
data set to derive ambient BC concentrations in the San Francisco Bay Area over
the 37-year period from 1967 to 2003 (Figure 1.1).
With respect to elemental carbon (EC) and black carbon terminology, estimates
of BC and EC are made with a variety of instrumentation and measurement
techniques. In principle, the relatively strong light absorption properties of BC can
be used to infer BC from an optical measurement and knowledge of the mass
specific absorption of BC. In thermal methods, the filter media used for sample
collection is heated and the thermally evolved carbon in the specified
temperature plateau and analysis atmosphere defines the concentration of EC
and organic carbon (OC). Light-absorbing carbon or BC is often equated with
EC. However, there are subtle differences given that each term represents a
functional definition that is dependent on the chemical and physical properties
measured to determine each class of carbonaceous PM. Like modern
measurements of BC made with the aethalometer, COH values are a measure of
light attenuation by particles, and available data indicate that COH values are
proportional to BC concentrations [Allen et al., 1999; Kirchstetter et al., 2008].
Our analysis, which addressed the relative importance of BC sources in the Bay
Area and provided a temporally resolved record of BC concentrations,
demonstrates the value of long-term records of aerosol measurements.
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Figure 1.1 Trends in San Francisco Bay Area BC Concentration [Kirchstetter et
al, 2008] resolved by (a) day of week, (b) season, (c) year, and (d) estimated
diesel emission factors.
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Reduced BC concentrations on weekends relative to weekdays are consistent
with reduced diesel traffic on weekends, and peak concentrations in winter are
consistent with reduced dispersion (mixing height and wind speed) and possibly
wood burning in winter (Figs 1a,b). BC concentrations have decreased markedly
since 1990 despite continued increase in diesel fuel consumption, consistent with
an order of magnitude decrease in on-road diesel vehicle BC emission factors
during the past 35+ years (Figs 1c,d). Additionally, preliminary analysis of annual
average BC concentrations in three air basins in California are coincident with an
observed statewide surface temperature increase [Novakov et al., 2008],
suggesting that a reduction in aerosol concentrations may have contributed to
the observed surface temperature increase.
Long range trans-Pacific transport of BC to the west coast of North America
during April 2004 has been estimated to be approximately 25 – 32 Gigagrams, of
which roughly 75% originated in Asia [Hadley et al., 2007]. Most of this transport
(>78%) was located above 2km, where the westerlies are strongest. Using the
CFORS (Chemical weather FORecast System) chemical transport model, the
contribution of Asian BC to total BC over California below 2 km was predicted at
20 to 30%. The model, however, tended to drastically over predict BC in the
boundary layer, and therefore the actual contribution at low elevations is likely
smaller. In a subsequent study (in preparation), using elemental markers for
Asian transport and comparing to observed BC, the estimate of Asian
contribution to BC in California’s mountain elevations in the spring was lowered
to 25 to 30%. At other seasons the contribution is much smaller as spring marks
the peak in observed trans-Pacific transport [Liu et al., 2003].
Combining satellite aerosol data, surface network of aerosol remote sensing
instruments and field observations together with chemical transport and radiative
transfer models the global mean BC direct radiative forcing for the 2001 to 2003
period is estimated to be 0.9 W m-2 at the top of the atmosphere (TOA), with
about ±50% uncertainty [Chung et al., 2005]. This estimate is consistent with and
slightly in the high end of the latest IPCC assessment for BC radiative forcing
[Forster et al., 2007], 0.45±0.25 W m-2. This is likely due to the adoption of
aerosol absorption retrieved from the worldwide surface network of solar spectral
radiometers (AERONET), which tend to be a factor of two or more larger than the
GCM-simulated values [Sato et al., 2003; Schuster et al., 2005]. In the California
region, the annual mean BC-induced surface dimming (reduction in the surface
solar radiation) is estimated at about -3 W m-2 to -12 W m-2 according to the
global model study, which is large enough to mask the greenhouse warming at
the surface, whereas the increase of solar heating in the atmosphere is about 2
W m-2 to 6 W m-2 and thus can augment the greenhouse warming at high
altitudes [Ramanathan and Carmichael, 2008].
Finally, Figure 1.2 illustrates seasonal and geographical variations in the
assimilated absorbing aerosol optical depth (mainly due to BC), including both
long-range transported and local emissions [Ramanathan et al., 2007]. The
largest aerosol absorption occurs during the dry season from Sep to Oct, which
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also overlaps with the intensive irrigation activities, accompanied with significant
land-use changes. Maximum absorbing AOD values reach to ~0.06 in the S.
California, Los Angeles area, implying the dominance of local BC emissions. In
winter, the anthropogenic AOD reaches its minimum value as increasing
precipitation washes out aerosols. From April to June, the long-range transported
pollution plumes from E. Asia contribute to the build-up of absorbing aerosols on
the west coast of California. In spring and summer (April through August), a
heavy anthropogenic pollution plume (both BC and non-BC aerosols) with AOD
of 0.4 originates from Central America near Mexico city; although the majority of
this plume moves northeastward due to the persistent subtropical Californian
high pressure system, some of the pollution may cross into South California by
the small- to meso- scale processes.
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Figure 1.2 Trans-oceanic and trans-continental BC aerosols represented by
assimilated anthropogenic aerosol optical depth resolved by season [Chung et al,
2005].
1.3 Research objectives
The primary objective of this research study is to assess the impact of BC on
California’s climate by developing a balanced approach between observations,
data analyses, and modeling studies. The tasks included in this study fall under
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two broad categories: observational estimates and regional modeling studies. By
fully utilizing a vast wealth of existing data and measurements, in this study we
aim to fully characterize the long term and spatial trends in aerosols in California,
with a specific focus on absorbing carbonaceous aerosols, namely Black and
Brown Carbon. In addition, a limited set of field measurements are used to relate
BC aerosols to their sources, and impact on visibility. The climate impact is
quantified by determining the total (direct) radiative forcing that can be ascribed
to BC aerosols using both a column-integrated Monte Carlo model that is
initialized with the integrated observations, and with validated climate models.
Finally, impacts on surface temperature, hydrology, and precipitation are
assessed by performing a series of experiments with regional climate models
varying the BC emissions by factors of 10, 5, and 2. The changes in emissions
are not arbitrary, but rather based upon observed trends in BC concentrations
between 1960 and 2010.
1.4 Structure of report
The overall research objective of this work was accomplished by the completion
of several specific tasks that are discussed in detail in the following chapters. The
tasks themselves can be divided into four categories, which in turn organize this
report into four unofficial sections.
Section 1: Data assimilation of existing measurements
Task 1: Long-term variations in BC concentration based upon analysis of
COH data. Results from this task are described in Chapters 2 and 3.
Task 2: Multi-platform data analysis for BC and other aerosol properties.
Results from this task are described in Chapters 4 and 5.
Section 2: Limited field measurements
Task 3: Preliminary source-apportionment of aerosols and black and
brown carbon. Results from this task are described in Chapters 6 and 7.
Section 3: Calculating BC radiative forcing
Task 4: Radiative forcing attributed to BC based on observed aerosol
properties. Results from this task are described in Chapter 8.
Task 5: Validation of surface brightening/dimming
measurements. Results from this task are described in Chapter 9.

using

flux

Section 4: Climate impacts due to BC and BC mitigation
Task 6: Validation of the regional WRF-Chem model and its emission
inventory with assimilated measurements, and calculation of aerosol forcing from
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the integration of observations with the WRF-Chem model. Results from this task
are described in Chapters 10 and 11.
Task 7: Regional climate impact of BC aerosols. Results from this task are
described in Chapter 12
Work conducted as part of this study and associated central conclusions has
been published in a number of peer- reviewed journals, specifically –
R. Bahadur, P. S. Praveen, Y. Xu, and V. Ramanathan (2012), Solar absorption
by elemental and brown carbon determined from spectral observations.
Proceedings of the National Academy of Sciences, 109(43), 17366-17371.
R. Bahadur, L. M. Russell, M. Z. Jacobson, K. Prather, A. Nenes, P. Adams, and
J. H. Seinfeld (2012), Importance of composition and hygroscopicity of BC
particles to the effect of BC mitigation on cloud properties: Application to
California conditions.
Journal of Geophysical Research-Atmospheres, 117.doi:10.1029/2011JD017265
T. W. Kirchstetter and T. L. Thatcher (2012), Contribution of organic carbon to
wood smoke particulate matter absorption of solar radiation.
Atmospheric Chemistry and Physics, 12(14), 6067-6072.
R. Bahadur, Y. Feng, L. M. Russell, and V. Ramanathan (2011), Response to
comments on “Impact of California’s air pollution laws on black carbon and their
implications for direct radiative forcing”,
Atmospheric Environment, 45(24), 4119-4121.
R. Bahadur, Y. Feng, L. M. Russell, and V. Ramanathan (2011), Impact of
California's air pollution laws on black carbon and their implications for direct
radiative forcing.
Atmospheric Environment, 45(5), 1162-1167.
C. Zhao, L. R. Leung, R. Easter, J. Hand, and J. Avise (2013), Characterization
of speciated aerosol forcing over California.
Journal of Geophysical Research-Atmospheres (In Press).
In addition, we are in the process of preparing an additional set of manuscripts
shortly to be submitted for review, specifically –
O. L. Hadley, L. Valin, D. Milstein, S. Menon, and T. W. Kirchstetter (2013),
Regional climate response to reduced black carbon emissions in California.
In preparation.
Y. Xu, R. Bahadur, C. Zhao, R. L. Leung, and V. Ramanathan (2013), Estimating
radiative forcing of carbonaceous aerosols over California based on satellite and
ground observations.
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In Preparation.
A. Cazorla, R. Bahadur, D. Chand, B. Schmid, H. H. Jonsson, V. Ramanathan,
and K. Prather (2013), Relating aerosol absorption due to black carbon, brown
carbon, and dust to emission sources determined from in-situ measurements.
In Preparation.

C. Zhao, L. R. Leung, R. Bahadur, and V. Ramanathan (2013), A regional
modeling study of the climatic effects of black carbon in California.
In preparation.
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2.0 Coefficient of haze as a black carbon proxy
2.1 Introduction
This chapter describes an experiment to determine the relationship between
coefficient of haze (COH) and black carbon (BC). COH serves as a measure of
reduced visibility caused by pollution and was one of the first measures of
particulate matter air pollution adopted by regulatory agencies. Introduced in the
early 1950s [Hemeon et al., 1953], COH monitors were in operation at numerous
locations in the United States from the mid-1960s to the early 2000s. As other
metrics of particulate matter air pollution became popular, COH instruments were
retired. Very few COH monitors are in operation today. In California, for example,
COH monitors were in operation the majority of the year at more than fifty
locations in 1980. That number dropped to fifteen in 2003. At the time of the
preparation of this report, only one COH is still in operation in the state.
2.2 Operational principles
COH has been compared to more contemporary measures of atmospheric
particulate matter, including total suspended particles, coarse and fine particle
mass concentration, and elemental carbon [Wolff et al., 1983]. The COH
measurement, however, is most similar to that of the aethalometer [Hansen et
al., 1984], a widely used instrument for measuring the concentration of airborne
black carbon (BC). Both instruments draw air through a white filter and
periodically record the transmission of light through the filter, which decreases as
particles are collected on the filter. COH and BC are computed based on
measured transmission, T, with equations 2.1 and 2.2, respectively.
COH
A COH
 log(1/T)
1000ft
QCOHΔt

BC(μg m-3 ) 

1



ln(1/T )

A aeth
Qaeth t

(2.1)

(2.2)

In both equations, A is the area of filter used to collect particles (m 2), Q is the
volumetric air sampling rate (m3 s-1), and Δt is the time (s) between
measurements. In equation 2.2, σ is an attenuation coefficient (m2 g-1) that
relates particle light attenuation to BC mass. Whereas BC is reported in units of
mass concentration, COH values express aerosol concentrations in terms of
COH per 1000 linear feet (305 m) of sampled air, where the COH unit was
defined as the amount of aerosol that produced an optical density of 0.01.
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Given the similarity in measurement methods and equations 2.1 and 2.2, it is
reasonable to expect that archived records of COH concentrations could be used
for reconstructing past concentrations of BC. There are some distinctions
between the two measurement methods that are worth noting, however, as they
could complicate the relationship between COH and BC concentrations.
Specifically, the optics and filter media of the COH and BC instruments differ.
Regarding optics, the COH monitor uses an incandescent lamp to illuminate the
sample and a photocell to measure the intensity of transmitted light. The
contemporary aethalometer uses a discrete light emitting diode centered at 880
nm in wavelength to illuminate the sample and a photodiode to measure the
intensity of transmitted light. The incandescent lamp emits radiation over a much
broader range of wavelengths than the discrete light emitting diode, but the peak
intensity of the incandescent lamp is in the near-infrared close to 880 nm
[Kirchstetter et al., 2003]. Regarding filter media, the COH monitor collects
particles on a white paper filter (Whatman No. 4 paper tape), whereas the
aethalometer collects particles on a quartz fiber filter (Pallflex type Q250F). It has
been well established that the collection of particles in a highly reflective filter
amplifies the response of the aethalometer to particle light absorption but mutes
the response to particle light scattering [Arnott et al., 2005; Hansen et al., 1984].
The extent to which the same is true of the COH instrument has not been
evaluated.
Side-by-side measurements of ambient COH and BC would provide the most
direct basis for developing a relationship to convert COH to BC concentrations,
but such data are scarce. Previously, [Kirchstetter et al., 2008a] concluded that
COH and BC were approximately proportional based on a limited amount of data
and recommended that additional measurements were needed to determine the
relationship between COH and BC with greater confidence. To that end, we
reinstated two COH monitors and deployed them with aethalometers.
2.3 Restoration and laboratory evaluation of COH Instruments
Several retired COH monitors were acquired from the San Francisco Bay Area
and Lake County Air Quality Management Districts (AQMDs) and the California
Air Resources Board, and their historic operation was discussed with various
personnel. Two COH monitors were restored to good working condition with
original lamps, photocells, and filter paper. Each unit was upgraded with a mass
flow controller (Figure 2.1) and connected to a computer for data acquisition and
instrument control.
Prior to field deployment, the two field-bound COH instruments were operated in
the laboratory to examine their performance and any bias. For that evaluation,
the instruments sampled soot generated with a methane-air flame [Kirchstetter
and Novakov, 2007]. The results are presented in Figure 2.2, which illustrates
good agreement between COH concentrations measured with the two
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instruments. COH concentrations were linearly correlated with a slope near one,
an intercept of zero, and correlation coefficient R2 = 0.96.

Figure 2.1 Front panel (top left) and inside front panel (bottom left) of
aethalometer and refurbished COH instrument (right) as sited for this study in
Vallejo, California. The refurbished COH instrument was equipped with a mass
flow controller and data acquisition hardware (shown atop the instrument).
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The laboratory evaluation also demonstrated that the COH measurement
technique, like the analogous BC measurement technique, is subject to a
sampling artifact. Specifically, as the filter that collects particles becomes
increasingly darkened, reported concentrations of COH erroneously decrease. In
the lab, where the generation of soot sampled can be controlled, this effect is
quite noticeable. As shown in Figure 2.3, over a period of several hours, when
the concentration of soot in air was gradually decreasing, measured COH
exhibits a pattern of markedly decreasing values followed by a sudden jump in
value. This pattern corresponds to the collection of soot for a period of time and
then an advance of the instrument’s particle-laden filter to a pristine position. This
so-called filter loading effect has been well documented for the aethalometer and
it is most significant when the sampled particles have a low single scattering
albedo, i.e., are mostly light absorbing [Arnott et al., 2005; Coen et al., 2010;
Kirchstetter and Novakov, 2007].
In the lab experiments depicted in Figure 2.3, the particles were only black
carbon soot and the particle concentration was an order of magnitude higher
than it is in polluted ambient air. Thus, the magnitude of the effect in Figure 2.3
quite likely exaggerates the magnitude of the effect under conditions of sampling
ambient air. Nonetheless, the recognition that both the COH instrument and the
aethalometer exhibit this filter loading effect suggests that the correlation
between COH and BC would be strongest when concentrations are averaged
over time periods that are equal to or longer than the time between advances of
the collection filter. As illustrated in Figure 2.3, COH concentrations averaged
over full sampling cycles agree well with the measured trend in soot particle
concentration because the filter loading effect is “averaged out.”
2.4 Collocated field measurements of BC and COH
To evaluate the relationship between BC and COH concentrations,
aethalometers and COH instruments were collocated at two stations in the Bay
Area AQMD’s regional air monitoring network— one in Vallejo and the other in
San Jose. Vallejo is the largest city in Solano County with a population of
116,000 according to the 2010 census. The monitoring station is located in a
mixed commercial and residential neighborhood one mile east of downtown and
0.5 miles west of Interstate 80. San Jose is the largest city in Santa Clara County
and the largest city in the San Francisco Bay Area, with a population of 946,000
according to the 2010 census. The air monitoring station is located in the center
of northern Santa Clara Valley, in a commercial and residential part of downtown
San Jose. This area is completely encircled by major freeways, and has a large
airport just to the northwest. The aethalometer and COH instrument were
operated from March 2010 thru April 2011 (14 months) at the San Jose station
and from March 2010 thru March 2012 (25 months) at the Vallejo station. The
Bay Area AQMD provided the aethalometers. One had recently been serviced
and was active in their air monitoring network. The other, which was inactive,
was serviced by its manufacture at the commencement of this study.
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Figure 2.3 Time series of COH and particle number concentrations measured
with a condensation particle counter (CPC) during a laboratory evaluation of
COH instrument performance. Both monitors sampled soot generated with a
methane-air flame.
Discussions with AQMD staff indicated that standard operation of the COH
monitor did not call for a particle size selective inlet or conductive sampling
tubing. Consistent with their historic operation, in this study, the COH monitors
were installed with 0.25 inch Teflon tubing without an inlet cyclone and operated
at an airflow rate of 6.25 L min-1. Consistent with contemporary sampling
practice, the aethalometers were installed with electrically conductive tubing
(0.375 inch aluminum in San Jose and 0.625 inch stainless steel in Vallejo) and
an inlet cyclone (BGI, model SCC1.829). They were operated at an airflow rate of
5 L min-1, where the cyclone provided a 2.5 µm diameter cutpoint with a very low
pressure drop.
Drawing from a reserve of filter wound onto a spool (see Figure 2.1), the
aethalometer and COH instrument automatically advance to a pristine filter after
a period of sample collection. The COH monitors were initially programmed to
filter advance once every two hours, which is how they were typically operated
when in wide use. However, it was quickly apparent that filter loadings after two
hours were very light. To increase the amount of particulate matter collected on
the COH filter and thereby increase the measurement sensitivity, the COH
instruments were reprogrammed to filter advance once every six hours. With
each advance, a six-hour average COH concentration was recorded. In effect,
the longer sampling period mimicked a historic two-hour sampling interval at a
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COH concentration three times higher than the contemporary COH
concentration. The aethalometer filter was programmed to advance when
measured attenuation reached the factory default value of 75, which occurred
about four times every five days.
2.5 Relationship between COH and BC
Figure 2.4 illustrates the relationship between daily and monthly average
concentrations of BC and COH at both the Vallejo and San Jose sampling
locations. At both sites, lowest concentrations were measured in May, June, and
July, and highest concentrations were measured in December and January. The
relationship between COH and BC is essentially the same at both locations and
whether daily or monthly averages are considered. A linear regression of the
combined data from both sampling locations provides an equation for converting
measured COH concentrations to BC concentrations: BC (µg m -3) = 6.7COH +
0.1. The high value of the correlation coefficient (R2 > 0.9) indicates that COH is
a good proxy for BC. The intercept of the linear regression equation is small
compared to past BC concentrations – annual average BC concentration ranged
between 1 and 4 over most of the >35 year COH record for California and was
considerably higher in other states (see Figure 3.6). This indicates that historical
BC and COH concentrations are approximately proportional.
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Figure 2.4 Scatter plot of daily average BC and COH concentrations measured
in San Jose (March 2010 thru April 2011) and Vallejo (March 2010 thru March
2012).
2.6 Conclusions
Allen et al., [1999] presented data collected during summer 1992 in Philadelphia,
Pennsylvania, which indicated that BC (µg m -3) = 5.7COH – 0.3. A composite
study [Kirchstetter et al., 2008a] evaluated that data together with data collected
in Fresno, California and suggested using a factor of 5.4 to convert COH to BC.
The conversion factor based on our sampling in Vallejo and San Jose for 25 and
14 months, respectively, is about 24% larger. [Wolff et al., 1983] presented data
collected during summer 1981 in Detroit, Michigan, which indicated that
concentrations of elemental carbon (EC) and COH were well correlated: EC (µg
m-3) = 8.9COH – 0.6. The study of Allen et al. also indicated that BC
concentrations were about 75% of EC concentrations. Multiplying the equation of
Wolff et al. by 0.75 indicates that BC ~ 6.7COH, which is the same relation
derived from the measurements in our current study. However, we do not place
too much stock in this agreement because many studies show wide, aerosoldependent variation in the relationship between EC and BC (e.g., [Jeong et al.,
2004] and references therein). Rather, we conclude that the collective evidence
indicates that COH is a reasonable measure of BC and that past BC
concentrations can reasonably be inferred from an analysis of the archived
records of COH concentration.
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3.0 Trends in urban BC concentration, 1960-2000

3.1 Introduction
This chapter describes an analysis of trends in BC concentrations over the period
from the early 1960s to the early 2000s. BC concentrations were inferred from
COH data based on the relationship between COH and BC described in the
previous chapter. The focus of this work is primarily on BC trends in California
but data from other states are included in the analysis for context and
comparison.
3.2 Data sources
Records of ambient COH concentrations were acquired from the California Air
Resources Board (CARB), the New Jersey Department of Environmental
Protection (NJDEP), and the Environmental Protection Agency’s Air Quality
System. The EPA’s data set included COH concentrations for many states, but
the temporal and spatial coverage was very limited in most cases. Included in
this analysis are states with COH records covering ten or more years (Figure
3.1): California, New Jersey, Virginia, Pennsylvania, Colorado, Ohio, Illinois, New
York, and Missouri. The most spatially and temporally comprehensive data sets
are available for California and New Jersey. The CARB and EPA data sets
contained COH records for California for overlapping periods, which provided an
opportunity for comparison.
The locations of COH monitors and Interagency Monitoring of Protected Visual
Environments (IMPROVE) sites operated in California are shown in Figure 3.2.
COH monitors were located predominantly in urban areas at low altitude at
monitoring stations maintained by state AQMDs. Most IMPROVE sites are rural
in location. As indicated in the figure, EC concentrations are measured at
IMPROVE sites. Trends in EC concentrations at IMPROVE sites are further
discussed in Chapter 4. The location and number of COH monitors operating in
California varied over time. From the mid-1970s to 2000, thirty or more COH
monitors were in operation at least six months in any given year, according to the
records obtained for this study (Figure 3.2). The number of COH monitors in
operation dropped quickly after 2000 to just one in a rural location in 2005.
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Figure 3.1 A map of the U.S. indicating the states for which at least some COH
records exist, and the nine states (in blue) for which we have determined annual
BC trends.
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Figure 3.2 (Left) Map of California showing where COH and EC were measured:
IMPROVE sites operating between 2001 and 2005, and COH sites from 1980 to
2007. (Right) Graph showing the number of COH monitors in operation in
California at least six months in any given year over the period 1970 to 2007.
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3.3 Black carbon trends
Statewide average BC concentrations in California were computed separately
using the data available from CARB and the EPA. Using the CARB data, airbasin average BC concentrations were computed from which statewide average
values were calculated. Using the EPA dataset, statewide average values were
determined as the average of BC concentrations measured at all sites across the
state. The EPA data set was missing a considerable amount of data contained in
the CARB data set. Data recorded by the South Coast AQMD were notably
missing from both sources, which prevented the evaluation of BC trends for the
Los Angeles-San Bernardino region. Statewide average BC concentrations for
other states were computed as the average of concentrations measured at all
sites across each state.
Annual, monthly, and daily average BC concentrations were calculated.
Statewide annual average BC concentrations in California are shown over a 45+
year period in Figure 3.3. BC concentrations in California decreased markedly
from about 3.9 µg m-3 in 1966 to 2.3 µg m-3 in 1980 to 1.1 µg m-3 in 2000. Where
the EPA and CARB datasets overlap, agreement is very good. The observed
decrease of approximately 50% in the time period between 1980 and 2000 is
consistent with that reported by [Bahadur et al., 2011] and may possibly be
related to emissions control on diesel engines. The more recent values shown in
Figure 3.3 (i.e., those after 2000) may not be truly indicative of statewide
concentrations because of the small number of monitors operation. However, the
continued downward trend is consistent with EC concentrations measured
throughout the San Francisco Bay Area [BAAQMD, 2012].
Annual average BC concentrations in averaged over several California air basins
are shown in Figure 3.4. These show considerable variation but generally follow
the decreasing statewide average trend. Lowest BC concentrations are in the
North Central Coast air basin. As noted above, COH data were not available for
the Los Angeles-San Bernardino region. [Cass et al., 1984] reported an average
EC concentration of 5 µg m-3 in the Los Angeles from 1958 to 1981. Assuming
the EC concentrations are a reasonable estimate of BC concentrations, the
report of Cass et al. indicates that BC concentrations were considerably higher in
the Los Angeles area than in the rest of California, at least until 1980. Thus, the
statewide average BC concentrations shown in Figure 3.3 are likely biased low
due to the exclusion of data from the Los Angeles region.
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Figure 3.3 Statewide average BC concentrations based on COH data sets
obtained from CARB and EPA and distillate fuel oil (i.e., diesel fuel) consumption,
a source of BC, in California since 1960.
The trends in statewide annual average BC concentrations in California and
other states are compared in Figure 3.5. During a period of markedly decreasing
BC concentrations from the mid-1960s to 1980, concentrations were generally
bound at the high end by those measured in New Jersey and at the low end by
those measured in California. Thus, compared to the distinct reduction in BC
concentrations in California, the decreases in the other states was even more
marked as shown in Figure 3.5. Since 1980, the decline in BC concentrations in
New Jersey and California has been more gradual, with New Jersey
concentrations having apparently plateaued at a level that is twice the statewide
average level in California.
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available COH records.
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3.4 Seasonal patterns in BC
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Monthly statewide average BC concentrations were computed on a decadal
basis to examine how seasonal trends evolved over time (Figure 3.6). A strong
annual cycle is apparent, with wintertime maxima and summertime minima. This
seasonality continued over time in California, similar to the seasonal trend in the
San Francisco Bay Area and in Los Angeles reported by [Kirchstetter et al.,
2008a] and [Cass et al., 1984], respectively. In contrast, the seasonal cycle
evident in BC concentrations in New Jersey in the 1970s and 1980s was not
evident in the 1990s and early 2000s.
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To aid in the interpretation of these BC trends, concentrations of carbon
monoxide (CO) – another primary air pollutant – are shown in Figure 3.7 for
several cities. These data are an excerpt from the study of [Glen et al., 1996] and
show excellent agreement between CO concentrations that were measured and
modeled. In modeling CO concentrations, Glen et al. treated CO emissions as
constant throughout the year. Variability in modeled CO was introduced only by
variability in wind speed and atmospheric mixing height (i.e., pollutant
dispersion). The fact that modeled and measured concentrations are in good
agreement suggests that the modeled dispersion of CO is accurate. These data

Figure 3.6 Annual cycles of BC concentrations by decade in California and New
Jersey between 1960 and 2000.
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illustrate that wintertime maxima and summertime minima in CO concentrations
in San Francisco are due to the seasonal cycle of pollutant dispersion, with lower
wind speed and mixing height in the winter. Conversely, the lack of a seasonal
cycle in CO concentrations in several east coast cities is due to the lack of a
seasonal cycle in pollutant dispersion.
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Figure 3.7 Annual cycles of carbon monoxide emissions measured in several
cities and modeled by Glen et al. (1996).
Given the results of Glen et al., we infer that the persistent annual cycle in BC
concentrations in California is due to meteorological conditions that have not
changed over the time scale indicated in Figure 3.6. As noted above, most of the
COH monitors were located in urban settings at low altitude. In the winter, these
regions are characterized by a low boundary layer and stagnant air, which
promotes the buildup in pollutant concentrations. Residential wood burning that
peaks in the wintertime [Fairley, 2006] could also contribute to this winter-time
maxima. However wood burning emits an order of magnitude more OC than BC,
and the analysis of [Schauer and Cass, 2000] suggests that, at most, 20% of
wintertime ambient BC concentrations in Fresno, California are from residential
wood burning. Regarding the trends in New Jersey, we infer that the absence of
an annual cycle in BC concentrations in the 1990s and 2000s is due to the
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absence of an annual cycle in the region’s meteorological influence on pollutant
dispersion. This is consistent with the results of Glen et al. for other east coast
cities. Assuming broad meteorological patterns have not changed in New Jersey,
the annual cycle in BC concentrations in the 1970s and 1980s was likely due to
increased wintertime BC emissions, which have since been controlled.
3.5 Weekly patterns in BC
Daily statewide average BC concentrations, normalized to concentrations on
Sundays, are shown in Figure 3.8 for California and New Jersey. The same is
shown for individual air basins in California in Figure 3.9. A weekly cycle is
clearly evident, with the lowest BC concentrations on Sunday and second lowest
on Saturday. Diesel truck activity, but not the activity of gasoline fueled vehicles,
follows a similar weekly pattern, with activity on Sundays equal to 25% of the
weekday average in California [Dreher and Harley, 1998]. In a given region, the
weekly cycle in BC concentration becomes more pronounced as BC
concentrations decrease: in recent decades rather than earlier decades (Figures
3.8 and 3.9) and in summer rather than winter (not shown).
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Figure 3.8 Weekly cycle of BC concentration by decade in California and New
Jersey from 1960-2000.
Figure 3.9 illustrates that the weekly cycle in BC concentrations is weakest in the
North Central Coast where BC concentrations are lowest (Figure 3.4). Likewise,
the weekly cycle in BC concentrations tends to be strongest in the San Francisco
Bay Area, San Joaquin Valley, and San Diego where BC are generally the
highest. A plausible explanation is that diesel vehicle activity is lowest in the
North Central Coast resulting in the lowest BC concentrations and the weakest
weekly cycle in BC.
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3.6 Energy consumption trends
Energy consumption data were downloaded from the U.S. Energy Information
Administration [EIA, 2012]. Over the period 1960 to 2000, total energy
consumption in California increased from 3.5 to 8.0 quads (10 15 BTU) and fossil
fuel consumption roughly doubled from 3 to 6 quads. The consumption of
distillate fuel oil, which includes on-road diesel fuel and is a primary BCproducing fuel, is shown together with the long-term statewide average BC trend
in Figure 3.3. As shown, concurrent with the factor of 4 decrease in BC
concentrations, distillate fuel oil consumption increased by about a factor of 5
(from 0.1 to 0.5 quads). Since 1960, the majority of distillate fuel oil has been
increasingly consumed in the transportation sector, and since 1970, the majority
of transportation distillate has been consumed by on-road diesel vehicles (Figure
3.10).
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Figure 3.10 Distillate fuel oil consumption in California by sector, illustrating the
portion of transportation distillate that is taxable (i.e., on-road) diesel.
Given that diesel truck activity has persistently influenced BC concentrations in
California (Figures 3.8 and 3.9), one might expect that the increasing use of
diesel fuel would result in increasing BC concentrations. Yet BC concentrations
in California have declined. The apparent paradox must be due to the fact that
the mass of BC emitted by on-road diesel trucks per kilogram of diesel consumed
has decreased more than diesel fuel consumption has increased. Evidence to
support this notion is presented by [Yan et al., 2011], [Kirchstetter et al., 2008a],
and [Lloyd and Cackette, 2001], who reported that fuel normalized emissions of
PM and BC from on-road heavy-duty trucks have decreased by about an order of
magnitude since the first smoke reduction standards were introduced in 1970.
Since 1970, on-road diesel fuel consumption has increased by a factor of 4.
Therefore, despite their increasing fuel consumption, on-road diesel truck
emissions of BC have likely decreased by about a factor of 2 over the period of
study.
Even more pronounced than the weekday/weekend difference in the activity of
on-road diesels, survey data from southern California show > 90% reduction in
construction activity (i.e. off-road diesel consumption) on weekends [Coe et al.,
2003]. This activity pattern likely contributes to the weekly BC cycle shown in
Figure 9. Only recently, however, have steps been taken to reduce particulate
matter emissions from new off-road engines [Dieselnet, 2012]. As a result, this
vehicle class may not have contributed much to the decline in BC concentrations
over the several decades illustrated in Figure 3.3.
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Figure 3.11 Consumption of fossil fuel and biomass fuels in California. Note that
energy consumption is plotted on a logarithmic scale.
As shown in Figure 3.11, fuels other than diesel supply most of California’s
energy needs. Thus, it is likely that factors in addition to the cleanup of the diesel
truck fleet have contributed to the decrease in BC concentration. Natural gas and
gasoline account for most of the energy consumption in California, followed by
residual and distillate fuel oils, wood and waste, coal, and liquefied petroleum
gas (Figure 3.11). Ethanol for transportation shows up in the early 2000s but is
minor compared to gasoline and diesel (distillate). BC emissions from natural gas
are thought to be negligible [Bond et al., 2004]. While fuel normalized BC
emissions from gasoline vehicles are approximately 30 times smaller than those
from heavy diesel trucks [Ban-Weiss et al., 2008; Kirchstetter et al., 1999],
roughly six times more gasoline than diesel fuel is consumed in California. Thus
it is reasonable to expect that gasoline vehicles emit on the order of 20% of the
amount of BC emitted by on-road diesel trucks. Since BC emissions from lightduty vehicles are decreasing over time, their cleanup has likely contributed to
decreasing BC concentrations in California. In addition, decreasing wood and
waste burning since 1990 and the cleanup of BC emissions by the industrial
sector which has consumed a rather constant amount of distillate fuel oil over the
study period (Figure 3.10), have likely contributed to decreasing BC
concentrations in California.
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This consumption history of residual fuel oil is very different than that of other
fuels, which either steadily increased (gasoline, diesel fuel) or remained very
small and approximately constant (coal and liquefied petroleum gas). The
consumption history of residual fuel oil (which includes bunker fuel oil) increased
substantially from 0.4 quads in 1970 to a historic maximum of 1.1 quads in 1977
(Figure 3.12). This sharp rise was followed by an equally sharp decline to 0.4
quads in 1983 and then a more gradual decrease to about 0.2 quads in 2000.
The peak in residual fuel oil was driven primarily by increased use in the electric
utility sector and to a lesser extent by increased use for ships in the
transportation sector (Figure 3.12).
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Figure 3.12 Residual fuel oil consumption in California by sector.
The peak in residual fuel oil consumption in the mid-1970s was coincident with a
change in the trajectory of BC concentrations from markedly decreasing to
approximately constant (Figure 3.3). The subsequent sharp decline in residual
fuel oil starting in 1980 coincides with the resumption in decreasing BC
concentrations. This is an indication that residual fuel oil combustion may have
influenced BC concentrations in California. Unlike BC emissions from electric
utilities that are generally considered to be negligible [Bond et al., 2004], BC
emissions per kg of residual fuel oil combustion in ships are likely higher than
that from diesel fuel combustion in trucks. Thus, it may be that the rise in
transportation residual fuel oil contributed to the plateau in BC concentrations in
the mid-1970s.
3.7 Conclusions
Historical records of COH have been used to construct statewide trends in
ambient BC concentrations in California. Overall, BC concentrations in California
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decreased markedly from about 3.9 µg m-3 in 1966 to 2.3 µg m-3 in 1980 to 1.1
µg m-3 in 2000, agreeing with the trends reported by [Bahadur et al., 2011]. A
persistent winter-time maxima in BC concentration is observed in the state, which
is related to meteorological conditions. An analysis of weekly patterns suggests
that the transportation sector is the primary driving force for BC concentrations.
Despite an increase in diesel fuel consumption from 1960-2000, a simultaneous
decrease in emission factors due to cleaner technology may have resulted in the
observed decrease in BC. Further, the steady decrease in transportation related
consumption of residual fuel oil from the early 1980s to 2000, and the coincident
elimination of residual fuel oil in the industrial sector (Figure 3.12) in favor of
cleaner burning natural gas, likely have contributed to the steady decrease in BC
concentrations in California.
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4.0 Trends in non-urban BC concentration, 1980-2000

