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A B S T R A C T

This paper reviews the effectiveness of traffic management strategies (TMS) for mitigating
emissions, ambient concentrations, human exposure, and health effects of traffic-related air
pollution in urban areas. The objective is to summarize the evidence base for a range of mod-
erate-scale strategies broadly relevant to municipal and regional government decision-making. A
systematic literature search was carried out to identify empirical studies of TMS effects on
emissions, air quality, exposure, or health. Identified studies were reviewed to assess the state of
evidence that TMS can improve urban air quality and pollution-related health outcomes for
exposed populations. Overall, the evidence base is weak for these effects. There is limited evi-
dence of effects on emissions for 7 of the 22 studied strategies, and limited evidence of effects on
air quality for 2 of the strategies: area road pricing and low emission zones. Insufficient evidence
exists for all other TMS and effects. Existing evidence suggests that aggressive area-based TMS
such as low emission zones are needed to generate substantial air quality benefits, and that TMS
must be implemented with care to avoid unintended detrimental and rebound effects. The evi-
dence base is limited by a lack of ex post evaluations of implemented strategies, lack of eva-
luation of exposure and health impacts, small intervention effects relative to the influences of
other factors, and insufficient evaluation of spillover and indirect effects. Evolving vehicle fleets
add further uncertainty to the long-range effects of TMS on air quality. Effects of TMS on mea-
sured population exposure and public health outcomes have not been well-studied. An evidence-
based approach to transportation systems planning necessitates additional resource allocation to
ex post evaluations and performance monitoring for air quality impacts of traffic management
strategies.

1. Introduction

On-road motor vehicles are a major source of air pollution in cities. There is a large and long-established body of literature
demonstrating substantial negative health effects for urban populations exposed to traffic-related air pollution. In addition, our
knowledge about the health impacts of exposure to certain components of motor vehicle emissions is still evolving, especially for
small particles and toxic compounds. Various efforts are underway in urban areas around the world to mitigate the impacts of traffic-
related air pollution. Those efforts are typically focused on development and deployment of new vehicle and fuel technologies and on
management of traffic and travel activity. Through decades of efforts, substantial reductions in vehicle emission rates have been
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achieved in some countries, largely through vehicle and fuel regulations and technology development. However, traffic-related air
pollution still poses a substantial public health risk in many cities around the world, including in North America where emissions
rates have decreased dramatically (Beelen et al., 2014; Brauer et al., 2012; Cheng et al., 2016; Denier van der Gon et al., 2013;
Grigoratos and Martini, 2015; Health Effects Institute, 2010; Lelieveld et al., 2015; McDonald et al., 2013; Moussa et al., 2016; Pascal
et al., 2013; U.S. U.S. Environmental Protection Agency, 2015).

This paper reviews the effectiveness of traffic management strategies (TMS) for mitigating emissions, ambient concentrations,
human exposure, and health effects of traffic-related air pollution in urban areas. The objective of this paper is to summarize the
evidence base for a range of moderate-scale strategies broadly relevant to municipal and regional government decision-making,
particularly in the North American context. From the perspective of a city or region seeking direct and immediate action to reduce
traffic impacts on air quality, only a subset of potential mitigation strategies is available or viable within typical governance
structures. Examples include vehicle operating restrictions, road pricing, traffic operations improvements, traffic calming, and soft
measures such as the promotion of active transportation and carpooling. TMS that involve extensive capital investments, such as new
transit lines or roadways, are beyond the scope of the review, as are strategies focused on vehicle and fuel technology (e.g. vehicle
and engine emission regulations), which are typically implemented at higher levels of government and affected by broader economic
and technical factors.

A systematic literature search is carried out to identify empirical studies of TMS effects on emissions, air quality, exposure, or
health. Identified studies are reviewed to characterize the state of evidence that TMS can improve urban air quality and pollution-
related health outcomes. Knowledge gaps, methodological issues, and implications for practice and research are discussed.

1.1. Traffic management strategy categorization

The categorization of TMS in this review (Table 1) is distilled from taxonomies of Travel Demand Management (TDM) strategies,
Transportation Control Measures (TCM), Congestion Mitigation and Air Quality Improvement Program (CMAQ) projects, and other
relevant analyses (Adler et al., 2012; Battelle and Texas Transportation Institute, 2014; Cambridge Systematics, 2009; Hitchcock
et al., 2014; Hodges and Potter, 2010; ICF International, 2006; Litman, 2003; U.S. U.S. Environmental Protection Agency, 2011a, b).
Inevitably, there is some potential for strategies to cross over multiple categories. In addition, the following strategies are beyond the
scope of the review and so excluded from the categorization: large infrastructure projects such as new transit lines and roadways, new
vehicle and fuel technologies, new transportation services and sub-systems such as bike-share car-share systems, anti-idling infra-
structure such as truck stop electrification, land use planning, shielding strategies to reduce exposure such as noise and vegetative
barriers, as well as strategies not within the scope of direct action by municipal and regional governments (e.g. fuel prices).

1.2. Principal effects pathways

The principal effects pathways through which TMS can lead to pollution-related health effects are illustrated in Fig. 1. Only effects
within the scope of this review are illustrated, so pathways such as health effects through changes in physical activity resulting from
travel mode choices and access to healthcare are excluded (Brown et al., 2017; Neutens, 2015). TMS can influence travel activity (the
number of trips generated and their distribution in space and time), travel mode choices (principally single-occupant vehicles versus
multi-occupant vehicles, public transit, or non-motorized modes), vehicle speeds (including speed dynamics such as accelerations and

Table 1
Categorization of traffic management strategies used in this review.

