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Objectives
• Provide an overview of receptor-

oriented source apportionment 
methods applicable to PM2.5

• Provide examples of common pitfalls, 
limitations, and uncertainties in source 
apportionment studies and how to 
overcome them

• Recommend practical source and 
receptor measurements that are 
needed to integrated into long term PM 
networks



Receptor models have made large contributions to 

air quality management for 40 years
• Identified uninventoried sources as important 

contributors (wood combustion, cooking, biogenics, 
road dust, secondary organic and inorganic aerosol, 
high emitters)

• Focused emission inventory improvements (addition of 
new categories, refined emission factors for old ones

• Separated primary emittants from secondary formation 
products (sulfates and nitrates)

• Allowed development of conceptual models for 
interactions among emissions, meteorology, chemical 
transformations, and ambient concentrations

• Still the only method to estimate contributions from 
intermittent and fugitive emissions



• Oregon wood stove emissions standard (Watson, 1979)

• Midwest contributions to east coast sulfate and ozone 
(Wolff et al., 1977, Lioy et al., 1980, Mueller et al., 1983, Rahn and 
Lowenthal, 1984)

• Washoe County, Nevada, stove changeout, burning ban, 
and “squealer” number (Chow et al., 1989)

• California EMFAC emissions model revisions (Fujita et al., 

1992, 1994)

• SCAQMD (Los Angeles) grilling emission standard (Rogge, 

1993)

• SCAQMD (Los Angeles) street sweeper specification 
(Chow et al., 1990)

• SCAQMD (Los Angeles) Chino dairy reduction (NH3) 
regulation (SCAQMD, 1996)

There are many U.S. examples of  receptor model 

results being used to formulate emission reduction 

policies 



Receptor models are complementary with, not replacements for, 

source models

Watson, 1979
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Receptor Models 
(CMB with EV, UNMIX, PMF, 

solutions)

The source model uses source emissions as inputs and 

calculates ambient concentrations. 

The receptor model uses ambient concentrations as 

inputs and calculates source contributions.  



The future holds several 

challenges for receptor modeling

• Pollution controls have eliminated many 
of the elemental markers

• Secondary organic aerosol has become a 
larger portion as primary emissions 
decrease

• Common availability of modeling software 
and speciated data sets has led to 
publication of many spurious results



Source and receptor models derive from the same physical 

construct

Cikl = ΣjΣmΣnFijTijklmnDklnQjkmn

i = pollutant

j = source type

k = time period 

l = receptor location 

m = source sub-type, a specific source or groups of 
emitters with similar source compositions and/or 
locations 

n = location of emitter m of source type j

Cikl = ambient concentration

Fij = fractional quantity of pollutant i in source j

Tijkmn = transformation of pollutant i during transport

Dkln = dispersion and mixing between source and receptor

Qjkmn = emissions rate

*applies to a specific size fraction for PM



Lagrangian Source Model

Cikl = ΣjΣmΣn TijklmnDklnFijQjkmn
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Chemical Mass Balance (CMB) Model

Cikl = ΣjTijklFijΣmΣn DklnQjkmn

Sijkl, SOURCE 
CONTRIBUTION
ESTIMATE

MEASURED AT 
SOURCE
(T=1 OR ESTIMATED BY 
OTHER METHOD)

MEASURED
AT RECEPTOR

Source and receptor models are complementary 

with, not replacements for each other



Four common solutions are applied to infer source 

contribution estimates from the CMB equations
Tracer (TR) solution

TR-CMB:  Sj=Ci/Fij

• Assumes the tracer (marker) comes only from, 
or is dominant in, a specific source type

• “Diagnostic ratio” is a variation that looks at 
relative abundances of two markers

• Carbon-14 is most common tracer to separate 
biogenic from fossil carbon sources

• If a marker is available and is not quantified, 
source identification is not justified



