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Accountability Assessment
(Health Effects Institute (2003))

“Evaluating the extent to which air quality regulations
improve public health is part of a broad effort–termed
accountability–to assess the performance of all
environmental regulatory policies.”
• “... taking regulatory and other actions... tracking

their consequences so that efforts can be redirected as
indicated by subsequent evidence.”

AKA Health impact analysis, health outcomes analysis, policy evaluation,
intervention analysis, . . .
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Chain of Accountability
(from the Health Effects Institute)

ii

HEI Communication 11

effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.
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Question # 1
Effects of pollution

What are the “health effects” of exposure to air pollution?

• What is the concentration-response (C-R) relationship
• Is the relationship causal?
• A central question to epidemiology for decades

Relevance for Evaluating Policies

• Question is not about any policy per se
• Motivates policies
• Answer can imply health benefits of polices
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Question #1 on the
Accountability Chain

Most statistics/epidemiology/toxicology lies at the end of the
chain:

ii

HEI Communication 11

effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

Most Statistics/Epidemiology
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Question #2
Effects of policies

What are the “health effects” of a policy (or intervention or
action)?

• To what extent did a policy cause health improvements?
• Which effects can be attributed to which policies?
• Which policies are most effective?

Relevance for Evaluating Policies

• Explicitly addresses effectiveness of policies
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Question #2 on the
Accountability Chain

Directly evaluate the health impact of the policy:

ii

HEI Communication 11

effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.
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Highlight the Distinction
between two different (but good!) questions

Question #1
What are the “health effects” of pollution exposure?
• Most epidemiology focuses here
• Many remaining challenges!

Question #2
What are the “health effects” of a specific policy or
intervention?
• Less focus here
• Many remaining challenges!

Different questions↔ Different challenges↔ Different
methods
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The “Classical” Paradigm of
Causality

(e.g., Bradford Hill Criteria)

Is the pollution↔ health relationship causal?
• Synthesize available evidence of association
• Place along a continuum of causality

• E.g., EPA Integrated Science Assessments classify
evidence as: causal, likely causal, suggestive of causal,
inadequate to infer causal, not likely causal

• More rigor↔ more likely “causal”
• More confidence in a causal relationship⇒ more useful

for characterizing policy impacts
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The “Potential-Outcomes”
Paradigm of Causality

• Causal effects defined as consequences of specific
actions

• “Cause” ≡ something that either happens or does not
• “Effect” ≡ consequence of that cause

• Typically relies on estimating would have happened
without the policy

• “Counterfactual scenarios”

• Knowing “the counterfactual” characterizes the effect of
the policy

• More appropriate for direct policy evaluation
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Methods

Predicting the Counterfactual
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“Counterfactual Scenario”

Familiar Idea:
Attributing changes in air quality and health to a policy
requires knowledge of:
(1) What did happen following the intervention

• Or what is expected to happen
(2) What would have happened without the intervention

• Or under some alternative action
• “The Counterfactual”

(1) + (2)⇒ Policy Impact

The most fundamental differences among methods for
accountability assessment pertain to how the

“counterfactual” is obtained
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How to Obtain the
Counterfactual

The task of learning about what would have happened
depends on:
• Which links in the chain are of interest
• Type of policy or intervention
• Time-frame of interest
• Spatial/temporal features of the policy
• What data are available
• Prospective vs. retrospective evaluation
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Short-Term, Localized Policy
Think: Dublin Coal Ban, Clancy et al 2002

For personal use. Only reproduce with permission from The Lancet Publishing Group.

Poisson regression coefficient minus one multiplied by
100. We did statistical analyses with SAS version 7 (SAS
Institute, Cary, NC) and S-Plus 4.5 (MathSoft,
Cambridge, MA). 

Role of the funding source
The sponsors of this study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
Mean black smoke concentrations were highest in winter
(table 1). A substantial reduction in black smoke
concentrations was seen after the ban on sale of coal on 
Sept 1, 1990 (figure 1). Overall, mean black smoke
concentration fell by about two-thirds after introduction of
the ban on coal sales (table 1). This concentration declined
in all months, but the largest fall was noted in winter.
Sulphur dioxide concentrations were also higher in winter
than in other seasons (table 1) and gradually declined over
time (figure 1). Mean concentrations of sulphur dioxide
dropped by a third after the ban on coal sales (table 1), with
a reduction in concentration seen in all seasons. No
difference in mean temperature was noted before or after
the ban on coal sales, but mean relative humidity was
significantly lower before than after the ban (table 1).