4.1 Introduction
Given the large uncertainty in model estimates of BC emissions from various
sources, their atmospheric concentrations and their optical properties [Forster et
al., 2007] it would be highly advantageous to have empirical data to validate
model predictions. The IMPROVE monitoring network provides a record of
elemental carbon (EC) measured using thermal optical reflectance techniques
[Chow et al., 2001; Chow et al., 2004] , that is typically used as a surrogate for
BC. Since the optically-based definition of BC includes EC and a small fraction of
organic carbon (OC), this corresponds to an atmospheric lower bound. In
addition to EC, the network also provides measurements of organic carbon (OC),
sulfate, and nitrate in the fine aerosol (<2.5 μm) phase from 22 operational sites
in California from 1988-2008, allowing us to establish spatially resolved trends of
BC and non-BC aerosols California and their radiative properties.
The IMPROVE protocol has been applied consistently on the measurements in
this study, making the observed trends reliable. The IMPROVE protocol has
been shown to compare well with other evolved gas and optical measurements,
although different ambient compositions (with different contributions of diesel and
wood burning contributions, as well as interference from dust) could result in
greater discrepancies as discussed by [Chow et al., 2005] in a recent review.
For example, adsorption of volatile species and dust minerals associated can
lead to discrepancies in the corrections for charring that have been shown to
cause both positive and negative biases in EC measurements [Countess, 1990;
Schmid et al., 2001; Turpin et al., 1990; Watson et al., 2009].
In addition to the filter-based measurements, aerosol scattering coefficients at
the surface and column measurements of the aerosol single scattering albedo
are also available in California. These unique data sets enable us to ask the
following questions: What was the impact of diesel emission control on BC
concentrations in the atmosphere? And how did it alter the radiative properties of
aerosols? And lastly, what was the impact on the direct radiative forcing of the
atmosphere?
4.2 BC aerosol and diesel emissions
Black carbon (BC) is a substantial component of carbonaceous aerosols
produced from fossil fuel combustion and to a lesser extent, biomass burning
[Andreae and Merlet, 2001]. Studies in regions dominated by fossil fuel
combustion [Allen et al., 1999; Liousse et al., 1993] have found strong
correlations between EGA EC and aethalometer BC, indicating that EC from
diesel emissions are likely to be well represented by the IMPROVE
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measurements [Turpin et al., 2000]. To investigate correspondence between
trends in measured EC and diesel fuel emissions in California, we incorporate
two independent emission inventories in this study. An estimate of fossil fuel
emissions – attributed to diesel and gasoline – is available from [Ito and Penner,
2005], and the California Air Resource Board [CARB, 2008] maintains an
almanac of total particulate emissions and source related emission factors that
can be used to estimate diesel fuel BC in California.
4.3 Temporal trends in BC concentration
Figure 4.1(a) illustrates the annual averages for BC in California for the twentyyear period between 1989 and 2008. The annual mean concentrations show a
steady decline within this time period (from 0.46 µg m-3 in 1988 to 0.24 µg m-3 in
2008), with annual variability expressed as a standard deviation (1 adjusted for
multiple sites) approximately 40% of the mean value. The major portion of the
decline in BC concentration appears to occur between 1989 and 1998 (from 0.46
to 0.26 µg m-3) with a slower decrease between 1999 and 2008. The spikes in
BC concentration in 1999 and 2008 correspond to major California forest fire
years. The rate of decline in BC concentration agrees well with the decline in
both total fossil fuel emissions [Ito and Penner, 2005] and diesel vehicle
emissions [CARB, 2008] which show emissions peaked between 1985 and 1990
and declined thereafter. This correspondence in trend between reduced diesel
emissions and BC concentrations is consistent with, and reinforces the
conclusions of Novakov et al., [2008b] who report a reduced emission factor for
diesel fuels between 1960 and 2000.
Figure 4.1(b) compares the statewide annual mean BC with the mean calculated
in three geographic zones – South California (South of 35N) which contains the
Los Angeles-Long Beach-Santa Ana metropolitan areas, Central California
(between 35 and 38N) which contains the San Joaquin bay area and most of the
central valley, and North California (North of 38N). While the background BC
concentrations (as measured by the IMPROVE network) are higher in the more
populous Southern and Central zones, a similar decline is observed in all three
regions indicating that the observed decline in BC is uniform statewide, and not
dominated by a few stations.
The measured sulfate, nitrate, and OC (Figure 4.1(c)) show no statistically
significant trend in concentration between 1989 and 2008, with the approximately
10% change in annual mean values being significantly smaller than the standard
deviation in annual measurements. These contrasting trends suggest that the
reduction in diesel fuel aerosol emissions is likely to be the dominant contributing
factor to the reduction in BC concentration – particularly in the time frame
following the introduction of PM emission standards for heavy duty engines.
These results further reinforce our conclusion that the IMPROVE data constitute
an ideal set of ambient measurements for evaluating the climate impact of
mitigating BC via diesel emission control.
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Table 4.1 summarizes annual means and rate of change in BC concentration,
BC/sulfate ratio, and BC/non-BC aerosol ratio. A faster drop in BC concentration
is observed for the winter and spring months (Nov-Apr), compared to the summer
and fall months (May-Oct) that correspond to the wildfire season in California.
This seasonal variation is consistent with a greater reduction in anthropogenic
emissions compared to forest fire emissions and trans-Pacific transport. The
ratios also show a steady reduction from 1989 to 2008 for all seasons, indicating
that the decline in BC has outpaced the decline in total aerosol concentration.
The BC/sulfate ratio decreased at approximately double the rate (-6% compared
to -3%) of BC/non-BC aerosol ratio, further supporting our conclusion that
reduction in emissions from low sulfate fuels (such as diesel) and the proliferation
of cleaner emission vehicles are primarily responsible for the reduction in BC
aerosols.
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Figure 4.1 (a) Annual means of measured Black Carbon (left axis) and BC fossil
fuel emissions (right axis) in California from 1985 to 2008. Error bars correspond
to standard deviation between measurements at each station. Dashed lines
indicate a linear fit. Aerosol measurements from the IMPROVE network,
emission inventories from (1) CARB, (2) [Ito and Penner, 2005] (b) Annual
means of BC measured in Southern (South of 35 N), Northern (North of 38 N),
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and Central California (c) Annual means of measured Sulfate, Nitrate, and OC
from IMPROVE network.
Mean value
1989
2008
-3

BC, µg m
BC/Sulfate
BC/non-BC

0.46±0.13
0.39±0.11
0.14±0.01

0.24±0.10
0.36±0.12
0.07±0.01

Annual
-4.8±0.5
-6.1±0.4
-3.0±0.3

% Rate of change
Spring
Summer
Fall
(Feb-Apr) (May-Jul) (Aug-Oct)
-5.9±0.2
-3.6±0.2
-4.3±0.5
-7.8±0.5
-4.6±0.3
-4.6±0.6
-3.3±0.3
-3.5±0.2
-3.5±0.4

Winter
(Nov-Jan)
-6.6±0.4
-7.6±0.8
-3.1±0.2

Table 4.1 Annual mean and standard deviations of measured BC concentration
and BC/non-BC Aerosol ratios in California. Rates of change are calculated
based on a linear fit for annual mean values between 1989 and 2008.

4.4 Spatial trends in BC concentration
The twenty year average BC concentration measured at the IMPROVE sites is
illustrated in Figure 4.2(a). A low background concentration between 0.1 and 0.2
µg m-3 is observed over the majority of the state, with significantly higher
concentrations (up to 0.7 µg m-3) in the central valley and the south coast air
basin, indicating that anthropogenic emissions are the principal source of BC in
the state. Figures 4.2(b) and 4.2(c) illustrate the rate of change in BC
concentration and BC/non-BC aerosol (represented here by sulfate, nitrate, and
OC) respectively, which are negative over the entire state indicating that
anthropogenic aerosols generated by BC emissions have been declining in
California between 1989 and 2008.
Although the IMPROVE network has been in continuous operation since 1987,
coverage across the component stations has not been temporally uniform. Any
significant biasing of the statewide trend introduced due to IMPROVE sites
coming online or going offline over the study period can be understood by
examining the non-aggregated trends at the 6 sites with complete coverage
between 1988 and 2007. These sites are illustrated in Figure 4.3(a) and span the
entire geographic extent of California, providing a reasonable sampling crosssection. Figure 4.3(b) illustrates the trends in annual means for measured BC at
each of these stations. Similar to the statewide trend, we see a high inter-annual
variability, which still gives rise to a total decrease at the decadal time scale. In
fact, the decrease between 1988 and 2007 at each of the sites is found to be
comparable to the observed 50% statewide decrease, for example 0.22 to 0.13
µg m-3 (-40%) at LAVO, 0.14 to 0.07 µg m-3 (-50%) at PORE, and 0.45 to 0.20
µg m-3 (-55%) at PINN.
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Figure 4.2 (a) 20-year average BC Concentration from IMPROVE network in
California expressed in µg m-3 (b) Average rate of change of BC Concentration,
% (c) Average rate of change of BC/non-BC aerosol ratio. Locations of the
measuring stations are indicated.
Since these 6 sites establish a reliable baseline and confirm our overall statewide
trend from Figure 4.1, we expand our analysis to include all sites with
measurements spanning at least 75% of three time periods between 1988-1997,
1998-2007, and 1988-2007. With the exception of South Lake Tahoe (SOLA)
these sites are all located in remote areas. To contrast these measurements to
urban trends, we also include results from BC measurements collected at three
locations in the Bay Area [Novakov et al., 2008a; b]. Figure 4.3(c) shows the
change in BC as a function of average BC concentrations and Figure 4.3(d)
shows the change as a function of latitude. At each of these sites we find an
average annual decrease between 40 and 70% from 1988-1997 and between 15
and 40% from 1998-2007, which correspond to a total decrease between 40-60%
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at each of these sites matching up well with the statewide average of 50%. We
do not find any correlation with either the total BC concentration or latitude,
indicating that the downward trend is fairly uniform across the state, in both rural
and urban areas and is unlikely to be biased by a few outliers.
44
42
Q)

REDW

40

(b)

4

~

.....
·.;; 38

c-;,

~ 0.1

u
UJ

• PINN

36

2

E

e YOS

ro

-124

8
6
4

--·

34
32

8
6

e LAVO

""O
::::I

.....J

1

(a)

2

-120

~
~
~
~
~
~

REDW
LAVO
PORE
YOSE
PINN
SAGO

0.01
1985 1990 1995 2000 2005 2010

-11 6

Longitude

Year
0

0

u

-20

co
C

• ••••
•••

-40

Q)

C

•

ro
..c -60

0

~ -80

0

-60

♦

0

2

4

1988-2007
1988-1997
1998-2007
1990-2000 (N)
2

4

0 .1

EC, µgm

1

♦

-80

••
0

• • (d)

••

.

: t. .._____•
•

0

0

♦

••

2

♦

.____SOLA

♦

♦

•

-40

0

1-.

u

-100
0.01

-20

# . ...

O'l

• ••••
•• • •
•

(c)

■-~

SOLA

♦

1988-2007
1988-1997
1998-2007
1990-2000 (N)

•
♦

-100

4

10

-3

32

36

40

44

Latitude

Figure 4.3 (a) Location of IMPROVE sampling stations in continuous operation
from 1988-2007 in California, (b) Annual means of measured BC at each site in
continuous operation (c,d) Average annual rate of change in mean BC
concentration for IMPROVE sites with greater than 75% coverage in each time
period. Urban measurements from South Lake Tahoe (SOLA, labelled) and the
Bay Area (designated N) [Novakov et al., 2008a] included for comparison.
4.5 Changes in aerosol radiative properties
Figure 4.4 illustrates the approximately 50% reduction in ratio of BC (an
absorbing aerosol) to the total sulfate, nitrate, and OC (primarily scattering
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aerosols), from 0.14 (1989) to 0.07 (2008). We can infer an aerosol absorption
coefficient (k) from the BC concentrations using a conversion factor of 7.5x 10-6
as recommended by Bond and Bergstrom [2006] or 10.1 x 10 -6 m2 mg-1
recommended under the IMPROVE protocol [Horvath, 1993]. The k can then be
combined with nephelometer measurements [Malm and Gebhart, 1996; Malm
and Pitchford, 1997] of the aerosol scattering coefficient (s) from the IMPROVE
network to obtain the single scattering albedo (SSA) defined as: s/(s+k). A more
useful quantity for tracking the forcing impact of absorbing aerosols is the cosingle scattering albedo Ae = (1-SSA), which is the quantity shown in Fig. 4.3. Ae
peaked at 0.13 in 1989 and decreased by about 40% to 0.08 in 2004 (the last
year for which data were available). Values less than 0.05 will typically lead to
net negative forcing while values greater than about 0.15 lead to net warming,
and for values in between 0.05 and 0.15, the sign and magnitude will depend on
the surface albedo, cloud fraction, vertical profile and latitude and season. The
observed scattering coefficient changed very little with time therefore trends in Ae
closely resemble the trend in BC. The negligible trend in s is consistent with
corresponding small trends in SO4 and NO3 (which dominate scattering) shown
in Fig. 4.1(c), thus demonstrating the over all consistency of the various data sets
used in this study for establishing the impact of diesel emission reductions. In
summary, the rate of decline in BC concentrations has outpaced the decline in
non-BC aerosols (primarily sulfate), resulting in a reduced warming, or
equivalently cooling, potential of aerosols in California.
4.6 Implications for direct radiative forcing
In order to use the surface data for exploring implications for radiative forcing, we
need to examine the link between surface SSA and column SSA, which is
discussed next. Figure 4.5 illustrates the monthly average SSA over California
between 1988 and 2010 from both the IMPROVE measurements at the surface
and the AERONET network [Holben et al., 1998; Holben et al., 2001] data
(available from 3 stations in California between 2005 and 2010) which estimates
the column averaged SSA. Though the increase in calculated surface SSA is
expected as a consequence of decreasing BC concentrations, the trend is
consistent with the more recently available column AERONET observations. It is
important to note that these two quantities are not directly equivalent, as the
near-surface SSA will be largely driven by regional emissions, while the columnintegrated SSA will also be impacted by vertical stratification in the mixing state
of aerosols, and long-range transport. The correspondence in trends illustrated
in Figure 4.5 however indicates that the column SSA values, which drive the
radiative forcing are primarily dominated by regional emissions.
The impact on direct radiative forcing due to the changes in aerosol loadings is
estimated with a Monte Carlo radiative transfer model [Kim and Ramanathan,
2008]. The calculated aerosol optical depth (AOD) decreased about 19% from
0.27 in 1989 to 0.22 in 2008. The modeled Ae decreased from 0.116 to 0.077,
comparing well with the observed trend (Fig. 3). In the forcing estimates, we used
0.23 and 0.18 for AODs in 1989 and 2008 to match the regional mean
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MODIS/Terra AOD retrieval[Platnick et al., 2003] (0.18) in 2008 over California,
but retained the AOD decrease based on the IMPROVE values.
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Figure 4.4 Time series of measured BC/non-BC Aerosol ratio from the
IMPROVE network in California (left axis) and derived co-Single Scattering
Albedo for visible light (right axis). Co-SSA is calculated using 10.1 x 10-6 m2 mg-1
[Horvath, 1993] and 7.5 x10-6 m2 mg-1 [Bond and Bergstrom, 2006] for BC
absorption cross section.
The cooling effect of aerosols at the top-of-the Atmosphere (TOA) changed by 1.4 W m-2 between 1989 and 2008, with the absorption in the atmosphere
decreasing by 6.5 W m-2 and incoming solar radiation reaching the surface
increasing by 5.1 W m-2. The uncertainty in the estimated changes in TOA forcing
arises from the model-input values for AOD and the vertically integrated SSA.
The estimated uncertainty in forcing is about 8% (surface), 14% (atmosphere)
and 28% (TOA) due to the differences between the calculated and satellitebased AOD. With respect to SSA, the observationally based SSA (Fig. 4) is only
for the near-surface air, which we assumed to hold for other levels in the
atmosphere. We don’t have observational data for the vertical variation in SSA,
which prevents us from making an objective estimate for the uncertainty. Our
guess is that it should be at least ± 50%. The estimated large cooling effect of the
reduction in diesel related BC aerosols is consistent with recent model
predictions [Jacobson, 2010c].
The surface brightening of 5.1 W m-2 (±60%), caused by reduction in diesel
based BC is about 3% of the net surface solar radiation (190 W m -2), is large
enough to be detectable. Such large increases in surface solar radiation as a
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result of aerosol (BC in our case) reductions is consistent with an observed clearsky brightening of 5.0 W m-2 observed over the United States between 1997 and
2006 [Long et al., 2009]. This does not necessarily imply that reduction in BC
should have contributed to surface warming over California, since the decrease
in atmospheric solar absorption (6.5 W m-2) is much larger, leading to a TOA
negative forcing and mitigation of human impact on global warming. The
magnitude of the surface brightening and atmospheric decrease in solar heating
are sufficiently large to have had an impact on regional heat and water budget.
Black carbon reduction should also have led to alteration of clouds by deceasing
cloud nuclei and cloud albedo (warming effect; see [Chen et al., 2010; Jacobson,
2010c]) and increased cloud fraction (cooling effect; see [Ackerman et al., 2000]).
The net effect of BC interactions with clouds is estimated to be warming
[Jacobson, 2010c], but this requires further study and the California data reported
here should offer an excellent opportunity to validate published hypotheses for
BC-Cloud interactions.
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4.7 Impact of diesel emissions control policies
California has been a national and global leader in implementing aggressive laws
to reduce particulate emissions. Such laws led to the introduction of Diesel
Particulate Filters (DPFs) in non-road machines since 1980, and in automobiles
since 1996. The first state-wide regulation on diesel engine emissions was
introduced in 1987 with the first California Heavy Truck rule capping particulate
emissions at 0.60 g/BHP Hour, and progressively tighter standards have been
subsequently implemented. While no jurisdiction has made DPFs mandatory, the
increasingly stringent emissions regulations mean that eventually all on-road
diesel engines will be fitted with them – for instance, the American 2007 heavy
truck engine emissions regulations cannot be met without filters. The “Risk
Reduction Plan to Reduce Particulate Matter Emissions from Diesel-Fueled
Engines and Vehicles” adopted by the California Air Resource Board (CARB)
established further goals to reduce diesel emissions in California by 75% in 2010
and 85% in 2020. To support the diesel risk reduction plan CARB has introduced
regulations including (but not limited to) the control equipment verification
program (2007), public transit bus rules (2000), transport refrigeration unit
regulation (2003), and proposed future idling regulations, details of which may be
obtained under the California Code of Regulations Section 13 [CCR, 2010].
These regulations have a mandatory character (in California) but allow a
flexibility of approach which can be met by a variety of approaches including
retrofitting engines with emission controls systems (such as DPFs and oxidation
catalysts), replacement of existing engines with newer technology engines, and
restrictions placed on the operation of existing equipment. Significantly, the
reduction - 0.007 Tg Yr-1 in diesel emissions and 0.008 Tg Yr-1 in total BC
emissions[CARB, 2008] – between 1990 and 2008 - is comparable, indicating the
total decrease in BC is almost entirely attributable to diesel emission standards.
4.8 The Role of urban sites and South Lake Tahoe
While reduction in dispersed diesel emissions appear to be the primary driving
force behind reduced BC concentrations, the inclusion of urban sites could
potentially bias trend analyses due to their higher absolute concentrations. Such
a concern would be legitimate had we focused on long-lived greenhouse gas
trends, but urban locations are just as important as rural locations in obtaining
statewide BC trends. Rather, our analyses would have been more representative
had there been more IMPROVE locations in urban sites. This is a rather moot
issue, since the trends we see in individual stations are not strongly dependent
on either the absolute concentrations or on the geographical location (see Figure
4.3). In fact, the trends in urban stations are similar to those in rural sites.
Observed BC reduction at the South Lake Tahoe urban site can also be
attributed to mitigation of residential wood smoke emissions following the retrofit
program of 1993. The sharp decrease in both organic carbon (OC) and BC
starting in 1993 illustrated in Figure 4.6(a) is consistent with this conclusion, but
may not provide a complete picture, as aerosol concentrations at a site cannot be
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interpreted solely from local emission sources. In fact, long-range transport of
pollutants has been well established in the literature [Hadley et al., 2007;
VanCuren et al., 2005; VanCuren and Cahill, 2006]. Further, aerosol phase
potassium and a lower EC/OC ratio (compared to fossil fuel emissions) are
widely accepted tracers of wood smoke and biomass burning aerosols [Cachier
et al., 1989; Echalar et al., 1995; Novakov et al., 2000]. If BC reduction were to
be attributed solely to wood smoke, we also then also expect to see an increase
in the EC/OC ratio and a decrease in the K/EC ratio. Figure 4.6(b) reveals,
however, just the opposite. It shows that EC/OC ratio decreased while the K/EC
ratio increased over the same time period in South Lake Tahoe. The observed
trends then raise the interesting possibility that though the total BC emissions
attributable to residential wood burning have decreased, the contribution to BC
from diesel sources may have decreased at a faster rate. This indicates that
even at the South Lake Tahoe site, BC mitigation from diesel sources is a
significant factor.
5
<7

E
C)

(a)
4

::::s..

C

0

3

+-J

ro
L.

+-J

C

2

~

Q)

u

C

-+-~

0

u
0

..... oc

-1

0.8

(b)

1.0xlO

0.7
0
.j-.J

ro

0.8
0.6

rn

Q:'.

u

0.5

uLJ..J

0.4

A
....__

0.6

0
....__

n

;::o
Q.)

,-+

-+-

EC/ OC
_ . K/ EC

0.3
0.2

1988

1992

1996

0.4

6"

0.2
2000

Year
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4.9 EPA speciated trends network
The IMPROVE network typically represents non-urban and background aerosol
concentrations as it’s monitoring stations are located by design in state and
national parks, and other remote locations. A parallel monitoring network
maintained by the EPA, called the speciated trends network (STN) has been in
operation since 2000 and follows a similar filter based protocol to measure fine
mode aerosols in urban centers. At present, there are 9 sites operating in
California as a part of the STN. Figure 4.7 compares trends in the EC annual
mean measured by the two networks.
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Figure 4.7 Annual mean measurements of EC from the IMPROVE and EPA-STN
networks in California that represents non-urban and urban measurements
respectively. The higher urban concentrations measured by the EPA-STN
network are scaled down by a factor of three to enable a direct visual comparison
between the two networks.
We find the trend in the short period covered by the STN (10 years) parallels the
fluctuations in the means observed in IMPROVE concentrations for the same
time period, with a higher magnitude reflecting its urban locations. The coverage
however is inadequate and fails to capture the long term decreases in EC
concentration that occurred starting in the 1960s (Chapter 2) and were measured
by the IMPROVE network. Due to these concerns, we remain confident that the
trends indicated by the more reliable IMPROVE and COH based networks that
also have a larger spatial and temporal coverage, reflect the true nature of BC
concentration in California.
4.10 Conclusions
The availability of aerosol phase measurements of BC from the IMPROVE
monitoring network, in conjunction with California’s air pollution laws for BC
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reduction, provide a comprehensive picture of atmospheric BC trends over
California. The data indicate that the annual mean BC concentration has
decreased by 50% from 0.46 µg m-3 in 1989 to 0.24 µg m-3 in 2008, and followed
a parallel trend in the reduction of fossil fuel (primarily diesel) BC emissions (also
about 50%). The correlation between BC decline and diesel emission decline is
further supported by the relatively constant concentrations of sulfate, nitrate, and
OC aerosols over the same time period. The use of multi-site aerosol phase
measurements allows us to constrain changes in the SSA compared to retrievals
from AERONET, and construct vertical concentration profiles within the boundary
layer. These measurements provide an invaluable resource for determining the
climate impact of BC, and in conjunction with emission inventories provide a
direct link between regulatory control policies and the long-term impact of
anthropogenic emissions. Our model calculation indicates that the decrease in
BC in California has lead to a cooling of 1.4 W m -2 (±60%). The regulation of
diesel fuel emissions in California therefore has proven to be a viable control
strategy for climate change in addition to mitigating adverse human health
effects.
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5.0 Solar absorption by black carbon and brown carbon

5.1 Introduction
As mentioned in Chapter 4, black carbon (BC) emitted from combustion sources
such as automobile exhaust is commonly considered to be equivalent to
elemental carbon (EC), and the organic fraction of carbonaceous aerosols (OC)
is considered to only scatter light, and is therefore found to have a cooling impact
on the climate [Koch et al., 2007; Myhre et al., 2008]. It is important to realize not
only does BC from all emission sources contain both elemental and organic
fractions [Chow et al., 2009], but non-soot OC, particularly that emitted from
biomass burning processes has a significant absorbing component at short
wavelengths that may be comparable to the EC absorption [Andreae and
Gelencser, 2006; Hoffer et al., 2006; Jacobson, 1999; Kirchstetter et al., 2004;
Magi et al., 2009]. Consequently, OC that is weakly absorbing in the visible and
near-UV spectrum may also contribute to the warming potential of aerosols. In
addition to their differing spectral dependence, the wide range of optical
properties reported for EC, OC, and mineral dust in the literature [Alfaro et al.,
2004; Bergstrom et al., 2007; Bond and Bergstrom, 2006; Clarke et al., 2004;
Fialho et al., 2006] leads to uncertainties in estimating the absorption attributable
to these species. While the attribution of ambient aerosol absorption to EC may
be a reasonable approximation in areas dominated by fresh soot emissions, it
may lead to misleading estimates of the aerosol forcing when other light
absorbing particles are present.
In more complex environments, a separation of the total absorption into different
chemical species is therefore essential, both for constraining the large
uncertainties in current aerosol forcing estimates [Forster et al., 2007] and for
informing any emissions based control policy. Recent studies reporting the
fractions of EC, OC, and mineral dust absorption follow one of three general
approaches. First - measured optical and size distribution properties of the
aerosol are related to spatial emission patterns to determine the dominant
absorbing species [Dubovik et al., 2002; Eck et al., 1999; Rizzo et al., 2011;
Russell et al., 2010]; second – detailed aerosol transport and chemistry models
are used in conjunction with assumed optical properties to estimate absorption
which is validated against measurements [Arola et al., 2011; Chin et al., 2009;
Dey et al., 2006; Koven and Fung, 2006; Park and Chang, 2007; Sato et al.,
2003]; and third – closure studies are performed to relate collocated chemically
resolved measurements of aerosol mass with optical measurements [Sandradewi
et al., 2008; Yang et al., 2009]. A recent study by Chung et al. [Chung et al.,
2012b] exploited the wavelength dependence of the absorption aerosol optical
depths (AAOD) of BC, BrC and dust aerosols to resolve their relative contribution
to the observed absorption optical depths, but used published values for the
wavelength dependence of AAOD for OC (brown carbon) and assumed the
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single scattering albedo (SSA) for EC and OC instead of self-consistently
determining these critical properties from observations. This study uses the
formalism of Chung et al. without invoking the assumptions noted above.
Specifically, the present approach offers the following major improvements: – (1)
By solving for BC and BrC simultaneously we eliminate the need for assumption
of CA (carbonaceous aerosol) properties that depend on source specific
compositions, (2) The OC AAE is determined empirically by exploiting
measurements at the longer wavelengths of 870 and 1020 nm, (3) We consider
scattering optical depths to better constrain the phase space based on size, and
finally (4) We also offer empirical estimates of the SSA. The proposed empirical
scheme only requires a single set of aerosol optical measurements, allowing for
spatial and temporal coverage on a nearly global scale. We provide a robust set
of constraints that will allow climate modelers to improve the estimation of the
BrC aerosol forcing.
5.2 Partitioning AAOD
The total aerosol optical depth (AOD) represents the total light extinction due to
scattering and absorption by an aerosol and is related to the absorption aerosol
optical depth (AAOD) through the single scattering albedo (SSA) as
AAOD()=(1-SSA()) x AOD().

(5.1)

The AOD and AAOD are extensive properties that depend on the total aerosol
concentration, while the SSA (the fraction of total aerosol extinction due to
scattering) is an intensive property that depends only on the aerosol composition;
however the value of all three depends on the wavelength of the incident light.
The spectral dependence of the AOD and AAOD is related to reference values
with an exponential dependence
AOD()=AODref(/ref)-EAE
AAOD()=AAODref(/ref)-AAE

.

