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Table S1: Specific wording of the questions (number of respondents in parentheses) 

1. What is the number of disability-adjusted life years (DALYs) lost to air pollution in Utah each 
year? (9) 

2. What percentage of Utahans experience the following shortening of life because of air pollution? 
(10) 

3. What pollutants contribute most to your health burden estimates from Questions 1 and 2? (11) 
4. What health conditions contribute most to your health burden estimates from Questions 1 and 2? 

(9) 
5. What is the direct cost of air pollution to Utah’s economy? (8) 
6. What is the indirect cost of air pollution to Utah’s economy? (8) 
7. What actions would you recommend to reduce air pollution in Utah and how much could they 

reduce the health and economic costs estimated above? (13) 
 
 
Brief analysis of air quality in the 2019 and 2020 legislative sessions 

Despite the successful dissemination of the new estimates of state-level costs of air pollution, there 
were very different outcomes in the 2019 and 2020 legislative sessions. In 2019, the legislature appropriated 
a record amount of funding for air quality in Utah, investing $28 million in one-time projects such as wood 
stove conversion, electric vehicle charging infrastructure, air quality education, and a state telework 
program [1]. This investment was made possible by a revenue surplus of approximately $1 billion [2]. 
Additionally, several enforceable and funded bills were passed to regulate high-emissions vehicles, support 
public transportation, and accelerate community-level transition to renewable energy sources (Table S2). 
At the federal level, an additional $9.7 million for air quality projects was awarded by the US EPA, though 
more than half of that funding was earmarked for improvement of fossil fuel extraction infrastructure [3]. 
Many politicians and air quality advocates concluded that 2019 was a turning point likely to lead to more 
substantial changes in following years [1]. 

The outcome of the 2020 legislative session was very different. In addition to the COVID-19 crisis, a 
large tax reform package was defeated by statewide referendum at the beginning of the legislative session 
[4]. These developments eliminated discretionary spending and few of the proposed bills and resolutions 
associated with air quality were passed, except some cost-neutral or low budget legislation (Table S2). 
Approximately $10 million was appropriated for air quality, primarily to support ongoing projects. 
Additionally, the bills that were proposed were noticeably incremental (i.e. not likely to substantially alter 
the trajectory of air quality) compared with 2019 (Table S2). 

1.  Stevens, T. Legislature falls far short of governor’s goal of investing $100M to improve air quality. 
Advocates say it’s a good first step. Salt Lake Trib. 2019. 

2.  Roche, L.R. Big Utah budget surplus “too good to be true,” could mean no tax cut, lawmakers say. 
Deseret News 2019. 

3.  Winterton, S.G. EPA awards $9.7M for air quality projects in Utah. Deseret News 2019. 
4.  Wood, B. Utah Legislature repeals tax reform in pair of overwhelming votes. Salt Lake Trib. 2020. 
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Table S2. List of bills associated with air quality in the Utah legislature’s 2019 and 2020 sessions 
Year Bill Status Result* Title Policy summary 

2019 HB0139 Passed Positive Motor Vehicle Emission 
Amendments 

Increased penalties on illegal tampering with diesel engines. 
It is now a citable offense when affecting pedestrians, 
bicyclists, or other road users. 

2019 HB0353 Passed Positive 
Reduction of Single 
Occupancy Vehicles Trips 
Pilot Program 

3-year program where all UTA transportation will be free 
on certain days (about seven fare free days) 

2019 HB0411 Passed Positive 
Community Renewable 
Energy Act 

Creates mechanisms to support transition to 100% net 
renewable energy by 2030 

2019 HB0357 Passed Positive Voluntary Wood Burning 
Conversion Program 

Changed eligibility for conversion (assists more individuals 
to convert). Public campaign for best burning practices and 
effects of burning on air quality (targeting nonattainment 
areas). 

2019 HB0148 Passed Positive Vehicle Idling Revisions Highway authorities only need to give one warning citation 
instead of three to impose a fine for idling your vehicle 

2019 SB0144 Passed Positive Environmental Quality 
Monitoring Amendments 

Utah Inland Port Authority must now measure and report 
"Environmental Quality", including air quality (and 
associated impacts with air emissions). Sensor system set up 
to measure PM, O3, and NOx. 