Operating restrictions & pricing RCP Road, congestion and cordon pricing: tolling, distance pricing, or pricing based on time-of-day or congestion levels
LEZ Low/zero emission zones and eco-zones: pricing or restrictions based on emissions status of vehicles
VOR Vehicle operating and access restrictions: by zone, time-of-day, or route
PKM Parking management: supply and pricing strategies

Lane management HOL High occupancy vehicle (HOV), High Occupancy Toll (HOT), and eco-lanes
TBL Truck and/or bus lanes
LCC Lane capacity changes (road diets, peak shoulder running)

Speed management LSL Lower speed limits
VSL Variable speed limits
SCD Speed control devices: traffic calming such as humps, chicanes, micro-roundabouts
SED Speed enforcement devices & programs
ED Eco-driving, eco-routing (not requiring significant new technology)

Traffic flow control RM Ramp meters
ETC Electronic toll collection
IMS Incident management systems
ICD Intersection control device: roundabout, signal, stop signs, etc.
TST Traffic signal timing: signal coordination, adaptive signal systems, transit signal priority, etc.

Trip reduction strategies SRP Shared-ride programs: carpool/vanpool/rideshare programs, incentives, and services
EP Employer programs for trip reduction: flex-time, telework
TI Transit improvements: pricing, service quality, etc.
PBF Pedestrian and bicycle facilities: roadway & trip-end facilities
OM Outreach & marketing (to reduce auto use)
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idling, influenced through traffic conditions and driver behaviour), and vehicle types (including engine and fuel characteristics,
influenced through vehicle ownership, usage and maintenance decisions). There are also interactions among these effects, not il-
lustrated in the figure, such as the influence of traffic speed on mode choices.

TMS effects on emissions can then be distilled to two primary mechanisms: net changes in the total amount of vehicle kilometers
traveled (VKT) and average emissions rates (mass per VKT). VKT is primarily affected through travel activity and mode choice
modifications, while emissions rates are primarily affected through vehicle and fuel type, and speed modifications (including traffic
dynamics). Total emissions changes, then, are the product of these two factors. Changes in total emissions lead to air quality effects
through atmospheric processes, particularly dispersion and transformation, mediated by the spatial and temporal distributions of
emissions, background concentrations, emissions from other sources, and meteorology. Changes in ambient air quality lead to po-
pulation exposure effects, depending on the spatial and temporal distributions of air quality changes and population activities. Most
indirect effects of TMS are not illustrated in Fig. 1, except for the potential for changes in travel activity to lead to changes in pollution
exposure. This is particularly relevant because time spent in transportation microenvironments are often the highest-concentration
exposure periods of the day (Dons et al., 2012; Fruin et al., 2004; Weichenthal et al., 2015).

Finally, changes in air pollution exposure resulting from TMS are expected to modify air health effects for exposed populations,
mediated by numerous personal and environmental factors. For simplification, the intermediate steps of pollutant inhalation and
uptake/absorption are excluded from the illustration. However, those factors can be particularly relevant when comparing exposure
and health risks for active and non-active travel modes (Bigazzi and Figliozzi, 2014). Such an assessment would entail evaluation of
personal air pollution doses and then health effects through dose-response functions. All the reviewed literature below uses the
simpler approach of connecting environmental exposure concentrations directly to health outcomes through exposure-response
functions.

2. Existing reviews and overviews

Several existing reviews and overviews are relevant to the current work, although none directly address the state of evidence that
TMS lead to urban air quality improvements. Some reviews examine the effects of TMS on emissions, but not on air quality (ICF
International, 2006; Kalra et al., 2012; Porter et al., 2010; U.S. U.S. Environmental Protection Agency, 2011a). Several of the reviews
only address greenhouse gas (GHG) emissions. There are differences in how traffic and vehicle dynamics can affect GHG emissions
compared to local non-GHG air pollutant emissions. For example, fine particulate matter and hydrocarbon emission rates can be more
sensitive to traffic congestion than GHG emissions (Bigazzi and Figliozzi, 2012). Thus, effects of traffic management on emissions of
GHGs are likely to be different from effects on local air pollutants.

Porter et al. (2010) report good cost-effectiveness of speed limit reductions, traffic signal improvements, and incident manage-
ment programs for multi-pollutant emissions reductions, but poor cost-effectiveness of transit service improvements. They also find
that cost-effectiveness depends strongly on the context and implementation, and that traffic volume/demand responses to the
strategies are uncertain and may reduce the estimated emissions benefits. Insufficient information was available to evaluate many
strategies, including intersection design, traveler information, ramp metering, pricing, and managed lanes.

Hatcher et al. (2014) summarize the estimated effects of intelligent transportation system (ITS) projects using a database of 1,668
project summaries maintained by the U.S. Department of Transportation. Emissions impacts are included, but the results depend on
self-reported, modeled project outcomes, which are subject to large uncertainties. A similar report for ERTICO - ITS Europe concludes
that traffic signal improvements, variable speed limits, and parking guidance systems could generate GHG emissions reductions, but
based on very limited evidence (Pandazis and Winder, 2015).

Several broad-scale scenario studies have been conducted to evaluate the potential emissions effects of implementing traffic
management and other transportation strategies (Cambridge Systematics, 2009; Dierkers et al., 2008; U.S. U.S. Environmental
Protection Agency, 2011b). Cambridge Systematics (2009) estimates that a full set of operations and ITS improvements could achieve
less than 1% GHG emissions reduction in the U.S., while lower speed limits, eco-driving, and road pricing combined could achieve
1–4% reductions. Hodges and Potter (2010) assess several traffic management strategies, including congestion pricing and a national
55 mile/hour speed limit on U.S. highways, with estimated U.S. GHG emissions reductions of 1–3%.