(5.2)

In the classical formulation, the extinction Angstrom exponent (EAE) and
absorption Angstrom exponent (AAE) are thought to be constants, however
recent studies have shown them to depend on the wavelength, particle size, and
particle composition [Flowers et al., 2010; Gyawali et al., 2009; Moosmuller et al.,
2011]. Since the total AAOD is an extensive property, the contributions due to
EC, OC, and dust are additive such that
AAOD()=AAODEC()+AAODOC()+AAODdust().

(5.3)

Equations 5.2 and 5.3 can be combined to generate a set of independent
equations that comprise our primary formulation.
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AAOD(i)=AAODref,EC(i/ref)-AAEEC,i+AAODref,OC(i/ref)-AAEOC,i
+AAODref,dust(i/ref)-AAEdust,I

(5.4)

If the AAOD is known at at least three wavelengths (i.e. i=1,2,3), the set of three
equations 5.4 can be solved for the three unknown reference AAOD values
corresponding to EC, OC, and dust, which can then in turn be used to partition
the AAOD at any wavelength. The complete set of AAE values parameterize
these equations and constrain the phase space in which physically relevant
solutions exist. There are only two inherent assumptions in this formulation –
first, the AAE values for the component absorbing species EC, OC, and dust are
intrinsic properties that are not dependent on the mixing state; and second that
the measured AAOD value represents a well mixed sample of these species.
The full implementation of this method requires knowledge of the AAE values to
partition the AAOD and the SSA values in order to determine the AOD. In theory
a number of pathways can be employed to determine these parameters, but as
stated in the introduction, in this work we rely only on empirical values derived
from optical measurements of ambient aerosols. Finally, since the absorption and
scattering components of extinction can be related to aerosol chemistry and size
respectively [Horvath and Noll, 1969], we use the Scattering Angstrom Exponent
(SAE) in place of the EAE for the remainder of this work.
5.3 Aerosol Robotic Network (AERONET)
The ground based AERONET (Aerosol Robotic Network), a globally distributed
network of automated sun and sky radiometers [Holben et al., 2001] provides
long-term, continuous, and readily available measurements of aerosol optical
properties that are an ideal resource for this study. In addition to multi-band
retrievals of AOD between 340 and 1020 nm from direct sun measurements, the
inversion algorithm provides SSA (and corresponding AAOD) estimates from sky
radiance measurements at 440, 675, 870, and 1020 nm [Dubovik and King,
2000]. Several AERONET sites are dominated by emissions corresponding to a
single absorbing aerosol [Russell et al., 2010]. To parameterize Equation 5.4 with
AAE values for EC, we use fossil fuel dominated sites separated into urban and
non-urban regions. Similarly, we use biomass burning dominated sites to
parameterize OC/BrC, and dust dominated sites for dust. Table 5.1 provides the
details of the sites selected for this analysis. We use the daily average quality
assured data (designated as Version 2 Level 2.0). Although this limits the total
number of valid SSA (and corresponding AAOD) retrievals, there are however
sufficient data for the results to be statistically significant.
Since the primary focus of this work is partitioning absorption in the visible and
near-UV spectrum, we select the three shortest AERONET wavelengths for the
remainder of our analysis. We designate the angstrom exponents for AOD and
AAOD between 440 and 675 nm as SAE1 and AAE1, and similarly the angstrom
exponents between 675 and 870 nm as SAE2 and AAE2 respectively.
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Group

DU

Dominant
Emission
Source
Dust

BB

Biomass
Burning

UF

Urban Sites,
Fossil Fuel
combustion

NF

Non-Urban
Sites,
Fossil Fuel and
mixed sources

CA

Mixed

Sites

Valid SSA
retrievals

Reference

Tamanrasset, Solar Village, Hamim,
Eilat
Abracos Hill, Alta Floresta, Belterra,
Campo Grande, Petrolina, Rio
Branco, Mongu, Skukuza

1312

Billerica, CCNY, Fresno, GSFC,
Halifax, MD Science Center,
Hamburg, IFT Leipzig, ISDGM, Mainz,
Palaiseau, Rome, Hong Kong,
Karachi, New Delhi, Taipei CWB,
Kanpur
Appledore Island, Bondville, Sioux
Falls, Walker Branch, CART
Oklahoma, Hyttiala, Tenerife,
Toravere, Villefranche, Dongsha
Island, Gandhi College, Pantnagar,
Xanthi
Fresno, La Jolla, MISR-JPL,
Monterey, Moss Landing, San
Nicholas, Table Mountain, Trinidad
Head, UCLA, UCSB

2105

[Kim et al.,
2011]
[Hoelzemann
et al., 2009;
Magi et al.,
2009]
[Xia et al.,
2008]

1452

1385

[Xia et al.,
2008]

342

Table 5.1 AERONET sites used to obtain AOD and AAOD measurements.
5.4 Constraining the AAE and SAE
Since dust and carbonaceous aerosols have distinct sources and differing
chemical and physical properties [Russell et al., 2010], the determination of dust
absorption characteristics is the first logical step in our analysis. However,
ambient dust is often mixed with anthropogenic and biogenic pollution even at
desert sites (and conversely, combustion dominated sites show influence of dust)
[Eck et al., 2010] and the entire DU data set cannot be used to determine
properties for pure dust. Compared to combustion aerosols that are
predominantly in the fine (submicron) mode close to sources, dust particles are
dominated by coarse (supermicron) mode particles that have a weak spectral
dependence for the total extinction [Kim et al., 2011]. At the same time, dust
particles absorb more strongly at shorter wavelengths, so we can establish
thresholds in the AAE1 and SAE1 for identifying dust-dominated (and dust-free)
measurements [Russell et al., 2010]. Figure 5.1(a) shows the normalized
probability distribution of the SAE1 determined from the AERONET data
summarized in Table 5.1. We find a clear separation between the DU and
BB/Urban and Non-Urban sites FF measurements. A threshold value of 0.5 in the
SAE1 results in a good separation, with 76 % of DU measurements satisfying the
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condition EAE1<0.5, compared to only 1% of BB/FF measurements. Figure S1(b)
shows a larger overlap when only the AAE1 is considered, with 72 % of DU
measurements and 17 % of BB/FF measurements satisfying the condition
AAE1>1.5. The AAE2 overlap for all data sets (Figure 5.1(c)), and there is
appears to be a separation when the AAE2/AAE1 ratio is considered (Figure
5.1(d)). Due to the existing overlaps in any one of these frequency distributions,
we employ a dual threshold to rigorously identify dust dominated measurements SAE1<0.5 AND (AAE1>1.5 OR AAE2/AAE1<0.4). This condition is satisfied by
66% of the DU points and less than 0.5% of BB/FF points. We calculate the
angstrom exponents for pure dust by averaging these measurements and find
AAE1 = 2.200.50 and AAE2 = 1.150.40.
We follow a similar procedure for establishing threshold values for identifying
dust-free (alternatively, carbon dominated) measurements. We select the
conditions SAE1>1.2 OR AAE2/AAE1>0.8 that are satisfied by 97% of all BB/FF
measurements and 18% of the DU measurements. The mean values for AAE1
calculated from dust-free measurements for absorption due to total carbon are
1.06 (FF), 1.14 (NF), and 1.28 (BB), agreeing well with the value of 1.0 typically
reported for black carbon [Bond and Bergstrom, 2006]. It is important to note two
subtle yet important conclusions based on these values. Firstly, the similarity in
magnitude across varied geographical regions and emission sources supports
the hypothesis that the absorption Angstrom exponent is an inherent intrinsic
property. Secondly, the differences can be attributed to different relative amounts
of elemental and organic carbon [Levin et al., 2010], with biomass burning
aerosols containing a larger organic fraction, and therefore having a larger
absorption Angstrom exponent than fossil fuel aerosols.
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Figure 5.1 Normalized frequency distributions for the (a) Scattering Angstrom
Exponent (440-675 nm), (b) Absorption Angstrom Exponent (440-675 nm), (c)
Absorption Angstrom Exponent (675-870 nm), and (d) AAE2/AAE1 ratio
measured at DU (brown), BB (green), UF (red), and NF (blue) AERONET sites
listed in Table 5.1.
Figure 5.2 illustrates the relationship between AAE1 and SAE1 for all AERONET
measurements included in this study. While the separation between dustdominated and dust-free measurements based on the threshold values is clear,
all fossil fuel and biomass burning measurements occupy a continuous region of
the phase space and the separation of pure EC and pure OC contributions
requires additional analysis. Since EC has a weaker spectral dependence than
OC, we can posit that the lower end of the AAE1 values reflects absorption due
to EC.
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illustrate the threshold values of SAE1=0.5, SAE1=1.2, and AAE1=1.5 used to
separate dust dominated and dust free regimes.
Figure 5.3 illustrates the mean values of AAE1 calculated by averaging different
fractions of the total frequency distribution at the different AERONET sites. We
find that the mean AAE1 value asymptotically converges to 0.550.24
representing the average low-end baseline for the absorption Angstrom
exponent. We relate this value to pure EC, again noting that varying amounts cooccurring OC raise this value in ambient measurements. A similar analysis gives
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us a value of AAE2 = 0.830.40 for EC. These values are found to be
independent of the location, source, and total aerosol concentration [Bahadur et
al., 2012a] and therefore can be considered robust representations of pure EC.
Since both OC and dust have a stronger spectral dependence than EC, any
observed values of AAE lower than these mean values correspond to BC
dominated aerosols, leading to our third constraint, If AAE1<0.55 AND
AAE2<0.83, AAOD=AAODEC.
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The calculation of OC absorption Angstrom exponents requires one additional
assumption. Since OC absorbs primarily in the UV and at shorter visible
(lambda<700 nm) wavelengths [Kirchstetter et al., 2004; Laskin et al., 2010], we
modify equation 5.4 such that
AAODOC(870) = 0.

(5.5)

In dust free regions the total AAOD at 870 nm is entirely due to EC, and the EC
AAOD at 675 and 440 nm are calculated using equation 5.2. Finally, equation 5.3
is used to calculate the OC AAOD at these two wavelengths, and the value of
AAE1 for OC can be determined (since we assume OC does not absorb at 870
nm, the AAE2 is undefined). The frequency distribution of OC AAE1 determined
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in this fashion is illustrated in Figure 5.4, and is found to have a narrow
distribution centered around 4.5 for all sites, further supporting our hypotheses
that the absorption Angstrom exponent is an intrinsic property. The mean value is
found to be 4.552.01.
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exponent determined from BB, CA, NF, and UF sites between 440 and 675 nm.
Table 5.2 summarizes the values of absorption Angstrom exponents determined
in this work, and compares them with the ranges of values reported in the
literature, both based on measurements, and determined from models using an
assumed refractive index. The AAE values for dust and total carbon lie within the
ranges reported in the literature, and typically agree will with the central values.
The AAE values for EC determined in this study are lower than literature values,
and the values for OC lie toward the upper end reported in the literature. This
indicates that EC and OC (treated as pure chemical species in this study) are
typically co-mingled in combustion studies, even close to the source. Recent
modeling studies have examined the effect of internal mixing between EC/OC on
the AAE using a Mie-scattering algorithm in conjunction with a core-shell
assumption [Chung et al., 2012a; Gyawali et al., 2009]. OC coatings
(representing internal mixing) are found to change the AAE for BC from 0.7 (no
particles coated) to 0.1 (all particles coated), with this range being consistent with
the value of 0.550.24 calculated in this work. One final caveat needs to be
considered in our approach – any absorption by fine mode dust (high AAE, high
SAE) would be masked by absorption due to OC. Figure 5.2(a) illustrates
however that less than 1% of observations in regions with significant dust
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absorption lie in this phase space, consistent with most mineral dust being found
in the coarse mode [Kim et al., 2011], similarly less than 10% of points in the
other regions fall in the coarse dust-region. We therefore do not expect
significant errors due to fine dust absorption.

Species
Dust

This Work
AAE1
AAE2
2.200.50
1.150.50

Total Carbon

1.170.40

1.230.40

BC/EC/Soot

0.550.24

0.850.40

OC

4.552.01

-

Literature, measured
AAE
Ref.
[Coen et al.,
1.0-4.0
2004; Fialho
et al., 2006;
Russell et
al., 2010;
Weinzierl et
al., 2011]
[Bergstrom
1.0-1.3
et al., 2007;
Russell et
al., 2010;
Schnaiter et
al., 2003;
Virkkula et
al., 2005]
[Levin et al.,
0.8-1.1
2010;
Sandradewi
et al., 2008]
[Bergstrom
1.8-7.0
et al., 2007;
Clarke et al.,
2007;
Kirchstetter
et al., 2004;
Levin et al.,
2010;
Russell et
al., 2010;
Sandradewi
et al., 2008;
Schnaiter et
al., 2005;
Schnaiter et
al., 2006]

Literature, modeled
AAE
Ref.

1.0-1.7

[Gyawali
et al.,
2009]

1.00

[Gyawali
et al.,
2009]

3.0-6.0

[Arola et
al., 2011;
Sun et
al.,
2007a]

Table 5.2 Absorption Angstrom exponents for dust, total carbon, BC, and OC
determined in this study and the ranges reported in the literature.
5.5 Single Scattering Albedo
While the total AAOD can be attributed to BC, OC, and dust using equation 5.4, a
similar partitioning of the AOD is not possible due to the variable contribution of
purely scattering aerosols. Instead, using an ensemble of measurements we try
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to locate the limiting case via extrapolation where the influence of scattering
aerosols is negligible, and the SSA may be therefore be attributed to the
absorbing species only. In order to determine this limit mathematically, we first
need to establish a linear relationship between the SSA and AOD. In a mixture of
an absorbing aerosol A and non-absorbing aerosol N, the scattering optical
depth, SAOD, and the absorption optical depth, AAOD, can be written as:
SAOD= SAODA + SAODN

(5.5)

AAOD= AAODA + AAODN

(5.6)

Furthermore, since SSA= SAOD/(SAOD+AAOD), we can rewrite the above
equations as:
(SSA)AOD = (SSAA)AODA + (SSAN)AODN
(1-SSA)AOD=(1-SSAA)AODA+(1-SSAN)AODN.

(5.5-a)
(5.6-a)

Realizing that SSAN=1, the ratio of the two equations yields
SSA/(1-SSA) = SSAA/(1-SSAA) +k(AOD-AODA)/AODA

(5.7)

Where k=1/(1-SSAA) and the limit of AOD=AODA represents the point where the
aerosol consists entirely of a single absorbing species (the limit of interest). The
advantage of formulating the AOD as a difference in this manner is that this 0
limit allows us to mathematically isolate the contributions from a single absorbing
species (such as EC, or BrC) whereas all absorbing species co-exist to a certain
degree even in emissions dominated by a single species. The pure component
SSA can be calculated by applying equation 5.7 to sets of observations likely to
be dominated by a single absorbing species to minimize deviation from the limit
of AOD-AODA=0 – i.e. BC SSA is determined from the fossil fuel burning
stations in Table S1, OC SSA is determined from the biomass burning stations,
and Dust SSA is determined from the dust dominated stations. As written,
Equation 5.7 cannot be directly solved since it contains two unknowns – SSAA
and AODA, with SSA and AOD comprising the ensemble of observations.
Instead, we determine SSAA recursively using a least-squares regression with
an assumed value of SSAA applied to Eq. 5.7, treating observed SSA/(1-SSA) as
the y (dependent) variable and (AOD-AODA)/AODA as the x (independent)
variable. For a given set of observations, values of SSA and AAODA (based on
our partition scheme) are known – we then assume a (initial) value of SSAA from
the literature (Table 5.3) allowing us to calculate AODA and (recursively)
determine the y-intercept (corresponding to the limit of absorption by a single
species), and recalculate a new value of SSAA that is then treated as the new
“assumed’ value and the process is repeated. When the assumed and calculated
SSA values agree within a tolerance of 10%, we consider the solution to have
converged.
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BC

SSA, this work
440 nm
675 nm
0.480
0.428

870 nm
0.386

OC

0.772

0.801

1.000

Dust

0.870

0.901

0.941

SSA, measured
550 nm
Ref.
0.15-0.30 [Bond and
Bergstrom,
2006;
Koylu and
Faeth,
1994;
Magi et al.,
2009;
Schnaiter
et al.,
2003]
0.85-0.95 [Bergstrom
et al.,
2007;
Magi et al.,
2009;
Russell et
al., 2010]
0.90-0.95 [Bergstrom
et al.,
2007;
Russell et
al., 2010;
Wolff et
al., 2009]

SSA, GOCART
550 nm
Ref.
0.20-0.50 [Chin et
al., 2009]

0.90-1.00

[Chin et
al., 2009]

0.60-0.90

[Chin et
al., 2009]

Table 5.3 Wavelength dependent Single Scattering Albedo determined in this
work compared with literature values.
Figure 5.5 illustrates the SSA (at 675 nm) calculated for EC, OC, and dust using
AERONET sites grouped by region. We find similar values among the different
regions, indicating that similar to the AAE, the SSA appears to be an intrinsic
chemical property largely independent of the emission source and region. The
corresponding wavelength dependence is summarized in Table 5.3, which also
shows the range of corresponding measured values, and those currently used in
the Goddard Chemistry, Aerosol, Radiation and Transport (GOCART) model.
The SSA is calculated at sites where each absorbing species is expected to be
dominant, for example BC SSA is determined only from fossil fuel dominated
sites. In summary, the derived SSA for dust and OC are consistent with the
range of values reported in the literature [Bahadur et al., 2012a] and both
become more absorbing at shorter wavelengths. The spectral dependence of EC
SSA on the other hand is weak and within the error at each bar at each
wavelength, therefore we use the value at 870 nm (with no OC and minimal dust
absorption) for EC. We find a higher SSA for EC (0.38) than that typically
reported by measurements (0.15-0.30). The published estimates are for aerosol
particles generated in the laboratory, or calculated in models (GOCART) while
our SSA is based on ambient observations that are likely to reflect
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atmospherically processed EC that may have contamination from internally
and/or externally mixed organics. This mixing will tend to enhance the aerosol
SSA therefore our SSA values should be considered as an upper limit. Our
analysis constrains the EC SSA at 440 nm to values between 0.15 and 0.48, with
and average value of 0.38. It should be noted, the derived SSA does not
influence the absorption estimates since AAODs were derived independent of the
SSAs.
5.6 Concentration Independence of intrinsic properties
A limitation of the AERONET data set used to tune the equations in this work is
that SSA retrievals are valid only when the AOD (440nm)>0.4, i.e. high pollution
events. This raises the possibility that the intrinsic properties we calculate – the
AAE and SSA may be biased and not universal for the dust, EC, and OC.
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Figure 5.5 Calculated SSA value at 675 nm for EC, OC, and Dust using
AERONET stations segregated into source regions as described in Table 5.1.
Figures 5.6(a) and 5.6(b) illustrate the measured SSA and calculated AAE1 as a
function of the measured AOD for the AERONET sites listed in Table 5.1. We
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find that the AAE is independent of the measured AOD and that the Biomass
sites have the largest AAE – consistent with a higher absorbing OC fraction at
these sites, while the North American Urban sites have the lowest AAE – again
consistent with a larger EC fraction.
Similarly, the scatter plots in Figures 5.6(c) and 5.6(d) show the independence of
SSA relative to the AOD, though all measurements with SSA correspond to high
pollution events, i.e. AOD>0.4. We find that SSA at 675 is generally higher than
SSA at 440 nm – this is consistent with aerosols becoming less absorbing at
longer wavelengths – i.e. loss of absorption due to OC and dust. These scatter
plots suggests that there is no bias in the AERONET for the SSA and AAE
measurements.
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Figure 5.6 The calculated AAE1 for the total aerosol as a function of AOD at (a)
440 nm and (b) 675 nm, and the measured SSA at (c) 440 nm and (b) 675 nm
from AERONET sites listed in Table 5.1.
In addition to regional averages, we have also examined the dependence of AAE
and SSA on the AOD at individual AERONET sites to isolate any bias. Again, we
find that these properties are independent of the total aerosol depth (Figure 5.7),
and are likely a function only of the mixing state of the aerosols.
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Figure 5.7 (a-c) Calculated AAE1 for the total aerosol as a function of AOD at
440 nm, and (d-f) Measured SSA at 440 nm from selected AERONET sites listed
in Table 5.1.
5.7 Brown carbon absorption in California
With the complete set of AAE and SSA values, equation 5.4 with its associated
constraints for dust-dominated, dust-free, and EC-dominated regimes can be
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applied to any set of multi wavelength absorption measurements. Here we apply
this method to California, which provides as ideal test case due to varied aerosol
emissions sources, and readily available aerosol measurements and emission
inventories. Although the CA AERONET dataset with valid SSA measurements is
of insufficient size to construct a complete climatology, we can assess the
seasonal and regional trends in aerosol properties and compare them to
GOCART model [Chin et al., 2009] predictions and regional emission estimates
[CARB, 2008]. Currently, the composite set of AERONET measurements with
valid SSA retrievals covers the ten-year period between 1998 and 2009. We
define North-Central California to be one region (North of 35N), and South
California to be the other, such that both contain 5 operational AERONET sites,
and the year is divided into two seasons – winter-spring from December to May,
and summer-fall from June to November. Table 5.4 summarizes the trends in
AOD and AAOD for the absorbing species based on the CA measurements and
the GOCART model. Since SSA retrievals are valid only when the total AOD >
0.4 [Dubovik and King, 2000], comparing the absolute values results in a
significant bias. We therefore report the AOD and AAOD fractions normalized by
the total.
In the seasonal comparison, we find that dust contributes a higher fraction of the
AAOD in the winter-spring months (19% in North California and 72% in South
California) compared to the summer-fall months (7% in North California and 3%
in South California). Although the South winter value may be anomalously high
due to a few outliers, this general trend is consistent with trans-Pacific transport
of dust seen in California in the winter months [Hadley et al., 2007]. We find a
much higher absorption attributed to OC in the summer-fall months (27% in the
North and 39% in the South) compared to the winter-spring months (15% in the
North and 9% in the South) which is consistent with the California wildfires
associated with these months [Westerling et al., 2006]. The BC makes up
between 57 and 60 % of the AAOD in all cases, indicating that there are no
seasonal or regional trends in California fossil fuel emissions. Regionally, dust
comprises a higher fraction of the AAOD in North California (consistent with
transport events) and OC comprises a higher fraction in the South. The regional
pattern may be an indication of absorption due to secondary organics that are
typically present in high concentrations in the urban areas of South California.
We find good agreement in the OC fraction between our observationally
constrained method and the GOCART predictions, with calculated values
between 15-39% at 440 nm and 3-11% at 675 nm bracketing the modeled
fraction of 11 % at 550 nm. We find a lower contribution and higher variability in
the dust (7- 72%) compared to GOCART, which attributes between 38-51% of
AAOD to dust. One possible explanation for this difference is that the AERONET
sites are primarily located along the coast and may not be sampling dust lofted
from exposed lakebeds in inland California and the desert regions of Nevada and
Arizona. Finally, we find that the three absorbing species comprise between 16
and 52% of the total AOD, which is typically lower (except the anomalously high
South California winter value) than the 27-32 % predicted by GOCART indicating
that the aerosol represented by AERONET measurements is more scattering.
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This difference can again be explained by the influence of the coastal sites that
typically have a larger fraction of optical extinction due to purely scattering sea
salt and sulfate particles.
The total AOD and AAOD (at 675 nm) for dust, EC, and OC are illustrated in
Figure 5.8 (a) and (b) respectively – while these are based on high pollution
events, they still agree with the regional trends in emissions illustrated in Figure
5.8 (c), indicating that our method provides a reasonable partitioning between the
three species. Finally, Figure 5.8 (d) provides a unique wavelength dependent
perspective on the relative contribution of OC absorption – while it is negligible at
long wavelengths, it comprises up to 50% of the EC absorption at short
wavelengths, indicating that the treatment of OC as being absorbing is critical for
successful estimations of aerosol forcing. This result is consistent with
measurements conducted in the Los Angeles basin that attributed between 25
and 30% of UV light absorption to organic carbon species, and between 50 and
62% to black carbon particulates [Jacobson, 1999].
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AAOD
This Work
GOCART
440 nm
550 nm
Dust OC
BC Dust OC BC
0.19 0.15 0.66 0.51 0.11 0.38

This Work
675 nm
Dust OC
BC
0.12 0.03 0.84

150

0.07

0.27

0.65

0.46

0.11 0.43

0.05

0.07

0.88

35

0.72

0.09

0.18

0.50

0.10 0.40

0.64

0.03

0.33

66

0.03

0.39

0.57

0.38

0.11 0.52

0.02

0.11

0.87

26

AOD
This Work
440 nm
Dust OC
BC
0.11 0.05 0.08

GOCART
550 nm
Dust OC BC
0.25 0.05 0.02

This Work
675 nm
Dust OC
BC
0.04 0.01 0.06
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0.05

0.11

0.10

0.23

0.05 0.02

0.02

0.01

0.09

35

0.52

0.03

0.03

0.25

0.05 0.02

0.36

0.01

0.05

66

0.01

0.14

0.07

0.19

0.05 0.03

0.01

0.03

0.12

n

North &
Central
California
(>35 N)
South
California
(<35 N)

North &
Central
California
(>35 N)
South
California
(<35 N)

DecMay
JunNov
DecMay
JunNov

DecMay
JunNov
DecMay
JunNov

Table 5.4 Dust, OC, and BC fraction of the total AAOD and AOD as determined
from AERONET (this work) and the GOCART model in California
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Figure 5.9 illustrates the relative contribution of the dust, OC, and EC to the
AAOD at 440 nm in California. We find that dust is the weakest absorber in
California, but also has the highest variability, with a mean AAOD of
0.0050.018. OM comprises the next highest fraction, with a mean AAOD of
0.0090.014, and EC has an average AAOD of 0.0180.012. The average
contribution to the total AAOD is 15% (dust), 28% (OC), and 56 % (EC). Finally,
only measurements with a high AAE/low EAE have significant dust absorption,
correspondingly measurements with high AAE/high EAE have significant OC
absorption, with BC absorption being predominant at low AAE values. These
trends are consistent with those expected for dust, biomass burning, and fossil
fuel aerosols respectively [Russell et al., 2010].
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Figure 5.9 Fraction of AAOD in CA attributed to (a) dust, (b) OC, and (c) EC at
440 nm as a function of AAE and EAE/SAE

5.8 Sensitivity to AAE
Due to the exponential nature of Equation 5.4, it is possible that the choice of
AAE for the three absorbing species may have a significant impact on the AAOD
partition. Using the California AERONET data as a comparative case study, we
recalculate the AAOD for dust, OC (BrC), and BC using the extreme values of
AAE reported in Table 5.2 to determine the sensitivity of the partitioning method
to the parameterization. The results are summarized in Table 5.5 at 440 nm. For
the various cases, we still find that BC is the primary absorber, (except when we
select the low extreme value for both the BC and OC AAE), contributing about
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45% of the total AAOD, with dust and OC making up the remainder. The
partitioning for dust is most stable, with dust AAOD varying between 0.005 and
0.011, and the highest variability is found in OC absorption, with the AAOD
varying between 0.000 (negligible) and 0.014. This result is consistent with the
SAE-AAE phase space we have defined, since dust absorption is clearly
separated, while OC/BC partitioning is less defined.
California AAOD at 440 nm
Perturbation
Base Conditions
(AAE values listed in Table 0.1)
BC AAE1 = 0.79, AAE2 = 1.25
BC AAE1 = 0.31, AAE2 = 0.45
OC AAE1 = 6.56
OC AAE1 = 2.54
BC AAE1 = 0.79, OC AAE1 = 6.56
BC AAE1 = 0.31, OC AAE1 = 2.54
Dust AAE1 = 1.70, AAE2 = 0.65
Dust AAE1 = 2.70, AAE2 = 1.65

Dust

OC

BC

0.009
0.008
0.008
0.005
0.007
0.011
0.007
0.006
0.011

0.007
0.005
0.009
0.000
0.012
0.003
0.014
0.009
0.005

0.017
0.020
0.016
0.028
0.014
0.019
0.012
0.018
0.017

Table 5.5 Sensitivity of AAOD partitioning to choice of AAE for the California
case study.
5.9 Estimation of error
Figure 5.10 illustrates the AAOD reconstructed from equation 5.4 compared to
the AERONET measured value using 675 nm as the reference wavelength. The
discrepancy in values corresponds to the error introduced by the partitioning
method. We find that at 440 nm the AAOD is overestimated by 0.5% on average,
and at 870 nm the AAOD is underestimated by 4.0%. Negative values of AAOD
for at least one of the species is predicted for 27 out of the 342 measurements
(7%) – these values are excluded from determining ensemble averages. These
relatively small values of error indicate that the method based upon a set of
global measurements is fairly robust and applicable even at the regional scale.
Overall, we find that the partitioning scheme reproduces between 95 and 100%
of the measured AAOD at all wavelengths and produces non-physical results for
approximately 8% of all measurements. However, we contend that these
uncertainties are not unreasonably large, and the method reproduces seasonal
and regional trends that are consistent with observed emission patterns.
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Figure 5.10 Comparison of AAOD from CA sites directly measured from
AERONET and reconstructed from equation 5.4 at (a) 440 nm, (b) 675 nm, and
(c) 870 nm

5.10 Conclusions
We have proposed an empirical method for determining the fraction of aerosol
absorption attributable to dust, OC, and EC that exploits the differences in
wavelength dependence for the principal absorbing species. We have selfconsistently determined the AAE and SSA values associated with these species
based on a large global ensemble of AERONET measurements dominated by
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specific emission types. The parameter values are based entirely on
observations and therefore do not require the assumption of aerosol chemical
and physical properties such as refractive index, mixing state, or size
distributions. These values are found to be consistent with those reported in the
literature and in use in current aerosol models, in particular the AAE value for
total carbon close to the theoretical value of 1.0. The method has been applied to
California as a test case, where we find an enhanced absorption due to dust in
the winter months, and due to OC in the summer months. We find that OC on
average contributes 28% to the total absorption at the shortest wavelength (440
nm), providing a good first order estimate for the so-called brown carbon
absorption that is presently poorly quantified.
We conclude by commenting on the general applicability of this method.
Although we recommend values for the model parameters based upon a global
data set, the equations can be fine tuned to any region by following the
procedures outlined here for determining the SSA and AAE values. Since the
only required input for the equation is a multi band measurement of the total
absorption depth, the AERONET results reported here can be extended to the
large ensembles of available diverse laboratory, ground based, and remote
satellite measurements. Finally, the analyses indicate the existence of significant
BrC absorption that has been largely overlooked in climate models.
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6.0 Sources for BC and BrC aerosol particles