2019 HCR002 Passed Positive 

Concurrent Resolution 
Supporting Renewable and 
Sustainable Energy Options to 
Promote Rural Economic 
Development 

Promotes continued and increased development of 
renewable energy in rural Utah 

2019 HCR003 Passed Positive 

Concurrent Resolution Urging 
the Environmental Protection 
Agency to Update Switcher 
Locomotive Emission 
Standards 

Urges EPA to develop and make more stringent emission 
standards for switcher locomotives 

2019 HCR011 Passed Positive 
Concurrent Resolution 
Encouraging the Purchase of 
Tier 3 Gasoline 

Encourages promotion and purchase of Tier 3 gasoline for 
retailers and consumers 

2019 HB0218 Passed Positive Construction Code 
Modifications 

Makes amendments to the residential building code to 
improve energy efficiency in newly-built homes 

2019 HCR005 Passed Positive 
Concurrent Resolution Urging 
Policies That Reduce Damage 
from Wildfires 

Urges the pursuit of common sense policies to improve 
forest management practices to help improve our air quality 

2019 HB0433 Passed Positive Inland Port Amendments 
Establishes renewable energy requirements and diesel truck 
emission guidelines 

2019 SCR006 Passed Positive 
Concurrent Resolution in 
Support of Advanced Nuclear 
Reactor Technology 

Encourages development of nuclear reactor technology 

2019 HB0288 Passed Positive Critical Infrastructure 
Materials 

Division of Air Quality and legislators can deny expansion 
of gravel pits if it is contrary to the DAQ's approval order 

2019 SB248 Passed Negative 
Throughput Infrastructure 
Amendments Supports development of international market for Utah coal 

2019 HB0295 Failed Negative Vehicle Emissions Reduction 
Program 

Provides incentives to replace vehicles that fail emissions 
tests 

2019 HB0413 Failed Negative 
Tax Credit for Energy 
Efficient Vehicles Provides tax credits of energy efficient vehicles 

2019 HB0098 Failed Negative Freight Switcher Emissions 
Mitigation 

Creates procedures and terms for grants issued for the 
reduction of freight switcher locomotive emissions and 
requests $2 million to help repower existing switcher 
engines in the non-attainment areas 

2019 HB0304 Failed Negative Fossil Fuels Tax Amendments Places a tax on carbon emissions 

2019 Total appropriations for air quality (approximate**) $29 million 
      

2020 HB0059 Passed Positive Tax Credit for Alternative 
Fuel Heavy Duty Vehicles 

Extends the income tax credit to 2029 for to certain 
alternative fuel heavy-duty vehicles, including electric 

2020 HB0180 Passed Positive Emission Inspection 
Revisions 

Creates an exemption for electric vehicles from emissions 
compliance fees 

2020 HB0235 Passed Positive Voluntary Home Energy 
Information Pilot Program 

Creates a committee to create rules and guidelines for a 
Voluntary Home Energy Information Pilot Program that 
will educate homeowners and sellers on home energy use 
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2020 HB0259 Passed Positive Electric Vehicle Charging 
Network 

Requires the Department of Transportation to lead in the 
creation of a statewide electric vehicle charging network 
plan 

2020 HB0396 Passed Positive 
Electric Vehicle Charging 
Infrastructure 

Requires the Public Service Commission to authorize a 
large-scale utility to establish an electric vehicle charging 
infrastructure program, specifically focused on Rocky 
Mountain Power's $50 million investment 

2020 SB0050 Passed Positive Clean Energy Act 
Amendments 

Clarifies and makes technical changes to definitions in the 
state's pre-existing commercial property assessed clean 
energy (C-PACE) program. 

2020 SB0148 Passed Positive Oil and Gas Modifications Creates an account to collect penalties from oil and gass 
industry violations to be used for remediation 

2020 SB0150 Passed Positive 
Transportation Governance 
Amendments 

Expands the Utah Transit Authority's ability to enter into 
joint ventures with communities to develop around existing 
transit hubs 

2020 SB0154 Passed Positive Interlocal Entity Amendments 
Allows interlocal industries to apply for hydrogen, hydrogen 
energy storage, and nuclear projects to apply for and be 
funded by federal grants 

2020 HB0415 Failed Positive 
Construction Code 
Amendments Allows gas-fired water heaters that exceed emission limits. 

2020 HB0489 Failed Positive Wind Energy Facility Siting 
Amendments 

Requires additional permitting when constructing or 
operating a wind energy facility 