• Secondary inorganic ions 
(i.e., sum of SO4

=, NO3
-, and NH4

+ or 

sum of (NH4)2SO4 and NH4NO3)

• Organic mass (OM)
(i.e., OM=f×OC; f=1.2–1.8)

• Elemental carbon

• Geological minerals (e.g., oxides of Al, Si, Ca, Ti, Fe, and sometimes K)

• Salt (e.g., Na++Cl-, 1.4486Na+Cl, or 1.8 Cl-)

• Trace elements (e.g., sum of remaining measured species excluding double counting)

• Others (e.g., remaining mass, particle-bound water,  non-crustal K (K–0.6Fe)=1.2(K–

1.6Fe); H2O, and non SO4
= S)

(RM = Inorganic Ions + OM + EC + Minerals + Salt + Trace Elements + Others)

Four common solutions are applied to infer source 

contribution estimates from the CMB equations
Reconstructed Mass (RM) solution



EV-CMB: ϰ2 =minΣi [(Ci-ΣjFijSj)
2/(ϭCi

2+ΣjϭFij
2Sj

2)]

Four common solutions are applied to infer source 

contribution estimates from the CMB equations
Effective Variance (EV) solution

• Explicitly incorporates uncertainty estimates in 
both ambient measurements and source 
profiles

• Positive biases in one abundance are offset by 
negative biases in others



PMF-CMB: ϰ2 =minΣi Σk [(Cik-ΣjFijSjk)
2/ϭCik

2)]

Four common solutions are applied to infer source 

contribution estimates from the CMB equations
Positive Matrix Factorization (PMF) solution

• Operates on time series from same location, 
multiple locations, or multiple times and 
locations

• Restricts all values to non-negative numbers

• Assumption that source profile measurements 
is untrue



Deviations from CMB assumptions must be 

evaluated for all solutions

• Compositions of source emissions as perceived at the receptor 
are constant over the period of ambient and source sampling.

• Chemical species from different sources do not react with each 
other.

• All sources with a potential for significant contribution to the 
receptor have been identified and have had their emissions 
characterized.

• The source compositions are linearly independent of each other.

• Measurement errors are random, uncorrelated, and normally 
distributed.

• The number of source types is less than or equal to the number 
of chemical species.



CMB applications and validation protocols need to be adapted 

to address these new challenges and to accommodate all of the 

solution methods

Finalized in 1998, but dated 2004

1987

www.epa.gov/scram001/models/receptor/C

MB_Protocol.pdf 2014

http://source-

apportionment.jrc.ec.europa.eu/Docu/EU_guide_on_SA.pdf



Complex mathematics are not needed to 

identify the major source categories or 

quantify their contributions

• Tracer solution identifies source types

• Reconstructed mass solution classifies and 
quantifies major source categories

• Spatial, temporal, and PM size patterns make 
source obvious

• Nearly all elevated levels will contain: 1) 
secondary sulfates and nitrates; 2) engine 
exhaust; and 3) fugitive dust.

• Some will contain biomass burning and salt 

• Specific sources require additional marker 
species 



Guidance specifies extensive validation and 

evaluation protocols, but these are rarely 

followed

1. Determine model and solution applicability 

2. Format input files and perform initial source 

apportionment

3. Evaluate outputs and performance measures

4. Evaluate deviations from model assumptions

5. Modify model inputs to remediate problems 

6. Evaluate the consistency and stability of the model 

results

7. Corroborate CMB results with other modeling and 

analyses 



Step 7 has been further elucidated as a 

“weight of evidence” evaluation

www.epa.gov/ttn/scram/guidance/guide/

final-03-pm-rh-guidance.pdf

• Examine the problem 
using different methods

• Use discrepancies 
between model results to 
identify and correct 
weaknesses in models 
and input data