6.1 Introduction
As shown in Chapter 5, the absorbing properties of atmospheric aerosol particles
are strongly dependent on the composition and mixing state of the particles
[Bond and Bergstrom, 2006; Schnaiter et al., 2006]. A separation of the total
aerosol absorption into different chemical species that may be further related to
emission sources is therefore essential, both for constraining the large
uncertainties in current aerosol forcing estimates [Forster et al., 2007] and for
informing any emissions based control policy. This chapter presents a detailed
study of the chemical composition and size distribution of aerosol particles, and
how they relate to the optical properties, which in turn are essential to evaluate
their impact on the climate.
Russell et al., [2010] highlighted that many recent studies have shown the
persistent connections between aerosol sources and composition, and the
wavelength dependence of absorption. Previous experimental studies have
classified aerosol types from either chemical measurements [Fisher et al., 2010;
Kaplan and Gordon, 1994; Schauer, 2003] that were related to source terms, or
optical properties measured on ground stations [Dubovik et al., 2002; Eck et al.,
1999; Fialho et al., 2006; Meloni et al., 2006] and from satellites [Barnaba and
Gobbi, 2004; Higurashi and Nakajima, 2002; Jeong et al., 2005; Kaufman et al.,
2005]. In this study, we concentrate instead on a unique approach following
simultaneous in-situ optical properties and single particle chemical composition
measured during three aircraft field campaigns in California. The measurements
are combined in order to validate the methodology for the estimation of aerosol
composition using spectral optical properties described in Chapter 5. In addition,
this approach is extended and applied to a long-term remote sensing optical
measurements database, i.e. AERONET, using data from California ground
stations and separating between northern and southern California and by
seasons (winter/spring and summer/autumn).
6.2 Spectral properties and composition
As described in Chapters 5 and 7, the spectral dependency of the absorption
coefficient, AAE, can be related with the source of absorbing aerosol. Black
carbon typically follows a -1 spectral dependency, yielding an AAE close to 1,
while organic carbon in biomass smoke aerosols and mineral dust contributed to
light absorption in the ultraviolet and blue spectral regions yielding an AAE
greater than 1. On the other hand, the spectral dependency of the scattering
coefficient, the SAE, depends primarily on the dominant size mode of the
particles, typically ranging from 4 to 0 where larger numbers associate with small
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particles, i.e. fine mode, and smaller numbers suggest the dominance of large
particles, i.e. coarse mode [Bergstrom et al., 2007].
Thus, in a very intuitive way, the AAE vs. SAE space partitions into regions that
correlate to combinations of smaller and bigger particles and, particles that follow
the -1 trend for absorption, and those with enhancement on the shorter
wavelengths absorption. The principal advantage of this dual size-chemistry
related partitioning is that in the ideal case it separates the three aerosol
absorbing species – BC, OC, and mineral dust. First, measurements
representing dust separate along the SAE axis, as dust is primarily found in the
coarse mode as compared to carbonaceous aerosols that are primarily in the fine
and ultra-fine mode close to emission sources. Second, BC is an efficient
absorber at all wavelengths compared to OC which absorbs strongly only at short
wavelengths, separating these species along the AAE axis. In addition to these
ideal cases we can relate the remainder of the phase space to aerosols with
different predicted combinations of SAE (representing size) and AAE
(representing chemistry), and their mixtures. The generalized AAE/SAE phase
space (illustrated in Figure 6.1) relies on the optical properties of aerosols, but
lacks a correlation to measured particle chemistry. A comparison with in-site
chemical measurements, as presented in this work, therefore is an invaluable aid
in relating measured ambient aerosols as quantified by their size and chemistry
to their optical properties.
AERONET station
Billerica, USA
CCNY, USA
Dayton, USA
Fresno, USA
GSFC, USA
Halifax, Canada
Hamburg, Germany
Hong Kong
IFT Leipzig, Germany
Mainz, Germany
Maryland Sci. Cen., USA
New Delhi, India
Palaiseau, France
Philadelphia, USA
Rome Tor Vergata, Italy
Sandy Hook, USA
UCLA, USA
Abracos Hill, Brazil
Alta Floresta, Brazil
Belterra, Brazil
Campo Grande, Brazil
CELAP-BA, Argentina
Cordoba CETT, Argentina
CUIABA Miranda, Brazil
Mongu, Zambia
Petrolina SONDA, Brazil
Rio Branco, Brazil

Lat () N
42.5
40.8
39.8
36.8
39.0
44.6
53.6
22.2
51.4
50.0
39.3
28.6
48.7
40.0
41.8
40.5
34.1
10.8
-9.9
-2.7
-20.5
-34.6
-31.5
-15.7
-15.3
-9.4
-10.0

Lon () W
71.3
74.0
84.1
119.8
76.8
63.6
-10.0
-114.3
-12.4
-8.3
76.6
-77.2
-2.2
75.0
-12.7
74.0
118.5
62.4
56.1
55.0
54.6
58.5
64.5
56.0
-23.2
40.5
67.9

Region
Coastal Urban
Coastal Urban
Inland Urban
Central Valley, CA
Inland Urban
Coastal Urban
Inland Urban
Coastal Urban
Inland Urban
Inland Urban
Inland Urban
Inland Urban
Inland Urban
Inland Urban
Inland Urban
Coastal non-Urban
Coastal Urban, CA
Inland Forest
Inland Forest
Inland Forest
Inland Urban
Inland non-Urban
Inland Urban
Inland Forest
Inland non-Urban
Inland Urban
Inland Forest

Aerosol source
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Fossil Fuel
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
Biomass Burning
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Skukuza Aeroport, S Africa
Eilat, Israel
Hamim, UAE
Solar Village, Saudi Arabia
Tamanrasset INM, Algeria
Tamanrasset TMP, Algeria

-25.0
29.5
23.0
24.9
22.8
22.8

-31.6
-34.9
-54.3
-46.4
-5.5
-5.5

Inland non-Urban
Coastal Desert
Coastal Desert
Inland Desert
Inland Desert
Inland Desert

Biomass Burning
Dust
Dust
Dust
Dust
Dust

Table 6.1 List of the AERONET stations around the world with dominant species
used for the creation of the Ångström matrix.
Figure 6.1 illustrates the division of the Ångström matrix with labels for the
aerosol types based on the optical properties, and it shows data from the 33
AERONET stations color-coded by dominant type. Table 6.1 lists the stations
and its location and dominant aerosol species. Measurements from the dust
dominant region fall mainly into the dust dominant region (“upper left quadrant”),
however some measurements fall into the phase space representing polluted
dust, mixed aerosols, or the coarse coated type. On the other hand, for ambient
measurements, there is a larger overlap between fossil fuel and biomass-burning
related sources since all combustion produces both EC and OC, and there are
no pure EC or OC ambient measurements. The methodology described in
Chapter 5 provides an effective mathematical scheme for attributing aerosol
absorption between EC, OC, and dust, but does not provide insights into their
emission sources in complex mixed environments.
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measurements from stations with a dominant species (fossil fuel, biomass
burning or dust).
To gain a better understanding of how the optical properties of aerosols relate to
emissions, we use California as an initial test case, where the Ångström matrix
can be compared to a large wealth of field data. We use measurements from a
total of ten operational AERONET stations in California to obtain the spectral and
optical properties of the aerosols. The stations are divided by region, into
Northern California for the stations with latitude above 36N and Southern
California for the stations below 36N. Data are also divided by seasons grouping
winter and spring in one season and summer and autumn in another season.
Table 6.2 presents the name, location and available period of time in years for
the 10 continuously operational California AERONET stations (also illustrated on
in Figure 6.2). By exploiting the optical properties in the AAE/SAE phase space,
we obtain an estimate for the relative contribution of absorbing aerosols in
California.
AERONET
station
Fresno
La Jolla
MISR-JPL
Monterey
Moss Landing
San Nicolas
Table Mountain
Trinidad Head
UCLA
UCSB

Latitude ()
N
36.782
32.870
34.119
36.593
36.793
33.257
34.380
41.054
34.070
34.415

Longitude ()
W
119.773
117.250
118.174
121.855
121.788
119.487
117.680
124.151
118.450
119.845

Data
Availability
2002-2011
1994-2011
1996-2009
1998-2011
2004-2006
1997-2007
1998-2011
2005-2011
2000-2009
1994-2011

Table 6.2. Location and period of data availability of operational AERONET
stations in California.
Figure 6.3 shows the relative contribution of absorbing species determined in this
fashion, resolved by geographic regions and seasons in pie charts. Panel a)
shows the contribution for Northern California during winter/spring, panel b)
shows the contribution for Northern California during summer/autumn, panels c)
and d) show the contributions for Southern California during winter/spring and
summer/autumn, respectively. At first glance, both seasons in northern California
show similar aerosol contribution and they are dominated by a mixture of EC and
OC aerosol that contribute over 40% of all measurements. The difference lies on
the coated large particles and mix types. For southern California, the
summer/autumn season is dominated by a mixture or EC and OC aerosol
(almost 40%) and OC and OC mixed with dust type. The winter/spring season is
dominated by dust (over 45%) and coated large particles (almost 30%). It should
be noted that this large contribution from dust resulted possibly from a
misclassification of HULIS like substances that contain carbonaceous material
and are large in size (discussed further in Section 6.6).
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Figure 6.2 Location of flight paths of the aircraft campaigns and the AERONET
stations used for relating absorbing aerosols to emission sources.
6.3 In-situ aircraft measurements
Using the in situ optical properties and chemical composition measured during
the three aircraft field campaigns, we can establish a link between the optical
properties, in this case the AAE and the SAE, and the measured chemical
composition of the aerosol particles.
Campaign
Name
CalNex 2010
CARES

Location

Dates

Los Angeles basin May 2010

Sacramento area June 2010
and central valley
CalWater2011 Sacramento area February – March
and central valley 2011

Absorption Scattering
Chemical
Coefficient Coefficient composition
PSAP
PCASP size ATOFMS
distribution
PSAP
Nephelometer ATOFMS
PSAP

Nephelometer ATOFMS

Table 6.3 Name and location of the aircraft field campaigns and optical
properties measured used in this work.
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Figure 6.3 estimated contributions to light absorption derived from AERONET
stations in California separated by region and season: a) Northern California –
winter/spring, b) Northern California – summer/autumn, c) Southern California –
winter/spring, and d) Southern California – summer/autumn.
In-situ data were measured during three aircraft field campaigns performed in
California. CalNex 2010 was a joint field study coordinated by the California Air
Resources Board (CARB), the National Oceanic and Atmospheric Administration
(NOAA) and the California Energy Commission (CEC), with a primary goal to
study the atmospheric processes over California and the eastern Pacific coastal
region. Measurements used in this work were taken on the Center for
Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter, flying
mainly in the Los Angeles basin during May 2010. CARES (Carbonaceous
Aerosols and Radiative Effects Study), was a field study funded but the US
Department of Energy (DOE) Atmospheric Radiation Measurement (ARM)
program, and was designed to increase scientific knowledge about evolution of
black carbon and secondary organic aerosols from both urban/manmade and
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biogenic sources. Data used from this campaign were measured onboard the
DOE Gulfstream–1 (G–1), based in Sacramento during June 2010. CalWater
2011 field campaign, funded by CEC, was designed to better assess the effects
aerosols have on precipitation in the Sierra Nevada during the winter season.
Data used in this work were collected onboard the DOE G–1, based in
Sacramento, between February and March 2011. Table 6.3 summarizes the
name and location of the field campaigns, and the optical properties measured
onboard used in this work. The different aircrafts carried instrumentation for the
retrieval of the optical properties of aerosols, i.e. absorption and scattering
coefficients. Figure 6.2 shows the flight paths for the three campaigns.
The Absorption coefficient, σa was derived using a Particle Soot Absorption
Photometer (PSAP) at 462, 523 and 648 nm. The Scattering coefficient, σs, was
measured using a nephelometer at 450, 550 and 700 nm during CARES and
CalWater and derived from a PCASP size distribution applying Mie theory (using
a refractive index of 1.5) during CalNex. PSAP data were corrected based on
[Bond et al., 2009] and [Ogren, 2010] and nephelometer data were corrected
based on [Anderson and Ogren, 1998]. AAE and SAE were calculated applying
Eq. (1) and (2) respectively using σa instead of the column integrated value (AAOD) and σs instead of the S-AOD. Wavelengths used as λ1 and λ2 were 462 and
648 nm for the PSAP and 450 and 700 for the nephelometer, since those are
closer to the AERONET wavelength used in section 2.1.
6.4 Aerosol time of flight mass spectrometry
Measurements of the chemical composition of individual particles during the
three aircraft campaigns were performed using the aircraft aerosol time-of-flight
mass spectrometer (A‐ATOFMS) [Pratt et al., 2009]. The A-ATOFMS measures,
in real time, the size and chemical composition of individual particles ranging in
size from 70 to 2500 nm. Following a 210Po neutralizer and pressure controlled
inlet [Bahreini et al., 2003], particles are focused in an aerodynamic lens system.
The particles are optically detected by two 532 nm lasers spaced 6.0 cm apart,
providing particle velocity and, ultimately, vacuum aerodynamic diameter (dva).
Finally, species are desorbed and ionized using 266 nm radiation from a Qswitched Nd:YAG laser operating at ~0.4–0.6 mJ. Positive and negative ion mass
spectra resulting from individual particles are measured in a dual-polarity time-offlight mass spectrometer.
Spectra are grouped into chemically similar clusters using the ART2-a algorithm
[Song et al., 1999]. The initial clusters are then manually grouped in a small set
of clusters based on the identification of the mass spectral peaks that correspond
to the most probable ions for a given mass-to-charge ratio (m/z) based on
previous lab and field studies. These clusters are then related to a source of
absorbing aerosols as follows: primary fossil fuel, secondary fossil fuel, primary
biomass burning, secondary biomass burning and dust, excluding other nonabsorbing sources. Figure 6.4 shows a representative mass/charge spectrum for
each aerosol source determined from ATOFMS studies.
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Briefly, primary fossil fuel particles are characterized by the presence of carbon
cluster ion peaks: Cn+ and Cn-, representative of the elemental carbon (EC), and
spectra that also contain weak m/z 27(C2H3+), 37(C3H+) and 39(C3H3+).
Secondary fossil fuel particles contain m/z 27(C2H3+/CHN+), 37(C3H+), 39(C3H3+)
and 43(C2H3O+) in the positive spectra and mainly nitrate and sulfate ion peaks in
the negative ion mass spectra: m/z -62(NO3-) and -97(HSO4-) respectively [Moffet
et al., 2008]. Biomass burning particles are characterized by an intense
potassium peak m/z 39(K+) with less intense carbonaceous markers (e.g. m/z
12(C+), 27(C2H3+), 36(C3+), 37(C3H+) [Silva et al., 1999]. The difference between
primary and secondary biomass burning is established by looking at the negative
spectra that presents carbon clusters in the case of primary biomass burning or
mainly nitrate/sulfates in the case of secondary biomass burning. Finally, dust is
characterized by inorganic ion peaks e.g. m/z 27(Al+), 39(K+), and/or 40(Ca+),
and the presence of silicates: -60(SiO2-) and -76(SiO3-) [Silva and Prather, 2000].
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Figure 6.4 Representative ATOFMS spectra for different aerosol sources a)
Primary fossil fuel, b) Secondary fossil fuel, c) Primary biomass burning, d)
Secondary biomass burning, and e) dust.
A summary of the overall chemical composition detected during the three aircraft
campaigns considered here is shown in Figure 6.5. Each pie chart represents the
number fraction of absorbing sources detected during CalNex on the left panel,
CARES in the middle, and CalWater on the right panel. Also each campaign,
because of their relative location and dates, can be associated with a region and
season. Therefore, CalNex corresponds with southern California during the
summer, CARES is northern California also during the summer, and CalWater is
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northern California during the winter. Both seasons in northern California present
similar sources with a contribution dominated by secondary fossil fuel aerosol
and biomass burning. Also, more dust is detected during the winter. In southern
California, the contribution from primary fossil fuel (35%) and secondary fossil
fuel (47%) dominates.
6.5 Comparison of ATOFMS and spectral classification
In order to validate the Ångström matrix we matched the spectral optical
properties and the chemical composition measured during the flights. For each
flight, we calculated the 5-minute average of the AAE and SAE. On the other
hand, for the same 5-minute periods, we calculated the fraction of the different
chemical sources detected with the A-ATOFMS. We considered periods with a
dominant species. The criteria for dominant species is that 75% of the particles
detected by the A-ATOFMS are from one species.

CARES

a)
2 .27%

c)

29. 12%

CalWater

3-5 .11 'If>

Primary Fossil Fuel -

Secondary Fossil Fuel -

Primary Biomass Burning -

secondary Biomass Burning - □ust

Figure 6.5 Overall chemical composition detected with the ATOFMS in the three
aircraft campaigns: a) CalNex, b) CARES, and c) CalWater.
Thus, we screen the data using the 5-minute average values that correspond
with a dominant species. The AAE and SAE values that match the dominant
species criteria are represented, in Figure 6.6, on an AAE vs. SAE scatter plot
with color representing the dominant species. Panels a), b) and c) correspond to
each different field campaign (CalNex, CARES and CALWATER respectively).
AAE is smaller on average during CalNex than during CARES, consistent with
the type of dominant aerosol detected, mainly primary fossil fuel during CalNex,
i.e. black carbon, in contrast with the secondary fossil fuel particles that dominate
during CARES. The number of samples from the CalWater campaign is small, as
the flights focused on clouds and not many data samples were acquired from
outside of clouds. SAE shows less variability during CARES than during CalNex,
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but we need to take into account that the range of particles sizes entering the
inlet of the aircrafts has limitations.

ATOFMS

Since the AAE is related to the chemistry, panel d) in Figure 6.6 shows a
frequency histogram of the AAE associated to the aerosol sources showing that
primary fossil fuel particles have a mean value of AAE = 1.1±0.6, which is close
to the expected 1 for black carbon. Secondary fossil fuel particles can be
associated with an AAE = 1.5±0.3 and biomass burning to AAE = 1.8±0.4.

Prim. Fossil
Fuel
Sec. Fossil
Fuel
Prim. Biomass
Sec. Biomass
Dust

EC dom. EC/OC
mix
1.20
27.71

Ångström Matrix
OC dom. OC/Dust mix Dust dom. Dust/EC mix Coated

Mix

31.33

21.69

1.20

0

10.84

6.02

0

0

10.47

27.91

8.14

39.53

9.30

4.65

0
0
14.29

0
3.70
7.14

25
18.52
28.57

25
40.74
7.14

0
14.81
7.14

0
0
0

0
18.52
14.29

50
3.70
21.43

Table 6.4 Contingency matrix constructed from the aircraft measurements
representing the percentage of aerosol sources from the ATOMFS classified into
the different Ångström matrix classes.
Finally, we apply the Ångström matrix to the in situ optical properties, obtaining
an estimate of the aerosol composition using optical properties that can be
compared with the actual chemical composition. Table 6.4 shows a contingency
table where the rows are the chemical composition detected with the A-ATOFMS
and columns are the different estimated aerosol types from the Ångström matrix.
Values presented are percentages of measurements classified in one type or
another and they sum 100 across rows. Primary fossil fuel sources, i.e. elemental
carbon, were classified mainly as organic carbon or a mixture of organic carbon
and elemental carbon or dust. Secondary fossil fuel sources, i.e. secondary
organic aerosols, fall mainly into the dust/EC mix (almost 40%) indicating that
those were particles with absorption properties similar to organic carbon, but
larger in size. On the other hand, primary biomass burning sources were
classified as organic carbon, organic mixed with dust, or well-mixed types.
Secondary fossil fuel sources are classified in almost 60% into the organic
carbon or organic carbon mixed with dust categories. Finally, dust sources were
only significant during CalWater. However, the Ångström matrix does not classify
them correctly as dust-dominated type mainly because of the limitation of
measurements.
6.6 The California case study
The estimates of aerosol types applying the Ångström matrix to the California
AERONET stations (Fig. 6.3) show similar aerosol contribution in both seasons in
northern California. Over 40% of the contribution is due to a mixture of EC and
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OC, about 10% due to EC, and 11% due to OC or OC/dust mixture. For southern
California, during the summer/autumn season almost 40% of the aerosol
contribution corresponds to a mixture of EC and OC, 27% corresponds to OC or
OC/dust types and 5% corresponds to EC. During the winter/spring season, the
aerosol mixture is dominated by dust (over 45%) and coated large particles
(almost 30%), and no pure EC type is present.
The EC/OC mixture type seems to dominate in the Ångström matrix classification
and indicates the difficulty of separating the sources from column-integrated
measurements. More fossil fuel sources (primary and secondary) were expected
in southern California since it is a more populated, urban area, and the chemical
composition detected during the aircraft campaigns for southern California (Fig.
6.5a) shows about 33% of the aerosol contribution due to primary fossil fuel
sources, 47% due to secondary fossil fuel sources, and about 15% due to
biomass burning sources. Figure 6.6(d) shows that the chemistry component of
the Ångström matrix (the AAE) has a mean value of 1.1 for primary fossil fuel
sources, 1.5 for secondary fossil fuel sources and 1.8 for biomass burning. All
those sources would fall into the EC/OC mixture type or the OC type, with some
overlapping on the different sources, and leaving the EC type misclassified. On
the other hand, northern California was expected to have more biomass burning
sources respect to the south because of the less populated and more rural
environment, and the aircraft data in northern California (Fig. 6.5(b) and 6.5(c))
indicates about 40% of the contribution due to secondary fossil fuel sources and
about 30% due to biomass burning sources with a small contribution due to
primary fossil fuel sources (about 7 to 10%). Again, the overlapping of the optical
properties makes the classification to be dominated by the EC/OC mixture type.
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Figure 6.6 (a-c) Absorption Ångström Exponent vs. Scattering Ångström
Exponent scatter plot of in situ aircraft measurements in California; the color
code represents the dominant aerosol source detected with the ATOFMS for
each measurement. Also shown is (d) frequency histogram of the Absorption
Ångström Exponent for each aerosol source.
Pure dust-type measurements that appear to dominate the winter and spring
seasons were concentrated in the UCLA and MISR-JPL AERONET stations,
both in the Los Angeles metropolitan area, and dust is not expected to make
such large contributions in urban areas. This suggests that those dust cases
were instead larger hygroscopic organic carbon particles that had undergone
aqueous phase processing. The aerosol species producing strong absorption at
short wavelengths and primarily in the coarse mode are most likely humic-like
substances (HULIS) species formed by fog or cloud processing. These aerosols
have been detected in California in previous studies (e.g. [Qin et al., 2006]) and
represent organic carbon particles, but larger than 1µm due to their water
content, therefore they might have spectral properties similar to dust, i.e. they are
large particles and absorb more radiation at shorter wavelengths (AAE>1) which
can fall in the Dust dominant or Dust/EC mixture types in the Ångström matrix.
On the other hand, the in-situ chemical composition from the aircraft campaigns
indicates the larger contribution due to dust from northern California during the
winter (14% vs. 5%). During the CalWater flights, dust particles were detected
mainly at higher altitudes in layers. Long-range transported dust crossing the
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Pacific has been detected during the winter in northern California and it is known
to have an impact on the precipitation in California [Ault et al., 2011].
The differences in sources leading to absorption in different regions of California,
as shown in Fig. 6.5, can be explained not only by the different sources of
aerosols in the different regions, but by the different objectives of the flights
during each of the campaigns. During CalNex, the flights were comprised of
mainly low level passes within the boundary layer in the Los Angeles area, very
close to the sources of pollution. On the other hand, CARES had flights mainly
over the Sierra foothills (away from urban sources in the Sacramento area), at
higher altitude, and intercepting plumes from fires if they were present.
The overall in-situ spectral properties agree with the detected chemical
composition. By looking at Fig. 6.6, we can see that the chemical component of
the Ångström matrix, the AAE, is smaller on average during CalNex than during
CARES, consistent with the type of dominant aerosol detected, more primary
fossil fuel during CalNex, in contrast with the secondary fossil fuel and biomass
that dominate during CARES. The number of samples for CalWater is small, as
the flights focused on clouds and thus not many data samples were acquired
from outside of clouds. Also, Fig. 6.6(d) shows that the AAE has a mean value of
1.1±0.6 for primary fossil fuel sources, secondary fossil fuel sources can be
associated with an AAE = 1.5±0.3, and biomass burning to AAE = 1.8±0.4.
These values agree with the values expected for BC (AAE = 1) and OC (AAE >
1). More dust data would be necessary to establish a good statistics for this
source. On the other hand, the size component of the Ångström matrix, the SAE,
shows less variability during CARES than during CalNex, but we need to take
into account that the cut size of the aircraft sampling inlet does not allow us to
detect the larger aerosol particles.
Finally, the application of the Ångström matrix to the in-situ aircraft
measurements and comparison with the chemical composition of the aerosol
(Table 6.4) shows some of the limitations of the Ångström matrix. Particles
detected as a primary fossil fuel source, i.e. elemental carbon, were classified
mainly as organic carbon or a mixture of organic carbon and elemental carbon or
dust. This reinforces the conclusions extracted from the comparison of the overall
chemistry composition for the different regions and seasons in California. The
external mixing of aerosol on a column integrated value like the AOD, or its
absorption and scattering components, would yield a higher AAE value and,
therefore misclassifies the EC type (primary fossil fuel source). Particles detected
as secondary fossil fuel, i.e. secondary organic aerosols, fall mainly into the
dust/EC mix (almost 40%) indicating that those were particles with absorption
properties similar to organic carbon (AAE > 1), but larger in size. This could be
biased by the size detection limit of the sampling inlet onboard the aircrafts.
Primary biomass burning measurements were limited: 5.7, 2.3 and 0.6% of the
overall particles detected in CalNex, CARES and CalWater respectively (Fig.
6.5), but when detected as dominant, the Ångström matrix classified them as
organic carbon or organic mixed with dust (50%), or well-mixed types (the other
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50%). The amount of data from this source is very limited and more values are
necessary for accurate statistics. Secondary biomass burning dominant sources
are the ones that the Ångström matrix classifies the best, with almost 60% falling
into the organic carbon or organic carbon mixed with dust. Finally, the dust
sources are only significant during CalWater with a 14%, and more data are
necessary for accurate statistics.
6.7 Conclusions
In-situ chemical composition results reveal a higher contribution from fossil fuel
sources in southern California in contrast with more biomass burning sources in
northern California. This agrees with the spectral optical measurements. The
estimation of aerosol types with spectral optical properties shows a dominance of
mixed types. Pure EC is underestimated since it is being classified as a mixture
of EC and OC. This is expected from column integrated aerosol optical
properties, and the overlapping of sources and optical properties is also revealed
in the in-situ measurements. Comparison of detailed chemical measurements
and spectral properties reveals a new class of absorbing aerosols - i.e.
secondary organic aerosols processed in aqueous phase that might be a
significant contributor in urban areas with a predominance of smog events, such
as the Los Angeles basin.
On the other hand, separating aerosol sources based only on spectral optical
measurements (using the Ångström matrix) also shows limitations compared to
the in-situ chemical measurements of the chemical composition. Primary sources
are difficult to classify, since the external mixing of aerosols would make them to
be classified as a mixture. Secondary species are well classified, but the
separation between fossil fuel and biomass burning sources has limitation
because of the overlapping of the optical properties. In general, OC is better
identified as a biomass-burning source than a secondary fossil fuel source.
Despite these limitations, the detailed comparison reveals the significance of
aerosol absorption due to Brown (OC) carbon in addition to BC, which is
currently underestimated in climate models. A significant number of absorption
events are related to BrC from both biomass and secondary sources indicating
that it must be a primary consideration while developing future climate mitigation
policies.
In conclusion, the availability of long-term global optical properties makes them a
great candidate for the estimation of chemistry composition, but studies with
actual chemical composition measurements are necessary in order to constrain
the applicability of the technique to specific regions. This is necessary if we want
to accurately address the contribution of different aerosol sources to the radiative
forcing.
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7.0 Woodsmoke as a source of absorbing BrC

7.1 Introduction
As established in Chapter 5 and Chapter 6, organic carbon emitted from biomass
burning is a strong absorber of light at short wavelengths. This study examines if
residential wood burning in California may be a significant contributor to aerosol
forcing, in addition to fossil fuel combustion emissions. With an AAE of
approximately 1, freshly emitted BC from fossil fuel sources absorbs solar
radiation without much wavelength selectivity [Kirchstetter et al., 2004]. The
observation that particulate matter, and especially biomass combustiongenerated particulate matter, can exhibit AAEs much greater than 1 is the basis
for concluding that species other than BC contribute to absorption of solar
radiation, namely biomass smoke OC [Hoffer et al., 2006; Kirchstetter et al.,
2004]. For this study, we consider that OC is the collection of hundreds or more
particle-phase organic compounds, only some of which absorb solar radiation.
Biomass smoke particles often look brown rather than black because, compared
to BC, they absorb solar radiation with stronger wavelength selectivity in the blue
and ultraviolet spectral regions, which has led to use of the term brown carbon to
refer to biomass smoke particulate matter [Andreae and Gelencser, 2006]. AAE
values for biomass smoke (or brown carbon) generally range from greater than 1
to about 3 [Bergstrom et al., 2007; Kirchstetter et al., 2004; Rizzo et al., 2011;
Sandradewi et al., 2008]. The range reflects variation in combustion conditions
and the chemical composition of the observed particles. A few studies have
estimated the mass specific absorption of wood smoke OC (in units of m 2/g),
which tends to be at least an order of magnitude smaller than that of BC at visible
wavelengths [Barnard et al., 2008; Kirchstetter et al., 2004; Sun et al., 2007b].
The fact that OC is often much more abundant than BC in wood smoke
[Piazzalunga et al., 2011] suggests that the contribution of OC to wood smoke
absorption of solar radiation can, however, be significant.
7.2 Field measurements
We consider the spectral absorption selectivity of 115 particulate matter samples
that were collected outside of 12 houses in the residential community of Cambria,
California. Cambria is located in a rural portion of San Luis Obispo County
midway between San Francisco and Los Angeles. In Cambria, wood burning is
prevalent and the only significant source of nighttime particulate matter
generation [Thatcher et al., 2011]. It is likely that many residents burn Pinus
radiata, also known as Monterey Pine, as it is the native species in region.
Particulate matter samples were collected during evening and nighttime hours
(from 1800h to 0600h) in the winter (of 2010) to maximize the collection of wood
smoke particles and minimize the collection of particles from other anthropogenic
or natural sources, such as restaurants along the single main street in downtown
Cambria. Elevated chimney temperatures, measured using an infrared camera,
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verified that residents were operating their fireplaces. Little vehicle activity was
observed in the area during the evening and nighttime. Particulate matter
samples were collected on quartz filters using a sampling device equipped with a
single stage impactor to select particles smaller than 2.5 µm in aerodynamic
diameter (SKC Inc. PEM model 200).
Samples were analyzed using a spectrometer in transmission mode in a manner
similar to that described by [Kirchstetter et al., 2004]. Light transmission through
(dry) particulate matter on quartz filters is predominantly due to particle light
absorption rather than particle light scattering when the particulate matter is even
weakly absorbing [Arnott et al., 2005]:[Bergstrom et al., 2007; Kirchstetter et al.,
2004; Rizzo et al., 2011; Sandradewi et al., 2008]
absorption(λ) = k´ATN(λ)

(7.1)

where k´ is nominally constant and ATN(λ) is the optical attenuation computed
from measured transmission,T(λ):
ATN(λ) = –100 ln[T(λ)]

(7.2)

Further, [Bond, 2001] reported that particle light scattering does not significantly
affect spectral absorption selectivity. Thus, we compute the AAE for each
particulate matter sample by performing a linear regression of ln(ATN) against
ln(λ) over the visible and near ultraviolet spectral range 360 < λ < 700 nm.
7.3 Contribution of BC to absorption
We estimate the contribution of BC to each sample’s spectral attenuation,
ATNBC(λ), by (a) attributing all attenuation at 880 nm to BC, an assumption
consistent with prior work [Kirchstetter et al., 2004; Sun et al., 2007b], and (b)
extrapolating to other wavelengths assuming that the AAE of BC is 0.86. This is
the minimum AAE value exhibited by the wood smoke particulate matter samples
in this analysis and it is close to the nominal value of 1.0 that theory predicts for
small BC particles [Bohren and Huffman, 1998]. The contribution of OC to each
sample’s spectral attenuation, ATNOC(λ), is determined by subtracting the BC
attenuation from the total attenuation:
ATNOC(λ) = ATN(λ) – ATNBC(λ)

(7.3)

Based on the apportionment of spectral attenuation to BC and OC, we compute
for every wood smoke sample the fraction of radiation at each wavelength in the
solar spectrum that would be absorbed by OC:
fOC(λ) = ATNOC(λ) / ATN(λ)

(7.4)
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Last, we compute the fraction of solar radiation that OC in the wood smoke would
absorb in the atmosphere:
Foc = foc()i()d/i()d

(7.5)

where i(λ) is the clear sky air mass one global horizontal solar spectrum at the
earth’s surface [Levinson et al., 2010].
[Gyawali et al., 2009] noted that coatings of non-absorbing species may collapse
the fractal aggregate structure of BC particles and, consequently, increase
spectral absorption selectivity. Therefore, it is conceivable that in applying Eq.
7.4, we may attribute a portion of the optical attenuation of particulate matter
samples to light-absorbing OC rather than non-absorbing OC that increases BC
absorption selectivity.
7.4 Sources of error
Finally, a few measurement artifacts warrant mention. A filter-loading artifact that
causes k´ (Eq. 7.1) to increase as the collection filter becomes increasingly
loaded with particles may be important for determining spectral absorption
selectivity. Studies acknowledging the filter-loading artifact provide mixed
evidence – on one hand indicating that the filter-based light transmission method
accurately measures the spectral dependence of particulate matter light
absorption [Weingartner et al., 2003] and, on the other hand, indicating that this
artifact is wavelength dependent [Schmid et al., 2006]. Generally speaking, this
artifact is most pronounced for highly absorbing particulate matter, such as black
soot from diesel engines or kerosene flames [Arnott et al., 2005; Kirchstetter and
Novakov, 2007], which the particulate matter in this analysis is not. For the
samples in the current analysis, there is no correlation between filter loading
expressed in terms of ATN at 880 nm, which ranged between 3 and 23 for 98%
of samples, and AAE (linear correlation coefficient, R2 = 0.003). Thus, we don’t
expect this artifact to have a large influence on our results.
7.5 Results from field study
Figure 7.1 shows the spectral attenuation of a particulate matter sample, which is
similar to the spectral attenuation of many other samples in this analysis. The
AAE value for this sample is 2.36. As noted above, we estimate the contribution
of BC to this sample’s spectral attenuation, ATNBC(λ). As shown, BC accounts for
the overwhelming majority of this sample’s attenuation at wavelengths above 700
nm. At shorter wavelengths, the sample absorbs more radiation than is attributed
to BC. The difference is attributed to attenuation by OC, ATNOC(λ), as illustrated
in Figure 1. OC attenuation rises sharply with decreasing wavelength and is well
described by a power law over the wavelength region shown. The AAE of OC is
4.89 for this sample.
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We perform this analysis for all samples and generate the AAE histograms
shown in Figure 7.2. The AAE of all wood smoke particulate matter samples
ranged from 0.86 to 3.48 and averaged 1.89 (n = 115). These AAE values are
consistent with the predominance of wood smoke during sample collection. The
AAE of OC in the wood smoke samples ranged from 3.02 to 7.39 and averaged
5.00 (n = 87, AAE values cannot be computed for a minority of samples because
application of Eq. 7.3 yields some slightly negative values of OC attenuation).
These AAE values for OC are consistent with those recommended by Sun et al.
(2007), who used band-gap and Urbach relationships to describe the absorption
spectra of water-soluble humic-like OC (AAE = 6) and more polymerized OC
(AAE = 4).
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Figure 7.1 Estimated contributions of black and organic carbon to the spectral
attenuation of a residential wood smoke particulate matter sample. The
exponents of the power law trend lines, 0.86 and 4.89, are the absorption
Ångström exponents of the black and organic carbon, respectively, for this
sample.