Mean age-standardised total (non-trauma) death rates
differed by season, with highest death rates in winter;
slightly lower total death rates were noted after the ban of
coal sales (figure 2, table 2). Age-standardised total non-
trauma death rate was 9·41 (95% CI 9·28–9·53) per 1000
person-years before the ban compared with 8·65
(8·54–8·77) after the ban (table 2), a difference of 0·75 per
1000 person-years (p<0·0001). The largest decrease was
noted in winter (table 2).

ARTICLES
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weighted by the fraction of the 1991 Irish census
population in that age-group, separately for all ages and for
ages 0–59, 60–74, and 75 years and older. We estimated
annual numbers of deaths as the age-standardised death
rates multiplied by the 1991 Dublin census population. 

Epidemics of respiratory disease (influenza) produce
excess deaths that can vary between years. There is not a
surveillance system for such epidemics in Ireland. We
empirically identified epidemics of respiratory disease as
periods in which the 14-day moving average of influenza
plus pneumonia deaths for the entire country was above
the 95th percentile. Five epidemics were identified during
the 12-year study (March 1985; February to March 1986;
December, 1989, to January, 1990; November, 1993; and
December, 1995, to January, 1996). We compared these
periods with influenza periods identified from surveillance
data from the UK.

Death rates can also change because of secular changes
in social or health-care systems or population changes in
personal habits that are not captured by population,
climatic, and epidemic data. We therefore controlled for
unmeasured secular changes by adjustment of directly age-
standardised total and cause-specific death rates for the
rest of Ireland, excluding Dublin County Borough and the
surrounding Dublin County. 

We assessed the effect of the ban on coal sales on
population-standardised death rates as an interrupted time
series,9 adjusting for time-varying covariates. We regressed
the log of age-standardised Dublin death rates on an
indicator of the post-ban period, adjusting for mean
temperatures on the same day and the mean of the
previous 5 days, mean relative humidity on the same and
previous days, indicators of day of week and respiratory
epidemics, and directly standardised death rates in the rest
of Ireland, in a robust generalised linear model assuming a
Poisson distribution. We constructed and assessed models
separately for total (non-trauma), cardiovascular,
respiratory, and other causes of death. We expressed the
effect of the ban as percentage change compared with
expected deaths, calculated as the exponential of the

1984–90 1990–96 Change p

Black smoke (!g/m3)
Autumn 62·4 18·3 –44·1 <0·0001
Winter 85·4 21·5 –63·8 <0·0001
Spring 39·6 10·9 –28·7 <0·0001
Summer 14·4 8·2 –6·2 <0·0001
Total 50·2 14·6 –35·6 <0·0001

Sulphur dioxide (!g/m3)
Autumn 35·7 21·7 –14·1 <0·0001
Winter 40·4 24·9 –15·5 <0·0001
Spring 31·2 21·2 –10·0 <0·0001
Summer 26·3 20·7 –5·6 <0·0001
Total 33·4 22·1 –11·3 <0·0001

Temperature (°C)
Autumn 10·3 10·1 –0·2 0·24
Winter 5·8 5·6 –0·2 0·28
Spring 8·5 8·5 0·0 0·89
Summer 14·4 14·6 0·1 0·26
Total 9·8 9·7 –0·1 0·56

Relative humidity (%)
Autumn 81·7 83·7 2·0 <0·0001
Winter 81·2 84·8 3·6 <0·0001
Spring 77·7 81·1 3·3 <0·0001
Summer 79·6 79·9 0·2 0·61
Total 80·1 82·3 2·2 <0·0001

Autumn=September–November; winter=December–February;
spring=March–May; summer=June–August.

Table 1: Average air pollution and weather characteristics for
72 months before (1984–90) and after (1990–96) ban of sale
of coal in Dublin, by season
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Figure 1: Seasonal mean black smoke (upper) and sulphur
dioxide (lower) concentrations, September 1984–96
Vertical line shows date sale of coal was banned in Dublin County
Borough. Black circles represent winter data.

For personal use. Only reproduce with permission from The Lancet Publishing Group.

ARTICLES

1212 THE LANCET • Vol 360 • October 19, 2002 • www.thelancet.com

No difference in age-specific total non-trauma death rates
was recorded after the ban. Total non-trauma deaths
decreased from 1·68 to 1·54 per 1000 person-years (8·1%
decrease, p<0·0001) in people younger than 60 years of age,
from 29·2 to 26·7 (8·6% decrease, p<0·0001) in those aged
65–74 years, and from 105·8 to 97·8 (7·6% decrease,
p<0·0001) in those 75 years and older.