A report from the U.K. reviews mitigation strategies for traffic effects on air quality, but not systematically (Hitchcock et al.,

Fig. 1. Principal effects pathways for TMS to influence traffic-related emissions, air quality, and pollution-related health effects.
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2014). The authors find that most strategies have small effects on air quality and a “comprehensive and potentially radical package of
measures will be required if real improvements in air quality are to be seen.” A recent review of freight emissions in Canada also
includes some air quality impacts, but does not provide a systematic review and addresses few traffic management strategies (ICF
International, 2015). Their findings suggest that geographic operating restrictions can be effective in reducing truck-related air
quality impacts, along with various approaches to renewing and improving the vehicle fleet.

The U.S. CMAQ program has generated a large database of projects that involve traffic management for air quality objectives, and
a series of CMAQ project evaluations with renewals of CMAQ funding (Battelle and Texas Transportation Institute, 2014; Grant et al.,
2008; Regan et al., 2009; Transportation Research Board, 2002). CMAQ project data have also been used in a meta-analysis of cost-
effectiveness for emissions reductions (Puckett et al., 2015). The most recent CMAQ program evaluation included a review of
emissions estimation methods for a sample of 72 CMAQ projects out of more than 8,000. The evaluation found that before-and-after
studies of CMAQ projects are rare and that “emissions impacts of the projects depend greatly on the accuracy of [vehicle travel]
reduction estimates, which were not always well-documented” (Battelle and Texas Transportation Institute, 2014). A reliance on self-
reported, ex ante project evaluations is a caveat to conclusions drawn from CMAQ project data.

3. Methods

3.1. Literature search

A literature search was conducted using TRID (http://trid.trb.org/), a transportation research database that integrates the
Transportation Research Board Transportation Research Information Services (TRIS) Database and the Organisation for Economic Co-
operation and Development Joint Transport Research Centre's International Transport Research Documentation (ITRD) Database,
Google Scholar (http://scholar.google.com/), and ProQuest Summon. The search terms for all three search tools were every com-
bination of [Term 1] AND [Term 2], where [Term 1] was traffic management, transportation control measure, traffic calming, traffic
signal, demand management, lane management, managed lane, pricing, parking management, congestion mitigation and air quality
improvement, CMAQ, or shar*, and [Term 2] was emissions, air quality, pollution, or health. Thus, there were 48 searches on each
tool (12 [Term 1] × 4 [Term 2]). Publication date for the searches was set at 2005-present. Based on preliminary searches, the term
“exposure” was not used due to the dominance of safety-related documents in the search results; verification searches with the term
“exposure” did not reveal any additional relevant publications. All returned documents from TRID and the first 200 documents per
search, sorted by relevance, from ProQuest Summon and Google Scholar were imported to reference management software (Zotero)
and duplicates removed. Reference lists of included documents were also searched, as well as federal agency websites in the U.S. and
Canada (Transport Canada, Environment and Climate Change Canada, the U.S. Environmental protection agency, and the U.S.
Federal Highway Administration). Online searches were executed September 30 through October 17, 2016, with additional refer-
ences added through December 7, 2016.

To be included in the final set of documents, studies had to meet all of the following criteria, adapted from (Brown et al., 2015):

1. Be written in English;
2. Be a primary study, not a synthesis or review;
3. Be in the public domain, as a peer-reviewed academic journal article, a conference paper, or a government report or commis-

sioned document (i.e. the ‘grey’ literature);
4. Study effects of a TMS as categorized and scoped in Table 1;
5. Use at least some observed data (pertaining to traffic, emissions, air quality, or health) from a real-world implementation of a

TMS;
6. Present results (modeled or measured) on changes in fuel consumption, pollution emissions, air quality, pollution exposure, or

health attributable to the TMS.

The online search returned 19,596 raw hits that were distilled to 5,841 unique documents in the reference management software.
A citation and title review of all these documents identified 583 relevant documents. Another 32 were added from other sources to
yield 615 documents for full-text extraction and review. Of these 615 documents, 65 were ultimately selected for inclusion in the
review, based on the six criteria above. The 550 exclusions were due to: a TMS not implemented or no measured data, violating
criterion #5 (N = 252); no strategy assessed (N = 49) or an out-of-scope strategy (N = 85), violating criterion #4; overview or
review documents, violating criterion #2 (N = 64); no evaluation of pollution-related effects, violating criterion #6 (N = 56); and
other issues, including criteria #1 and #3 (N = 44). Inclusion/exclusion status for all 615 full-text reviewed documents, grouped by
TMS, is given in Table S1 in the Supplementary Material.

The document selection process can be summarized as follows:

• Raw hits from database search: 19,596
○ Duplicates removed: 13,755

• Citations examined for relevance: 5,841
○ Excluded as not a relevant study: 5,258
○ Added from other sources: 32

• Full text retrieved and reviewed: 615
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○ Excluded as not meeting all six criteria: 550

• Included in final review summary: 65

3.2. Evaluation of TMS effectiveness

A weight of evidence approach is used to assess whether the available information is sufficient to evaluate the air quality benefits
of TMS. Table S2 in the Supplementary Material gives the full TMS evaluation criteria and scales. The weight of evidence for
emissions, air quality, exposure, and health benefits is evaluated using Weight of Evidence Levels (WEL) developed from previous
reviews, particularly (Health Effects Institute, 2010):

1. Sufficient Evidence of an Effect
Evidence is sufficient to conclude that there is a positive effect of implementing the TMS on the identified outcome. This level may
be met if several studies that are free of bias and confounding show a consistent significant association, and there are also studies
reporting intermediate effects that support the existence of an effects pathway.

