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17.5 EXAMINING EMISSIONS POLICY ISSUES WITH AN INTEGRATED ASSESSMENT MODEL

J. D. Shannon*
Environmental Research Division, Argonne National Laboratory, Argonne, IL

1. INTRODUCTION

In the policy analysis process of asking “What if’?
questions, there is considerable advantage in the
analyst being able to address the questions directly
rather than sending the questions to scientists in

particular disciplines and awaiting answers. Obviously
the former option is likely to produce speedier results

than the Iattec in addition, the questions can be easily
modified as the issues change or become more
focused. l%e primary potential shortcoming of an
analyst addressing questions that may be beyond his or
her particular expertise is that the policy analyst may
not understand the limitations of the analysis.

However, most regional air quality issues are so
complex that no single specialist comprehends all
aspects of the problem, e.g., it is unlikely that a
meteorological modeler would grasp all important factors
in watershed acidification processes or contingent
valuation of visibility improvements. In addition,
specialists have a far greater appreciation of the
limitations and uncertainties in their own areas than they
do about other disciplines. When an analysis is vetted
through a team of scientific specialists in order that
each aspect may be addressed by people with detailed
knowledge in the relevant field, speed is rarely of the
essence. For example, the State of Science Reports
and the Integrated Assessment of the National Acid
Precipitation Assessment Program (NAPAP), produced
with great care by many learned contributors to meet the
perceived needs of “policy makers”, actually were
published after Congress passed the 1990 Clean Air Act
Amendments. (It is recognized that a wide variety of
information from the decade of NAPAP research leading
to the reports had made its way into the acid rain debate
through various channels, but such information was not
formally integrated.) The typical policy analyst has
considerable expertise, although perhaps more likely in
the “dismal science” (economics) than the physical or
biological sciences. An analyst trained in economics
may examine in considerable detail the direct costs of
emissions control to btilities (and ultimately ratepayers)
for alternative emission reduction policies that allow or
do not allow emissions trading, fuel switching, and the
like. However, a comprehensive analysis must also
compare the benefits of alternative strategies, and that
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is where an efficient integrated assessment
methodology can be a useful tool (e.g., Burtraw and
Mansur, 1999). Desktop integrated analysis is intended
not to replace state-of-the-science analyses by teams
of scientists, such as occurred in NAPAP, but rather to
supplement scientifically detailed analyses and to apply
efficiently the knowledge incrementally gained in the
process of such detailed studies. Here we briefly

describe a peer-reviewed integrated assessment model
that can be exercised within minutes in a desktop
environment, discuss some of the advantages and
limitations of the approach, and exercise portions of the
model to compare with observations. Because of the
nature of the conference at which this paper is being
presented, the discussion focuses on the air pollution
modeling components of the integrated assessment.

2, MODEL BACKGROUND

The Tracking and Analysis Framework (TAF) was
developed under sponsorship of the U.S. Department of
Energy (DOE) by a, team of scientists in various
disciplines from the DOE National Laboratories,
research universities, and the private sector (Bloyd et
al., 1996).TAF was developed partly to illustrate the
capabilities of the approach, and partly to serve as an
assessment tool for examining several regional air
pollution issues, particularly acid rain. The initial
version of TAF underwent a successful peer review by a
panel of experts (Peer Review Panel Report, 1996); TAF
was further modified to take into account the
recommendations of the panel, and has continued to be
upgraded periodically. The latest version of TAF,
together with extensive documentation, can be found on
the worldwide web at www.hmrina.corn/tafZ

TAF is a nonproprietary model constructed with the
Ar?a/ytica modeling software, integrating models of
electric utility emissions and costs, pollutant transport

and deposition (including formation of secondary
particles but excluding ozone), visibility effects, effects
on recreational lake fishing through changes in soil and
aquatic chemistry, human health effects, and valuation
of benefits. The interconnected modules of TAF (Figure
1) consist largely of reduced-form models based on
more comprehensive off-line models with which the
reduced-form models are calibrated. In typical TAF

applications, alternative emissions policies are

specified in the Scenario Selector Module. The SOX and
NOX emission fields associated with the policies,
resolved to the state level, are forecast over decades in
the Emissions Projections Module, and then input to the



Atmospheric Pathways Module. Trends in atmospheric
concentrations and deposition of SOX and fQ species,
both as averages for each state and for specific
sensitive receptors of paticular interest, are calculated
there and transmitted to the Effects Modules (Health,
Visibility, and Soils-Aquatics). The changes in those

effects are quantified in monetary terms in the Scenario
Benefits Module as are emission reduction costs,
allowing control costs and benefits to be compared. The
Model Results Module contains a great many useful
analyses of the importance of different factors in the
integrated analysis, and the Public Index Library
contains the common definitions and lists of variables
and indices that allow the modules to communicate
successfully with each other. A common Public Index
Library helps ensure that the outputs of one module
match the inputs of a downstream module.