2020 SB0041 Failed Positive 
Sales and Use Tax 
Modifications 

Exempts oil and gas industry and electrical corporations 
from sales and use tax 

2020 SB0239 Passed Negative Refinery Sales Tax 
Exemption 

Extended tax breaks to oil refineries not able to meet the 
original timeline for transitioning to Tier-3 fuel 

2020 HB0113 Failed Negative 
Trails Improvement 
Amendments 

Allows eminent domain to be used to establish trails for 
alternative transportation 

2020 HB0176 Failed Negative Vehicle Emissions Reduction 
Program 

Provides incentives to replace vehicles that fail emissions 
tests 

2020 HB0194 Failed Negative Clean and Renewable Energy 
Amendments 

Set goals for utilities to transition to "clean" energy and 
expanded the definition of clean and renewable to include 
nuclear, biomass, waste gas recovery, and avoided 
consumption 

2020 HB0281 Failed Negative Tax Credit for Alternative 
Vehicles 

Enacts nonrefundable corporate and individual income tax 
credits related to certain alternative fuel vehicles 

2020 HB0317 Failed Negative Nonroad Engine Study 
Directs the Division of Air Quality to conduct a study into 
the number and type of nonroad engines in nonattainment 
areas of Utah. 

2020 HCR011 Failed Negative 

Concurrent Resolution 
Supporting the Utah Roadmap 
for Positive Solutions and 
Leadership on Climate and 
Air Quality 

Expresses support for the state-funded roadmap 

2020 SB0077 Failed Negative Electric Energy Related Tax 
Credit 

Enacts a corporate and individual income tax credit related 
to electric storage and vehicles 

2020 SB0078 Failed Negative Energy Storage Innovation, 
Research, and Grant Program 

Requests $5 million in one-time funding to create a grant 
program for people, companies, research organizations, or 
other entities who will advance the development and 
deployment of energy storage, facilitate the transition of 
energy storage into the marketplace, improve resiliency, or 
enhance job creation in the energy sector. 

2020 SB0092 Failed Negative 
Statewide Comprehensive 
Rail Plan 

Directs Utah transportation officials to create a 
comprehensive rail plan for the state 

2020 SCR012 Failed Negative Concurrent Resolution 
Concerning Climate Action 

Supports federal action to address climate change 

2020 Total appropriations for air quality (approximate**) $7.5 million 

*Result indicates the estimated effect on air quality in Utah  
**Because air quality efforts are funded via diverse policy avenues (direct support, tax breaks, rebates, etc.), the exact level of 
support is difficult to ascertain. Additionally, there are doubtlessly provisions in other bills and resolutions that are pertinent to air 
pollution, which we have missed in our survey of the 2019 and 2020 sessions. 
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Analysis of public response to news coverage of this study 
Though a comprehensive assessment of the reception of our work by the public is beyond the 

scope of our project, we performed a simple analysis of public response as follows. We analyzed the 
comments on three articles [1–3] citing our work in the Salt Lake Tribune, the largest newspaper in Utah. 
While we do not assume that commenters are representative of the public overall, we classified 
perspectives and recorded “likes” for all comments on the three articles. The articles were all published in 
early 2020 and received a combined total of 92 online comments from 33 commenters. We classified 
comments into three categories: 

1. Supportive of the article’s content 
2. Not engaging with the article’s content 
3. Antagonistic towards the article’s content 

Of the 92 comments, 27 were supportive of the article, 54 did not engage the content of the article, and 11 
were against the content of the article (Table S3). Other readers could react to comments via several 
preset reaction buttons: 1. like, 2. genuine and kindhearted, 3. helpful, 4. thought provoking, and 5. 
entertaining. We grouped reactions 2 through 4 into a “positive” grouping for simplicity of analysis and 
because there were fewer reactions of these types (Table S3). Category 1 comments received the most 
“likes” per comment, with an average of 1.89 likes per comment, versus 1.17, and 0.27 for categories 2 
and 3, respectively. Category 1 comments also received the most “positive” responses per comment, with 
an average of 1.63 positives per comment, versus 0.65 and 0.0 positives per comment for categories 2 and 
3, respectively. Category 2 comments received the most “entertaining” reactions per comment, sometimes 
indicating sarcasm, with an average of 0.3 entertaining reactions per comment, versus 0.15 and 0.09 for 
categories 1 and 3, respectively. 
 