2. Limited Evidence of an Effect
Evidence is suggestive of an effect of the TMS on the identified outcome but is limited because chance, bias, and confounding
cannot be confidently ruled out. This level may be appropriate if there are few studies, the results are not consistent among
studies, and/or the effects pathway is not clear.

3. Insufficient Evidence of an Effect
The available studies provide insufficient or substantially inconsistent evidence as to the effect of the TMS on the identified
outcome. This level of evidence indicates a lack of adequate information, not necessarily a lack of a real effect (van Erp et al.,
2012).

4. Limited Evidence of No Effect
Several studies with adequate controls and scope show no association between implementation of the TMS and the identified
outcome. The suggested lack of effect is limited to the context and conditions of those studies. It is still possible that the TMS may
have an effect in other applications.

The WEL are assigned based on the reviewed studies. Additional evaluation criteria including expected magnitude of effects,
implementation issues, cost effectiveness, and ancillary effects are based on the reviewed studies, existing review documents de-
scribed in Section 2 above, and additional literature.

4. Results

4.1. Literature search results

Fig. 2 categorizes documents that were full-text reviewed by studied TMS and inclusion/exclusion status. Of the 615 full-text

Fig. 2. Number of full-text reviewed documents by TMS and inclusion/exclusion status.
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reviewed documents, Fig. 2 shows only the 336 that address single in-scope TMS; the remaining 279 documents address multiple TMS
(180) or no in-scope TMS (99). The most frequently-studied TMS use pricing, engineering (intersection control devices and traffic
signal timing), behavioural (eco-driving), and policy (speed limits) approaches. The importance of criterion #5 (use at least some
observed data from a real-world implementation of a TMS) is a major exclusion factor for most TMS. Excluding studies that relied
solely on modeling simulations reduces the number of documents by more than half for most TMS. Outreach and marketing, a purely
behavioural approach, is a notable exception. Operations and infrastructure-oriented strategies such as transit improvements, pe-
destrian and bicycle facilities, ramp meters, electronic toll collection, incident management systems, intersection control devices, and
traffic signal timing are particularly lacking in empirical studies. Methodological issues with simulation studies of air quality effects
are discussed below.

The 65 documents included in the final review are categorized in Table 2 by field of study based on publication source. Table 3
gives the number of final review documents by field and by their use of measured, modeled, or no data for the assessment of traffic,
emissions, air quality, and exposure outcomes. The included studies are dominated by transportation (46%) and environmental
science (31%) fields. Most studies (75%) use measured traffic data, especially in transportation, as could be expected. Emissions data
are also used in most studies (65%), more often modeled than measured by a factor of 5. Air quality data are used in slightly fewer
studies (60%), more often measured than modeled by a factor of almost 3. These differences in techniques reflect the high cost and
complexity of directly measuring on-road emissions (Ropkins et al., 2009) and the existence of already-established traffic and air
quality monitoring programs in most major urban areas in developed countries. Exposure is infrequently assessed (6% of studies) and
only modeled. Many studies in the broader literature have used directly-measured personal exposure data for traffic-related air
pollutants (Health Effects Institute, 2010; Kaur and Nieuwenhuijsen, 2009), but not studies assessing the effects of TMS explicitly.
Much of the personal exposure literature examines differences in exposure by travel mode as opposed to effects of system inter-
ventions.

Table S3 in the Supplementary Material expands on Table 3 by giving the number of final review documents by TMS, field, and
utilization of traffic, emissions, air quality, and exposure data. Operating restrictions and pricing strategies (other than parking
management) have been the focus of most Economics, Health, and General studies. Environmental science studies have also focused
on operating restrictions and pricing strategies, as well as lower speed limits. Transportation studies have focused on speed man-
agement and flow control strategies as well as low emission zones. Pricing, operating restrictions, low emission zones and lower speed
limit strategies are frequently studied with traffic and air quality data, whereas most other studies only assess effects on emissions.
Exposure assessments are rare, and mostly limited to studies of pricing and low emission zones.

Table 2
Studies included in the final review.

Field (based on publication source) Documents

Transportation (Ahn et al., 2009; Alam et al., 2014; Barth and Boriboonsomsin, 2009; Bel et al., 2015; Blake, 2008; Cascetta et al.,
2010; Chen et al., 2012; Chong-White et al., 2012, p.; Chou et al., 2010; Chu, 2015; Coelho et al., 2005; Day et al.,
2011; Ellison et al., 2013; Fernandes et al., 2016; Garcia-Castro et al., 2014; Hallmark et al., 2011; Herzog et al.,
2006; Hu et al., 2014; Innamaa and Penttinen, 2014; Jazcilevich et al., 2015; Joy and Schreffler, 2015; Kendrick
et al., 2014; Koenders et al., 2012; Malina and Scheffler, 2015; Nelson et al., 2007; Percoco, 2013; Rotaris et al.,
2010; Strömberg and Karlsson, 2013; Sun et al., 2014; Xu et al., 2013)