Cardiovascular diagnoses were the most frequent
underlying cause specified on death certificates (about 45%
of non-trauma deaths). Mean age-standardised
cardiovascular death rate before and after the ban on coal
sales fell by 0·58 per 1000 person-years (p<0·0001; table 2).
Cardiovascular death rates were reduced in all seasons, but
the largest reductions were in winter and spring (table 2).

Respiratory deaths accounted for about 15% of non-
trauma deaths in Dublin. Mean age-standardised
respiratory death rates before and after the ban decreased by
0·22 per 1000 person-years (p<0·0001; table 2). The largest
reductions in respiratory death rates were also in winter and
spring (table 2).

All other deaths (total non-trauma minus cardiovascular
and respiratory deaths) accounted for about 40% of the
total. The age-standardised death rate for these deaths had a
much reduced seasonal pattern (figure 2, table 2). Age-
standardised death rates for other causes rose by 0·05 per
1000 person-years after compared with before the ban
(p=0·03; table 2). 

Table 3 presents percentage change in age-standardised
deaths in Dublin after compared with before the ban. After
adjustment of age-standardised Dublin death rates in robust
Poisson regression for temperature, humidity, day of week,
respiratory epidemics, and death rates in the rest of Ireland,
the estimated effects of the ban were reduced but still
significant for non-trauma death rates compared with the
unadjusted change. Similarly, slightly smaller adjusted
effects of the ban were noted for cardiovascular death rates
and respiratory death rates (table 3). As in the unadjusted
analysis, we noted a small increase in adjusted age-
standardised death rates for other causes. We also recorded
a small reduction in estimated effect of the ban compared
with unadjusted changes within age group (table 3). Thus,
climatic factors, respiratory epidemics, or secular changes in
death within Ireland did not explain the noted differences in
death rate before compared with after the ban on coal sales.

An average 5042 non-trauma deaths per year (adjusted to
the 1991 Irish population) were recorded before the ban
compared with 4639 after, that is 403 fewer deaths per year.
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Figure 2: Seasonal mean directly standardised death rates in
Dublin, September 1984–96
Vertical line shows date sale of coal was banned in Dublin County
Borough. Black circles represent winter data.

1984–90 1990–96 Change p

Deaths per 1000 person-years
Non-trauma

Autumn 8·73 8·54 –0·19 <0·0001
Winter 11·03 9·88 –1·15 <0·0001
Spring 9·49 8·66 –0·83 <0·0001
Summer 8·40 7·56 –0·85 <0·0001
Total 9·41 8·65 –0·75 <0·0001

Cardiovascular
Autumn 4·01 3·67 –0·34 <0·0001
Winter 5·18 4·47 –0·71 <0·0001
Spring 4·41 3·71 –0·69 <0·0001
Summer 3·89 3·29 –0·59 <0·0001
Total 4·37 3·78 –0·58 <0·0001

Respiratory
Autumn 1·11 1·09 –0·02 0·51
Winter 2·00 1·55 –0·44 <0·0001
Spring 1·49 1·16 –0·33 <0·0001
Summer 0·93 0·83 –0·10 0·049
Total 1·38 1·16 –0·22 <0·0001

Other
Autumn 3·61 3·78 0·17 0·0007
Winter 3·86 3·87 0·01 0·95
Spring 3·58 3·78 0·20 <0·0001
Summer 3·59 3·43 –0·16 0·0009
Total 3·66 3·71 0·05 0·031

Autumn=September–November; winter=December–February;
spring=March–May; summer=June–August.

Table 2: Age-standardised mortality rates for Dublin County
Borough before (1984–90) and after (1990–96) ban of sale of
coal, by season
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would emissions have been without the ban?
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would AQ have been without the ban?
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would health have been without the ban?
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Think: Evaluating the Clean Air ActThe Benefits and Costs of the Clean Air Act fron 1990 to 2020 
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FIGURE 1-1.  CLEAN AIR ACT SECTION 812 SCENARIOS: CONCEPTUAL SCHEMATIC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. An historical, "with-CAAA" scenario control case that reflects expected or likely 
future measures implemented since 1990 to comply with rules promulgated 
through September 20051; and 

2. A counterfactual “without CAAA” scenario baseline case that freezes the scope 
and stringency of emissions controls at their 1990 levels, while allowing for 
changes in population and economic activity and, therefore, in emissions 
attributable to economic and population growth. 