The multilayered detail of individual modules can be
examined down to individual expressions, as illustrated
in Figures 2-4 in an example from the Visibility Effects

Module (Shannon et a/., 1997).The structure of
Arra/ytica gives ample opportunity for an equation as
represented by an Object to be described in a useful
fashion for someone browsing TAF. In Ana/ytica all
interim calculations during model exercise are saved;
thus, if an analyst changes an assumption as embodied
in a particular equation or constant in the details of a
module, a new analysis can be produced quickly
because only the internal calculations affected by that
equation or constant are recalculated.

3. SOME ASSESSMENT UNCERTAINTIES

In TAF the effects of all quantifiable variabilities or

uncertainties are tracked through all calculations
downstream in the model sequence (Sonnenblick and
Henrion, 1997). In Figure 5 the contributions to the
variability of daily visual impairment at Shenandoah
National Park in Virginia (independent of emissions
trends) are compared. The dominant factor clearly is
the parameterized day to day variability of pollutant
concentrations; this presumably results from synoptic-
scale changes in meteorological factors such as wind
speeds, flow patterns, and mixing depths, as well as
from short-term variations in emissions. The variability
of humidity is the second most imponant contributing
factor to daily variability of haziness. The year to year
variabilities of seasonal mean concentrations for sulfate
and the other visibility-impairing species, resulting from
changes in the seasonal frequency and intensity of
meteorological transport regimes (Shannon and Trexler,
1995), are less important factors in the distribution of
haziness.

A problem in dealing with modeling uncertainties in
TAF or any integrated assessment model is that the

uncertainties that can be conveniently quantified tend

to be emphasized in the analysis over those more
difficult to evaluate. The four uncertainty factors
illustratedin F~re 5 are afl quantifiable. For example,
climatotogicalvariabifii is defined here as the changes
in seasonal means associated with the year-to-year
changes in the frequency and intensity of the
meteorological factors affecting transport and
deposition. We can quantify that vanabifii off-line by

exercising the Advanced Statiiticai Trajectory Regional
Air Pollution (ASTRAP) model (Shannon, 1981, 1985,
1996) with dflerent periods of meteorological data. The

climatological variability is estimated by the standard
deviation about 16-year mean conditions of seasonal
concentration averages and deposition totals modeled
with each year of meteorological data for the period
1980-1995 and with fixed emission fields.

Other atmospheric modeling uncertainties are
recognized, but have not been quantified for TAF and
thus do not contribute to calculated uncertainty. For
instance, the visibility module, which is based on the
Visibility Assessment Scoping Model (Shannon et al.,
1997) assumes that the character of the short-term
distributions of the particle species (means, variances,
and correlations) are unchanged when the seasonal
average sulfate or nitrate concentration change for
different emission scenarios, except that the mean and
variance of the sulfate or nitrate are scaled
appropriately. That is probably a firmer assumption
when emission changes are widespread than when
emissions from only a single source region are altered,
because in the former case the emissions changes are
likely to be impacting the receptor in almost

meteorological conditions, while in the latter case the
concentration at the receptor should be affected only
when the direct or indirect transport is from the source
to the receptor. In that instance one might expect that
only a part of the concentration distribution would be
shifted, but no uncertainty associated with the pollutant
covariance structure is simulated in this version of TAF.

Another example of recognized but unquantified
variability can be found in the Atmospheric Pathways
Module, in which the reduced-form model essentially is a
set of source-receptor matrices calculated off-line with
the ASTRAP model. Because the current TAF contains
SOZ source-receptor matrices resolved by state and
province, there can be no sensitivity of results to within-
state emissions trading between point sources, nor to
within-state trading among emission sectors. For such
sensitivity, the matrices would have to contain more
horizontal and vertical detail. The utility sector

dominates SO, emissions, and thus significant shifting
among emission sectors is not an issue. NOXmatrices
are also aggregated by state, but for NOX transportation
emissions are of similar magnitude to utility emissions.
Thus, a control policy could conceivably focus on one

sector but not the other, and the fact that transportation



emissions are at the surface and utility emissions are
aloft should come into play in the assessment. In an
ongoing activity the Q source-receptor matrices are
being resolved vertically into surface and elevated
emissions, and thus trading (or policy alternatives)
between utility/industry and transportation sectors
could be examined.

it is usefulto examine why the effectiveheightof NOX
emissionscould make a difference in the concentration
and deposition source-receptor relationships and
ultimately in visibility, soils and aquatics, and health
effects, and how fully the TAF approach might account
for those differences. The primary reason that effective
emission height matters on a regional scale is that air
pollutants are d~ deposited only when they are in
contact with the surface; thus, dry deposition does not
deplete a plume from an elevated source until sufficient
time for vertical diffusion to the surface has elapsed,
(On the local scale the emission height would have its
strongest effect on maximum concentrations, but the
Atmospheric Pathways Module of TAF does not resolve
local concentration gradients.) Surface emissions, on
the other hand, are subject to dry depletion immediately.
If near-source dry deposition occurs, then there is less
remaining pollutant to be transported downstream to
distant receptors. The difference in dry removal as a
function of effective emission height exists at all times,
but is more important during the night, when low-level
atmospheric stability (and thus resistance to vertical
transfer) is greater and surface-based inversions, which
can decouple the air aloft from the surface, are more
common.