Environmental science (Atkinson et al., 2009; Baldasano et al., 2010; Barratt et al., 2007; Beevers and Carslaw, 2005; Boogaard et al., 2012;
Cai and Xie, 2011; Dijkema et al., 2008; Ferreira et al., 2015; Invernizzi et al., 2011; Johansson et al., 2009; Keuken
et al., 2010, 2012; Norman et al., 2016; Owen, 2005; Panteliadis et al., 2014; Qadir et al., 2013; SLB Analysis, 2006;
Titos et al., 2015; Wang et al., 2010; Yao et al., 2013)

Economics and public policy (Asensio et al., 2014; Castillo-Manzano et al., 2014; Davis, 2008; Fontes et al., 2015; Gallego et al., 2013; Peters and
Kramer, 2005; Teague et al., 2015; Wolff, 2014)

Health (Burman and Johansson, 2010; Cesaroni et al., 2012; Fensterer et al., 2014; Rich et al., 2015; Tonne et al., 2008)
General (Ma and He, 2016; Morfeld et al., 2014)

Table 3
Number of final review documents by field and utilization of traffic, emissions, air quality, and exposure dataa.

Traffic data Emissions data Air quality data Exposure data

Field of study Total Msr Mod NA Msr Mod NA Msr Mod NA Msr Mod NA

Transportation 30 27 2 1 5 19 6 6 0 24 0 0 30
Environmental science 20 15 0 5 0 11 9 14 4 2 0 2 18
Economics & public policy 8 4 0 4 2 2 4 4 4 0 0 0 8
Health 5 3 0 2 0 3 2 3 2 0 0 2 3
General 2 0 0 2 0 0 2 2 0 0 0 0 2
Total: 65 49 2 14 7 35 23 29 10 26 0 4 61

a Msr (measured data used in the analysis), Mod (modeled data used in the analysis), NA (not assessed in the study).
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4.2. TMS evaluation results

Table 4 gives the results of the TMS evaluations; details of all evaluations are given in the Supplementary Material. The WEL for
exposure and health effects is Insufficient for all TMS. Four studies made coarse estimates of exposure, but no studies measured
exposure, and only one measured health outcomes. Many more studies included air quality evaluations, but no strategies are con-
sidered to have Sufficient empirical evidence of an effect on air quality due to various limitations. There is Limited evidence of an
effect on air quality for two TMS: area road pricing and low emission zones. Evidence for air quality effects of all other TMS is
Insufficient. Evidence for emissions effects is stronger, with 7 TMS having Limited evidence of an effect; evidence of emissions effects
for the other 15 TMS is Insufficient. Sufficient evidence was not found for any of the reviewed TMS effects. Methodological issues in
the studies that limit the evidence base are discussed in the next section.

The magnitude of expected emissions and air quality improvements associated with TMS is generally small (< 10%) when it
could be assessed (Table 4 and Table S2 in Supplementary Material). The more restrictive operations and pricing strategies (road,
congestion, and cordon pricing, low emission zones, and vehicle operating and access restrictions) and intersection control devices
show greater potential. Nonetheless, the TMS with potentially medium or large magnitude of benefits (> 10%) are associated with
higher cost and complexity of implementation and lower cost effectiveness. All 22 TMS have possible or likely co-benefits, often in
terms of mobility and safety, and 9 of them (including all those with potentially medium or large magnitude of benefits) have possible
or likely negative impacts as well.

Table 5 summarizes the main emissions effects pathways for each TMS, as illustrated in Fig. 1. Some potential trade-offs and

Table 4
TMS evaluation results.

TMS Weight of Evidence Effects and Implementation

Reduces
total
emissions

Improves
air quality

Reduces
population
exposure

Improves
health

Expected
traffic
emissions
reductions

Expected local
air quality
improvements

Cost and
complexity of
implementation

Cost
effectiveness
(air quality)

Co-benefits Risk of
negative
impacts

Operating restrictions & pricing
RCP Lim Lim/Insa Ins Ins < 50% <25% Me Me ++ +
LEZ Ins Lim Ins Ins < 50% <25% Me Me ++ +
VOR Lim Ins Ins Ins b b Hi Lo + ++
PKM Ins Ins Ins Ins < 20% NA Me Hi + +

Lane management
HOL Ins Ins Ins Ins NA NA Me-Hi Lo + –
TBL Ins Ins Ins Ins NA NA Lo-Me NA + –
LCC Ins Ins Ins Ins NA NA Me-Hi NA + +

Speed management
LSL Lim Ins Ins Ins < 20% <10% Lo-Me Hi ++ ++
VSL Ins Ins Ins Ins < 20% <10% Me Me ++ –
SCD Ins Ins Ins Ins < 20% <10% Lo NA ++ –
SED Ins Ins Ins Ins < 20% <10% Lo-Me NA + –
ED Lim Ins Ins Ins < 20% NA Lo Hi + –

Flow control
RM Ins Ins Ins Ins NA NA Me-Hi NA ++ +
ETC Ins Ins Ins Ins NA NA Me-Hi NA ++ –
IMS Ins Ins Ins Ins < 20% NA Me Me ++ –
ICD Lim Ins Ins Ins < 50% NA Hi Lo + +
TST Lim Ins Ins Ins < 20% NA Lo-Me Me ++ +

Trip reduction strategies
SRP Ins Ins Ins Ins < 20% NA Lo Lo-Me + –
EP Lim Ins Ins Ins < 20% NA Lo-Me Lo-Me + –
TI Ins Ins Ins Ins < 20% NA Me-Hi Lo-Me + –
PBF Ins Ins Ins Ins < 20% NA Lo-Me Me-Hi ++ –
OM Ins Ins Ins Ins < 20% <10% Lo Me + –