The Second Prospective analysis required locking in a set of emissions reductions to be 
used in subsequent analyses at a relatively early date (late 2005), and as a result we were 
compelled to forecast the implementation outcome of several pending programs.  The 
most important of these was the then-promulgated Clean Air Interstate Rule (CAIR), 
which took major steps to further reduce SOx and NOx emissions from electric 
generating units.  The rule has subsequently been vacated, and then remanded; EPA is 
currently considering a proposed rule to modify areas identified by the court as 

                                                      
1 The lone exception is the Coke Ovens Residual Risk rulemaking, promulgated under Title III of the Act in March 2005.  We 

omitted this rule because it has a very small impact on criteria pollutant emissions (less than 10 tons per year VOCs) 

relative to the overall impact of the CAAA.  The primary MACT rule for coke oven emissions, however, involves much larger 

reductions and therefore is included in the with-CAAA scenario. 
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From EPA (2011) The benefits and costs of the Clean Air Act from 1990
to 2020



Quantifying
Policy Effects

Background
Accountability

Two Relevant
Questions

Methods
Paradigms of
Causality

Predicting the
Counterfactual

Use of Air Quality
Models

Use of Statistics

The Role of Data

Conclusions
Policy Implications

czigler@hsph.harvard.edu 23 / 43

Temporal Stability?
probably not . . .

Time

P
ol

lu
tio

n 
or

 H
ea

lth

Intervention

CAUSAL EFFECT

Observed (action taken)
Unobserved (no action)



Quantifying
Policy Effects

Background
Accountability

Two Relevant
Questions

Methods
Paradigms of
Causality

Predicting the
Counterfactual

Use of Air Quality
Models

Use of Statistics

The Role of Data

Conclusions
Policy Implications

czigler@hsph.harvard.edu 24 / 43

Long-Term, Regional Policy
Think: Evaluating the Clean Air Act

ii

HEI Communication 11

effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would emissions have been without the
amendments?
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would AQ have been without the amendments?
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.

What would health have been without the amendments?
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Long-Term, Regional Policies
Particularly Challenging

Parsing effects of the intervention from:
• Long-term improvements in health (e.g., due to

improvements in medical care)
• Long-term trends in AQ
• Impacts of oncurrent policies
• Weather/climate patterns
• Economic changes
• . . .

Counterfactual scenario must reflect other changes that
were not due to the policy
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effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.
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Accountability using AQ Models
E.g., as in EPA Cost-Benefits Analysis

1. AQ↔ Health Link
Use epidemiological studies to model:
• Question # 1
• “Health Effect” of any hypothetical shift in AQ

2. Intervention↔ AQ Link
Use CMAQ to model:
• Pollution under the observed regulatory scenario
• Counterfactual pollution without the 1990 Clean Air Act

Amendments
⇒ Intervention effect on AQ

1 + 2⇒ Health Impact of Policy
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Accountability using AQ Models
separates two fields

ii

HEI Communication 11

effects that may be caused by exposure to air pollution can
also be caused by other factors (some changing over the
same time periods as air pollution concentrations).

Regulatory interventions to improve air quality, espe-
cially large national programs such as the US Clean Air Act,
may not immediately affect either air quality or public
health. Once regulations are instated, changes in pollutant
emissions, ambient pollutant concentrations, and human
exposure to ambient concentrations may not be immedi-
ately or uniformly evident, and the biological processes of
injury that underlie the health effects of air pollution may
not be immediately evident. The longer the time between
promulgation of regulations and their effects, the greater the
possibility that other events may come into play and inter-
fere with isolating effects of the interventions themselves.
The level of enforcement may complicate the analysis by
extending the anticipated time between intervention and
effect. On the other hand, some interventions may produce
relatively rapid changes in air quality, the impact of which
may be measurable soon after. Recent studies of the health
effects of air quality improvement programs implemented
over short time frames in Ireland (Clancy et al 2002) and
Hong Kong (Hedley et al 2002) are examples. Rapid changes
reduce, but by no means eliminate, the possibility of con-
founding by other risk factors.

The need to measure the health impact of air quality reg-
ulations and other actions, and to improve the evidentiary
basis for assessing the effectiveness of those actions, is

clear. Whether and to what extent observational study
designs can meet these challenges is the task before us. The
inherent challenges are well documented in Communica-
tion 11, but recent advances in data collection and analytic
techniques provide an unprecedented opportunity to
improve our assessments of the impact of air quality
actions. To this end, this Communication is intended to
advance the concept of accountability and to foster devel-
opment  of  accountabil i ty methods and research
throughout the scientific and policy communities.