• Quantify confidence 
intervals

• Explain and qualify 
conclusions regarding 
source contribution 
estimates



Wildfires are obvious cause of excursions 

at non-urban Lake Tahoe



Temporal and spatial patterns 

indicate sources and magnitudes
Wintertime Wood 

Smoke

Fugitive Dust from 
De-icing



Weight of evidence was lacking in a recent 

EV-CMB source apportionment in India

• Good start

–Network was well 
designed

–Source types were 
identified and 
characterized

–Marker species were 
measured

–Source and receptor 
species were 
compatible



Danger of Ignoring the Weight of Evidence:

• Weight of evidence would include external data from vehicle and stove 
emission tests, comparisons with apportionments from different cities, 
examination of other data such as continuous gas and particle 
measurements. 



Sensitivity tests would have shown that the measured LPG and 

diesel exhaust profiles are collinear, and their source designation 

must be generalized 

Sethi and Patil, 2008a,b



Internal consistency tests would have revealed discrepancies 

between size fractions and sampling locations

NEERI, 2010



Chemical source profiles derived from ambient data don’t always 

make sense if not from a source-dominated environment

• PMF (Positive matrix 

factorization)-derived 
factors from 
ambient data 
often have 
mixing of 
different 
sources, yet 
they are 
identified as a 
single source 
profile

Ramadan  et al. (2000) , JAWMA, p. 1308-1320

Secondary Coal 

Combustion has 

more carbon 

than sulfate?



Each PMF and 

Unmix source 

factor should be 

compared with 

at least one 

measured 

profile

Example from 
Minnesota
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Applying different CMB solutions to the same data set aids in the Weight of Evidence

(Minnesota, 8/2003 – 7/2004, most samples passed validation tests )

PMF soil and cement factors are mixed with regional, Biomass similar 
to regional, Gas/diesel split uncertain, PMF overestimates mass

Chen et al., 2011



Data validation for PM2.5 source apportionment at 

Peking University was good

Zhang, et al., 2013

SO4 was totally 

neutralized by NH4, 

indicating that 

contributions are more 

regional than local



But the “Industrial Pollution” factor at road-centric 

Peking University doesn’t make sense!

Zhang, R.; Jing, J.; Tao, J.; Hsu, S.C.; Wang, G.; Cao, J.J.; Lee, 

C.S.L.; Zhu, L.; Chen, Z.; Zhao, Y.; Shen, Z. (2013). Chemical 

characterization and source apportionment of PM2.5 in Beijing: 

seasonal perspective. Atmos. Chem. Phys., 13(14):7053-7074. 

http://www.atmos-chem-phys.net/13/7053/2013/.

PMF analysis of elements, 

ions, and carbon at PKU 

4/2009 to 1/2010



Major limitation of receptor modeling is lack of 

evolution for modern source and receptor 

measurements

• Source compliance tests do not 
represent real-world emissions

• PM speciation networks are limited to 
mass, elements, ions, and carbon 
fractions

• Source profile and PM speciation data 
bases are not available, kept up to 
date, or equivalent



Compliance tests could be made more useful 

for source apportionment

U.S. EPA’s 
compliance sampling 
method is obsolete

Dilution sampling better simulates 
profiles at receptors

Dilution Chamber

Sampling Manifold

Filter Packs

Portable GC System

Gas Monitor



New technologies can be combined into multipollutant systems 

to obtain source profiles as well as emission rates
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Using a flow tube reactor at the after sampling can 

simulate atmospheric aging



Microsensor measurements are useful for mapping 

the zone of influence for source contributions
The brown carbon cloud around a woodburning neighborhood near Reno, Nevada, 
shows a limited footprint for exposures.  Wood stove changeout incentives can be 

limited to this neighborhood



With gas and particle measurements, SO4
=/SO2 ratio 

changes during aerosol aging 
(and should be reflected in source profiles)

Watson et al., 2002, Energy & Fuels

Cikl = ΣjΣmΣnFijTijklmnDklnFijQjkmn  (CMB Equation)