TMS– ED: Eco-driving, eco-routing; EP: Employer programs for trip reduction; ETC: Electronic toll collection; HOL: High occupancy lanes; ICD: Intersection control
device; IMS: Incident management & traveler information systems; LCC: Lane capacity change; LEZ: Low/zero emission zones, eco-zones; LSL: Lower speed limits; OM:
Outreach & marketing; PBF: Pedestrian and bicycle facilities; PKM: Parking management; RCP: Road, congestion and cordon pricing; RM: Ramp meters; SCD: Speed
control devices; SED: Speed enforcement devices & programs; SRP: Shared-ride programs; TBL: Truck and/or bus lanes; TI: Transit improvements; TST: Traffic signal
timing; VOR: Vehicle operating and access restrictions; VSL: Variable speed limits
Weight of evidence & Effects and implementation– Hi: high; Ins: Insufficient Evidence of an Effect; Lim: Limited Evidence of an Effect; Lo: low; Me: medium; NA: not
assessed due to insufficient information; ++: likely; +: possible; -: unlikely (see Section 3.2 and Table S2)

a Limited for area pricing, Insufficient for facility pricing.
b A wide range has been reported, depending on the scope of the VOR; emissions reductions from<20% to>50% and air quality improvements from<10%

to> 25%.
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offsetting effects (particularly induced demand, discussed below) are not included in the table. There is a rough balance between
strategies that reduce VKT and those that reduce emissions rates. The two strategies with limited evidence for air quality im-
provements provide both VKT and emissions rate benefits. The three strategies with potentially medium or large air quality benefits
are expected to reduce VKT, and two of them reduce emissions rates as well. Trade-offs are expected between the direct effects of both
lane capacity changes and speed control devices. These two TMS may help reduce traffic volumes, while leading to higher emissions
rates.

4.3. Methodological issues in assessing TMS effects on air quality

There are systematic differences in methods applied to assess TMS effects by field of study. Transportation studies are most often
ex ante assessments of proposed interventions (before the event, based on forecasts), and predominantly apply bottom-up modeling
chains to simulate effects of a strategy. Many transportation studies apply modeling tools widely used in transportation planning and
traffic engineering to forecast traffic conditions, and then use the forecasted traffic conditions as inputs to emissions and sometimes
air quality models. The transportation modeling tools are not primarily developed to generate inputs for emissions models, and their
accuracy in an emissions and/or air quality modeling framework is an active area of research (Ghafghazi and Hatzopoulou, 2014; Jie
et al., 2013; Smit et al., 2010). In addition, many studies use average-speed emissions models that only capture limited aspects of the
influence of traffic dynamics on emissions (Smit et al., 2008). Economics and public policy studies are more often ex post assessments
of implemented policies (after the event, based on measured performance) that use econometric/regression techniques to estimate
the effect of policy variables on measured air quality data. Environmental science studies are often a blend between the transpor-
tation and economic approaches, with some traffic and emissions modeling, as well as air quality measurements and modeling.

The following five sub-sections discuss key challenges that were identified in this review for assessing TMS effects on air quality
and health: 1) lack of implementation and ex post evaluation, 2) lack of exposure and health assessment, 3) small intervention effects
relative to the influence of exogenous factors, 4) opportunities for spillover and indirect effects, and 5) uncertain long term effects
with evolving vehicle fleets and urban systems. Additional references on methodological issues in assessing emissions and air quality
impacts of transportation strategies include Section 5 of (Battelle and Texas Transportation Institute, 2014), Appendix A of (Hodges
and Potter, 2010), and van Erp et al. (2012).

Table 5
Summary of primary emissions effects pathway elements for TMS (see Fig. 1)a.

Travel activity Travel modes Vehicle speeds Vehicle types Vehicle travel (VKT) Emissions rates (per VKT) Total emissions

Operating restrictions & pricing
RCP + + + + + +
LEZ + + + + +
VOR + + +
PKM + + + +

Lane management
HOL + + + + + +
TBL + + +
LCC + + – + –

Speed management
LSL + + +
VSL + + +
SCD + – + –
SED + + +
ED + + +

Flow control
RM + + +
ETC + + +
IMS + + +
ICD + + +
TST + + +

Trip reduction strategies
SRP + + +
EP + + + +
TI + + + + +
PBF + + +
OM + + + +

ED: Eco-driving, eco-routing; EP: Employer programs for trip reduction; ETC: Electronic toll collection; HOL: High occupancy lanes; ICD: Intersection control device;
IMS: Incident management & traveler information systems; LCC: Lane capacity change; LEZ: Low/zero emission zones, eco-zones; LSL: Lower speed limits; OM:
Outreach & marketing; PBF: Pedestrian and bicycle facilities; PKM: Parking management; RCP: Road, congestion and cordon pricing; RM: Ramp meters; SCD: Speed
control devices; SED: Speed enforcement devices & programs; SRP: Shared-ride programs; TBL: Truck and/or bus lanes; TI: Transit improvements; TST: Traffic signal
timing; VOR: Vehicle operating and access restrictions; VSL: Variable speed limits.

a effects summarized as beneficial (+), detrimental (-), or unchanged/unknown/undetermined ().
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4.3.1. Lack of implementation and ex post evaluation
Ex ante assessment of the effects of traffic management strategies on traffic conditions is challenging due to the complexity of

endogenous and exogenous factors. When this uncertainty is fed into emissions, air quality, exposure, and health impacts models,
each with their own complexities and uncertainties, the precision of simulated or forecasted impacts on air quality and health can be
less reliable. Furthermore, most simulation studies do not use stochastic approaches or quantify uncertainty, and traffic impacts on air
quality can be small relative to model uncertainty (Vardoulakis et al., 2008). Ex ante evaluations of projects by local government
agencies can be further limited by insufficient resources to model the full complexity of project impacts (Grote et al., 2016). This high
uncertainty in modeled effects of TMS-like traffic interventions presents a significant challenge for policy-making (Int Panis et al.,
2011).

