Narrative description of observational modeling techniques
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Observational or receptor modeling refers to a group of analysis techniques in which monitoring data collected at or in the region of a receptor are analyzed in various ways in order to infer information about the pollutants and the sources of the pollutants causing visibility impairment. 

These types of models are often used as the first techniques for source apportionment in order to get an initial understanding of the source-receptor relationships in a region.  They are also used to verify or reconcile deterministic models, and to aid in planning intensive monitoring studies.

Results of observational models can be either quantitative or qualitative.  Quantitative results are estimates of the fractions of a measured species that can be attributed to a single source or attributed among several sources or source areas.  Qualitative results include such information as the wind directions and other meteorological conditions most associated with high concentrations, or inferences about probable source types based on the relationships between trace elements at a single site, or information about source areas based on the spatial and temporal patterns in the concentrations of a single species.  Often several observational models are used together to form hypotheses about the important source areas and source types affecting the concentrations at a receptor.

Advantages of receptor models are that they are generally quick and inexpensive to run and require relatively little input data.  Disadvantages include the necessity of employing simplifying assumptions such as linear relationships and often the results are limited to averages over long periods of time or large spatial areas.  Subjective user judgment is required to choose appropriate input data and/or interpret the results of many receptor models.  As an example, suppose the UNMIX model finds a source associated with high concentrations of Br, K, elemental carbon, and organic carbon, and another source associated with high Se and S.  It is the user who says the first source is “smoke” and the second is “coal-fired power plants.”

Receptor models could potentially be grouped in several different ways, based on their different attributes.  Here they are somewhat arbitrarily put into four categories, with each category requiring incrementally more particulate data at the receptor 1) Back-trajectory analyses; 2) Analyses of interspecies relationships; 3) Analyses of spatial and temporal patterns; and 4) Analyses that require a unique tracer.  Some models that fall into each category are listed below:

Category 1 – Back-Trajectory Analyses

· Residence Time Analyses including residence time, source contribution function, conditional probability, etc. - These give qualitative information about source areas and transport patterns.

· Trajectory Mass Balance – Regression of residence time of back trajectories in selected source areas against concentrations yielding quantitative source attributions.

Category 2 – Analyses of Interspecies Relationships

· Chemical Mass Balance (CMB) - Quantitative source attributions are obtained by a weighted regression of known source profiles against measured concentrations of several species.

· UNMIX – By looking for “edges” in the relationships between species, UNMIX estimates both the source profiles and the quantitative source contributions from each source.

· Positive Matrix Factorization (PMF) – PMF, like UNMIX, uses the relationships between species to estimate the number and composition of the sources and the quantitative source contributions.

· Enrichment Factors (EF) – The “enrichment” of certain ratios of trace elements is used to qualitatively infer source types impacting a receptor.

Category 3 – Analyses of Spatial and Temporal Patterns

· Empirical Orthogonal Function Analysis – Analysis of spatial and temporal patterns leading to qualitative information about locations of dominant source areas, frequency and timing of source impacts and meteorological conditions associated with them.

· Receptor Model Applied to Patterns in Space (RMAPS) – With additional assumptions applied to EOFs, quantitative source attributions are estimated.

Category 4 – Tracer Analyses

· Tracer Mass Balance Regression (TMBR) – Tracer concentrations, possibly weighted by other factors, are regressed against concentrations of the species of interest to give a quantitative estimate of the contribution from the source that emitted the tracer.

· Differential Mass Balance (DMB) - The differential ratios of tracer to pollutant between source and receptor are adjusted based on simple chemistry and meteorology to give an estimate of the contribution of the tracer source to the receptor.

· Tracer-Aerosol Gradient Interpretive Technique (TAGIT) – By comparing the ratios of tracer to concentration of interest at “background” sites to the ratios at tracer-affected sites, a quantitative attribution of the tracer source to the receptor is estimated.

Following are brief descriptions of each of these models and a few references giving further details and examples of their use.

More Detailed Model Descriptions and References

1. a. Qualitative Back Trajectory Residence Time Analyses

There are several methods of statistically analyzing the relationships between where air masses arrived from and the concentrations measured at a receptor.  These include, but are not limited to:  1) Where was air most likely to arrive from when concentrations are high; 2) If air arrived from a given area, what is the probability that the concentration at the receptor was high when the air mass arrived there; 3) What is the mean (or median or maximum or distribution) of concentrations at the receptor when air masses arrived from a given area.  Selected References:  Ashbaugh et al. (1985), Gebhart et al. (2001), Poirot and Wishinski (1986).