Based on the apportionment of spectral attenuation to BC and OC (as illustrated
in Fig. 7.1), we compute (Eq. 7.4) for every wood smoke sample the fraction of
spectral radiation that would be absorbed by OC rather than BC, fOC(λ). The
averages and standard deviations are shown in Figure 7.3. The red line in Figure
7.3 is a model of fOC(λ) based on a 5th order polynomial fit of our measurements
(our spectrometer operated between 350 and 990 nm), a prescribed value of
zero above 880 nm (rather than unrealistic negative values), and a linear
extrapolation of the data below 350 nm. The fraction of light absorbed by the
wood smoke particulate matter that we attribute to OC decreases approximately
linearly from 0.43 at 400 nm to 0.26 at 500 nm to 0.11 at 600 nm (Table 7.1).
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360 to 700 nm spectral range: (blue bars) 115 residential wood smoke samples
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portion in 87 of the wood smoke samples.

fraction of solar radiation absorbed by OC rather than BC in
wood smoke at the wavelength or spectral region indicated
BC AAE

OC AAE

400 nm

500 nm

600 nm

full solar
1
spectrum

UV

0.86

5.00

0.43

0.26

0.11

0.14

0.49

1.00

5.48

0.36

0.20

0.06

0.10

0.42

1.15

6.19

0.28

0.13

0.00

0.07

0.34

2

1

integrated over the solar spectrum, 300 < λ < 2500 nm

2

integrated over the ultraviolet region of the solar spectrum, 300 < λ < 400 nm

Table 7.1 Derived values of OC AAE and OC contribution to wood smoke
absorption of solar radiation as they depend on the chosen value of BC AAE.
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Figure 7.3. Fraction of solar radiation absorbed by organic carbon rather than
black carbon in residential wood smoke particulate matter, fOC(λ): (black line and
gray region) average values for 115 samples ± 1 standard deviation and (red
line) a model fit and extrapolation of the data. Also shown (green line) is the clear
sky air mass one global horizontal (AM1GH) solar spectrum at the earth’s
surface [Levinson et al., 2010].
The results of this analysis depend on the value of the AAE of BC assumed in
the apportionment of light attenuation (Fig. 7.1). To illustrate this sensitivity, we
recalculated most results assuming values for BC AAE of 1.00 and 1.15 rather
than 0.86 (Table 7.1). The larger the value of BC AAE, the smaller is the
contribution of OC to wood smoke absorption: for BC AAE values of 1.00 and
1.15, OC accounts for 10% and 7%, respectively, of the solar radiation absorbed
by the wood smoke particulate matter.
7.6 Significance of results
The AAE of OC in wood smoke has potential application for apportionment of
solar radiation absorption to different particulate matter species and of
atmospheric particulate matter to different sources [Favez et al., 2010; Praveen
et al., 2012; Russell et al., 2010; Sandradewi et al., 2008]. The AAE values we
report for a large number of wood smoke particulate matter samples (AAE = 1.9,
n = 115) and especially for the light-absorbing OC fraction (AAE = 5.0, n = 87)
may be useful in this regard.
The fraction of solar radiation that would be absorbed by OC rather than BC in
wood smoke particulate matter (14%) indicates that BC is the dominant lightabsorbing species in atmospheres burdened with residential wood smoke and
OC absorption is secondary but not insignificant. Since the relative amounts of
OC and BC emitted from fires have been shown to depend on combustion
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conditions and wood type [Mazzoleni et al., 2007; McMeeking et al., 2009] and
have been reported to vary widely [Piazzalunga et al., 2011], the results of this
investigation apply strictly to the residential wood smoke samples collected in
Cambria, California. The contribution of OC to solar radiation absorption may be
more or less in other situations than we find here.
7.7 Conclusions
A broad comparison can be made with other studies that have characterized
particulate matter in regions with open burning (e.g., wildfires in Africa and South
America) and residential biofuel combustion (e.g., wood and crop residues used
for cooking and heating in Asia). On a global scale, these others sources are the
dominant emitters of carbonaceous particulate matter [Bond et al., 2004]. Our
results, which show that wood smoke OC and BC absorb a comparable amount
of solar radiation at wavelengths below 400 nm, are consistent with those of
[Hoffer et al., 2006], who found that OC in Amazonian biomass smoke particles
contributed up to 50% of light absorption at 300 nm and significantly to
absorption of broadband solar radiation, and those of [Flowers et al., 2010], who
found that OC accounted for up to 50% of the 400 nm light absorption of
particulate matter transported over mainland Asia. These results suggest that OC
absorption may influence tropospheric photochemistry [Li et al., 2011;
Vuilleumier et al., 2001]. Also, the fraction of light absorbed by OC rather than
BC in the wood smoke particulate matter in this investigation is similar to that
which we previously reported for samples collected over southern Africa during
the dry biomass burning season [Kirchstetter et al., 2004].
The similarities across studies, despite different analytical methods and
differences in fuels, combustion processes, and atmospheric processing,
indicates that light-absorbing OC is ubiquitous in atmospheres influenced by
biomass and biofuel burning. Since biomass and biofuel combustion generates a
major portion of atmospheric carbonaceous particulate matter globally, and since
carbonaceous particulate matter affects climate [Ramanathan and Carmichael,
2008], these observations support the notion that light-absorbing OC should be
considered when particulate matter effects on the radiative forcing of climate are
evaluated [Chakrabarty et al., 2010].
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8.0 Direct radiative forcing of carbonaceous aerosols
8.1 Introduction
To quantify the impact of carbonaceous aerosols on the regional climate, recent
modeling studies have made great efforts to simulate both their spatial and
temporal distribution of and the associated radiative forcing. Rather than relying
solely on model predictions, this chapter presents an observationally constrained
assessment of the direct radiative forcing at a regional scale over California. To
accomplish this task, we follow a three-step approach – first, by exploiting
multiple observations (including ground sites and satellites), we construct the
distribution of aerosol optical depths and aerosol absorption optical depths over
California for the years 2000-2010. The total aerosol solar absorption is then
partitioned into elemental carbon (EC), organic carbon (OC), and dust aerosols
using the scheme described in Chapter 5. Finally, the direct solar absorption
attributable to carbonaceous aerosols (EC and OC) i.e. the forcing is estimated
using a radiative transfer model, and validated against regional climate models.
8.2 Observations of aerosol properties
The data sets used in this study originate from multi-platform observation of
aerosol optical properties, notably aerosol optical depth (AOD) and aerosol
absorption optical depth (AAOD). A larger AOD indicates a greater amount of
aerosol existing in the column atmosphere, that in turn reduces the penetration of
solar radiation towards the surface by either scattering the light back to space or
absorbing the energy. The AAOD is defined as the absorbing component of
AOD, which directly relates to the aerosol's warming potential. Both the
AOD/AAOD are wavelength dependent, and in this study we focus on the visible
band (about 400-700 nm) of sunlight. Further, the AOD/AAOD are explicit
properties, so total the AOD/AAOD can be roughly treated as the sum of
AODs/AAODs from individual aerosol species (if any non-linearity arising from
the mixing state is not taken into account).
We incorporate two continuously operating measurement sources for the AOD in
this study. AERONET provides ground-based measurement of aerosol optical
properties in the atmosphere column [Holben et al., 2001] and has twelve
operational sites located within California and the surrounding states of Oregon,
Nevada, and Arizona (Figure 8.1). The AOD data we use is level-2 (after cloud
screening and quality control) all-points dataset from 2000 to 2010, downloaded
from the AERONET website (Version-2). The data are compiled into seasonal
averages over individual sites. While AERONET provides high-accuracy qualitycontrolled measurement of AOD, it cannot provide full spatial coverage of
California due to the limited number of stations.
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Figure 8.1 Operational AERONET sites in California and neighboring states,
indicating availability of valid quality assured measurements.
Due to the somewhat limited coverage provided by AERONET, we need an
alternate source of AOD measurements. The Multi-angle Imaging SpectroRadiometer (MISR) on board NASA Terra satellite has been providing decadelong monitoring of AOD measurement over the globe since 2000 [Kahn et al.,
2010], and can fill the gap in spatial coverage. Compared to MISR, the Moderate
Resolution Imaging Spectroradiometer (MODIS) also provides AOD
measurements that have a greater spatial resolution and shorter revisit time,
however the MISR AOD products show a closer agreement to AERONET
records, particularly over bright desert surfaces [Kahn et al., 2009] that dominate
the southern and eastern part of California. An alternate AOD dataset is provided
by the Sea-viewing Wide Field-of-view Sensor (SeaWIFS), however these AOD
retrievals are limited to wavelengths shorter than 670 nm over land [Hsu et al.,
2012]. As shown in Chapter 5, we require information from multiple wavelengths
across the visible bands (e.g 440, 670, 870 nm) to successfully determine the
contribution from carbonaceous aerosols and dust. We therefore used the MISR
data set to most accurately determine the climatology of absorbing aerosols in
California.
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We downloaded the 0.5 degree by 0.5 degree monthly-averaged AOD data from
NASA website for 2000-2010. Validation of MISR AOD observations with groundbased AERONET and other satellite measurements has been done by numerous
studies, and shows reasonably good agreement [Chen et al., 2008; Kahn et al.,
2010; Mishchenko et al., 2010]. As an example, Figure 9.2(a) illustrates the AOD
at 440 nm obtained from MISR in the fall seasons (June-August), showing the
typical climatology of aerosols in this region. The AOD is high along the coast
regions and southern California inland, indicating the location of high aerosol
concentrations.
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Figure 8.2 Average MISR satellite retrievals of the (a) total AOD, (b) total AAOD,
(c) EC AOD, and (d) EC AAOD for the months of June-August in the California
domain.
The Single Scattering Albedo (SSA) is defined as 1-AAOD/AOD, and has a
range of 0 to 1 (with the limits of 1 corresponding to non-absorbing aerosols and
0 to completely absorbing aerosols). As suggested in Chapter 5, SSA is an
intrinsic property that is solely determined by the chemical and physical
properties of the aerosol, rather than the amount of mass loading. The total
amount of visible light absorbed by BC is highly sensitive to the SSA and it is
crucial to accurately estimate it in order to quantify the radiative forcing.
We faced two challenges in obtaining observation-based SSA measurement.
First, current SSA observations provided by the satellite (MISR) are not qualityassured. A preliminary analysis suggests significant bias in California and other
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parts of the world. Another instrument with capacity to observe SSA, the Ozone
Monitoring Instrument (OMI), produces the retrieval only at ultra-violet
wavelengths [Torres et al., 2007], which may be useful in distinguishing certain
aerosol types such as smoke [Wilcox et al., 2009], but does not provide sufficient
information to conduct radiative forcing calculation. Due to these concerns, we
did not use any SSA or absorption related information from satellites in this
study. It is hoped that future employment of advanced remote sensing
techniques such as the planned GLORY project of NASA will provide
unprecedented continuous measurement of SSA from space.
The second challenge we faced is that AERONET sites report the AAOD
(alternately SSA) value only if the total AOD exceeds a threshold value of 0.4 at
440 nm. This condition must be satisfied to provide a sufficient signal-to-noise
ratio for the AERONET retrieval algorithms. Since total AOD over California is
typically less than this threshold value (Figure 8.2(a)), most of the time
AERONET sites do not resolve the AAOD from the AOD despite the fact that the
principle part of the AOD is actually due to absorption. We instead use all
available AAOD measurement from AERONET ("all-points"), to calculate the
SSA (according to AOD measurements reported at the same time)
corresponding to high pollution events. We then apply the same SSA value even
to low AOD measurements to calculate AAOD that are not directly reported. The
assumption here is that SSA is an intrinsic property determined by chemical
composition instead of the total amount of aerosol. Therefore, in the event when
the amount of aerosol is not sufficient enough for AERONET instrument to record
the SSA, SSA is assumed to be same as the seasonal average as calculated
with data reported in large AOD events at the same location. The seasonal mean
AERONET SSA measurement from each observational site are then summarized
into the average values for six regions in California (North/Central/South,
Coastal/Inland region) to account for potential variation in aerosol composition
arising out of emission sources differences. Such a division of area is backed up
by local air-pollution management agency (e.g. California Air Resource Board's
air basin division). The AAOD distribution (Figure 8.2 (b)) suggests stronger
aerosol absorption along the coastline, which corresponds to the pattern of
human habitation in California.
As discussed, the SSA obtained from AERONET measurements is limited in both
location and time. To ensure the credibility of our approach (denoted as
SSA_AERONET), we also used simulations from the Goddard Chemistry Aerosol
Radiation and Transport [Chin et al., 2002] as the model-based option for SSA
(denoted as SSA_GOCART). The seasonal mean SSA_GOCART from 2000 to
2007 is used to validate the SSA_AERONET at various sites (Figure 9.3). Note
that SSA_AERONET seasonal observations are not available at all seasons from
2000 to 2007 due to the threshold issue we discussed. We find that
SSA_GOCART is smaller than SSA_AERONET at all three-wavelengths, in
particular at 440 nm. SSA_AERONET also shows a smaller value in summer and
fall, while such a seasonal variation is less obvious from SSA_GOCART.
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Figure 8.3 Seasonally averaged values of the SSA from GOCART and
AERONET at (a) 440 nm, (b) 670 nm, and (c) 870 nm. The wavelength
dependence of all available SSA measurements is illustrated in panel (d).
The possible reasons for the discrepancy of SSA values are as follows – first, the
dust SSA at 450 nm in GOCART is 0.83 based on refractive index assumptions,
which is significantly lower than the value (0.91) we obtained from a purely
observation-based approach [Bahadur et al., 2012b]. Therefore the GOCART
model may overestimate dust absorption at 440 nm and have a lower SSA value.
As dust AOD decrease sharply towards infrared wavelengths (due to large
particle size), the discrepancy between the two sources decreases (Figure
8.3(d)). Second, the carbonaceous aerosol emission inventory used by GOCART
[Cooke et al., 1999] is based on energy use and combustion technology in early
1990s, and may have larger BC emission. [Bahadur et al., 2011] showed that
diesel engine filter installation since 1980s have significantly lower the BC
emission in California, almost by half. GOCART may therefore overestimate BC
concentrations and have a lower SSA compared to observations. At this stage,
we have no further evidence that suggests the 'true' value of SSA and instead
posit that SSA inferred from GOCART and AERONET provide limiting values that
bracket the SSA, as shown in Figure 8.2(d). We therefore calculate the aerosol
properties and radiative forcing in two parallel cases (SSA_AERONET and
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SSA_GOCART) to bracket the uncertainty due to the imperfect data sources of
SSA measurements.
8.3 Partitioning of aerosol absorption
After obtaining seasonal mean of total AOD and AAOD at multiple wavelengths
over California, we partitioned the total among the three different chemical
species - EC, dust and, OC that absorb visible solar radiation. The details and
verification of the partitioning scheme are discussed in Chapter 5. The values of
AAE and SSA used in the partitioning analysis based on AERONET and the
GOCART model are summarized in Table 8.1 Our first focus is to separate the
AAOD contribution of carbonaceous aerosol (mainly from anthropogenic
sources) from natural dust aerosols. On average, the total AAOD over California
is about 0.003-0.01, which is about 5% of total AOD as shown in Figure 8.2(b).
The overall spatial variations suggest that Southern California has larger AAOD
as compared with Northern California, consistent with the greater population
density in this region. The breakup of total AAOD into dust and carbonaceous
aerosol shows that the loading of dust is larger in the southern region (Figure
8.4(a)), consistent with the drier climate and semi-desert environment. However,
using the SSA values from GOCART model (SSA_GOCART), such a north-south
difference in dust loading is less significant (Figure 8.8(b)), and the directly
simulated AAOD from GOCART (Figure 8.4(c)) does not show any north-south
variation at all. The majority of contribution to total AAOD is from carbonaceous
aerosols, which is about 4-5 times larger than dust AAOD at 550 nm. As in the
case of SSA_GOCART, the carbonaceous aerosol still dominates the AAOD, but
dust contribution is significantly increased. The absolute value of AAOD is larger
in SSA_GOCART case, due to the lower value of SSA from the GOCART.
AERONET
Species
Dust
EC
OC
Species
Dust
EC
OC

AAE1
(440-675 nm)
2.6
0.55
4.20
AAE1
(450-650 nm)
1.86
1.18
0.46

AAE2
SSA 440 nm
(675-870 nm)
1.1
0.91
0.85
0.28
-0.71
GOCART
AAE2
SSA 450 nm
(650-900 nm)
1.08
0.83
1.13
0.25
-0.47
0.98

SSA 675 nm

SSA 870 nm

0.97
0.10
0.92

0.98
0.04
1.00

SSA 650 nm

SSA 900 nm

0.91
0.18
0.96

0.94
0.11
0.91

Table 8.1 Comparison of spectral properties derived from AERONET
observations and the GOCART model.
The difference in partitioning AAOD between SSA_GOCART and
SSA_AERONET cases can be understood as the following: The essence of our
partitioning method is to use the wavelength dependence of AAOD to find out
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how much AAOD contribution is from dust or EC/OC. Pure dust SSA in our
calculation is assumed to increase with wavelength (from 0.91 at 440 nm to 0.97
at 670 nm), while the SSA of EC decrease with wavelength (from 0.28 at 440 nm
to 0.1 at 670 nm). Since the AERONET observed SSA show a slightly decreased
trend of SSA with wavelength (Fig 8.2(d)), the calculation utilizing AERONET
SSA tends to attribute more AAOD to carbonaceous aerosol, while the
SSA_GOCART case suggests relatively more contribution from dust. The
limitation of multiple wavelength measurement of SSA at current stage is the
fundamental reason that we cannot further narrow down the difference between
two cases.
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Figure 8.4 Relative contributions to the AAOD (550 nm) from dust (shown in
orange) and carbonaceous aerosols (shown in black) calculated using (a) MISR
AOD and SSA_AERONET, (b) MISR AOD and SSA_GOCART, (c) GOCART
simulations.
We further assess the relative contribution of AAOD from EC and OC based on
the difference in the wavelength dependence of absorption [Bahadur et al.,
2012b]. The partitioning based on SSA_AERONET suggests that OC AAOD at
440 nm is about half of EC, as shown in Figure 8.5(a), dropping down to only
15% at 550 nm. On the other hand, partitioning based on SSA_GOCART (Figure
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8.5(b)) suggests a much smaller OC contribution to AAOD, presumably because
the model does not fully take into account of OC absorption (The OC SSA in
GOCART is 0.98 at 450 nm, in contrast to 0.71 obtained from empirical approach
used in this study). The EC AAOD in SSA_GOCART case is larger than
SSA_AERONET because the total AAOD is also larger. This difference in OC
absorption clearly indicates further studies from observations and modeling are
needed to clarify this issue.
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Figure 8.5 Relative contributions to the AAOD (550 nm) from EC (shown in
black) and OC (shown in brown) calculated using (a) MISR AOD and
SSA_AERONET, (b) MISR AOD and SSA_GOCART, (c) GOCART simulations.
The spatial variability of AOD and AAOD for EC are illustrated in Figure 8.2 (c)
and (d). The EC AOD and AAOD so determined is mainly concentrated in
population-dense areas including the Bay Area, Central Valley, and Los Angeles
metropolitan region, suggesting EC in California is dominated by anthropogenic
sources. The EC does not have high AOD value over Southern California inland
region (Figure 8.2(c) compared with Figure 8.2(a)), where dust lofted from the
Mojave desert eco-regions (extending into Arizona and northern Mexico) appears
to be the main absorber.
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Finally, we also assessed the seasonal variation of the aerosol properties. The
dust in Southern California has the largest seasonal variation, with much higher
values during winter and spring, which is possibly due to long-range transport
from Asia. The AAOD of BC is larger in summer, which might be caused by wild
fire activities. The larger OC AOD value in summer and fall, especially in Central
and South California, seems to support this hypothesis. However, most of
carbonaceous aerosol emissions in California are due to anthropogenic activities,
which do not have obvious seasonal variation, and therefore the seasonal
variation of BC and OC is not entirely clear. It should be noted that for the
SSA_GOCART case, although the absolute values of the AOD and AAOD are
different, the seasonal trends discussed above remains valid, suggesting the
model successfully captures the meteorological condition's influence on aerosol
transport. The AAOD at 550 nm for dust, EC, and OC resolved by season and
region are summarized in Table 8.2.

North
Central
South
North
Central
South
North
Central
South

Winter
(Dec-Feb)
0.0003
0.0002
0.0027
0.0038
0.0042
0.0021
0.0009
0.0005
0.0001

Spring
(Mar-May)
0.0003
0.0003
0.0029
0.0041
0.0057
0.0040
0.0009
0.0005
0.0000

Summer
(Jun-Aug)
0.0002
0.0000
0.0000
0.0038
0.0058
0.0058
0.0009
0.0012
0.0010

Fall
(Sep-Nov)
0.0002
0.0006
0.0012
0.0031
0.0035
0.0038
0.0008
0.0008
0.0010

Annual
0.0002
0.0003
0.0017
0.0037
0.0048
0.0039
0.0009
0.0007
0.0005

Dust

EC

OC

Table 8.2 Average AAOD for absorbing species at 550 nm in California
determined from MISR and SSA_AERONET observations resolved by region
and season.
8.4 Comparison with model simulations
As an additional validation of our hybrid approach, we compare the AOD and
AAOD values determined in Section 8.3 with climate model simulations.
Simulations from GOCART [Chin et al., 2003] from 2000 to 2007 are resolved
into North/Central/South California and seasonally averaged to provide a point of
comparison. The BC AAOD shows reasonably good agreement as shown in
Figures 8.6(a) and 8.6(b) between GOCART and observations, although the OC
AAOD is at least underestimated by approximately a factor of 2, despite the fact
that OC AOD is overestimated (as the SSA of OC in GOCART is 0.98 at 450
nm).
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Figure 8.6 (a) AOD of BC (550 nm) at different seasons and regions (Northern,
Central and Southern California) from observation-based method
(SSA_AERONET), compared with GOCART and WRF simulations (with
standard BC emission). The whiskers show standard deviation of AOD average
in a given season and region. (b)-(d) same as (a), but for BC AAOD, OC AOD
and OC AAOD, respectively.
Another model used in the comparison is Weather Research Forecast (WRF)
model specifically configured for the California region at the Pacific Northwest
National Laboratory, which includes a more updated emission inventory and finer
spatial resolution (Chapter 11 and Chapter 12). We found that the BC AOD and
AAOD simulated by WRF are 50% lower than both GOCART and observational
estimates. This could be due to a potential underestimation in the BC emission
(as discussed in greater detail in Chapter 10). WRF-simulated OC AOD is
comparable with observational estimates (Figure 8.6(c)), but the OC AAOD
simulated is virtually zero (Figure 8.6(d)), as the model does not take into
account any OC absorptions. The small OC AAOD is a result of the
enhancement of absorption when OC is internally mixed with EC, rather than
direct absorption by the OC itself.
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8.5 Aerosol vertical profiles
Since aerosols in the atmosphere are not homogenously mixed, the location of
the aerosol layer is important for its radiative impact. If the aerosols are above
the cloud layer their absorption tends to get enhanced [Koch and Del Genio,
2010] due to a higher albedo. The Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) satellite [Young and Vaughan, 2009] provides
the aerosol extinction coefficient profile over the globe since summer of 2006,
which corresponds to the vertical distribution of aerosols. CALIPSO profiles have
been validated with aircraft measurements and show reasonably good similarity
(Cazorla et al., in preparation). However, current satellite observation can only
provide limited snap shots of aerosol layers at particular days due to the narrow
footprint of laser beam. The profiles in California are similar across the seasons,
showing an elevated aerosol layer at about 200 m (Figure 8.7). Winter and spring
profiles have additional elevated layers at about 2000 m, especially for Northern
California, which probably correspond to the long-range transport from Asia
[Hadley et al., 2007].
The use of near-surface observations from CALIPSO can be problematic
however, due to the local topography and cloud contamination. To account for
this problem, we adopt the surface extinction coefficient directly measured at
surface sites maintained by the IMPROVE network for altitudes below 500m. The
final vertical structure of the aerosol is then obtained by constructing a hybrid
profile combining seasonal mean profiles combining CALIPSO (above 500 m)
and IMPROVE (below 500 m) measurements over North/Central/South regions
in California.
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Figure 8.7 Seasonally and spatially resolved vertical profiles of aerosols in
California (solid lines) constructed from CALIPSO satellite retrievals (dashed
lines). Aerosol extinction is directly correlated to aerosol mass loading.
8.6 The MACR model
The radiative forcing attributed to a certain type of aerosol is defined as the
energy flux change when that type of aerosol is removed from the atmosphere.
We can therefore estimate the radiative forcing by performing two parallel
radiation transfer calculations: one with all types of aerosol optical property
included in the grid-by-grid model, and the other with the specific type of aerosol
removed from the model. Note that the radiative forcing discussed in this study is
the so-called aerosol "direct forcing" and any potential impact of the aerosol on
clouds is not considered. In this study, we use the Monte Carlo Aerosol and
Cloud Radiation transfer model (MACR) initially designed at UCSD that has been
improved over the years and successfully applied in a number of global and
regional aerosol studies [Chung et al., 2005; Podgorny and Ramanathan, 2001].
The model simulates energy flux from top to bottom of the atmosphere by tracing
the movement of photons with random processes. The scattering and absorption
of water vapor, ozone, clouds and aerosols are taken into account in the
simulation. The radiative transfer model used in this study is a clear-sky Monte
Carlo model [Podgorny et al., 2000] that accounts for all multiple scattering by
individual aerosol species, air molecules and reflections from the surface. In the
case of externally mixed aerosol, the probability of a scattering interaction is
determined by relative contribution of the species to the total aerosol extinction
coefficient in a layer. Scattering angles are computed by linear interpolation in a
table of the inverse cumulative scattering probability, so that the model
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assimilates the Mie phase functions without compromising the angular resolution.
We also use Henyey–Greenstein approximation to the Mie phase function as a
sensitivity study. For a given wavelength, an AOT is computed by least square
fitting of the spectral CIMEL optical depths in a log–log scale. The entire broad
band solar spectrum (200–4000 nm) divided into 38 spectral bands is integrated
for aerosol radiative forcing calculations
The model atmosphere spans altitudes from the surface up to 100 km and has
33 reference levels, which are 1 km thick each below 25 km of altitude. Rayleigh
scattering and ozone absorption are tabulated on each of the reference levels
and are then linearly interpolated in the process of Monte Carlo computations
using the maximum cross-section method. The solar irradiance, cross sections
for Rayleigh scattering, ozone absorption, and vertical temperature and pressure
profiles follow standards from the World Meteorological Organization. Absorption
by oxygen, water vapor, and carbon dioxide is calculated by exponential sum
fitting.
The total cloud amount are from Clouds and the Earth's Radiant Energy System
[Wielicki, 1996] and were subdivided into low, middle and high cloud based on
data from International Satellite Cloud Climatology Project [Jin et al., 1996]. The
various data sets comprising aerosol inputs to the model are typically available at
different spatial and temporal resolutions, but are all reconciled into 1-degree by
1-degree grids and monthly averages before the model is deployed. The
assimilated AOD/AAOD measurements at multiple wavelengths along with the
hybrid vertical profiles provide the input describing aerosols into the model. The
MACR model then simulates the energy flux at 1-degree by 1-degree grids
through the atmosphere to the surface, and the difference in flux between two
sets of simulations (due to removal of a certain type of aerosol from the second
simulation) yields the radiative forcing of that type of aerosol. A similar calculation
can be done with absence of cloud to calculate the radiative forcing of aerosol in
cloud-free sky.
8.7 Radiative forcing results
To capture the 3-D forcing structure of carbonaceous aerosols, we subdivided
California into three regions (North, Central, and South), and calculate the forcing
at Top of the Atmosphere (TOA), at the surface level (Sfc), and within the column
atmosphere layer (Atm). The atmospheric heating due to the absorption by EC
and OC is between 1.7-2.4 W m-2 (Table 8.3) according to our observational
estimates, as illustrated in Figure 8.8. The GOCART model's simulation yields
atmospheric heating at comparable magnitude, which is consistent with the
comparison of AAOD (Figure 8.6). However, GOCART, due to its coarser
resolution, is not able to capture the finer spatial variation (coast to inland, north
to south) seen in our observational estimates. In contrast, the WRF model, due to
its finer resolution, is able to capture the high concentration hotspot close to cities
and urban agglomerations.
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Figure 8.8 Atmospheric heating due to carbonaceous aerosols (EC+OC) in
California calculated using (a) observationally constrained data, (b) GOCART
simulations, and (c) WRF simulations.
The average TOA forcing due to carbonaceous aerosol is illustrated in Figure 8.9
and is about 0.2-1.9 W m-2. The positive sign indicates carbonaceous aerosol
overall is a considerably large warming source (as a reference, the global
average CO2 warming is 1.7 W m-2). In contrast, dust aerosols have cooling
effect at TOA especially over the Southern region. The TOA forcing of
carbonaceous aerosol also has a north-to-south asymmetry, potentially
associated with population and industry activity difference between Northern and
Southern California. The carbonaceous aerosol radiative forcing at TOA
calculated from GOCART simulation is much smaller (-0.1 to 0.7 W m-2), mainly
because OC forcing from the model simulation is more negative (-0.3 W m-2). The
large overall positive value of carbonaceous aerosol forcing is in contrast with
model simulations that suggest that the OC scattering effect can largely offset the
co-emitted BC's heating effect. We can therefore infer from the results here that
environmental protection activities in California targeting BC pollutants (and coemitted OC) have effectively contributed to the mitigation of global warming by
cutting down on the direct absorption.
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Figure 8.9 Radiative forcing at the (a) Top-of-Atmosphere (TOA), (b) in the
Atmosphere (atm), and (c) at the surface (sfc) attributable to dust and
carbonaceous aerosols in California determined using observationally
constrained aerosol properties.
More importantly for regional climate, the carbonaceous aerosols intercept the
heat that would be reaching the ground level and then induce atmospheric
heating. According to our calculation, the existence of carbonaceous aerosol
reduces the solar radiation reaching the ground by between 0.4 to 1.4 W m-2
(Figure 8.9(c)). Such a dimming effect has climatic consequences in water
budget as it suppresses the evaporation of water from surface [Ramanathan et
al., 2001].
As with the AOD and AAOD, carbonaceous aerosol forcing can be further
partitioned into EC and OC. As illustrated in Table 8.3, the heating effect of EC is
about 75-85% of the total, with the rest contributed by OC. Although the OC
absorption at 440 nm is as large as 30-50% of EC absorption it declines strongly
towards the larger wavelength, and EC dominates the overall heating effect. The
TOA forcing attributed to carbonaceous aerosols and EC alone in the two
bounding SSA_AERONET and SSA_GOCART scenarios is illustrated in Figure
8.10.
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Figure 8.10 Top of the Atmosphere forcing for EC and Carbonaceous aerosols
determined in the bounding cases using SSA_AERONET (solid bars) and
SSA_GOCART (dashed boxes) in California.
Similar to the regional variation in AAOD, EC atmospheric heating is larger in
Southern California, while OC is larger in Northern California, and both this
pattern in spatial variation and the magnitude of atmospheric heating are
supported by GOCART simulation. The surface dimming effect of EC is between
two to four times larger than OC. The estimation of SSA_GOCART show larger
dimming contributed from BC with less dimming from OC. Compared with the
GOCART model, our radiative transfer calculations underestimate EC surface
dimming, and overestimates the OC contribution. GOCART also captures the
elevated forcing over Southern California (Fig 8.8(b)), while the observationbased estimate also suggests high aerosol loading over Central California (Fig
8.8(a)), which is supported by WRF simulations. Note that since AOD/AAOD
comparisons (Fig 8.3) indicate that the baseline WRF simulation underestimated
BC AOD by at least a factor of two, the forcing results shown here are from a
simulation in which default emission inventory are doubled. Despite this, the
atmospheric forcing simulated by WRF is still smaller than observational
estimates by 15-30%. We speculate that the discrepancy is due to a combination
of emission inventory bias and neglect of OC absorption in the model. The OC
TOA forcing is negative but small according to our estimates (-0.1 W m-2), as the
scattering effect of OC is partially offset by its relatively weak absorption. The
TOA cooling effect of OC simulated by GOCART in contrast is three times larger
than our estimates. However, we point out the uncertainty associated with
selection of SSA sources is at least 50% (black bars in Figure 8.10) and this
uncertainty covers most of the discrepancy between the models. Compared to
SSA_GOCART, calculations using SSA_AERONET have a stronger OC
absorption.
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North
Central
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Central
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North
Central
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MISR AOD