 

 
Figure S1. Relationships among the reaction types. The axes depend on the color, with the 
definition described in the legend. “Likes” are the number of times someone clicked the “thumbs-
up” icon, “Positives” are the number of times someone clicked other generally positive buttons, 
and “Entertaining” is the number of times someone clicked the laugh or sarcasm button. 

 
We used Pearson’s product-moment correlation to test for relationships among the reaction types (Fig. 
S1). Likes and Positives were positively correlated (r = 0.77, p < 0.0001), Likes and Entertaining were 
positively correlated (r = 0.21, p = 0.04), but Entertaining and Positives were uncorrelated (r = 0.1, p = 
0.3). 
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Table S3: Analysis of comments and reactions on three articles covering the air pollution report 

Comment category 
# of 

comments # of likes 
# of “positive” 

reactions 
# of “entertaining” 

reactions 

1: Supportive 27 51 44 4 

2: Not engaging with 
article 

54 63 35 16 

3: Antagonistic 11 3 0 1 

 
Together, these results suggest that there were 2.5-fold more supportive comments than antagonistic 
comments, and that the supportive comments received 32-fold more likes and positive reactions than 
antagonistic comments. We recognize that individuals who contribute to the comments section are not 
representative of the public but report this information as an indicator of the general tenor of the public 
response to locally-derived estimates of air pollution costs. 

1.  Maffly, B. Salt Lake City’s air quality is nation’s 7th worst among large metro areas. Salt Lake Trib. 2020. 
2.  Abbott, B.W.; Errigo, I.M.; Jarvis, D.K. Commentary: Utah air pollution is literally killing us. Salt Lake Trib. 2020. 
3.  Abbott, B.W. Ben Abbott: Earth Day at 50 has never been so relevant. Salt Lake Trib. 2020. 

 
Narrative of the expert assessment and interactions with the state legislature   
 
We have structured this section around the conceptual diagram in Figure 2 of the main manuscript. The 
activities and efforts were organized intentionally and accidentally around these themes or steps. 
Scientific Understanding of the System 

Beginning in September 2018, we began compiling information about air quality in Utah. We 
were motivated by the multiple, conflicting descriptions of the status and trend of air pollution in Utah we 
had heard from media, political, and private sources. As a part of an undergraduate research program 
(BYU’s College Undergraduate Research Award), we began a literature synthesis to answer three main 
questions: 1. What is the status of Utah’s air quality, 2. How does air pollution affect human health in 
Utah, and 3. What is the impact of air pollution on Utah’s economy? We developed these questions into a 
quantitative questionnaire, which we distributed to experts throughout Utah as described in the main 
manuscript.  
Public and Political Perception of the System 

As we continued to conduct background research and develop the expert assessment, we began to 
engage with political, research, and community actors focusing on air pollution in Utah. In December 
2018, we attended a meeting at the University of Utah called the Dialogue on Collaboration – Air Quality. 
This meeting included a panel discussion and several breakout groups to facilitate discussion of the 
current air pollution problems and potential solutions. Participants were from universities, state 
government, regulatory agencies, research and medical groups, lobbyist organizations, and community 
groups from across the state. We used this as an opportunity to connect with experts and launch our 
efforts. From December 2018-January 2019, we (the undergraduate co-authors) compiled a one-page 
literature synthesis of more than 100 peer-reviewed journal articles on air pollution consequences. Once 
created, we worked with legislators and policy experts to improve the format and presentation for 
comprehensibility and relevance. After revision, we sent this summary to all 104 state legislators (75 
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representatives, 29 senators) via email in mid-January 2019 (summary available in Section 6 of this 
document). This email led to about 35 phone conversations and several in-person meetings with members 
of the Utah House and Utah Senate. As the outreach was led by students, the responses were 
overwhelmingly positive. We have included some typical responses below: 

• Thank you so much for this information! I am a strong proponent of improving our air 
quality, and it is so helpful to have this list of bills that promote clean air. My son-in-law 
and daughter--well educated, productive people--have chosen not to live in Utah because 
my grandson has severe asthma that is adversely affected by our air quality.  