Another potential difference in source-receptor
relationships due to emission height is that surface
emissions below the nocturnal inversion are in a wind
regime that differs from the wind regime aloft in being
generally weaker and more ageostrophic. Near the
inversion a nocturnal low-level jet may further
complicate the transport regime. While it is difficult to
generalize about the local vs. long-range effect of
directional shear, stronger wind speeds decrease
contributions to local concentrations and deposition,
and increase the contributions to distant receptors.
Surface and elevated emissions are also emitted into
potentially different regimes of atmospheric chemistry,
depending on what other species are emitted from
surface sources or dry deposited rapidly.

However, not all atmospheric processes can be fully
treated in any model, particularly in a highly
parameterized regional model (ASTRAP) or its reduced
form in TAF (source-receptor matrices). The effect of
frequent nocturnal decoupling of elevated emissions
from the surface, which we believe to be the most
critical effect of NOX emission height on source-receptor
relationships, is simulated through ASTRAP in a one-

cfimensionalvertical integration in specified typical
seasonal conditions in 13 layers to 3.2 km, in whii
diffusion, dry deposition, linear chemicaf
transformation, and escape to the free troposphere of
normafiied emissions within each of the lowest six
layers (to 0.8 km) in turn are simulated. The em”~ion
field is afso gridded horizontally and vertically in the
same six layers for each state and province. When the
statistics from the vertical integration, trajectory
statistics (including wet deposition) and the emission
field are combined, the concentrations and deposition
from the surface layer emissions can be kept

computationally separate from the concentrations and
deposition from elevated emissions, and thus source-
receptor matrices can be produced separately for
surface emissions and elevated emissions. The effects
of vertical wind shear in producing differing pollutant
transport as a function of emission height are not
treated in this approach, and the effects of differing
atmospheric chemistry are treated only in a crude
empirical fashion in which reaction rates are faster in the
lowest layers during the first model time increment.
Thus, we expect that a TAF assessment would
somewhat underestimate the actual sensitivity of NOX
concentrations and deposition to NOX emission height.

An important issue in regard to assessing the
sensitivity effects of emission height (or most other
source factors) is that the sensitivity for a single source
tends to be greater (in a relative sense) than the
sensitivity for many sources combined. This is because
when many sources are modeled in the same

calculation, a receptor tends to be in the near-field
region of some sources and in the far-field region of
others, and thus to some extent the sensitivity to
emission height cancels out.

By replacing the existing NO, source-receptor
matrices, calculated for the combined effect of the 1985
vertical distribution of sources with matrices for surface
sources and elevated sources in turn and rerunning
TAF, we can put some bounds on the potential
importance of emission height of NOX emission controls.
TAF calculates the concentrations and deposition
averaged across each state and for a set of sensitive
receptors, from which we select two receptors for
illustration. As shown in Figure 6, assuming that all
emissions are from surface sources leads to minima in
predicted wet deposition, because there is more initial
dry deposition everywhere. Conversely, assuming that
all emissions are elevated sources maximizes wet
deposition. The effect on dry deposition is more
complex, as expected. Indiana, in the heart of the Ohio
River Valley emission region, has a maximum of dry
deposition when all emissions are treated as surface
sources and a minimum when all emissions are treated

as elevated sources. In the Adirondacks, on the other
hand, the dry deposition variations among the scenarios



are relatively small, presumably because the near-
source effects of Montreal and New York City-Albany
are opposite to the far-source effects of the Ohio River
Valley and other major source regions.

4. MODEL VERIFICATION EXAMPLE

It is highly desirable to compare the results of any
model with observations. The current TAF makes
calculations at 5-year intewals beginning in 1980 and
extending out to 2030. Thus, most of the model results
are for future conditions and cannot yet be evaluated.
However, the simulations for 1980-1995 can be
compared with observations, when those observations
exist, as a means of estimating model reliability for
future conditions. An example of such backcasting for
wet deposition of sulfate is shown in Figure 7. Obsewed
trends in CONCDEP, where CONCDEP is the
combination of unitless normalized trends in annual
precipitation-weighted concentrations (PWCS) of sulfate
and wet deposition of sulfate (Shannon, 1997) are
compared for two multi-state regions with the normalized
trends calculated in TAF for representative sites within
each region. (Precipitation anomalies such as droughts

tend to have opposite short-term effects on PWCS and
wet deposition, so averaging the terms reduces
meteorological variability.) From this small sample two
points are made. First, there is excellent agreement
between TAF simulations and analysis of monitoring
data in this comparison. Second, there is more
variability in observed data among regions than in
simulated deposition among receptor sites. This
difference in variability results because the
observations still contain some effects of specific
meteorological variability occurring during the four years
of record. Climatological variability is parameterized in
TAF as a contributor to uncertainty, but not the
variability of any specific year.
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Figure 6: Comparison of summer NOX-N wet and dry

deposition calculated for 1985 emissions with different

assumptions about the height of emissions embodied in
the source-receptor matrices.
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