SSA_AERONET SSA_GOCART
1.3
1.7
2.0
2.7
2.1
4.0
0.5
0.1
0.4
0.1
0.3
0.0
1.7
1.8
2.4
2.8
2.4
4.0
0.3
0.3
0.5
0.6
0.9
1.9
-0.1
0.0
-0.1
-0.1
0.0
0.0
0.2
0.3
0.4
0.5
0.9
1.9
-1.0
-1.3
-1.4
-2.1
-1.3
-2.2
-0.5
-0.1
-0.5
-0.3
-0.3
-0.2
-1.5
-1.5
-1.9
-2.4
-1.6
-2.5

GOCART

1.3
1.6
2.3
0.2
0.1
0.0
1.5
1.7
2.3
0.2
0.3
1.0
-0.3
-0.3
-0.3
-0.1
0.0
0.7
-1.1
-1.1
-1.3
-0.5
-0.4
-0.4
-1.6
-1.5
-1.7

EC
Atm
OC

EC+OC

EC
TOA
OC

EC+OC

EC
Sfc
OC

EC+OC

Table 8.3 Radiative forcing of EC and carbonaceous aerosols determined at the
TOA, surface, and within atmosphere column from the data assimilation
scenarios in this work.
The bias in OC absorption simulated by GOCART and WRF suggests that the
current model parameterization is not able to fully capture the real OC absorption
and that the models need to be further improved to incorporate the new
experimental evidence of OC absorption. The future inclusion (and
enhancement) of OC absorption in the models has several consequences in our
understanding of carbonaceous aerosol’s radiative forcing. For example, in areas
where aerosol emission is greatly influenced by wildfire events (Africa,
Amazonia, South East Asia) or by biofuel burning (India), the overall radiative
forcing contributed by carbonaceous aerosol might have been underestimated,
as current models generally treat OC as non-absorbing. Therefore, even models
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that well simulate the loading of OC will not yield the correct magnitude of
radiative effect of OC. If the OC amount is sufficient enough, such an
underestimation of OC absorption effect may even reverse the sign of
carbonaceous aerosol to change from warming to cooling.
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Figure 8.11 Change in the radiative forcing due to carbonaceous aerosols as a
consequence of a 50% reduction in EC aerosol loading in California between
1980-2000.
8.8 Comparison with climate models
The radiative forcing associated with BC and BrC calculated using the
observationally constrained MACR model is summarized in Table 8.4. The total
aerosol optical depth (AOD) is retrieved from the MISR satellite whereas the
single scattering albedo (SSA) is based upon observations from the AERONET
network, and from the GOCART climate model, as listed in Table 8.3. The BC is
found to have a positive (warming) forcing at the top of the atmosphere, and a
strong atmosphere heating, leading to a net negative (dimming) forcing at the
surface. The BrC is also found to heat the atmosphere, and act as a dimming
agent at the surface, however, the net effect is found to be cooling at the TOA. In
comparison to the observationally constrained estimates, the WRF-Chem
regional climate model underestimates both the TOA and atmospheric heating of
the BC. The model also finds the BrC to be strongly cooling, as it does not allow
OC to absorb solar radiation. The discrepancy in the forcing, along with
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differences in BC concentration (details in Chapter 11) lead us to believe that BC
emissions are underrepresented, and the 2xBC simulation is found to agree
much better with the observationally constrained estimates of forcing.

Observationally
Constrained
SSA from
AERONET

Observationally
Constrained

WRF_PNNL
model

SSA from
(1*BC)
GOCART
TOA Forcing

WRF_PNNL
model

Species

(2*BC)

North

0.28

0.29

0.21

0.29

EC

Central

0.49

0.63

0.32

0.47

EC

South

0.92

1.93

0.38

0.56

EC

State

0.56

0.95

0.30

0.44

EC

North

-0.08

-0.01

-0.12

-0.12

OC

Central

-0.06

-0.14

-0.15

-0.15

OC

South

-0.04

-0.01

-0.16

-0.16

OC

State

-0.06

-0.05

-0.14

-0.14

OC

Atmospheric Forcing
North

1.25

1.72

0.57

0.78

EC

Central

1.99

2.68

0.81

1.20

EC

South

2.11

4.03

0.93

1.37

EC

State

1.78

2.81

0.77

1.12

EC

North

0.47

0.07

0.03

0.03

OC

Central

0.41

0.10

0.05

0.05

OC

South

0.33

0.02

0.04

0.04

OC

State

0.40

0.06

0.04

0.04

OC

Surface Forcing
North

-1.01

-1.34

-0.36

-0.50

EC

Central

-1.41

-2.08

-0.49

-0.73

EC
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South

-1.29

-2.24

-0.55

-0.81

EC

State

-1.24

-1.89

-0.47

-0.68

EC

North

-0.53

-0.13

-0.16

-0.16

OC

Central

-0.52

-0.30

-0.19

-0.19

OC

South

-0.32

-0.22

-0.20

-0.20

OC

State

-0.46

-0.22

-0.18

-0.18

OC

Table 8.4 Species resolved forcing at the TOA, in the atmosphere, and at the
surface determined using the MACR model and the WRF-Chem regional climate
model
8.9 BC reduction scenario
As recently reported by [Bahadur et al., 2011] using IMPROVE measurement,
BC loading in California has declined by 50% between 1980 and 2000, while no
trends are seen for other aerosols, an effect attributed to the effectiveness of air
pollution control measures that have targeted reductions in PM, specifically from
diesel combustion sources that result in reduced BC [CARB, 2008; Kirchstetter et
al., 2008a]. We have also performed calculations that demonstrate the radiative
forcing impact of such a 50% reduction of BC (Figure 8.11). This calculation
should be seen as an extreme example of the possible changes in the forcing.
Reducing emissions by 50% need not reduce column average BC by 50%; Due
to advection by atmospheric transport, some of the BC reductions will happen
downwind over rest of N America and even beyond. The life time of BC is of the
order of a week and in this time air parcels (particularly the ones above 3 km)
can travel across the USA in a week. Given the above caveat, BC emission
reduction during the last two decades leads to a cooling of 0.8 to 3 W m-2 at TOA,
and the atmospheric cooling due to BC reduction is as large as 6 W m-2 over
Southern California region. Another consequence of preferentially removing BC
from the atmosphere is a surface brightening of between 1.5-3.5 W m-2. Such a
brightening signal, if detected in observation record, can provide an objective
confirmation of the magnitude of forcing estimates and historical trends.
8.10 Conclusions
We found that for California the largest fraction of atmospheric heating is
contributed by EC, with OC contribution the remaining 15 to 25%. EC has a
larger contribution over Southern California, while OC contribution is larger over
Northern California. We validated our calculations against two chemical transport
models (GOCART and WRF), and find reasonable agreement of BC absorption
with GOCART, but the model underestimates the OC at least by 50%. Models
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typically treat OC as purely scattering and therefore significantly underestimate
its absorbing ability.
The observation-based estimates serve as an independent result to validate the
performance of chemistry transport models in simulating the concentration and
radiative effect of aerosols. One major implication from our analysis here is that
current models (possibly with biased emission inventory and lack of treatment of
OC absorption) overestimate the TOA cooling effects from OC and therefore
underestimate the overall warming effect from carbonaceous aerosols (coemitted BC and OC), in particular over biomass burning regions.
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9.0 Surface solar flux in California

9.1 Introduction
The data assimilation studies performed in this work (described in Chapters 3
and 4) have led to a major finding by showing that BC over California’s
IMPROVE sites have decreased by as much as 50% in the 1980-2000s time
period, with an even more significant decrease going back to the 1960s. The
analysis of emission inventories [Bahadur et al., 2011] and energy use patterns
lead us to believe that the black carbon control policies as implemented by
California are responsible for this reduction. Since BC is a strong absorber at all
wavelengths, this decrease is expected to translate into an increase in incoming
solar radiation at the surface. The MACR radiative-forcing model suggests that
the observed BC reduction should have led to an increase of surface solar
radiation (surface brightening) by about 1-4 W m-2 (about a 0.5% to 2% increase)
depending on the optical properties (such as SSA) of BC. Such a large change in
BC radiative forcing should be detectable with surface radiation data. A full
analysis of measured solar flux has the potential to provide an observational tool
for constraining predictions of radiative forcing and surface brightening, and
provide a metric for determining the relative significance and magnitudes of the
direct, indirect, and semi-direct effects of BC. To date, validation of these model
predictions of changes in radiative forcing (or solar flux) has been restricted both
by a scarcity in spatially and temporally resolved ground-based measurements
(such as those provided by AERONET), and the difficulty in separating the cloud
effects from remote sensing measurements (such as those provided by
satellites).
9.2 The CIMIS network
The California Irrigation Management Information System (CIMIS), a program of
the Office of Water Use Efficiency (OWUE) and California Department of Water
Resources (DWR), manages an integrated network of over 120 automated
weather stations in the state of California dating back to 1982 and overcomes the
limitations in other data sets. Although the primary mission of the CIMIS network
is facilitation of irrigation and water use, it provides a valuable resource to
research in a wide variety of fields including air quality and climate by providing
meteorological measurements with a very high spatial and temporal resolution.
Each of the CIMIS monitoring stations is constructed with a standardized design
and directly measures solar flux, relative humidity, air temperature, soil
temperature, wind speed and direction, and precipitation. Most relevant to the
surface brightening are measurements of the surface solar flux, performed by a
high stability Li-Cor silicon photovoltaic detector Pyranometer. The instrument
has a response time of 10 microseconds and is rated to be accurate within 95%

141

under natural sunlight. CIMIS stations collect measurements every minute, which
are combined and logged as hourly averages in their central database that is
available for unlimited and free access for all registered users. Although the
public data repository provides measurements from a total of 235 stations, many
of these stations have come online (or alternately gone offline) over the years the
network has been in place. In order to assure a uniform data coverage, and to
access trends dating back to the 80s, we restrict our analysis in this work only to
stations that are (a) currently operational, and (b) provide measurements dating
back to at least November, 1986. A total of 21 stations in the network, illustrated
in Figure 9.1, satisfy these conditions.
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Figure 9.1 Location of sites in the CIMIS network in California that provide solar
flux data in the decades between 1980-2010. The 36N and 38N parallels indicate
the divisions between North-Central (combined) and Southern California used in
this analysis.
Since CIMIS was intended primarily to be an agricultural resource, the majority of
these sites lie in the Central Valley region where the bulk of California’s crops are
cultivated. Despite this however, the selected sites provide an adequate NorthSouth spread, as well as sampling along the coast and further inland allowing us
to examine trends that are representational of the entire state. The sites are
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separated into North-Central California (Abbreviated as North California, North of
36N) and South California for the purpose of regional analysis. The locations and
details for the sites used in this study are summarized in Table 9.1.
Site Name

County

Latitude

Longitude

McArthur

Shasta

41.07

-121.45

Buntingville

Lassen

40.29

-120.43

Tehama

40.05

-122.16

Butte

39.61

-121.82

Colusa

39.23

-122.02

El Dorado

38.75

-120.73

Yolo

38.54

-121.78

Brentwood

Contra Costa

37.93

-121.66

Bishop
Firebaugh/
Telles

Inyo

37.36

-118.41

Fresno

36.85

-120.59

Castroville

Monterey

36.77

-121.77

Parlier

Fresno

36.61

-119.51

Five Points

Fresno

36.34

-120.11

Stratford

Kings

36.16

-119.85

Kettleman
Blackwells
Corner
Shafter/
USDA
San Luis
Obispo

Kings

35.87

-119.89

Kern

35.65

-119.96

Kern
San Luis
Obispo

35.53

-119.28

35.31

-120.66

UC Riverside

Riverside

33.97

-117.34

Temecula
Calipatria/
Mulberry

Riverside

33.49

-117.22

Imperial

33.04

-115.42

Gerber
Durham
Colusa
Camino
Davis

Operational
Since

Designated
Region

1983

North

1986

North

1982

North

1982

North

1983

North

1982

North

1982

North

1985

North

1983

North

1982

North

1982

North

1983

North

1982

South

1982

South

1982

South

1986

South

1982

South

1986

South

1985

South

1986

South

1983

South

Table 9.1 CIMIS stations included in this analysis. All sites operational from (at
least) November, 1986-December, 2011.
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9.3 Variability in the CIMIS measurements
Figure 9.2 illustrates the monthly averages for the incident surface solar flux for
the entire state of California. Based upon a simple linear regression, the average
change in surface flux ranges between -12.3 to 8.3 W m-2 in the 1980s, -8.8 to
4.0 W m-2in the 1990s, and -7.3 W m-2 to 3.7 W m-2 in the 2000-2010 decade.
Based upon the observed trends in aerosols (Chapters 3-4) we expect a surface
brightening, however this large range spans a negative change as well. A few
trends become evident upon examining this data. First, there is a consistent and
persistent seasonal variability between the summer and winter months – the
surface flux being of the order of 900 W m-2 in the summer months (Jun-Aug)
compared to about 400 W m-2 in the winter months (Nov-Feb). Further there is an
additional uncertainty of between 30-50 W m-2 (illustrated as error bars)
associated with inter-station variability. This range of variability spans and
exceeds the expected brightening of 5.0 W m-2 (Chapter 4) and explains the
large uncertainty in the linear analysis. In order to clarify these trends therefore,
we need to refine our analysis and resolve the data by separating out the
summer and winter months, and to separate the North and South California
measurements.
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Figure 9.2 Monthly averages of surface solar flux in California obtained from the
CIMIS network. A large summer-winter variability is observed.
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In addition to any uncertainty introduced due to seasonal and spatial variations,
there is another issue with the raw flux measurements. Figure 9.3 illustrates the
measurements for the months of June and December at the Davis station. While
the upper envelope indicates the diurnal variation in the incident flux, there are
several measurements that deviate from this value by as much as 80%. These
deviations are caused by the existence of low clouds that block incoming solar
radiation. Although there is some evidence that clouds may be influenced by
variations in the BC concentration [Bahadur et al., 2012c], any surface
brightening caused due to a change in direct absorption can only be detected if
the cloudy points are filtered out from the measurements.
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Figure 9.3 Diurnal variations in surface flux measured at the Davis station in (a)
June and (b) December. Large deviations from the upper envelope indicate the
influence of clouds.
9.4 Filtering the clear-sky signal
In order to refine the CIMIS data set to de-convolute the clear-sky solar flux
signal from the total measured we adopt the following approach. The first
assumption we make is that the measurements for any given station in any given
month (the 30 day period is adopted for convenience of analysis) contains only
minimal fluctuations (with no observable variability due to change in aerosol
concentrations or seasonal variation etc.) and provides a robust picture of the
incident solar flux. As can be seen in Figure 9.3, the solar flux measurements
over a period of one month provide an upper envelope that represents the clear
sky-flux. Since this envelope likely consists of a composite of measurements that
may correspond to different days, we examine the frequency distribution of all
daytime measurements, defined as the hours between 0600-1800 PST, as
illustrated in Figure 9.4.
We expect that the highest modes represent the clear sky (or alternately, least
cloudy sky) signal while short-lived (i.e. of an order of one hour, equivalent to the
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resolution of the measurements) deviations from this peak are caused by the
presence of clouds. For both the sites in Davis (North) and Riverside (South), this
separation is more apparent in December, which is consistent with the winter
months being associated with the cloudy/rainy season in California. While the
separation between the clear-sky maximum and cloud influence is less apparent
in June, we still include only the small peak corresponding to maximum insolation
in the final climatological trend analysis.
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Figure 9.4 Histogram of hourly surface flux measurements at the (a-b) Davis and
(c-d) Riverside stations in (a,c) June and (b,d) December. The second (higher)
mode represents clear-sky flux. Measurements between 0600-1800 PST are
used.
9.5 Climatology of Clear-Sky flux
In order to minimize impact of the diurnal cycle (and localized emission patterns
such as rush hour) on the long-term trends, we consider only measurements
146

during the peak daytime hours (defined here as 1100 – 1500 PST) in determining
the monthly mean values of solar flux, following the elimination of the cloud effect
as described in section 9.4. Long-term trends in the average summer (defined as
June-August) and winter (defined as December-February) clear-sky flux as
determined are illustrated in Figure 9.5 for all the sites in this study, along with
the North and South California trend lines. Again, two basic trends are apparent
that are consistent with expectations. First, the summer time flux is approximately
300-400 W m-2 higher than the winter flux. Second, the surface clear sky flux is
higher by between 40-50 W m-2 for the Southern California sites. We attribute this
difference largely to the more southerly latitude, although it is also possible that
the more heavily wooded regions in Northern California play a small role in
reducing surface flux.
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Figure 9.5 Time series in the clear-sky daytime surface flux measured by the
CIMIS network sites listed in table 9.1 for (a,c) summer (June-August) months
and (b,d) winter (December-February) months, in (a-b) Northern and (c-d)
Southern California.
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Figure 9.6 Time-space average diurnal-seasonal average summer time-series
for Southern California for all-sky (a) and clear-sky fluxes (b).
We examine the trends in the surface flux for the entire 30-year period, and for
each decade within separately in order to detect any measureable signal in
brightening that may be associated with the observed reduction in BC loading.
An example of the trends for southern California during summer time is shown in
Figure 9.6. The trend in W m-2/Yr for these time periods and both regions is
summarized in Table 9.2 along with the uncertainty in the trends and the
correlation coefficients.
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Summer

Winter

North
South
Statewide
North
South
Statewide

All Sky Flux
1985-1995
Rate
0.540.80
0.750.54
0.660.67
-1.700.92
0.601.07
-0.740.91

R2
0.05
0.19
0.11
0.31
0.04
0.07

1995-2010
Rate
-0.080.36
-0.890.39
-0.420.35
0.590.49
0.920.45
0.730.41

R2
0.09
0.26
0.01
0.09
0.23
0.18

Clear Sky Flux
1985-1995
Rate
0.181.03
0.450.75
0.300.87
-0.811.01
1.270.98
0.060.79

R2
0.01
0.04
0.01
0.06
0.17
0.00

1995-2010
Rate
-0.310.41
-1.100.36
-0.650.37
0.230.39
1.120.59
0.620.28

R2
0.04
0.39
0.18
0.02
0.20
0.25

Table 9.2 Annual average rate of change in surface solar flux in W m-2/Year in
North and South California separated by season as determined by the CIMIS
network. Trends in shaded panels are not considered statistically significant.

While the brightening during the 1985-1995 period for summer (Figure 9.6) is
consistent both in sign and magnitude with the simulated trends, the uncertainty
is as large as the signal and the correlation coefficients are low. Furthermore,
emissions in aerosol trends for the 1995-2005 time period cannot account for the
dimming trends post-1995. If we invoke natural variability for the post-1995
trends we must invoke the same to explain the brightening trends during the
previous decade. In view of the above, we conclude that the fitted trends are not
statistically significant to test model predictions.
Trends in the mean AOD and AAOD measured in California by the AERONET
network are illustrated in Figure 9.7. Due to the limitations on SSA retrieval,
these measurements only cover the time period between 2000 and 2008, and
provide a very poor spatial and temporal representation of the state. Since these
measurements cover a very small portion of the multi-decadal period over which
we expect to see surface brightening, we cannot compare them in any
meaningful way to the trends in surface flux.
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Figure 9.7 Time series of measured (a) AOD and (b) AAOD at 675 nm from the
AERONET network in California. Bars represent the standard deviation of the
daily variability in the annual mean values.
9.6 Conclusions
We have examined solar flux measurements from the CIMIS networks
established in California for the past three decades. A filtering algorithm was
developed to separate the clear sky flux from the cloud-influenced
measurements based upon established long-term diurnal trends. Although there
is some evidence of brightening (i.e. an increase in incident radiation) at the
surface at some of the sites, we find that on average in both the summer and
winter months the measurable increase in incident radiation is quite small,
especially when compared to the change expected based upon changes in BC
concentrations, and in fact there appears to be a dimming in some regions. We
can offer two explanations – first, the data set itself is too noisy, with an interannual and inter-station variability of the order of 10-50 W m-2 which far exceeds
the expected and observed brightening. Secondly, while there was a decrease in
the observed BC loading, we did not find any change in the OC concentrations in
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California between 1980-2009. As established, at least some fraction of this OC
may also be absorbing solar radiation, thus leading us to over-estimate the
expected change in surface brightening. Based upon our analysis, we caution
against drawing firm conclusions as, due to this noisy data, we cannot definitively
state that the observed trends are statistically significant.
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10.0 Implications for mitigation of global warming
The observed trends in BC concentrations and their link with negative trends in
diesel emissions have significant implications for California’s role in mitigating
global warming. It should be noted that BC is one of the four short-lived climate
pollutants (SLCPs). The other three are: Methane; tropospheric ozone and
HFCs. It has been estimated that, reducing global emissions of these four SLCPs
using available technologies by between 30% and 50% can reduce the predicted
warming trends from 2010 to 2050 by as much as 50% [Ramanathan and Xu,
2010; Shindell et al., 2012a]. Jacobson, [2010a] has extensively studied the
effectiveness of BC mitigation in reducing global warming and in this section, we
adopt Jacobson’s model results for the GWP for BC and the present study’s
results for emission trends to discuss the implications of our findings to climate
mitigation. Before we proceed, we will clarify some thorny issues with respect to
BC and OC forcing.
BC Forcing: Thus far we had discussed primarily direct forcing by BC, which is
the change in the solar radiation absorbed by the atmosphere, and at the surface
due to a change in atmospheric BC concentrations. This is often confused with
clear sky changes (for example, see [Bollasina et al., 2011]). In fact, the direct
radiative forcing includes (should include) changes in clear as well as cloudy
skies. The only restriction is that cloud properties (such as cloud fraction, cloud
optical depths and single scattering albedo of cloud drops or ice crystals) are
held fixed when BC is altered. However, BC also has a greenhouse effect since
it absorbs infrared radiation emitted by the surface and the atmosphere. As
mentioned earlier, BC also interacts with clouds, which lead to indirect and semidirect effects. It is beyond the scope of this study to consider all of these effects.
Hence we rely on Jacobson’s 2010 model studies.
[Jacobson, 2010b] used the global-to-regional scale nested GATOR-GCCM
model in which cloud microphysical processes (for liquid, ice, and graupel
phases) were solved explicitly with size and composition resolution, while cloud
thermodynamics were considered to be at quasi-equilibrium. Climate and air
pollution processes were explicitly linked, with the universal inclusion of climate
feedbacks eliminating the need for the calculation of radiative forcing. To
determine the climate impact in the global scenario, two BC mitigation
experiments were conducted – in the No Fossil Soot (NFS) scenario, all BC from
fossil fuel emissions was eliminated, and in the No Fossil, Biomass Soot, and
Biomass Gasses (NFSBSG) scenario all emissions from both fossil fuel and
biomass burning were eliminated. The model results were validated using
surface measurements from the IMPROVE network, and aerosol concentrations
were typically reproduced within a margin of 10-20%.
OC Forcing: OC and other aerosol precursor gases are invariable co-emitted
with BC, but the magnitude of these co-emitted species, particularly OC, is much
smaller for diesel compared with biomass combustion. The BC trends we find in
California are much stronger than the trends in other species including OC. In
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fact the ratio of EC to OC as well as the ratio of EC to all Non-BC aerosols has
also decreased with the decrease in BC. Further, because of the important
warming effects of BrC in OC, any offsetting (cooling) effect of OC is likely to be
small.
The diesel emissions decreased from 0.013 Tg/Yr in 1989 to 0.006 Tg/Yr in 2008
[CARB, 2008]. Jacobson estimated a value between 2900 and 4600 for the 100year global warming potential of fossil fuel BC (which includes the effects of coemitted OC. As a conservative estimate, we choose a value of 3000 that reflects
the lower estimate. The reduction from 0.013 Tg/Yr to 0.006 Tg/yr is the
equivalent to: (0.013-0.006)*3000=21 Tg/yr or 21 million metric tons of CO2/yr.
In comparison, California’s greenhouse gas emissions as of 2009 are 457 million
metric tons of CO2, of which 86%, or 393 million metric tons/Yr is direct CO2
emissions. We are led to the conclusion that the reductions in BC concentrations
witnessed in California between 1989 and 2008 have had a measurable
mitigation effect on the warming potential to the atmosphere, equivalent to 5% of
the total CO2 emissions.
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11.0 Current BC emission Inventories

11.1 Introduction
As a part of this work, the research teams at the Scripps Institution of
Oceanography (SIO) and the Pacific Northwest National Laboratory (PNNL)
undertook a comprehensive study to determine the forcing impact of total
aerosols and BC in California. The SIO team followed a hybrid approach
constrained by field observations by using MISR satellite data in conjunction with
column measurements from AERONET to generate the total absorption optical
depths and to attribute a relative fraction to BC and organic matter (OM), while
the PNNL team followed a bottom-up modeling approach, starting with emission
inventory as input and using the WRF-Chem model to simulate BC and OM
concentrations, optical depths, and forcing to compare with the observed BC and
other aerosol concentrations, as well as the observationally derived radiative
forcing by the Scripps team. The simulations were performed using meteorology
boundary conditions representing year 2005. A comparison between the SIO and
PNNL studies revealed a few unexpected discrepancies.
The total surface PM2.5 and sulfates were reasonably close to filter based
measurements from the IMPROVE and EPA–STN networks; however the
surface BC and OC concentrations were significantly lower (details provided later
in Chapter 12), on occasion by as much as a factor of 2 to 2.5. Since PM2.5
simulations were close to observed values, the hypothesis was that the
underestimation of BC was due to the uncertainty in the emission inventory.
The simulated BC column integrated AAOD was also significantly lower when
compared to measurements from MISR/AERONET. Furthermore, the WRFChem BC-AAOD was lower by about a factor of between 2 to 2.5, depending on
the location. This difference is very close to the factor of 2 to 2.5 underestimation
detected in the surface BC comparison with IMPROVE and EPA measurements.
These two sets of observations, i.e., the surface BC concentration
(IMPROVE/EPA) and the column integrated AERONET-AAOD, are totally
independent data.
Finally, we compared various available estimates for the BC emission inventory.
The WRF-Chem simulations used the ARCTAS-CA scenario, corresponding to
BC emissions of 17.8 Gg/Yr. We compared it with the ARB “original” ARB webbased PM2.5 emission inventory of 42.2 Gg/Yr, and again find they differ by a
factor of 2.5. Note that ARB has updated their emission estimates (as indicated
in ARB communications to Scripps, dated 6/14/12) to approximately 25 Gg/Yr,
this is still higher than the ARCTAS-CA scenario by 29%. In addition to the
Leung/Zhao work at PNNL, we also have an independent set of simulations done
at LBL (by Hadley/Kirchstetter) using a different configuration of WRF-Chem that
produces in essence the same trends - i.e. the BC surface concentrations agree
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much better with surface BC observations and the column AAODs, when the
ARCTAS emission inventory value of 17.8 Gg/yr is doubled. The combination of
these comparisons motivated us to suspect that uncertainties in the emission
inventory might be the primary cause of the BC discrepancy.
11.2 Emission Scenarios
There are three principle technology-based emission inventories that were
compared in this work. The details of these scenarios and total BC emissions in
the state of California are summarized in Table 11.1.
Table 11.1 BC emissions in California based on various available sources.
Scenario

Year

Source

Notes

Application

2008

BC
Gg/yr
17.8

ARCTAS-CA

http://www.cgrer.ui
owa.edu/arctas/

This is based on a two week
campaign in June 2008

ARCTAS

2006

22.6

http://www.cgrer.ui
owa.edu/arctas/

Ensberg et al.
JGR
2012

2008

17.8

ARB
communication to
Seinfeld.

This “pre-campaign” number
represents annual
measurements
The modeling study used the
ARCTAS-CA scenario with
the assumption that
2008~2010 emissions did
not appreciably change

Zhao et al.
submitted to
JGR 2012

2008

17.8

Original BC
Emission
Estimates,

2005

42.2

Revised BC
Estimate

2005

25.4

BC estimates

2008

44.7

Daily average of
the day-specific
ARCTAS-CA
hourly emission
gridded at 4km
resolution provided
by ARB
ARB
communication to
Ramanathan,
Dated 6/4/12
ARB
communication to
Ramanathan,
Dated 6/4/12
http://www.arb.ca.g
ov/app/emsinv/

Used as baseline emissions in modeling
studies reported in Ensberg et al. (CMAQ)
and Zhao et al. (WRF-Chem)
Used to compare with baseline emissions
scenarios to establish range of uncertainty,
not applied in modeling studies
Community Multiscale
Air Quality (CMAQ version 4.7.1) model was
employed to simulate May 2010 over
Southern
California with 4 km by 4 km horizontal grid
cells
WRF-Chem was used to simulate one year
(2005) over California and the surrounding
area at 12 km horizontal grid spacing

Original BC
Emission
Estimates

2010

39.1

Revised BC
Estimate

2010

24.2

Revised BC
Estimate

2000

27.5

ARB
communication to
Ramanathan,
Dated 6/4/12
ARB
communication to
Ramanathan,
Dated 6/4/12
ARB
communication to
Ramanathan,
Dated 6/4/12

The ARCTAS-CA emission
is used with meteorological
conditions for 2005 and
evaluated using IMPROVE
(~40 rural sites) and EPA
(~100 urban sites)
measurements from 2005
This is based on “original”
ARB web-based PM2.5
emission inventory
This is based on “revised’
ARB-PM2.5 data using SIP
inventory which accounts for
diesel rules
This is based on published
PM2.5 data with an
emissions factor of 0.7 for
diesel
This is based on “original”
ARB web-based PM2.5
emission inventory
This is based on “revised’
ARB-PM2.5 data using SIP
inventory which accounts for
diesel rules
This is based on “revised’
ARB-PM2.5 data using SIP
inventory which accounts for
diesel rules.