Ex post evaluations are needed to build the evidence base for air quality benefits of TMS. Modeling is useful, but some “ground
truth” observation of intervention effects is also needed owing to the complex array of travel behaviours that can be impacted by
traffic interventions (Burt et al., 2010). A review of CMAQ projects found that most project analyses depended on modeling ap-
proaches alone due to the cost and complexity of field measurements (Battelle and Texas Transportation Institute, 2014). That review
revealed no before-and-after study of a CMAQ-funded project, and only ten before-and-after studies of CMAQ-eligible projects – a
small amount of ex post validation for a program with almost US$2 billion in annual funding.

4.3.2. Lack of exposure and health assessment
There has been little measurement of exposure or health impacts associated with the implementation of TMS. The broader

epidemiology and environmental health literature assesses health effects of exposure to traffic-related air pollution (Chen et al., 2017;
Health Effects Institute, 2010; Peters et al., 2013; Shah et al., 2012), but rarely the effects of transportation interventions. The
reviewed studies that do assess exposure and health impacts apply exposure response functions to ambient average concentrations
and residential population data. This approach neglects the dynamics of population activity and air quality throughout the day and
year, including the effects of some TMS on exposure through changes in travel activity (Figure 1).

Most reviewed studies that assess air quality examine criteria air pollutants for which monitoring data are readily available. Field
measurement studies are needed to determine TMS effects on other pollutants. No evidence was found for effects of TMS on ultrafine
particles, for example, which are increasingly of concern for traffic-related health impacts (Cheng et al., 2016; Knibbs et al., 2011).
Furthermore, most studies use air quality data from monitoring stations, which are generally representative of ambient regional levels
but do not fully reflect near-road exposures. Additional monitoring stations targeting near-road environments or road-impacted
environments, and close to TMS intervention sites, are necessary to measure local or street-level variations in air pollution. Moreover,
establishing stations at least a year prior to an intervention would allow for more robust pre-implementation observations.

The focus on emissions in most reviewed studies is likely due to the additional data and models required to evaluate air quality,
exposure, and health impacts. Further, the detection or identification of traffic-related health impacts, for example via epidemio-
logical studies, is inherently more complex. In addition, air quality and exposure are generally out of scope of studies that investigate
only GHG effects. Changes in fuel consumption and GHG emissions are often associated with changes in air pollutant emissions, but
do not translate to proportional changes in air quality due to atmospheric photochemical processes.

4.3.3. Small effects relative to the influence of exogenous factors
When measured air quality concentrations are used in the reviewed studies, the effects of TMS are generally small (< 10%

changes in ambient concentrations) and not always statistically significant. Measuring small impacts on air quality is challenging
given the complexity of exogenous factors also influencing traffic emissions and air quality. Major intervening factors include non-
traffic emissions sources (industry, residential heating, wildfires, etc.), vehicle fleet variability, fuel formulations, meteorology, and
more. In order to achieve measurable changes in air quality the traffic interventions must be large, but large interventions are the
least common and have the most potential confounding factors (Sun et al., 2014). The small effect size of traffic management on air
quality is likely a key factor in the WEL results in Table 4.

4.3.4. Opportunities for spillover and indirect effects
Travelers respond to transportation system interventions in many ways over varying time scales, and estimating the full breadth

of travel impacts is challenging. Similarly, analysis of the emissions effects of transportation interventions requires assessment of
many effects pathways (Wolfermann et al., 2015). For example, TMS that reduce emissions rates by mitigating congestion and
increasing speeds (e.g., via increased road capacity or ITS strategies) can be counter-acted by increased traffic volumes through
induced demand (Bigazzi and Figliozzi, 2012). Induced demand is consistently under-evaluated in traffic modeling studies and a
major source of uncertainty in TMS effects on emissions and air quality (Hodges and Potter, 2010; Kalra et al., 2012). Modeling
studies are often optimistic by reporting fixed-volume emissions effects or emissions effects per-vehicle or per-VKT. Some types of
traffic interventions are not as vulnerable to induced demand, but could have indirect effects through traffic diversion to other
facilities, such as area pricing and vehicle operating restrictions. In addition, life cycle effects, although more of an issue for GHG
emissions, can also be relevant for air quality and are another often-neglected source of uncertainty (Kolosz et al., 2013; Patey et al.,
2008). Many of the studies in this review suffer from incomplete consideration of spillover and indirect traffic effects, as discussed
further for individual TMS in the Supplementary Material.

4.3.5. Uncertain long term effects with evolving vehicle fleets and urban systems
Many health effects from exposure to traffic-related air pollution are long-term outcomes. Due to evolving vehicle fleets and urban
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systems, evidence of air quality and health impacts from past interventions might not be representative of future performance. One
example is advanced vehicle powertrain technologies such as hybrid and electric vehicles. The emissions from these types of vehicles
are less subject to the inefficiencies of congested driving, and so have less potential emissions benefits from congestion mitigation and
traffic flow improvements than conventional internal combustion engine vehicles (Bigazzi and Clifton, 2015). Thus, as the vehicle
fleet evolves, emissions benefits of TMS targeting vehicle speeds (see Table 5) might deteriorate. Similarly, a shift toward electric and
low emissions passenger vehicles would magnify the importance of strategies targeting heavy-duty vehicles (e.g., truck and bus
lanes). The advent of autonomous vehicles, too, would likely alter the potential air quality benefits from TMS targeting traffic
operations efficiency such as ramp meters, variable speed limits, and eco-driving. Modeling studies can be useful for forecasting TMS
effects in these future scenarios, but should still be supported by some empirical evidence from relevant implemented strategies.