• It is always helpful to learn more and I am excited to see students engaging in public 
policy. I want to make one correction, air quality has actually continued to improve. 
Since 2002, per capita emissions have been cut in half, which is remarkable (See 
attached). The real challenge we face now is that there are very few additional policies 
that we can engage in that will yield the return on investment you mention. If you have 
specific examples of policies that will make a real difference, I would be interested in 
hearing about them. 

• Air quality is something that I am passionate about, and I've worked on in the past during 
my time on the Salt Lake City Council. With more than two million Utahns living along 
the Wasatch Front, it means that the majority of our population in Utah is subject to 
inversion and poor air quality we see flare up during the winter. A few of the solutions 
the legislature is looking at this session to alleviate that include replacing locomotive 
engines for eco-friendly engines, providing grants for replacing wood burning stoves, 
and increasing accessibility for the UTA public transit system. 

• Thank you! 
 

Though there were differing degrees of enthusiasm, most initial responses included some level of 
agreement about the problem and encouragement of our involvement. However, the phone and in-person 
meetings were more mixed. Perhaps because of the business of the legislative session and the informal 
format, many legislators frankly expressed differing priorities and assessments of how realistic change 
could be. It was mentioned more than once that science was immaterial to policy questions, which 
depended on political realities. Along with this dismissal of science, there was little understanding of the 
medical and atmospheric science of air pollution—even among legislators who were supportive of 
improving air quality. For example, none were familiar with numerical estimates of premature deaths or 
economic costs. There was also a lack of urgency and personal connection. For example, in one phone 
conversation a legislator repeatedly reassured us that their asthmatic coughing fits during the call were not 
associated with acute or chronic air pollution, despite the “red” air quality conditions in their location.  
Expert Assessment and Rapid Transfer of Information Impacting Scientific Understanding of the 
System 

Throughout 2019, we completed the questionnaire and continued to accept filled surveys. We 
stayed in contact with both supportive and skeptical legislators during this process by sharing anonymous 
results from expert participants as well as recent research on air pollution costs and solutions generally. 
Additionally, we engaged with the public by presenting the findings at conferences and community 
meetings. Though the results were not yet completed, we found that sharing the preliminary findings and 
inviting input greatly increased interest and understanding. Rather than just presenting a single “best” 
estimate, we emphasized the difficulty of quantifying air pollution costs and explained how such primary 
studies are conducted. This seemed to be informative for listeners and attendees at the events, and it also 
helped us understand what questions and priorities the public and policymakers had concerning air 
pollution. This two-way engagement facilitated rapid transfer of best available information via two 
mechanisms. First, it made our results available in nearly real time. Second, it created a network of 
citizens and policymakers who were aware of our effort and interested in the outcome—enhancing 
dissemination of the final results when they were ready (see next paragraph).   
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Long-term Increase in Trust and Understanding & Rapid Transfer of Information to Influence the 
Public and Political Perception of the System 

Throughout 2019 and extending into 2020, we attended several meetings and conferences 
including the Utah Valley Chamber of Commerce Clean Air Task Force, Air Quality / Changing Climate 
Technical Advisory Team meeting at the Kem C. Gardner Policy Institute, the American Geophysical 
Union (AGU), a Clean Air Caucus press release, and numerous radio and television appearances. At these 
events we shared the updated results and continued to invite feedback and questions. These outreach 
activities expanded our understanding of political and public concerns, while building relationships of 
trust to improve communication and mutual understanding. Specifically, these interactions got the word 
out about our project across institutions throughout the state, introduced us to additional participants, and 
elicited feedback (positive and negative) on all aspects of the project. We shared updates and events on 
social media and traditional media outlets to involve the public in the scientific and the decision-making 
processes surrounding air pollution. For example, we published an op-ed and a full-length news article on 
air pollution in Utah and globally in the Salt Lake Tribune (details in last section). 