Used to establish the upper bounding case of
2.5 x Baseline emissions (compared to
ARCTAS-CA) currently being investigated
using WRF-Chem
Used to compare with baseline emissions
scenarios to establish range of uncertainty,
not applied in modeling studies
Used to establish the upper bounding case of
2.5 x Baseline emissions (compared to
ARCTAS-CA) currently being investigated
using WRF-Chem
Used to establish the upper bounding case of
2x Baseline emissions (compared to
ARCTAS-CA) currently being investigated
using WRF-Chem
Used to compare with baseline emissions
scenarios to establish range of uncertainty,
not applied in modeling studies
Used to compare with baseline emissions
scenarios to establish range of uncertainty,
not applied in modeling studies
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The ARCTAS [Streets et al., 2003] emissions inventory is a composite gridded
data set of global emissions developed at Argonne National Laboratory. The
emissions are separated into anthropogenic and biomass-burning sources, and
provided for both gas-phase and particle-phase species. The gas-phase
inventory includes SO2, NOx (as NO2), CO2, CO, CH4, and NMVOC as full MW of
constituent compounds, while the particle phase-inventory includes BC, OC, and
NH3. This inventory only includes combustion-based emissions (i.e., no volcanic
SO2, biogenic VOC, or wetlands CH4). CO2 emissions are from direct releases
only; they do not include C uptake by growing vegetation. Biomass burning
values presented are annual average emissions typical of the mid-1990s. Further
information on this inventory, including access to gridded emissions data is
available at http://www.cgrer.uiowa.edu/EMISSION_DATA/index_16.htm.
The baseline ARCTAS inventories have been updated based upon several smallscale measurement campaigns. The ARCTAS-CA [Jacob et al., 2010] mission
consisted of a series of flights in California in the summer of 2008, sponsored by
CARB. The objectives of the California deployment were to: (1) improve the
California emission inventories for greenhouse gases and aerosols; (2)
characterize offshore emissions of sulfur and other pollutants from shipping and
natural sources; and (3) characterize upwind boundary conditions for modeling
local surface ozone and PM2.5. The flights took advantage of the fully loaded
DC-8 and P-3 aircraft based in California. In addition to the local air quality
objectives, these flights provided contrasting data, expanding the ranges of the
instruments, and characterizing emissions from California wildfires that were then
sampled as aged plumes from the aircraft based in Canada. The flights were
based in Palmdale, and primarily sampled the air above the Los Angeles
metropolitan area.

Finally, CARB itself maintains an emission inventory of total particulates that can
be used to estimate BC by applying prescribed sector-based emission factors
[CARB, 2008]. The inventory is based on information periodically compiled by
State and local air pollution control agencies, which includes information on the
emissions of reactive organic gases (ROG), oxides of nitrogen (NOx), oxides of
sulfur (SOx), carbon monoxide (CO), and particulate matter (PM10). Data are
gathered on an ongoing basis and stored in the California Emission Inventory
Development and Reporting System (CEIDARS). The California emission
inventory contains information on stationary sources (such as electric power
plants and refineries), area-wide sources (such as regional architectural
coatings), and most importantly mobile sources (including all on-road and offroad vehicles).
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11.3 The CalNex study
A recent modeling study of BC in California [Metcalf et al., 2012] suggested that
BC emissions might be significantly over-estimated in California, in apparent
contradiction of the finding reported above. We clarify our findings in the context
of this study (referred here as Cal_SNFLD).
The CMAQ model used in Cal-SNFLD and the WRF-Chem model used in the
PNNL study used a different resolution for their simulations over the California
domain. In order to eliminate model configuration as a contributing factor, the
PNNL group performed an additional simulation at 4 km resolution (same as that
used by the model in Cal-SNFLD) to compare with their previous 12km
simulation. The new simulation uses the same domain as the 12km simulation,
and the emissions were generated from the original ARTAS-CA data for the 4km
run. The results comparing the two simulations with IMPROVE and EPA data
averaged over all the stations in CA at daily and monthly resolution are provided
in Chapter 12. Based on the results, we can conclude that the resolution does
not make a significant difference in the simulated BC or the AAOD. By
eliminating model resolution as the cause for the difference between the two
studies we can support the conclusion that whether the models over- or underpredict BC depends on the measurements used to evaluate the simulations (i.e.,
measured BC is noticeably lower in 2010 than previous years, but the 2010
emission inventory is not significantly lower than the 2008 scenario).
As per Table 11.1, the Cal_SNFLD and the PNNL study used the lowest value of
emission. It should also be noted that according to Chen et al., [2012], the
emission inventory has a 6-fold error bar for the global mean, and regional values
are certain to be comparable if not more uncertain. Finally, we acknowledge that
although the emission inventory for the LA basin (fine tuned during ARCTAS-CA)
may be accurate, there is no guarantee that the inventory is equally accurate for
other locations in California.

11.4 Conclusions
Besides comparing observed and simulated BC averaged over CA, a comparison
was also made over southern CA (south of 36 N, as suggested) where it was
found that the model underestimated BC compared to observations by a factor of
~two regardless of the regions used. In addition, the ratio of day time average vs.
24 hour average was calculated and was found to be close to 1 (varies between
0.97 and 1.02 depending on the season), which suggests that our conclusion is
not biased by the use of 24 hour averages. Lastly, annual amounts of BC from
IMPROVE and EPA have been calculated for 2005 to 2009 and the results show
that the year-to-year variability of the observed BC mass concentration is much
smaller than the model bias. However, BC is noticeably lower in 2010 compared
to previous years. This partly explains why Cal_SNFLD concluded that their
simulation (using the ARCTAS emission for 2008 but with meteorology for 2010)
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over-predicted BC compared to observed BC in 2010, while the PNNL study
concluded that their WRF-Chem simulation (using the ARCTAS emission for
2008) but with meteorology for 2005) under-predicted BC compared to observed
BC for 2005. This points to the importance of matching meteorology, emission,
and BC evaluation data for the same time period when assessing model skill, as
inter-annual variability for any or all of them could be large.
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12.0 Radiative Forcing Estimates from Regional Models

12.1

Introduction

To more fully understand the potential impact of emission controls on aerosol
forcing and the resulting effects on regional climate of California, accurate
calculation of aerosol direct radiative forcing is important. This study investigates
the aerosol direct radiative forcing over California, including its variations by
composition, geographically, and seasonally, using two configurations of a
coupled meteorology-chemistry regional model (WRF-Chem). The first set of
simulations (denoted WRF_PNNL) use the WRF updated as described in section
11.2, while the second set of simulations (denoted WRF_LBL) use the standard
form of the climate model. The model results are evaluated by comparing the
simulations with observations of meteorological conditions from the California
Irrigation Management Information System (CIMIS), aerosol mass from the rural
Interagency Monitoring for Protected Visual Environments (IMPROVE) program
and the urban US EPA Chemical Speciation Network (CSN), and aerosol optical
depth from the ground-based Aerosol Robotic NETwork (AERONET), and the
satellite-based Moderate Resolution Imaging Spectroradiometer (MODIS) and
Multi-angle Imaging SpectroRadiometer (MISR) instruments. The WRF-Chem
model is then used to estimate the seasonality and spatial distribution of major
aerosol species in California using a new method for diagnosing the individual
aerosol optical depth and direct radiative forcing associated with each species.
12.2 WRF_PNNL model description
This study used the WRF-Chem model v3.2.1, with updates by Pacific Northwest
National Lab including GOCART dust emission coupled with MADE/SORGAM
and MOSAIC [Zhao et al., 2010] and aerosol direct and indirect radiative
feedbacks to RRTMG radiation and Morrison microphysics schemes [Yang et al.,
2011; Zhao et al., 2011]. One of the chemistry options in WRF-Chem, the
RADM2 (Regional Acid Deposition Model 2) photochemical mechanism
[Stockwell et al., 1990] and the MADE/SORGAM (Modal Aerosol Dynamics
Model for Europe (MADE) and Secondary Organic Aerosol Model (SORGAM))
aerosol model [Ackerman et al., 1998; Schell et al., 2001] is selected. Aerosol
optical properties such as extinction, single-scattering albedo, and the
asymmetry factor for scattering are computed as a function of wavelength and
three-dimensional position. Aerosols in this study are assumed internally mixed
in each mode, i.e., a complex refractive index is calculated by volume averaging
for each mode for each chemical constituent of aerosols. Further details of the
model configuration are provided by Zhao et al., [2012].
Since aerosols in the model are assumed internally mixed, a methodology needs
to be developed to diagnose the optical depth and direct radiative forcing of
individual aerosol species. In this study, calculation of aerosol optical properties
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and radiative transfer is performed multiple times with the mass of one or more
aerosol species (i.e., the mass of an individual or a group of aerosol species) and
also its associated water aerosol mass removed from the calculation each time.
Following this diagnostic iteration procedure, the optical properties (e.g., optical
depth) and direct radiative forcing for an individual or a group of aerosol species
are estimated by subtracting the optical properties and direct radiative forcing
from the diagnostic iterations from those estimated following the standard
procedure for all the aerosol species. That is
AOD[species i] = AOD[all-species] – AOD[without species i]

(12.1)

Forcing[species i] = Forcing[all-species] – Forcing[without species i]

(12.2)

For example, the optical depth and direct radiative forcing for EC is calculated by
subtracting the values from the calculation with aerosol species other than EC
from the values calculated with all aerosol species. In this study, we estimate the
optical properties and direct radiative forcing for OM, EC, dust, sulfate, and all
other aerosol species lumped in a single group.
The WRF-Chem simulation was performed on a domain at 12-km horizontal
resolution covering California and its surrounding areas with 106×140 grid cells
(112°W-126°W, 29°N-44°N) with meteorological initial and lateral boundary
conditions derived from the North American Regional Reanalysis (NARR). The
chemical initial and boundary conditions are from a WRF-Chem simulation with a
larger domain at 36-km horizontal resolution covering the western U.S. (98 oW136oW, 24oN-53oN) driven by NARR meteorological boundary conditions and
chemical boundary conditions derived from the Model for Ozone and Related
chemical Tracers (MOZART) for the same time period. The simulation is
conducted from December 15th 2004 to December 31st 2005. Only the results for
the year of 2005 (referred to as the simulation period hereafter) are analyzed to
minimize the impact from initial condition.
Anthropogenic and biogenic emissions over California used in this study are
based on the 2008 inventory produced by California Air Resources Board
(CARB) from the ARCTAS-CA (Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites - California Air Resources Board)
campaign. The emissions were available as a gridded inventory with a 4-km
horizontal resolution and chemical speciation based on the SAPRC99 chemical
mechanism. The SAPRC99 species were mapped to the WRF-Chem species,
which include CO, NOx, SO2, NH3, volatile organic compounds (VOCs), sulfate,
nitrate, EC, OM, and unspeciated PM2.5 and PM10 mass and interpolated to the
WRF-Chem 12-km grid. Anthropogenic emissions not covered by ARCTAS-CA
inventory are derived from US EPA NEI-2005 inventory. Biomass burning
emissions in 2005 are obtained from the Global Fire Emissions Database,
Version 3 (GFEDv3) with monthly temporal resolution [van der Werf et al., 2010].
Dust emission is calculated following the GOCART scheme [Ginoux et al., 2001],
coupled with MADE/SORGAM within the WRF-Chem framework implemented by
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[Zhao et al., 2010]. The size distribution of emitted dust and other details on the
coupling of GOCART dust emission scheme with WRF-Chem follows [Zhao et
al., 2010]. In this study, the sea salt emission scheme is updated to include
correction for particles with radius less than 0.2 m [Gong, 2003] and to include
the sea salt emission dependence on sea surface temperature [Jaegle et al.,
2011].
12.3 WRF_PNNL model evaluation
To determine how well WRF-Chem simulated aerosols, Figure 12.1 shows the
seasonal cycle of statewide averaged surface mass concentrations of speciated
PM2.5 (sulfate, nitrate, ammonium, OM, EC, dust, sea salt, and unspeciated
PM2.5) from the IMPROVE (rural) and EPA (urban) measurements and the
corresponding WRF-Chem simulations over California in 2005. In general, the
seasonality of aerosol surface concentrations is determined by the seasonality of
emissions (anthropogenic emissions are assumed constant throughout the year
in this study), meteorological conditions (e.g., vertical turbulent mixing and
ventilation), chemical production, and removal processes. Aerosol can either be
emitted into the atmosphere or generated by physical and chemical processes
within the atmosphere (called primary and secondary aerosols, respectively).
One example of primary aerosols is EC in WRF-Chem. Although total emission
of EC is not constant through the year due to biomass burning emission with a
summer maximum and a winter minimum (not shown), both observation and
simulation show the seasonality of EC surface concentration in urban areas with
a winter maximum and a spring minimum. This is likely due to stronger vertical
turbulent mixing in spring compared to winter, which is reflected in the
seasonality of the planetary boundary layer height that is the highest in spring
and lowest in winter (not shown). The surface winds are also stronger in spring,
indicating more efficient ventilation. It is evident that the vertical turbulent mixing
and ventilation determines the seasonal variation in EC surface concentration in
urban areas. In rural areas, the seasonality of EC is not obvious. Although the
boundary layer depth follows the same seasonality in the urban and rural areas,
EC in rural areas is mainly transported into the region rather than being mixed
vertically from local emissions. Therefore vertical mixing and ventilation should
have much less effects on the seasonality of aerosols in the rural areas, hence
the much smaller seasonal variation. Unspeciated PM2.5 as another example of
primary aerosols has a similar seasonal variation with EC in the model.
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Figure 12.1 Seasonal mean mass concentrations of speciated PM2.5 such as EC,
OM, dust, sulfate, nitrate, ammonium, sea salt, and unspeciated PM 2.5 from
IMPROVE and EPA measurements and the corresponding WRF-Chem
simulations over California in 2005. The right-bottom panel shows the results
from WRF-Chem sensitivity simulation with anthropogenic EC emissions
doubled.
It is noteworthy that the EC surface concentration is significantly underestimated
in the model by a factor of ~2 in both urban and rural areas. The bias may be
partly due to the inability of the model to resolve emissions and
aerosol/meteorological processes reflected by the measurements at the local
scale. Sensitivity experiment with WRF-Chem applied at 4km-resolution shows
that the EC surface concentration does not change significantly at higher
resolution. Uncertainties and inter-annual variabilities of the anthropogenic EC
emission might also contribute to the bias. Since the 2008 emission inventory for
a two-week period is used with meteorological boundary conditions of 2005 in
this study, our simulation may not be able to capture the measured EC
concentration in 2005. Sensitivity simulation with anthropogenic EC emission
doubled reproduces the observed EC surface concentration and its seasonal
variation in both urban and rural areas very well (right-bottom panel of Figure
12.1).
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Figure 12.2 shows the spatial distributions of seasonal mean 550 nm AOD and
absorption AOD (AAOD) from the WRF-Chem simulation with anthropogenic EC
emissions doubled over California in 2005. In general, the AOD is largely
dependent on the aerosol column burden (vertically integrated aerosol mass) and
RH. The high AOD simulated over the Central Valley, the Los Angeles
metropolitan regions, and the southeast US deserts is consistent with the spatial
distribution of total PM2.5 surface concentration and column mass burden (not
shown).
Figure 12.3 shows the seasonal statewide mean AOD and AAOD and their
contributions from individual (OM, EC, dust, and sulfate) and lumped (other
aerosol including nitrate, ammonium, sea salt, and unspeciated PM2.5) aerosol
species from the WRF-Chem simulation with anthropogenic EC emissions
doubled over California in 2005. In WRF-Chem, aerosols are assumed internally
mixed. Therefore, differences between the sum of AOD and AAOD diagnosed for
the individual aerosol species and that of the internally mixed aerosol reflect nonlinear interactions among the aerosol species. It is critical to examine the
consistency between the diagnosed and simulated total AOD and AAOD to
assess the representativeness of the diagnosed AOD and AAOD for individual
aerosol species. It is encouraging that the diagnosed values (sum of AOD and
AAOD for individual and lumped aerosol species) are generally comparable to
the simulated values for the internally mixed aerosols, which suggests that the
diagnostic calculation can provide reasonable estimates of the contribution from
individual or lumped aerosol species.
Although the sulfate surface concentration is less than the lumped aerosol
species, sulfate AOD is larger than the AOD from the lumped aerosols (sum of
nitrate, ammonium, sea salt, and unspeciated PM2.5) because it has larger
column mass burden resulting from aqueous phase production in the free
troposphere. The AOD for EC and OM is small, but the OM AOD may be biased
by the model underestimation of OM concentration. The seasonality of AOD and
AAOD from individual and lumped aerosol species is different. Dust AOD shows
a summer maximum and a winter minimum, while sulfate and other aerosols (i.e.,
anthropogenic aerosols) show a winter/spring maximum and a fall minimum.
Anthropogenic aerosols determine the seasonality of total AOD, with a maximum
(~0.06) in winter and a minimum (~0.04) in fall. It is not surprising that EC is the
main contributor to the AAOD. Dust follows as the second largest contributor.
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Figure 12.2 Spatial distributions of seasonal mean 550 nm AOD and AAOD from
the WRF-Chem simulations with anthropogenic EC emissions doubled over
California in 2005. The numbers represent the four AERONET sites: 1-Trinidad
Head; 2-Fresno; 3-UCSB; 4-Tonopah Airport.
Although, aerosol species other than EC and dust are assumed non-absorbing in
the model, they enhance the absorption by EC and dust and account for 15-20%
of the state-wide averaged total AAOD. The seasonality of AAOD (from 0.0023 to
0.0038) is determined by EC, which shows a maximum in summer and a
minimum in winter. This is different from the seasonality of EC surface mass
concentration, but is consistent with that of the column mass burden of EC with a
summer maximum due to biomass burning that peaks in the summer, indicating
that biomass burning emission has larger impact on column mass burden than
on surface concentrations. In this study, the total AAOD and OM AAOD may be
underestimated due to not accounting for the absorption of OM (i.e., brown
carbon) that has been found to be an important absorbing agent in the
atmosphere [Bahadur et al., 2012b; Chung et al., 2012b; Jacobson, 1999].
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Figure 12.3 Seasonal variations of total 550 nm AOD and AAOD and their
contributions from sulfate, OM, EC, dust, and other species from the WRF-Chem
simulations with anthropogenic EC emission doubled. Other species include
nitrate, ammonium, sea salt, and unspeciated PM2.5.
12.4 Estimates of BC radiative forcing
Figure 12.4 shows the spatial distribution of seasonal mean aerosol direct
radiative forcing at the top of atmosphere (TOA), in the atmosphere, and at the
surface from the WRF-Chem simulation with anthropogenic EC emission doubled
over California in 2005. The seasonality of TOA aerosol direct radiative forcing
over California is relatively small. Aerosols result in a TOA cooling (i.e., negative
forcing) over the entire California with a domain-average of -1.0 Wm-2 and a
maximum of -3.5 Wm-2. In the atmosphere, aerosols introduce a warming effect.
The spatial distribution of atmospheric warming follows that of EC and dust and
is consistent with that of AAOD. The maximum atmospheric warming reaches 10
Wm-2 over the Central Valley and the Los Angeles metropolitan regions. The
atmospheric warming has a distinct seasonality with a summer maximum of 2.0
W m-2 and a winter minimum of 0.5 W m-2 on domain average, determined by the
seasonality of AAOD and solar radiation fluxes, which peak in summer. Aerosols
cool the surface over the entire California by up to -10 Wm-2. The aerosol surface
cooling shows a winter minimum of -1.5 Wm-2 and a summer maximum of -3.0
Wm-2 on domain average.
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Figure 12.4 Spatial distributions of seasonal mean aerosol direct radiative
forcing at the top of atmosphere (TOA), in the atmosphere (ATM), and at the
surface (BOT) from the WRF-Chem simulations with anthropogenic EC
emissions doubled over California in 2005. At TOA and BOT, positive value
represents downward radiation; in ATM, positive value represents warming.
Figure 12.5 shows the seasonal mean aerosol direct radiative forcing and its
contribution from individual and lumped aerosol species at the TOA, in the
atmosphere, and at the surface from the WRF-Chem simulation with
anthropogenic EC emissions doubled over California in 2005. Non-linear
interactions can again be inferred from the comparison between the diagnosed
(purple) and simulated (black) total aerosol forcing. Similar to the total AOD and
AAOD, it is encouraging that the diagnosed total aerosol forcing is generally
comparable to the simulated value. At the TOA, most aerosols introduce a
negative radiative forcing with the largest contribution coming from sulfate
(seasonal variation from -0.4 W m-2 in winter to -0.7 W m-2 in summer) followed
by dust (seasonal variation from -0.2 W m-2 in winter to -0.3 W m-2 in summer)
and other aerosols (seasonal variation from -0.25 W m-2 in spring to -0.3 W m-2 in
winter), except that EC leads to a positive forcing (seasonal variation from 0.2 W
m-2 in winter to 0.7 W m-2 in summer).
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Figure 12.5 Seasonal variations of aerosol direct radiative forcing and its
contributions from sulfate, OM, EC, dust, and other species at the TOA, in the
atmosphere, and at the surface from the WRF-Chem simulations with
anthropogenic EC emission doubled.
In the atmosphere, EC and dust contribute to the majority of total aerosol
warming, with a seasonal range of about 75-95% and 1-10%, respectively. The
rest of the aerosol warming is the enhancement of EC and dust warming by all
other non-absorbing aerosols through internal mixing. Again, the atmospheric
warming may be underestimated because of the underestimation of OM
concentration and the ignorance of its absorption. At the surface, all aerosols
have a cooling effect. In summer, EC is the largest contributor (-1.1 W m-2 and
~35%) to the total surface cooling, followed by sulfate (-0.8 W m-2 and ~25%),
dust (-0.6 W m-2 and ~18%), other aerosols (-0.4 W m-2 and ~13%), and OM (0.3 W m-2 and ~9%), while in winter, sulfate is the largest contributor (-0.45 W m2
and ~30%), followed by EC (-0.39 W m-2 and ~26%), other aerosols (-0.38 W m2
and ~25%), dust (-0.2 W m-2 and ~13%), and OM (-0.1 W m-2 and ~6%). Again,
the forcing from OM is likely underestimated.
12.5 Significance of WRF_PNNL simulations
The model captures the general characteristics of 550 nm AOD observed at the
AERONET sites. Aerosols result in a TOA cooling (i.e., negative forcing) over the
entire California with a domain average of -1.0 Wm-2 and a maximum of -3.5 W
m-2 with negligible seasonality. Aerosols introduce atmospheric warming with a
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maximum reaching 10 Wm-2 over the Central Valley and the Los Angeles
metropolitan regions, following the spatial distribution of AAOD. The seasonality
of atmospheric warming shows, on state-wide average, a summer maximum of
2.0 W m-2 and a winter minimum of 0.5 W m-2, determined by that of AAOD and
the solar radiation fluxes. Aerosols cool the surface over all of California by up to
-10 Wm-2. The state-wide average cooling has a winter minimum of -1.5 W m-2
and a summer maximum of -3.0 W m-2, dominated by the seasonality of solar
radiation fluxes. Jacobson et al., [2007] reported a total anthropogenic radiative
forcing of -7.7 Wm-2 at the surface in February and -7.91 W m-2 in August for
1999 over California. Their larger radiative forcing estimates at the surface may
be because of larger anthropogenic emissions in 1999 and also the inter-annual
variability of meteorology. In addition, their radiative forcing, estimated from the
baseline and sensitivity simulations, has been defined as a radiative flux
perturbation (RFP) that includes the change of radiative fluxes due to aerosolcloud interaction, while our diagnostic method estimate the “real” aerosol direct
radiative forcing [Lohmann and Ferrachat, 2010].
The direct radiative forcing of speciated aerosols estimated in this study may be
biased by the model uncertainties identified through the comparison with
available observations. First, the RH is underestimated and precipitation is
overestimated. The underestimation of RH may result in low bias of AOD and
AAOD and hence the low bias of aerosol radiative forcing. The overestimation of
precipitation may contribute to the low bias of aerosol concentrations due to wet
removal and hence the low bias of aerosol radiative forcing. Second, the
simulation with doubled anthropogenic EC emission that is used to estimate the
aerosol radiative forcing significantly underestimates the surface mass
concentrations of OM by a factor of 2-4 (even larger if a factor of 1.8 instead of
1.4 was applied to convert the measured OC to OM). In addition, the brown
carbon is not treated in this study so that the absorption due to OM is
underestimated. These OM related biases might lead to an underestimation of
aerosol-induced atmospheric warming. The TOA OM radiative forcing (negative)
may be overestimated because the net effect of OM may be close to zero if
accounting for its absorption [Chung et al., 2012]. Third, the radiative forcing of
dust and sea salt may have biases near the desert source regions and the
coastal areas, respectively. The evaluation of their biases is difficult due to the
absence or uncertainties of observations. Finally, the aerosol radiative forcing
estimated in this study is based on 2005 meteorological conditions with 2008
anthropogenic and biogenic emissions. Therefore, the inter-annual variability of
radiative forcing due to meteorological conditions and emissions should be
acknowledged.
12.6 The WRF_LBL study
In addition to the simulations described in Sections 12.2-12.4, the standard
model WRF-Chem (v.3.2.1) [Fast et al., 2006; Grell et al., 2005; Skamarock and
Klemp, 2008], was used to simulate meteorology and atmospheric chemistry,
including gas and particle phase pollutants in a parallel study denoted WRF_LBL.
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Each scenario was comprised of a continuous 14-month simulation period,
November 2004 through December 2005, with the output during 2004 discarded
as spin-up time. A small modification was made to the model code to ensure
proper initialization of aerosol and chemistry species during model restart, which
was performed each model day at midnight. Hourly model output, averaged by
month and then season was used as the basis for the analysis.
The model was comprised of two domains: The parent domain contained 90 by
90 cells with horizontal dimensions of 36 km. The child domain, centered on
California contained 96 (east-west) by 120 (south-north) cells with horizontal
dimensions of 12 km. Feedback, with 1-2-1 smoothing, between the domains
was included. Both domains have telescoping vertical dimensions with 35 total
layers and with the lowest layer extending to ~30 meters above the surface.
Meteorological initial and boundary conditions in the parent domain, and initial
conditions for the child domain, were based on North American Regional
Reanalysis (NARR) data[Mesinger et al., 2006]. Sea surface temperatures were
updated daily also using NARR. The ARCTAS-CA 2008 emissions inventory was
used in this study. Use of this emission inventory in WRF-Chem produced
surface concentrations of BC that were too low by a factor of two when compared
to measured concentrations at 37 sites across CA. Therefore, the ARCTAS-CA
BC emissions were doubled for the control simulations. All other emissions were
left unchanged. Comparisons between model simulations and measurements are
discussed in the following section.
12.7 Comparing WRF_LBL with observations
The WRF-Chem output for cloud optical thickness (COT) and surface solar flux
were gridded to the same spatial resolution as the MERRA data, which was
lower at 50 km than the WRF-Chem output at 12 km. The seasonally resolved,
percent difference and total difference between the WRF-Chem and MERRA
predicted shortwave solar flux at the surface and COT is shown in Table 11.1,
along with the difference between WRF-Chem AOD and the AOD retrievals from
MISR, for all seasons. The model indicates a small positive bias for surface SW
flux in all seasons except for fall, where the agreement between model and
satellite is nearly perfect. The two primary variables affecting the surface
shortwave flux are the COT and the AOD. WRF-chem under-predicts COT
relative to MERRA by 50 to 60% at all seasons and subsequently allows more
solar radiation to reach the surface. Most likely due to reduced cloud cover in
summer and fall, WRF-Chem also more accurately reproduces the surface solar
flux for these two seasons.
WRF-Chem over-predicts atmospheric AOD relative to the MISR retrievals. This
is most likely due to simulated PM2.5 concentrations exceeding observed values
and will be discussed in greater detail below. At all seasons the simulated AOD is
higher than predicted AOD by a factor of 2 (Table 11.1). WRF-Chem’s negative
bias in COT and positive bias in AOD have opposing effects on the surface SW
flux. Reduced clouds let more radiation through, while higher AOD blocks
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radiation. The magnitude of these discrepancies will be used to determine the
uncertainties associated with the calculated BC forcing over California, as well as
those associated with reducing BC emissions.
Season

diff SW

% diff SW

diff COT

%diff COT

diff in AOD

% diff in AOD

winter

9.7 (+/-3.4)

7.4 (+/-2.9)

-10.5 (+2.0)

-56 (+/-8.9)

0.05 (+0.03)

131 (+/-104)

spring

3.8 (+/-7.3)

0.94 (+/- 2.65)

-12.0 (+/-2.0

-66 (+/-12.7)

0.09 (+0.05)

113 (+/-101)

summer

7.2 (+/- 11.2)

1.7 (+/- 3.7)

-4.3(+/-1.7)

-71 (+/- 14.6)

0.04 (+/-0.04)

73 (+/- 85)

fall

-0.06(+/-4)

-0.5 (+/-2.3)

-5.6(+/-1.3)

-65 (+/- 8.9)

0.05 (+/-0.02)

118 (+/- 74)

Table 12.1 Average seasonal difference between WRF output and MERRA
retrievals for short-wave solar flux at the surface and cloud optical thickness over
California. WRF AOD was compared to MISR retrievals of AOD.
WRF-Chem predictions of the 2005 seasonal temperatures were compared with
available measurements covering the same period. Figure 11.6 demonstrates
that both field measurements and WRF-Chem agree on the spatial and seasonal
variability in surface temperatures across CA. Seasonal precipitation totals were
also compared to WRF-Chem’s predicted precipitation (Figure 11.7) and
generally agree well in both summer and winter (Figure 11.7). In summer both
model and observations indicate very low rain totals (between 0 and 200 mm)
with the highest precipitation totals in the Olympic and Sierra Nevada mountain
ranges. The spatial pattern of precipitation in the winter is similar to that of
summer and captured well by the model. Total accumulation over the winter
months is almost an order of magnitude larger, and WRF-Chem generally agrees
with the measurements although under-predicts winter precipitation in the
mountains by about 20-30%.
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As previously mentioned, BC is unique among atmospheric aerosols for its
absorptive properties. Therefore it is most important for the purposes of this
study to ensure that the WRF-Chem model is able to capture the spatial and
temporal patterns of both PM2.5 and BC. After doubling the BC emissions in the
chemical inventory file, the magnitude and spatial distribution of BC appear to be
generally well simulated by WRF-Chem for both summer and winter months
(Figure 11.8). Increased stability in the atmosphere and strong temperature
inversions during the winter months, keep the pollution near the source and high
concentrations are observed in large urban areas like San Francisco,
Sacramento, and Los Angeles, as well as throughout the San Joaquin Valley and
other low lying regions. Strong gradients in BC concentration are observed at the
borders between urban and rural locations indicating that very little BC is
transported to the mountains and other remote locations during the winter
months. In the summer, atmospheric transport is much greater and pollutants are
more effectively transported to rural and remote areas of CA, thereby
dramatically decreasing surface concentrations of BC in the urban and low lying
areas and increasing atmospheric aerosol concentrations in remote locations.
This sets up opposing seasonal cycles in BC concentrations for urban and rural
regions of CA, found in both the observations [Kirchstetter et al., 2008b] as well
as in the WRF-Chem predictions. There is almost no annual variability in the
observed concentrations of BC, or the seasonal trends, from 2003 to 2007,
supporting the robustness of the data and its comparison to the model.
The PM2.5 follows the same pattern as the BC, both in observations and in the
WRF-Chem prediction (Figure 12.9). However, agreement between model and
observations of PM2.5 is not as good as with the BC. WRF-Chem tends to overpredict PM2.5 in rural locations during the winter months and in urban and low
lying regions during the summer months. This is not unexpected, given that the
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predicted AOD was nearly twice the observed AOD. A comparison of major
contributors to PM2.5 – BC, dust, sulfate, nitrate, organic carbon, and sea salt –
revealed that, for surface measurements, WRF-Chem typically over-predicts
sulfate by a factor of 2, while all other species are generally well represented.
WRF-Chem generates more sulfate over the ocean than is typically observed at
coastal sites and transports it inland. Despite the discrepancy the predicted
PM2.5 is close enough to the observations that the simulated aerosol is a
reasonable representation of California for both summer and winter and may be
used to simulate general conditions across the state. A sensitivity test of the
effects of changing PM2.5, in addition to BC, on climate should also be
conducted, but is beyond the scope of this work.
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Figure 12.8 Comparison of WRF-Chem-predicted surface concentrations
(contour map) of EC with measured EC concentrations (circles) from the
IMPROVE and EPA networks for (a) summer and (b) winter.
12.8 Radiative forcing from WRF_LBL
Seasonal and annual atmospheric heating and surface forcing from both the
WRF-Chem simulated BC and absorbing aerosol optical depth (AAOD), which
includes both dust and BC were calculated off-line using the WRF-Chem,
seasonally-averaged, output of: AOD, SSA, COT, and BC concentrations for
each grid point and atmospheric layer. WRF-Chem provides AOD and SSA at
four wavelengths, 300, 400, 600, and 1000 nm. Using the four wavelengths as
references, spectral AOD and AAOD were interpolated for the full solar spectrum
(200 – 2500 nm) and then cross multiplied with the fraction of solar radiation
[Levinson et al., 2010] at each wavelength to obtain the broadband values of
AOD(z) and AAOD(z) in each atmospheric layer. A mass absorption cross
section (MAC) of 7.5 m2 g-1 was assigned to BC [Bond and Bergstrom, 2006]
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and 0.1 m2 g-1 to dust [Linke et al., 2006]. The BC and dust concentrations in
each layer were multiplied by their respective MAC as well as each layer height
to obtain absorption.
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Figure 12.9 Comparison of WRF-Chem-predicted surface concentrations
(contour map) of PM2.5 with measured PM2.5 concentrations (circles) from
IMPROVE and EPA data for (a) summer and (b) winter.
The average simulated SW flux at TOA ranged from 447 W m -2 at 29º latitude to
450 W m-2 at 43º latitude in the summer and from 240 W m-2 to 145 W m-2over
the same span in the winter. SW radiation transfer was calculated through each
layer of the atmosphere
I(z) = Io(z)*(exp(AOD(z) + exp(Rayleigh(z)))*Cl_Trans(z).