Data Needed:  A time series of concentrations of the species of interest.  One or more back trajectories of 3-5 days duration corresponding to each concentration.  Back trajectories can be calculated by any of several methods including ATAD, Hysplit, the CAPITA Monte Carlo Model, as well as others.  Standard National Weather Service upper air data can be used as input, though more detailed meteorological data can be input if available.  Dispersion can be included in some of these models.

Model Assumptions: Errors in trajectory placement are random and uncorrelated. Variations in deposition, chemistry, emissions, etc. have less influence measured concentrations on average than variations in transport directions. 

Biggest Potential Problems: Results of these types of analysis are qualitative rather than quantitative.  Results are more statistically robust when averaged over long time periods, usually a minimum of a season and preferably several years. Nearby sources cannot be resolved.  User judgment is required to choose trajectories of an appropriate type, height, and length and to choose appropriate definitions of “high” concentrations. Some concentrations that vary seasonally may have all “high” concentrations in a single season, necessitating some compensation in the analysis.  Model results are probably more appropriate for species such as particulate sulfate that are relatively uniform over large spatial scales, than, for example, particulate nitrate which is more volatile and seems to be more related to local sources than long-range transport.

1.b. TrMB (Trajectory Mass Balance)

This is a multiple linear regression of the frequency of occurrence of trajectory endpoints in each of several source areas against the corresponding concentrations at the receptor.  The result is the average attribution of a single species among up to about 25 source areas over a long time, i.e. a season or year or several years.  Selected references: Gebhart and Malm (1989), Stohl (1998).

Data Needed: Time series of concentrations of the pollutant of interest at a single site.  One or more back trajectories associated with each concentration.  Input data for these are upper air winds, temperatures, and moisture over a large area.  Often data are obtained from the standard National Weather Service observations, but other data such as higher resolution wind fields, wind profiler data specific to a given study, etc. can also be used if available.  Emission data can be used if available, but must vary in time to be useful.  Simple chemistry and/or deposition can be used if data are available.  The user defines the size and locations of the source areas to be considered.

Model Assumptions:  Average contributions of each source area can be written as a linear combination of the contributions from several source areas.  Average chemistry and deposition are adequate to explain average source contributions.  Errors in back trajectories are random and normally distributed.

Biggest Potential Problems:  No attribution to single sources only to source areas.  Attributions must be averaged over long time periods.  Nearby sources cannot be modeled accurately.  Subjectivity in choosing source areas.  Violation of assumptions of linear chemistry.

2.a.  Chemical Mass Balance (CMB)
CMB is a multiple linear regression of measured concentrations against known source profiles. It is used for the attribution of all measured chemical species among several sources for each concentration measurement period for a single monitoring site.  Regressions are weighted by the uncertainties in both the source profiles and the concentrations.  Selected References:  Watson et al. (1984 and 2001).

Data Needed:  Concentrations and measurement uncertainties of the chemical species of interest and of as many trace elements as possible are needed for each time period and location for which attributions are desired.  IMPROVE data can be used.  A source profile is needed for each source.  These are the relative amounts of each emitted chemical species and the uncertainties in these values.

Model Assumptions:  Compositions of source emissions are constant over the period of ambient and source sampling.  Chemical species do not react with each other, i.e. they add linearly.  All sources with a potential for significantly contributing to the receptor have been identified and have had their emissions characterized.  The sources’ compositions are linearly independent of each other.  The number of sources or source categories is less than or equal to the number of chemical species.  Measurement uncertainties are random, uncorrelated and normally distributed.

Biggest Potential Problems:  The model cannot directly apportion secondary species such as sulfates, nitrates, and secondary organics.  There are some workarounds for this.  The usual tactic is to apportion these species between the known primary sources and a source designated as “secondary particles”. It is also possible to use “fractionated” or “aged” source profiles where an attempt is made to pre-determine the chemical processes that occurred between source and receptor and then adjust the source profile accordingly.  Obtaining all necessary source profiles can be difficult.  In some studies, other receptor models have estimated source profiles.