In 2020, as the legislative session approached, we went through the same process as the previous 
year, though this time with the results from our expert assessment in addition to the general information 
on air pollution consequences. We worked with our co-author team to analyze and write up the results of 
our expert assessment into a nontechnical report, which is presented in Section 5 of this document. We 
solicited feedback from legislators prior to distribution to improve clarity and relevance for policymakers. 
We again distributed the report to all 104 legislators as well as media contacts. As before, this led to in-
person and phone meetings in addition to sometimes animated email exchanges. The responses ranged 
from grateful to dismissive, though these exchanges were always cordial. As we mention in the main 
manuscript, one of the most common questions was, “has this been peer-reviewed yet?”  
 An unexpected advantage of this collaborative and transdisciplinary approach was that we have 
felt an added measure of motivation and responsibility to report back to those in the public and legislature 
who have been following this work. Consequently, we have plans for continuing this process after the 
publication of this paper. We will continue to engage with the legislators and the public in an effort to 
enhance science-informed policy to reduce air pollution and improve community health. As we prepare 
for the upcoming legislative session (January-March 2021), we will prepare a third executive brief with 
the most up-to-date research on the impacts of air pollution, including information from this article and 
other articles in the special issue of Atmosphere on air pollution in Utah. We will release the brief to all 
legislators via email, this time including detailed legislative options from local and national case studies. 
Additionally, we plan to utilize the network and resources of the full co-author team and their affiliated 
institutions to disseminate a press release on this article. 
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1.  Introduction  
The  goal  of  this  survey  is  to  document  expert  understanding  of  how  air  pollution  is  affecting  the  health  

and  economic  wellbeing  of  Utah.  We  recognize  that  interactions  between  natural  and  human  systems  are  
exceedingly  complex  and  that  many  pertinent  parameters  are  not  definitively  understood.  Because  precise  
empirical  or  model-­based  estimates  of  health  and  economic  consequences  of  air  pollution  are  unlikely  in  the  
near  future,  we  are  performing  this  expert  assessment  to  integrate  the  best  available  quantitative  and  
qualitative  information  on  the  subject.  By  administering  this  survey  to  multiple  researchers  with  applicable  
expertise,  this  project  generates  an  integrative  assessment  of  current  air  pollution  costs  and  identifies  sources  
of  uncertainty  in  those  estimates  to  inform  and  support  decision-­making  and  future  research.  

Because  participation  in  this  survey  entails  a  substantial  time  commitment  and  intellectual  contribution  
(e.g.  empirical  results,  model  runs,  and  professional  opinion),  all  survey  participants  who  give  feedback  on  the  
manuscript  will  have  the  opportunity  to  be  co-­authors  on  the  report  and  peer-­reviewed  publication,  which  we  
will  submit  in  2019.  Participant  responses  will  be  published  in  aggregated  form  without  identifying  information  
(i.e.  individual  estimates  will  be  kept  confidential  and  anonymous).  

  

2.  Background  
   When  management  decisions  are  
pressing  but  uncertainty  is  high,  expert  
judgements  have  long  informed  possible  system  
response  and  risk  of  dangerous  or  undesired  
outcomes  (Aspinall  2006;;  Bordley  2009;;  
Zickfeld  et  al.  2010;;  Morgan  2014).  While  expert  
assessment  cannot  definitively  answer  
questions  of  future  system  response,  it  
complements  modeling  and  empirical  
approaches  by  allowing  the  synthesis  of  formal  
and  informal  knowledge  about  the  system  to  
inform  decision  makers  and  researchers  
(Aspinall  2010;;  Schuur  et  al.  2013;;  Abbott  et  al.  
2016)  (Fig.  1).  The  approach  is  similar  to  the  
concept  of  ensemble  models,  where  multiple  
estimates  built  on  different  assumptions  and  data  provide  a  more  robust  estimate  of  central  tendency  and  
measure  of  variance  (Baker  &  Ellison  2008).  Because  the  experimental  unit  is  an  individual  researcher,  each  
data  point  integrates  multiple  types  of  knowledge  available  to  that  person;;  including  information  not  yet  
formalized  enough  to  integrate  into  traditional  numerical  models.    

Air  pollution  is  a  complex  problem  with  multiple  drivers  and  diverse  health  and  economic  consequences  
(Caiazzo  et  al.  2013;;  Landrigan  et  al.  2017).  Around  the  world,  at  least  5.5  to  6.5  million  people  die  annually  
from  poor  air  quality  and  economic  damages  exceed  5  trillion  US  dollars,  at  least  7%  of  the  global  gross  
domestic  product  (GDP)  (OECD  2016;;  Landrigan  et  al.  2017).  The  link  between  air  pollution  and  health  is  well  
understood  for  a  wide  range  of  conditions,  including  respiratory  and  cardiovascular  diseases,  central  nervous  