THE CHAIN OF ACCOUNTABILITY: A 
FRAMEWORK FOR RESEARCH AND PUBLIC 
HEALTH ACTIVITY

Future efforts to measure the impact of air quality regula-
tions will need to be based on a conceptual framework that
identifies key relations to be estimated and the resources
needed to do so. The NRC's Committee on Research Priori-
ties for Airborne Particulate Matter (NRC 1998) set out a
framework for linking air pollution sources to adverse
health effects. This framework can be used to identify indi-
cators for use in accountability assessment and leads to des-
ignation of the chain of accountability, which parallels the
links from sources to health effects (Figure 1). The connec-
tions between the links correspond to typical points at
which quantitative measures of accountability are possible.

Chain of accountability. Each box represents a link between regulatory action and human health response to air pollution. Arrows connecting the links
indicate possible directions of influence. Text below the arrows identifies general indices of accountability at that stage. At several stages, knowledge
gained from accountability assessment can provide valuable feedback for improving regulatory or other action.
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Notes on Combining AQ Models
+ C-R

Health impact is indirectly inferred by combining knowledge
of air quality impacts with knowledge of C-R function:
• Prospective or retrospective (+)
• Leverages sophisticated account of

chemistry/physics/atmospheric science (+)
• Relies on “literal” interpretation of C-R function (−)

• Success hinges on causal interpretation of C-R function
• Hard to acknowledge co-benefits (−)

• Including co-benefits would require knowledge of
“multipollutant” C-R function

• Assumes the C-R relationship would persist amid the
complex realities of actual regulatory implementation
(−)
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Methods

Use of Statistics
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Observed Data instead of
Modeled Predictions

• Direct accountability assessment can use observed
data on interventions, emissions, air quality, and health
outcomes

• Generally rely on statistical methods for causal
inference

• Difference-in-difference (-in difference) Analysis
• “Quasi-randomized” policies
• Propensity scores
• Marginal structural models
• Causal inference with interference
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Accountability Using Observed
Data and Statistics

Zigler et al. (2016) estimate the health impacts of enforcing
designations of areas as “nonattainment” of the NAAQS for PM
over a ∼ 10 year period

• View attainment areas as
a “control group” for the
nonattainment areas

• Use propensity scores +
statistical models to
compare outcomes in
nonattainment and
attainment areas

• Evaluate effects of
nonattainemnt on AQ
and health

Attainment
Nonattainment

n=547 Monitors
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Notes on Direct Evaluation with
Observed Data/Statistics

• Don’t necessarily rely on knowledge of intermediate
steps in the chain (+)

• Don’t need a perfect C-R function (+)
• Co-benefits/unexpected consequences can be “baked

in” (+)
• Easy to evaluate multiple outcomes (+)
• Requires detailed observed data (−)
• “Ignores” physics/chemistry/atmospheric science (−)
• Hard to incorporate pollution transport (−)
• Often relies on opportunistic study designs (−)
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Methods

The Role of Data
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Different Disciplines, Different
Data

1. “Data”

• Not measurements per se
• Modeled predictions (e.g., from AQ models)

2. Data

• Actual measurements of emissions, AQ, health, etc.

Many policy evaluations rely on (1), in part because (2) can
sometimes struggle to capture relevant complexities
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Available Data Not Always Used

From the EPA Report The Benefits and Costs of the Clean
Air Act from 1990 to 2020 (2011):

“Air pollutant emissions for...EGUs, were
estimated...through an optimization procedure that
considers costs of electricity generation, costs of pollution
control, and external projections of electricity demand to
forecast the fuel choice, pollution control method, and
generation for each unit considered in the model.”

EPA Air Markets Program maintains Continuous
Emissions Monitors that actually measure emissions from
power plants!
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Data Sources Constantly
Improving

Increasingly able to capture complexity

• Emissions
• Continuous emissions monitors for power plants
• Remote sensing based emissions inventories

• Air Quality
• Ambient monitoring data
• Remote sensing measurements
• Data “fusion”

• Health outcomes
• Administrative data (e.g., hospital billing data)
• Health registries

Actual observed measurements can increasingly capture
the complexity of regulations, emissions, AQ, weather, etc.
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Conclusions

Policy Implications
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Increased Focus on Direct
Policy Evaluation

• “Health Effects of Pollution” 6= “Health Effects of
Policies”

• Different questions, different challenges, different
methods

• Increased focus on effectiveness of specific actions
• Complement evidence derived from C-R relationships

• Best available tools from a variety of scientific
disciplines

• Statistics + Epidemiology + Econometrics +
Atmospheric Science + . . .

• Increasingly rich data sources

• Best possible evidence of the consequences of air
quality policies
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Thank You!
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