Tijklmn = Transformation of pollutant i during transport



Gas and particle measurements  can be used to 

estimate limiting precursors with equilibrium 

models
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A lot of ammonia needs to be 
reduced in order to reduce 

ammonium nitrate concentrations

Nitric acid reduction is more 
effective to reduce ammonium 

nitrate concentrations



More source apportionment information can be 

obtained from PM2.5 speciation network samples
(PM2.5 inventory overestimates fugitive dust, diesel exhaust, and other industries)
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Many new source markers can be obtained from 

these methods
Major Source Type Source Sub-Type Specific Markers  

Traffic-related emissions Road dust Cu, Fe, Sb, Al, Si, Ba, styrenebutadiene rubber (SBR), benzothiazole (tire wear), 

asphaltenes (pavement wear) 

 Gasoline engine exhaust 17 α(H), 21 β(H)-hopane, 17 α(H)-diastigmastane, other hopanes, steranes, PAH 

diagnostic ratios 

 Diesel engine exhaust high molecular weight hydroxycarbonyls, hopanes, steranes, PAH diagnostic ratios 

Fossil fuel combustion Fuel oil combustion (e.g., heating oil, 

kerosene in externally-fired boilers) 

PAH diagnostic ratios 

 Residual oil combustion (Bunker fuel) Ni, V 

 Uncontrolled coal combustion  (e.g., 

domestic heating and cooking) 

Se, As, Cd, Hg, Zn, SO4
=
, picene, PAH diagnostic ratios  

 Controlled coal combustion (e.g., 

power plants) 

Se, As, S, SO4
=
, picene, PAH diagnostic ratios 

Anthropogenic 

combustion 

Tobacco smoke iso/anteiso alkanes 

 Meat cooking Cholesterol, palmitic acid, palmitoleic acid, stearic acid, oleic acid 

 Trash/Plastic burning 1,3,5-triphenylbenzene, tris(2,4-di-tert-butylphenyl)phosphate 

Biomass burning 

 

 

Softwood resin acids, guaiacol derivatives, retene, levoglucosan/mannosan ratio (3-6) 

 Hardwood syringol derivatives, levoglucosan/mannosan ratio (15-25) 

 Straw and grasses levoglucosan/mannosan ratio (>30) 

 Peat levoglucosan/mannosan ratio (~10) 

 Biomass burning SOA 3-methyl-5-nitrocatechol, 3-methyl-6-nitrocatechol, 4-methyl-5-nitrocatechol, 6-

nitroguaiacol, 4,6-dinitroguaiacol; HULIS 

Natural sources Mineral dust Ca, CO3
-3

, Si, Al 
 

 Sea salt Na, Cl 

 Bioaerosol – fungi arabitol, mannitol, ergosterol 

 Bioaerosol – bacteria  hydroxy fatty acids 

Secondary organic aerosol 

(SOA) 

Anthropogenic SOA 2,3-dihydroxy-4-oxopentanoic acid, o-phthalic acid, 

2,4,6-trimethylphenol, oxy-PAHs, oxalic acid, excess OC/EC ratios 

 Isoprene-derived biogenic SOA 2-methylthreitol, 2-methylerythritol, 2-methylglyceric acid, cis-2-methyl-1,3,4-

trihydroxy-1-butene, 3-methyl-2,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-

trihydroxy-1-butene, excess OC/EC ratios 

 Monoterpene-derived biogenic SOA cis-pinic acid, cis-pinonic acid, trans-norpinic acid, cis-caric acid, limonic acid, 

ketolimononic acid, 3-hydroxyglutaric acid, 3-methyl-1,2,3-butanetricarboxylic acid, 

excess OC/EC ratios 

 



Conclusions

• Receptor model source apportionment has 
played a positive role in improving air quality 
management

• Evaluation and validation of source 
contribution estimates is often neglected and 
adversely effects air quality management

• Measurement technologies can be updated to 
better meet the challenges for future source 
apportionment.
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