Figure  1.  Conceptual  diagram  of  the  role  of  expert  
assessment  in  generating  and  communicating  scientific  
understanding  (modified  from  Abbott  et  al.  2016).  
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system  disorders,  psychological  and  metabolic  conditions,  and  reproductive  harm  (Vert  et  al.  2017;;  An  et  al.  
2018;;  Gładka  et  al.  2018;;  Leiser  et  al.  2019;;  O’Donoghue  2019;;  Roberts  et  al.  2019).  Additionally,  many  other  
adverse  health  conditions  are  known  to  be  associated  with  air  pollution,  but  they  are  not  yet  sufficiently  
quantified  to  integrate  into  health  risk  models  (Lozano  et  al.  2012;;  Landrigan  et  al.  2017).  Air  pollution  affects  
the  economy  directly  via  healthcare  costs  and  lost  productivity  as  well  as  indirectly  via  changes  in  immigration,  
tourism,  and  business  investment  (Ford  et  al.  2015;;  OECD  2016;;  Landrigan  et  al.  2017).  As  with  the  health  
burden  effects,  current  estimates  of  the  economic  cost  of  air  pollution  almost  certainly  underestimate  actual  
direct  and  indirect  consequences  of  air  pollution  (OECD  2016).  

In  the  Intermountain  West,  several  factors  have  created  poor  air  quality,  including  a  quickly  growing  
population,  limited  atmospheric  mixing  during  winter  inversions  (Beard  et  al.  2012),  and  high  levels  of  per-­
capita  fossil  fuel  use  due  to  heating  and  transportation  infrastructure.  While  there  is  universal  agreement  in  the  
research  community  that  air  pollution  is  degrading  the  health  and  economic  wellbeing  of  Utahans  (Ransom  &  
Pope  1992;;  Lozano  et  al.  2012;;  Utah  Division  of  Air  Quality  2018;;  Leiser  et  al.  2019;;  O’Donoghue  2019),  
specific  estimates  of  the  direct  and  indirect  costs  vary  widely  (Ford  et  al.  2015).  For  example,  estimates  of  
annual  mortality  and  morbidity  due  to  air  quality  for  Utah  range  from  hundreds  to  tens  of  thousands  (Samet  et  
al.  2000;;  Bell  et  al.  2005;;  Dominici  et  al.  2006;;  Miller  2016;;  Pirozzi  et  al.  2017;;  Penrod  2018).  

  

3.  Questionnaire  instructions  
Because  of  the  compound  assumptions  inherent  to  this  kind  of  assessment,  you  will  be  asked  to  provide  a  
subjective  confidence  interval  around  your  estimate  defined  as  follows:  

Lower  =        I  consider  there  to  be  a  95%  chance  that  the  actual  value  is  greater  than  this  estimate  
Central  =    This  is  my  best  estimate  of  system  response    
Upper  =        I  consider  there  to  be  a  95%  chance  that  the  actual  value  is  lower  than  this  estimate  
  

For  each  question,  you  will  have  a  chance  to  indicate  your  level  of  confidence  and  expertise  concerning  your  
answer,  make  comments  on  how  you  selected  your  estimates,  and  identify  key  sources  of  uncertainty  
concerning  your  estimate  (e.g.  what  data  or  processes  missing  from  current  understanding  would  most  
improve  our  ability  to  predict  system  behavior).  If  there  is  not  yet  clear  supporting  evidence  in  the  literature,  but  
you  have  some  basis  for  an  estimate  based  on  professional  judgment,  please  make  a  note  of  that.  These  
supporting  questions  allow  us  to  compare  responses  from  multiple  experts  and  are  just  as  valuable  as  your  
quantitative  estimates.  If  you  have  no  relevant  expertise  for  a  specific  question,  you  may  leave  it  empty.  

  
The  five-­point  “Confidence  level”  scale  is  defined  as  follows:  

1=   My  answer  is  my  best  guess,  but  I  am  not  confident  in  it;;  it  could  easily  be  far  off  the  mark.  
2=   My  answer  is  an  educated  guess;;  it  could  be  far  off  the  mark,  but  I  have  some  confidence  in  it.  
3=   I  am  moderately  confident  in  my  answer;;  the  true  value  is  likely  different  from  my  answer,  but  in    

the  general  range.  
4=   I  am  confident  in  my  answer;;  the  true  value  is  likely  to  be  somewhat  different  from  my  answer,    

but  it  is  unlikely  to  be  dramatically  different.  
5=   Given  current  understanding,  I  would  be  surprised  if  my  answer  were  far  off  from  the  true  value.  