5. Conclusions

This paper summarizes the state of evidence that traffic management strategies have provided emissions, air quality, exposure,
and pollution-related health benefits, based on ex post monitoring data. Overall, the evidence base is weak for these effects. A
previous review of the literature on traffic management and air quality in 1998 highlighted “the lack of hard evidence in terms of
changes in air quality, with most of the studies relying on modelling rather than monitoring” (Cloke et al., 1998). In the intervening
18 years, the situation has not greatly changed.

There is limited evidence of effects on emissions for seven of the studied strategies, and limited evidence of effects on air quality
for two of the strategies: area road pricing and low emission zones. Insufficient evidence exists for all other TMS and effects. The lack
of evidence for TMS effects does not indicate that TMS cannot generate air quality and health benefits (van Erp et al., 2012). Rather,
the evidence base is limited primarily by a lack of ex post (before-and-after) evaluations of real world strategies, lack of evaluation of
exposure and health impacts, small intervention effects relative to the influences of other factors, and insufficient evaluation of
spillover and indirect effects. Evolving vehicle fleets and urban systems add further uncertainty to the long-range effects of TMS on air
quality. TMS may provide air quality benefits, but these effects have not been well-studied. Effects of TMS on population exposure
and public health outcomes have generally not been characterized, particularly with measured rather than modelled data.

Existing evidence indicates that the magnitude of potential air quality benefits from TMS is likely modest, although substantial
health benefits could be generated for large populations over extended periods of time. Aggressive TMS, or combinations of multiple
smaller TMS, are needed to generate substantial air quality benefits. Road/congestion pricing and low emission zones in European
city centers appear to be moderately successful in improving air quality. The European implementations were complemented with
robust and enhanced transit services, which was likely important to their success and public acceptance. As strong area road pricing
and low emission zones have not yet been implemented in North America, the acceptability and potential efficacy of those strategies
in American or Canadian cities is unknown. Public acceptance and compliance is an issue for many of the TMS, possibly warranting
broader outreach and marketing strategies at multiple levels of government to increase public awareness and understanding of the
effects of traffic on air quality and health. Strategies should be implemented with care to avoid unintended detrimental and rebound
effects.

Although there is insufficient evidence that many of the TMS measurably improve air quality, the evidence for emissions re-
ductions is stronger, and many TMS have potential co-benefits with low risk of negative effects. Thus, approaches such as speed
management strategies and trip reduction strategies are likely worth pursuing if resources are available. Some of the TMS could also
be pursued for climate change goals (GHG reductions), with potential (yet unproven) air quality benefits.

It should be noted that there are promising approaches outside the scope of this review that can potentially generate urban air
quality and health benefits, including car-share systems (Kent, 2014; Martin and Shaheen, 2011), bike-share systems (Fishman et al.,
2015; Stuart et al., 2010; Zhou et al., 2010), and new transit systems (Castro et al., 2010; Wang et al., 2012). Alternatively, while the
focus of this review was health benefits through emissions reductions, barrier and shielding strategies can be effective in reducing
near-road exposure to traffic-related air pollution through infrastructure, vegetation, or vehicle cabin protection (Baldauf et al., 2008;
Brantley et al., 2014; Tong et al., 2016). Additionally, as stated in the Introduction, vehicle and fuel regulation and technology
development have been successful in greatly reducing emissions rates in many countries, though traffic-related air pollution is still a
public health risk (Brauer et al., 2012; Health Effects Institute, 2010; McDonald et al., 2013; U.S. U.S. Environmental Protection
Agency, 2015; von Stackelberg et al., 2013).

Robust research on the impacts of TMS on air quality, exposure, and public health is needed to fully evaluate the efficacy and cost-
effectiveness of these projects. An evidence-based approach to transportation systems planning requires resource allocation to
multiple stages of project evaluation, including ex ante modeling, pilot studies, implementation monitoring, ex post evaluations, and
ongoing performance review. The results of this review suggest an over-reliance on the first two stages of evaluation for transpor-
tation projects – particularly ex ante modeling. Long-term programs such as CMAQ and large-scale projects such as congestion pricing
zones would benefit from dedicating resources to ex post evaluations to ensure effectiveness (van Erp et al., 2012). There is also a
need for ex post case studies of smaller-scale projects that can be used as an evidence base in efforts to address localized air quality
issues, such as around schools or parks.

With increasing focus on performance-based and data-driven program delivery, there is a need for municipal and regional gui-
dance on appropriate air quality and emissions-related performance monitoring methods, particularly for calculating project-attri-
butable effects. Currently there is some consistency in emissions estimation methods, but less consistency in traffic and travel
modeling methods, particularly for induced and diverted traffic demand (Battelle and Texas Transportation Institute, 2014; Burt
et al., 2010). Among other factors, future research evaluating TMS effects on air quality and health should consider: 1) demand effects
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of strategies targeting traffic speeds, and speed effects of strategies targeting traffic demand, 2) traffic diversion effects on parallel or
alternative facilities, 3) exposure impacts of projects that affect travel/activity patterns, and 4) long-range impacts with evolving
vehicle fleets, including powertrain technologies, fuel sources, and automation.
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