(12.3)

Io(z) is the downward flux of shortwave radiation transmitted through the
atmospheric layer immediately above. Io(0) is the initial SW flux calculated at
TOA. Rayleigh(z) is the optical depth of a clean atmosphere, and was found
using a parameterization published by [Bodhaine et al., 1999]. Cl_Trans is the
percent of light transmitted through each cloud layer and was evaluated using the
method developed by [Fitzpatrick et al., 2004] for calculating an effective optical
depth for optically thick clouds. The COT used to calculate Cl_Trans was not the
averaged COT from WRF-Chem for each season. Not only does averaging COT
over many days cause a significant over prediction in light attenuated, but also
includes nighttime cloud cover, which does not affect solar radiation. A more
representative cloud cover was calculated as the fraction of solar flux at the
surface for all-sky relative to a clear-sky scenario and then multiplied by the
average COT (from WRF-Chem) in each atmospheric layer. To test the
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applicability of these off-line calculations to the model results, the model output of
seasonally averaged SW flux at the surface was compared to the calculated I(z =
surface layer) and found to be consistent for all seasons (Figure 12.10).
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Figure 12.10 Modeled SW surface flux vs. the off-line, calculated SW surface
flux.

The forcing estimates for BC in Northern, Central, and Southern California are
shown in Table 12.2. The uncertainties in the forcing are derived from WRFChem’s ability to accurately reproduce either COT or AOD relative to the MERRA
and MISR data products respectively. As previously shown (Table 11.1), WRFChem under-predicts COT by a factor of 1.4 to 2 and over-predicts AOD by a
factor of 2. Therefore the atmospheric and surface forcing due to BC were also
calculated for 2 times the simulated COT and at half the simulated AOD while
keeping AAOD constant.
Figure 12.11 shows the vertical profile of the fraction of atmospheric heating from
BC. At the surface nearly all ( > 90%) of the atmospheric heating is from BC,
which is expected and consistent with previous studies[Yang M. et al., 2009]. At
higher altitudes however, WRF-Chem predicts that dust is contributing to 50 to
60% of the atmospheric heating, which is inconsistent with what has been
previously observed[Yang M. et al., 2009]. Given the relative mass absorption
efficiencies of BC and dust, the mass concentration of dust in the model would
need to be about 75 times greater than that of BC. It is our conclusion that WRFChem is generating and transporting too much dust at altitude and that, along
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with the excess sulfate, explains why the modeled AOD values are so much
higher than the MISR AOD retrievals.
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Figure 12.11 Contribution of BC to total atmospheric heating due to aerosol
absorption as a function of altitude.

Atmospheric heating (BC only) W m

-2

winter
spring
North
0.40 (0.36 0.47)
0.94 (0.83 0.99)
Central 0.59 (0.53 0.74)
1.33 (1.22 1.41)
South
0.73 (0.66 0.94)
1.62 (1.5 1.71)
-2
Surface forcing (BC only) W m

North
Central
South

winter
-0.29 (-0.3 -0.21)
-0.48(-0.51 -0.39)
-0.6 (-0.64 -0.5)

spring
-0.80 (-0.9 -0.8)
-1.28 (-1.42 -1.25)
-1.53(-1.7 -1.5)

summer
1.79 (1.73 1.84)
1.87 (1.8 1.92)
2.14 (2.01 2.23)

fall
0.91 (0.94 1.06)
1.22 (1.19 1.37)
1.34 (1.34 1.57)

summer
-1.37 (-1.15 -1.46)
-1.48 (-1.27 -1.57)
-1.84 (-1.63 -1.97)

fall
-0.62 (-0.45 -0.65)
-0.96(-0.76 -1.02)
-1.12 (-0.9 -1.17)

Table 12.2 Atmospheric heating and surface forcing from BC in Northern,
Central, and Southern CA calculated off-line from WRF-Chem simulation. Upper
and lower limits on uncertainty are given in parentheses.
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12.9 Conclusions
A fully coupled meteorology-chemistry model (WRF-Chem) is used to study the
spatial and seasonal distribution of speciated aerosols and their direct radiative
forcings over California in two configurations. Model simulations are evaluated
with various datasets including the meteorological fields, the surface aerosol
mass concentrations from EPA and IMPROVE, and the aerosol optical depth
from AERONET and satellites. In general, the model well captures the observed
seasonal and spatial distributions of meteorological fields. The simulations
reproduce the observed spatial distributions of aerosol surface mass
concentrations, showing high mass concentrations of total PM2.5 over the Central
Valley and the Los Angeles metropolitan regions due to anthropogenic aerosols.
In addition, the simulations also show high PM2.5 concentrations over
southeastern California due to natural dust aerosol. The spatial gradients of
natural aerosol mass concentrations are well simulated and the impact of natural
aerosols is confined to limited regions (coastal areas for sea-salt and
southeastern California for dust).
Aerosol direct radiative forcing is presented along with the contribution from each
aerosol species over California for the first time. At the TOA, most aerosols
introduce a negative radiative forcing with sulfate as the biggest contributor of
minimum -0.4 W m-2 in winter and maximum -0.7 W m-2 in summer, except that
EC leads to a positive forcing from minimum 0.2 W m-2 in winter to maximum 0.7
W m-2 in summer. In the atmosphere, EC and dust contribute about 75-95% and
1-10% of the total aerosol warming (about 0.5-2.0 W m-2), respectively. The rest
of the aerosol warming comes from non-absorbing aerosols due to non-linear
interactions of internal mixing. All aerosols cool the surface with EC being the
largest contributor in summer (-1.1 W m-2 and ~35%) and sulfate (-0.45 W m-2
and ~30%) in winter. The TOA radiative forcing of EC over California is
comparable with that of total carbonaceous aerosols on global average
(0.75±0.25 W m-2, mainly from EC, since the net effect of OM is close to zero if
accounting for the OM absorption effect) as estimated by Chung et al. [2012] with
observational constraints.
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13.0 Regional Climate impacts of BC

13.1 Introduction
The previous chapters of this report have discussed estimates of the radiative
forcing of BC in California using measurements and modeling. Overall, the
reduction of BC over the last few decades (as a result of pollution control through
stringent emission standards for diesel engines and reformulated low-sulfur
diesel fuel) could have induced detectable changes in the regional climate of CA
by reducing the amount of absorbed sunlight, and increasing the solar radiation
reaching the surface. Over this time scale, the climate of CA has experienced
decadal changes including a warming trend of about 0.2oC per decade from 1979
– 2005 (e.g., Trenberth et al. 2007), which is consistent with the observed earlier
snowmelt and reduced snowpack in the mountains (e.g., Stewart et al. 2005).
This chapter describes numerical experiments and analyses that have been
performed to study the potential impacts of BC reduction on California’s climate.
Such estimates are needed to understand, attribute, and predict regional climate
changes in the context of regional-to-global changes in response to the
greenhouse gas and aerosol forcing.
13.2 Numerical experiments
Following a similar modeling approach described in Chapter 11, the coupled
meteorology-aerosol-chemistry model WRF-Chem is used to simulate regional
climate changes associated with reduction of BC. Again, several parallel sets of
simulations were conducted using the model configurations described in Chapter
11 with a domain that covers the western U.S. at 12 km grid resolution, and are
denoted WRF_PNNL and WRF_LBL here. The main differences between these
model configurations are the choices of physics parameterizations, particularly
for cloud microphysics and radiative transfer, which are important for simulating
aerosol direct and indirect effects. Since the inter-annual climate variability in CA
is large, simulations of multiple years are needed to discern the signal from
noise. Due to the large computational requirements of WRF-Chem, we estimate
the BC effects by comparing two five-year simulations covering the time period
from 2005 – 2009. In the control simulation, the EC emissions from the ARCTASCA are doubled. As discussed in Chapters 10 and 11, this 2xEC configuration
has been shown to simulate aerosol concentrations and AOD more comparable
to observations for 2005. This simulation is therefore used to represent the
conditions of the 2000s. In the perturbed simulation, the EC emissions from the
ARCTAS-CA are multiplied by a factor of 10. Compared to the control simulation,
the factor of 5 increases in EC emissions from the 2000s is used to represent the
EC emissions of the 1960s, as suggested by the analysis of COH described in
Chapter 3 (Figures 3.3 and 3.4 show historical trends in reconstructed BC
concentration). Hence this simulation is used to represent the conditions of the
1960s. Comparison of the mean conditions from the two simulations is used to
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investigate the potential impacts of BC reduction from the 1960s to the 2000s on
the regional climate of CA. These results obtained by WRF-PNNL are discussed
below in Section 13.3. Due to limited computing resources, WRF_LBL was used
to perform two simulations, each for one year, with the ARTAS-CARB EC
emission and half of that to simulate the effects of reduced BC emission on CA
climate, and these results are described in Section 13.4.
13.3 WRF_PNNL: Effects of BC on California climate
Figure 13.1 shows the change in the all-sky net solar radiation at the surface and
the TOA solar radiation comparing the simulations for the 2000s (2xEC) with that
for the 1960s (10xEC). Reduction of BC leads to increases in the surface solar
radiation by 5 W m-2 in the summer. The patterns of change are similar for all
seasons, reflecting the larger reductions of BC in the Central Valley and
Southern CA, as well as in specific city locations such as Las Vegas, NV and
Phoenix, AZ. At TOA, the changes are opposite showing reduction by up to 3 W
m-2. The changes are larger in the summer due to the stronger solar fluxes.
Based on the Student t-test, changes in summer and fall are statistically
significant at the 90% confidence level, except for coastal southern CA in
summer where large inter-annual variability in solar radiation due to cloudiness is
masking the changes in solar radiation due to BC reduction. This suggests that
controlling BC emissions has important effects on solar radiation at TOA and
reaching the surface during summer and fall. While non-parametric tests are
more powerful than the Student t-test because they made no assumption of
normality or homogeneity of variance, these analyses were performed using only
5 years of simulation each for the 2xEC and 10xEC concentrations. The
usefulness of the statistical tests is primarily limited by the sample size rather
than by the statistical methods used. Hence this report does not include other
statistical tests that complicate the interpretations of the results.
Due to solar absorption, BC warms the atmosphere. As a result of BC reduction,
Figure 13.2 shows negative changes in diabatic heating in the 2000s compared
to the 1960s by up to 0.06 K/day, with a maximum in the atmosphere at about 2
km above the surface. The vertical profile of diabatic heating changes is
influenced by the vertical profile of BC and clouds, as well as changes in latent
heating and radiation from feedbacks through clouds and other processes.
During summer when cloudiness is low, changes in diabatic heating due to BC
reduction are mainly influenced by turbulence that mixes BC vertically within the
boundary layer. Negative changes in diabatic heating are found from about 1 km
upward, with larger changes found at altitudes between 1.5 km and 4.5 km above
the surface. The diabatic heating changes are strongest during summer and
weakest during winter. In addition, the altitudes of maximum changes decrease
from about 2km in summer to 1 km in winter, reflecting the higher boundary layer
depth in summer than in winter due to stronger turbulence mixing. Below 1 km,
the diabatic heating changes become positive due to mixing of surface air that
warmed in response to the changes in solar forcing shown in Figure 13.1. We
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note, however, that the changes in diabatic heating are only significant at the
70% confidence level, as inter-annual variability of diabatic heating is large.
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Figure 13.1 Changes in all-sky net solar radiation at the surface (left) and TOA
solar radation (right) (in W m-2) comparing simulations for the 2000s (2xEC) to
the 1960s (10xEC). Areas with changes that are statistically significant at the
90% confidence level are stippled. Panels in the figure represent seasonal
averages and are labeled using the corresponding months.
In response to the diabatic heating changes, Figure 13.2 also shows the changes
in atmospheric temperature profile for each season. The dominant response to
BC reduction is cooling in the lower atmosphere due to reductions in BC
absorption. The cooling peaks around 1 km during winter and 2 km during
summer, corresponding to the peaks in the diabatic heating changes.
Temperature changes are confined to below 5 km. Overall, the atmosphere cools
as a result of BC reduction, with a maximum of about 0.02oC.
Figure 13.3 shows the changes in atmospheric temperature at 2m and 2km,
respectively. Due to diabatic cooling, temperature at 2km is reduced by up to
0.03oC. Near the surface, however, the atmosphere and the land surface
respond primarily to changes in the surface solar radiation. Due to the enhanced
surface solar radiation, the 2m surface temperature increases as a result of BC
reduction by up to 0.08oC regionally over the Central Valley and along the
southern CA coast during summer (Figure 13.3). The surface temperature
changes during winter and spring are generally negligible. Larger temperature
changes are also found in the northeastern part of the domain despite only small
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changes in solar radiation (Figure 13.1). Since mountains dominate the area, the
temperature response may be larger due to lower surface pressure. Figure 13.4
shows a comparison of the observed and simulated temperature profiles at three
sounding locations in CA. The model realistically simulated the vertical
distribution and seasonality of temperature. During summer, CA is under the
influence of the subtropical high-pressure system so a temperature inversion
occurs in the boundary layer. Therefore, surface temperature responds primarily
to radiative forcing at the surface rather than TOA, hence surface warming due to
BC reduction. Based on the Student t-test, however, none of the changes in
temperature at 2m or 2km is statistically significant at 90% confidence level due
to the large inter-annual variability.
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Figure 13.2 Left: Changes in diabatic heating comparing the simulation for
the2000s with the 1960s (in K/day). Right: Similar to the left but for changes in
atmospheric temperature (oC).
The climate of CA has a distinct seasonal cycle with surface hydrology
dominated by cold season precipitation, snow accumulation and melt, and runoff.
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As changes in the surface energy budgets are small in the cold season, changes
in the surface hydrology are generally small with little change in runoff and
snowpack. During summer, changes in the surface solar radiation are larger
(Figure 13.1), but the changes are mainly balanced by changes in sensible heat
fluxes because latent heat fluxes are limited by the relatively dry land surface in
CA (not shown). The small increase in evaporation associated with the increased
latent heat fluxes leads small reductions in soil moisture. The boundary layer
height increases by up to 10 m in the summer in response to the enhanced
surface sensible heat fluxes.
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Figure 13.4 Comparison of observed (solid) and simulated (dashed) temperature
profiles averaged over three sounding locations in CA (OAK, VGB, NKX) for four
seasons for 2005.
13.4 WRF_LBL: Effects of BC on California climate
In contrast with the PNNL study, the LBL study examines the impact of BC by
cutting the baseline emissions in half (as opposed to the 2xEC and 10xEC
scenarios). The modeled reduction in atmospheric heating as a result of this
reduction is shown for each season in Table 13.1 and, vertically resolved for both
summer and winter, in Figure 13.4. This was calculated off-line using the
previously described method for both the predicted BC in the control case and
that obtained after reducing emissions by half. Each run used the modeled AOD
and AAOD specific to their respective BC emission scenario; however the same
meteorology from the control run was used in both calculations to remove
secondary effects from changes in cloud cover and provide an estimate of only
the direct effect.
Winter

Spring
Summer
-2
∆ Atmospheric Heating, W m

Fall

North
Central
South

-0.07 (-0.13 -0.05)
-0.13 (-0.27 -0.1)
-0.16 (-0.35 -0.13)

-0.13 (-0.13 -0.08)
-0.27 (-0.28 -0.25)
-0.26 (-0.29 -0.23)
-0.33 (-0.48 -0.42)
-0.34 (-0.37 -0.3)
-0.5 (-0.53 -0.46)
-2
∆ Surface Forcing, W m

-0.13 (-0.15 -0.13)
-0.29 (-0.29 -0.24)
-0.33 (-0.35 -0.29)

North
Central
South

0.06 (0.04 0.06)
0.13 (0.09 0.13)
0.14 (0.13 0.14)

0.1 (0.09 0.13)
0.26 (0.22 0.26)
0.32 (0.29 0.47)

0.13 (0.09 0.13)
0.24 (0.19 0.27)
0.3 (0.24 0.32)

0.23 (0.19 0.25)
0.42 (0.37 0.44)
0.44 (0.4 0.48)

Table 13.1 Change in atmospheric heating and surface forcing as a result of
cutting BC emissions in half (indirect effects not included)
Cutting the BC emissions in half leads to a 20-25% decrease in atmospheric
heating. In winter, this amounts to approximately -0.1 W m-2, while the change in
BC forcing during the summer is between -0.3 and -0.5 W m-2. Figure 13.4(a)
presents the vertically resolved, percent change in seasonal BC concentration for
Northern, Central, and Southern California. Cutting BC emissions by half lowers
the surface concentration by a similar percentage, but the corresponding change
in BC concentration with altitude quickly goes to zero. The BC at higher
elevations is likely from long-range transport and thus unaffected by the changes
in California emissions. The decrease in BC emissions from 1980 to present was
likely to have had a larger effect on regional climate than what might be expected
from a further reduction in emitted BC. This is primarily because BC emissions
from CA sources were much greater in the eighties relative to the long-range
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transport of BC from Asia [Bey et al., 2001; Hadley et al., 2007]. With increased
industrial activities in India and China over the last decade [Ohara et al., 2007],
transport of BC from these regions has likely increased.
To look at the combined direct and indirect forcing, the respective COT for each
simulation was used and the results from the off-line calculation compared to the
direct radiative forcing. There was no significant change from the direct forcing
calculations in either summer or winter (<0.01), however the average change in
BC induced surface forcing obtained directly from the on-line simulations (direct
plus indirect) was compared with the off-line forcing calculations and there is a
significant difference in the predicted change in surface forcing in winter and
summer (Table 13.2). The on-line calculation show that in central and southern
CA, reducing BC emissions in the winter appears to cause a negative, rather
than positive, surface forcing, likely corresponding to the increased cloud cover in
this region (Figure 13.5). A very slight decrease in winter COT (0.04) over
Northern CA leads to a positive forcing of 0.18 W m-2. Summer time forcing is all
positive and 2 to 4 times larger than that predicted by the off-line calculations.
These differences are most likely a result of non-linear affects introduced when
averaging cloud cover and changes in instantaneous downward SW flux. They
also suggest that the off-line calculations presented may be biased low. On-line
and off-line surface forcing calculations for spring and fall are generally
consistent with each other.
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Figure 13.5 (a) Percent reduction in BC concentration as a result of cutting BC
emissions in half, and (b) the associated change in atmospheric heating as a
function of altitude.
Surface radiative forcing (direct + indirect), W m
winter
North
Central
South

spring

-2

summer

0.18
-0.44
-0.11

0.08
0.23
0.51

fall
0.98
1.71
0.9

0.26
0.35
0.36

Table 13.2 The change in total downward short-wave flux at the surface as a
result of reducing BC emissions by half using the WRF-Chem model.
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Figure 13.6 The change in cloud optical thickness in (a) Summer and (b) Winter
as a result of reducing baseline BC emissions by half.

13.5 Conclusions
Based on numerical experiments using WRF-PNNL with the ARCTAS-CA
emissions multiplied by a factor of 10 (10xEC) representing the EC emission of
the 1960s and a factor of 2 (2xEC) representing the EC emission of the 2000s,
potential impacts of BC reduction since the 1960s are investigated. Our results
show that BC reduction leads to increases in the net solar radiation at the surface
(up to 5 W m-2 in summer), reductions in diabatic heating in the lower
atmosphere, and net cooling at the top of the atmosphere, with larger effects
during summer than winter because solar radiation is much higher during
summer. In response to these changes, the lower atmosphere cools by up to
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0.02oC averaged over CA, and surface temperature at 2 m increases by up to
0.08oC locally over the Central Valley and Southern CA in summer. Therefore
changes near the surface are decoupled from the cooling at the top of the
atmosphere because convective coupling is weak in the relatively dry
atmosphere over CA. The warming near the surface as a result of BC reduction
could have contributed to the overall warming trend in the last few decades.
However, due to the large inter-annual variability, the changes in surface
temperature due to BC reduction are not statistically significant at the 90%
confidence level. Longer simulations are needed to determine more robust
changes associated with EC emission changes.
Changes in the surface hydrology are found to be generally small because
changes in the surface energy budgets are small during winter when surface
hydrological processes such as snowpack and runoff are more prominent. We
note, however, that potential changes in surface energy and water budgets due
to BC deposition on mountain snowpack are not represented in our simulations.
Qian et al., [2009] showed that changes in surface albedo due to soot deposition
in snowpack could lead to warming and the effects could be amplified by snowalbedo feedback. Such effects due to BC reduction could dominate the changes
over mountain and counter the warming due to greenhouse and BC radiative
forcing locally.
Our estimates of the effects of BC reduction on the climate of CA are based on
regional models in which the lateral boundary conditions are identical between
the control and perturbed experiments. This approach ignores potential changes
in the large-scale circulation that may result from BC reduction in CA, which
could influence the simulations through changes in the lateral boundary
conditions. How the local surface climate of CA will be influenced by BC
reduction depends on both changes in response to the local forcing, as well as
the influence from changes in large-scale circulation. Given the decoupling
between the surface and the upper atmosphere during summer when CA is
under the influence of the subtropical high pressure system, it is likely that the
response to local forcing will dominate, but large scale changes may still have
some influence on CA climate as well as climate in other regions through remote
response to the diabatic heating changes from BC reduction in CA. Cooling in the
top of the atmosphere from BC reduction should result in overall cooling of the
climate system, based on estimates of BC forcing from both observations and
models reported in previous chapters. Our results, however, motivate the need
for future study to better characterize the regional response, which could be
opposite to the larger scale or global response depending on the climate
regimes.
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14.0 Conclusions and Findings
14.1 Primary conclusions
This report provides an assessment of the climate impact of black carbon on
California’s climate. The assessment uses climate models constrained by field
measurements. Targeted emission controls adopted by the State of California
are shown to be effective in reducing BC concentrations, by a factor of at least
two dating back to the 1980s, and by as much as a factor of five dating back to
the 1960s. At the regional level this decrease is associated with a TOA cooling of
between 0.5-1.5 W m-2, serving as a counterbalance to the warming introduced
by greenhouse agents over the same time period. The control of short-lived
climate pollutants therefore is shown to be an effective means of combating
climate change at the regional level.
An analysis of the spectral dependence of solar absorption indicates that solar
absorption due to brown carbon contributes as much as 50% of the BC forcing in
the near-UV wavelengths. The brown carbon is primarily related to residential
wood burning. However, a new class of particles related to secondary organics
and aged large organic particles are also found to contribute to solar absorption.
The observationally constrained EC absorption agrees reasonably well with
estimates from regional transport models (GOCART and WRF-Chem), but the
models underestimate the OC AAOD by at least 50%.
The climate impact of BC was evaluated by changing the emissions by factors of
10x, 5x, and 2x, and 5 years of simulation were performed using the same
meteorological fields. The mean signal was calculated as the difference between
the mean of the 2x (baseline) and the mean of the 5x and 10x simulations. The
uncertainty was estimated as the variance in the difference for each pair
simulations for each year. We found significant BC radiative forcing over CA (-0.3
in the winter to -1.8 W m-2 in the summer at the surface and 0.4 to 2.1 W m-2 of
atmospheric heating) from current BC levels. In response to this change, the
lower atmosphere was found to cool by up to 0.02oC (between 0.017 and
0.023oC) averaged over CA, and surface temperature at 2 m increased by up to
0.08oC (between 0.08 and 0.12oC) locally over the Central Valley and Southern
CA in summer, indicating changes near the surface were decoupled from the
cooling at the top of the atmosphere (due to weak convective coupling in the
relatively dry atmosphere over CA). The warming near the surface as a result of
BC reduction could have contributed to the overall warming trend in the last few
decades.
In summary, for regions like California, where mitigation policies have historically
targeted primarily fossil fuel sources leading to a large decrease in atmospheric
BC, the climate benefits of direct forcing reduction has masked the net warming
due to greenhouse gases by a measureable fraction (estimated to be 5% of the
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CO2 warming potential). This climate benefit dates back to at least the 1960s,
and is currently ongoing. Brown carbon, emitted from residential wood burning is
found to be another attractive target for policy makers seeking to combat
anthropogenic climate change.
14.2 Research highlights
1. We refurbished COH instruments provided by CARB and performed extensive
field measurements in the Bay Area to calibrate them against aethalometer BC
measurements. The refurbished COH instruments were modified to include a
mass flow controller and data acquisition hardware.
2. We performed a comparison of two-hour average COH concentrations
measured using the two field-bound refurbished monitors subject to soot from a
methane-air flame and determined there was no operational bias between the
instruments.
3. A correlation between average BC and COH concentrations measured in San
Jose (March 2010 thru April 2011) and Vallejo (March 2010 thru March 2012)
indicates that COH is a strong proxy for BC, with R2 values greater than 0.95.
4. We accessed all existing records of COH measurements in the U.S., and
determined annual BC trends in nine states having extensive records.
5. We found (based upon COH data) that the statewide average BC
concentration declined steadily since the 1960s, by as much as a factor of 5
compared to current levels.
6. We found that the average BC concentrations in California reconstructed from
COH records declined comparably in all the major air basins, and the trend is not
driven by a localized phenomenon.
7. The weekly cycle of BC concentration in California suggests that emissions
from fossil fuel combustion (primarily in the transportation sector) are the
predominant source, as they reach a maximum during the standard workweek
and drop off over the weekends.
8. The total consumption of on-road diesel steadily increased in California,
however this trend is overshadowed by the decrease in the emission factor from
diesel combustion, leading to smaller net emissions. This decrease can be
attributed to cleaner burning engines, down stream filters, and sulfur-free fuel.
9. Trends in the annual mean measured BC concentration from the IMPROVE
network (representing non-urban and remote locations) are consistent with the
trends reconstructed from COH (representing urban locations), with a 50%
reduction in BC between 1980-2000s. This trend is again found to be consistent
in Northern, Central, and Southern California, and between non-urban and urban
locations.
187

10. Fossil fuel emissions (obtained from two independent sources) in California
have declined by the same factor over this time period, again suggesting that
diesel emission control is the primary driver for decreased BC.
11. The annual mean of measured BC/non-BC Aerosol ratios in California also
declined between 1989 and 2008, indicating that the change in BC concentration
cannot be attributed to cleaner air in general or a change in boundary layer
conditions. We find that the BC been preferentially removed.
12. We found that the spectral properties of absorbing aerosols, expressed as
the Scattering Angstrom Exponent and Absorption Angstrom Exponent can be
used to segregate aerosols dominated by dust, BC, or OC (brown Carbon). We
have performed an extensive analysis of worldwide AERONET measurements in
both urban and non-urban areas and found consistent results.
13. We determined the AAE for pure EC and OC based upon an extensive
spectral analysis. The AAE values are found to be 0.55 and 4.55 respectively,
these bracket the idealized value of 1.00 attributed to BC in the literature.
14. We also calculated SSA values for EC, OC, and Dust using AERONET
stations segregated into source regions. This is a significant improvement over
current model estimates that treat the OC as being purely scattering, whereas we
found an SSA value of 0.85 for the OC.
15. We developed a robust algorithm exploiting the differences in spectral
properties that allows for the partitioning of total aerosol absorption and aerosol
optical depth into EC, OC, and dust; and applied it to California.
16. We found that the species resolved AOD and AAOD are consistent with
emissions in California for EC, OC, and dust. The OC absorption is
approximately 40% of the EC absorption near the UV band (at 440 nm) but
rapidly drops off, decreasing to 15% at 675 nm, and 0% at 870 nm.
17. We determined a wavelength dependent Single Scattering Albedo (especially
for OC), that can be used to incorporate brown carbon absorption into regional
climate models by suitably modifying their optical properties.
18. We proposed a relation between the optical properties of observed ambient
aerosols (combination of the AAE and SAE) to the dominant absorbing species
(fossil fuel, biomass burning or dust).
19. We used detailed chemical measurements (from the ATOFMS) in three
aircraft-based field campaigns alongside co-located optical measurements to
relate the absorbing species to emission sources.
20. We identified for the first time a new class of particles (large aged secondary
particles) that absorb solar radiation, indicating that biomass burning may not be
the only source of absorbing organics.
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21. We estimated the contributions of black and organic carbon to solar
absorption in a field campaign directed at residential wood burning particulates in
Northern California.
22. We found again in the targeted field campaign, that Brown Carbon is
responsible at short wavelengths (300-500 nm) for approximately one-half of the
total aerosol absorption. This offers more evidence that current climate models
are masking a potential source of warming in the atmosphere.
23. We used satellite retrievals from MISR to construct seasonally resolved 3dimensional pictures of the total AOD, total AAOD, EC AOD, and EC AAOD over
the California domain.
24. We found in a comparison of simulated AOD and AAOD for carbonaceous
aerosols from the GOCART and WRF models with the observationally
constrained approach followed in this study that while the models correctly
predict the total AOD (indicating a consistent aerosol loading), they under-predict
OC AAOD by as much as 50 %.
25. We reconstructed seasonally and spatially resolved vertical profiles of
aerosols in California using a hybrid of CALIPSO satellite retrievals for high
altitudes (above 500 m) and ground based measurements close to the surface
(below 500 m). The aerosol extinction measured by the satellite is directly
correlated to aerosol mass loading.
26. We calculated the radiative forcing at the Top-of-Atmosphere (TOA), in the
Atmosphere (atm), and at the surface (sfc) attributable to dust and carbonaceous
aerosols in California using observationally constrained aerosol properties to
initialize a Monte Carlo model. The BC was found to have a large heating effect
in the atmosphere (up to 3.5 W m-2) that is larger in Southern California and in
the summer. OC was found to have neither a net cooling nor heating effect at the
TOA.
27. We used solar flux measurements from the CIMIS network using sites
operational form November, 1986-December, 2011 to examine the climatology of
surface solar flux and attempted to detect a brightening signal (related to the
decreased BC absorption).
28. We found that the inter-annual and inter-site variability in the existing data
set is much larger than the brightening trend, and as such any change in surface
solar flux cannot be considered statistically significant. We have separated the
clear sky flux from the total to eliminate the effect of clouds, but again, a
significant trend was not detected.
29. We compared the total BC emissions in California based on various
available sources. A comparison between model predictions and surface
measurements revealed that current emission inventories (specifically the
ARCTAS-CA scenario) may be under reporting the BC by a factor of two.
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30. We used the WRF-Chem model operating in two configurations to predict the
seasonal mean mass concentrations of speciated PM2.5 such as EC, OM, dust,
sulfate, nitrate, ammonium, sea salt, and unspeciated PM2.5. These predictions
were validated against surface measurements from the IMPROVE and EPA
sampling networks. While the total aerosol concentration agrees well with
observations, the EC is found to be severely underpredicted by the model.
31. WRF-Chem is also used to calculate the seasonal variations of aerosol direct
radiative forcing with anthropogenic EC emission doubled to account for this
discrepancy in emissions. The estimates for atmospheric warming range
between 0.8-2.7 W m-2 and agree well with our observationally constrained
calculations.
32. The WRF-Chem model was also validated against meteorological data
including surface temperature and precipitation from CIMAS for summer and
winter seasons. The model is found to agree well with these measurements
33. To determine the climate impact of BC, we have calculated changes in all-sky
net solar radiation at the surface (in W m-2) comparing simulations for the 2000s
(2xEC) to the 1960s (10xEC). We find a surface brightening of 5 W m-2 that is
statistically significant at the 90% confidence level, and a net cooling at the top of
the atmosphere attributable to this change in the EC concentration.
34. The change in the BC concentrations introduced a cooling in the atmosphere
between 1-2 km in altitude, but a warming trend near the surface indicating a
decoupling due to poor convection. Overall, the atmosphere is found to have
cooled by 0.02 oC. However, neither the changes in temperature profile nor
surface temperature are statistically significant at the 90% confidence level.
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