2.b. UNMIX
For a selection of measured species, UNMIX uses singular value decomposition with additional non-negativity constraints to estimate the number of sources, the source compositions, and the source contributions to each sample at a single monitoring site.  UNMIX attempts to find the “edges” in the relationships between species and relates these to sources.  Selected References:  Henry (1997a, 1999), Lewis et al. (1998).

Data Needed:  A time series of concentrations of several species measured at a single site.  IMPROVE data can be used.

Model Assumptions:  Concentrations are linear combinations of an unknown number of sources of unknown composition. Contributions from sources are positive. Source compositions are approximately constant in time.  For each source there are some samples that contain little or no contribution from that source.

Biggest Potential Problems: A maximum of 7 sources can be identified.  There is some subjectivity in choosing fitting species, number of sources, how to deal with missing or below detection limit values, and which time periods and species should be analyzed together.  Sources of secondary species will probably violate the assumption of constant source composition.  This can cause multiple sources to be identified for a single physical source that impacts the receptor under differing conditions.  Supplemental analysis may be required to deconvolute these.

2. c. Positive Matrix Factorization (PMF)

PMF uses an iterative weighted least squares method to decompose a time by species matrix to estimate the number and composition of the sources and the contributions of each source to each measured species.  It will also calculate error estimates for these values.  Selected References:  Paatero and Tapper (1994).  Add some more here
Data Needed: A time series of concentrations and their uncertainties for several species at a single monitoring location.  IMPROVE data can be used.

Model Assumptions:  Concentrations are linear combinations of an unknown number of sources of unknown composition.  Contributions from sources are positive.  Source compositions are approximately constant in time.

Biggest Potential Problems:  Correlations in detection limits or uncertainties as well as in concentrations can influence the results, i.e. PMF may detect positive correlations between species due to either source activity (desirable) or due to measurement protocol changes (undesirable).

2.d. Enrichment Factors (EF)

The differences in ratios of elemental concentrations between a reference sample and a measured sample are used to determine how sources may have “enriched” the concentrations of certain species.  Some examples include high Al/Ca has been linked to Saharan dust, high Br/Pb may indicate lead is from autos rather than industry, high Se is linked to coal burning, heavy metals to smelting, V and Ni to residual oil combustion, etc.  Selected References:  Lawson and Winchester (1979), Parekh et al. (1989), Perru (1997), Roshid and Griffiths (1993).

Data Needed: Time series of concentrations of trace elements and the species of interest.  Some historical information about the “standard” crustal, sea salt, or other ratios for a region.

Model Assumptions:  Elemental ratios depend mostly on enrichment of trace elements by a source and have less dependence on meteorology.  The reference ratios are constant.

Biggest Potential Problems:  Attributions are generally to source areas, not to single sources.

3.a. Empirical Orthogonal Function Analysis (EOF)

A few (typically 2-6) spatial patterns that explain most of the covariance in the spatial and temporal patterns of a measured species are obtained by singular value decomposition.  Associations between the spatial patterns and source areas and/or transport of air pollutants into the study area can often be inferred, but are qualitative.  The original data matrix can be approximately reconstructed by linearly recombining these few patterns.  Selected References:  Gebhart and Malm (1997), Henry et al. (1991), Malm et al. (1990), Malm and Gebhart (1997).

Data Needed: Measurements of a single air pollutant of interest at several sites for several time periods.  Typically used are concentrations measured at 15-40 sites for 30 or more time periods.  There must be more time periods than sites.  Data from special studies are often analyzed in this way.

Model Assumptions:  Only a few spatial patterns are required to explain a large majority of the covariance in the spatial and temporal patterns.  These patterns have a physical meaning that can be inferred, such as transport of emissions from a source into the study area, local stagnation, etc.

Biggest Potential Problems:  Source attributions are qualitative, not quantitative and interpretation of the spatial patterns is subjective.  The model requires a site by time matrix with no missing values, so some method of eliminating or filling in missing and below detection limit values is needed.

3.b. Receptor Model Applied to Patterns in Space (RMAPS)

Determines the average attribution of a single species among a few source areas by decomposing the time by site matrix of concentrations into a source matrix and a time weighting matrix.  Similar to UNMIX, the edges in the scatterplots between sources and non-negativity requirements are used to constrain the identification of sources.  Selected References:  Henry (1997 b, c, d), White (1999).

Data Needed: Time series of concentrations of the pollutant of interest at several sites within a region.  The model has previously been used in special studies such as Project MOHAVE and PREVENT where there are 15-40 sites within a 1-2 state region collecting data daily for several weeks or months.

Model Assumptions:  Average contributions of each source area can be written as a non-negative linear combination of the major principal components of the data.  The spatial scale of the pollutant is large compared to the spacing of the sampling sites.

Biggest Potential Problems: If the second major assumption is violated the concentrations of the pollutant at each site will have little correlation with the other sites, thus the model does not apply since it relies on the common variations among sites.

4.a. Tracer Mass Balance Regression (TMBR) also called Multiple Linear Regression (MLR) on Marker Species

Estimates the attribution of the aerosol species of interest by a source or source type, which emitted or emits a unique tracer.  Uncertainty estimates are also generated if included in the regression.  The model is a regression of the tracer, possibly weighted by other factors against the species of interest.  Selected References:  Malm et al. (1989 a, b, c)

Data Needed:  Time series of ambient concentrations and their uncertainties for the aerosol species being apportioned and the tracer species.

Model Assumptions: The tracer(s) are uniquely emitted by non-overlapping groups of sources.  Source emissions are constant over the period of ambient sampling.  Deposition and conversion are constant for all sampling periods and can estimated by first-order approximations.  In the WHITEX application, sulfate oxidation rates were assumed to be related to RH, where RH was a surrogate for time the air mass spent in clouds.  Measurement errors are random, uncorrelated, and normally distributed.

Biggest Potential Problems:  Tracer concentrations are not often available.  Source profiles, deposition, and conversion all vary in time and space.

4.b. Differential Mass Balance (DMB) 

DMB estimates the fraction of a species of interest attributable to a single source that can be tagged with a unique tracer.  The ratio of measured tracer to measured sulfate or nitrate is assumed to be related to the fractional contribution of the traced source.  The ratio is adjusted based on the estimated difference between the ratio at the source to the ratio at the receptor.  Travel times between the source and receptor are estimated based on winds and then using simple estimates of dispersion, deposition and oxidation, the tracer to secondary species ratio is adjusted.  Selected References:  Malm (1989b, c)

Data Needed:  Time series of tracer concentrations and concentrations and emission rates of the species of interest and its precursors, i.e. sulfur dioxide and sulfate.  Estimates of wind speed and direction, mixing heights, deposition and oxidation rates.

Model Assumptions:  Wind direction doesn’t change during transport time.  The rates for deposition and conversion are first-order and invariant in space and time along the transport path between the source and the receptor.  The ratio of the emission rates for the species of interest or its parent species and the tracer is known.

Biggest Potential Problems: Simple chemistry and meteorology may not be adequate, especially for long transport times, complex terrain, and/or changing chemical regimes.  Tracer concentrations unique to a single source are not often available.  The fraction of attributable concentration may only be calculable to within a range based on the reasonable ranges of rate coefficients.

4.c. Tracer-Aerosol Gradient Interpretive Technique (TAGIT)

Results are the attribution of primary or secondary species associated with the source “tagged” by a tracer release.  TAGIT computes attributions on a sample period by sample period basis.  

For each sample period, background concentration of the species of interest is determined by averaging the concentrations of the species at nearby sites that do not have tracer concentrations that are significantly above background.  These sites are presumed to be unaffected by the tracer-tagged source and thus represent the average background.  This background for each sample period is then subtracted from the concentration of the species of interest at impacted receptor sites for corresponding sample periods.  The difference is the concentration attributable to the tagged source.  Green (2001), Kuhns et al. (1999), Pitchford et al. (2000)

Data Needed: Concentrations of a unique tracer from a source of interest and simultaneous concentrations of a pollutant of interest at several sites in a region.

Model Assumptions:  There is no impact from the tagged source if the tracer concentration is less than the level considered to be “significantly” above its’ background.  Background concentrations of the species of interest do not vary systematically in space

Biggest Potential Problems:  Assuming no impact from the tagged source when tracer is not statistically above background, can lead to an underestimation of attribution.  Measured tracer concentrations often have large uncertainties.  Some sampling periods will have a negative concentration attributed to the tagged source.
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