The  five-­point  “Expertise  level”  scale  is  defined  as  follows:  
1=   I  have  little  familiarity  with  the  literature  and  I  do  not  actively  work  on  these  particular  questions.  
2=   I  have  some  familiarity  with  the  literature  and  I’ve  worked  on  related  questions  but  haven't    

contributed  to  the  literature  on  this  issue.  It  is  not  an  area  of  central  expertise  for  me.  
3=   I  have  worked  on  related  issues  and  have  contributed  to  the  relevant  literature  but  do  not    

consider  myself  one  of  the  foremost  experts  on  this  particular  issue.  
4=     I  am  very  familiar  with  relevant  literature  and  have  worked  on  related  questions.  This  is  an  area    

of  central  expertise  for  me.  



  

3  
  

5=   I  contribute  actively  to  the  literature  directly  concerned  with  this  issue,  and  I  consider  myself  one    
of  the  foremost  experts  on  it.  
  
  

4.  Questions  
Question  1.  What  is  the  number  of  disability-­adjusted  life  years  (DALYs)  lost  to  air  pollution  in  Utah  each  year?    

Note: We use the DALY concept to integrate information on mortality and disease into a single number, which 
represents the number of years lost due to either death or substantial disability associated with exposure to air 
pollution (Landrigan et al. 2017). For reference, the average life expectancy for Utahans is 80 years (Utah 
Department of Health 2017), meaning that 8,000 DALYs = 100 complete lifespans, 80,000 DALYs = 1,000, etc.  

Your  estimates  in  units  of  disability-­adjusted  life  years   Confidence  level  
(1-­5)  

Expertise  level        
(1-­5)  

Lower   Central   Upper  

              

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  

data,  professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments:  
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Question  2.  What  percentage  of  Utahans  experience  the  following  shortening  of  life  because  of  air  pollution?  
Note: This question complements Question 1 by assessing how the overall health burden of air pollution is 
distributed across the population (e.g. do a few, vulnerable individuals lose the majority of the DALYs or is the 
burden distributed across a larger portion of the population). As for the DALY concept in Question 1, we are 
seeking to assess the number of years lost due to either death or substantial disability associated with exposure to 
air pollution. Each column (Lower, Central, and Upper) should roughly sum to 100 (i.e. the whole Utah 
population should fall into one of the “Years of life lost” categories below). 

Your  estimates  in  %   Confidence  level  
(1-­5)  

Expertise  level  
(1-­5)  

Years  of  
life  lost  

Lower   Central   Upper  

0                 

1                 

5                 

10                 

>10                 

How  did  you  generate  these  estimates  (e.g.  
published  studies,  unpublished  data,  

professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments:  
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Question  3.  What  pollutants  contribute  most  to  your  health  burden  estimates  from  Questions  1  and  2?    
Note: This question seeks to rank air pollution parameters in order of their contribution to the health burden 
estimates you produced above. Please note in the bottom-right corner whether your response is for Utah overall 
or for a region (e.g. Utah-wide, Wasatch Front, Northern, Northeastern, Central, Castle, Southwest, Four 
Corners). If you desire to respond for more than one region, you may copy and paste the response table below. 

Ranked  pollutants  associated  with  air  pollution   Confidence  level                
(1-­5)  

Expertise  level      
(1-­5)  

Order  (highest  to  
least  contribution)  

Pollutant   Estimate  of  percentage  
contribution  to  health  

burden  

1              

2              

3              

4              

5              

6              

7              

8              

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  

data,  professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments  (Utah-­
wide  or  regional  
estimate):  
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Question  4.  What  health  conditions  contribute  most  to  your  health  burden  estimates  from  Questions  1  and  2?    
Note: Rank as many health conditions associated with air pollution in order of their contribution to the estimates 
you produced above. 

Ranked  health  conditions  associated  with  air  pollution   Confidence  level                
(1-­5)  

Expertise  level      
(1-­5)  

Order  (highest  to  
least  contribution)  

Health  condition   Estimate  of  percentage  
contribution  to  health  

burden  

1              

2              

3              

4              

5              

6              

7              

8              

9              

10              

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  

data,  professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments:  
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Question  5.  What  is  the  direct  cost  of  air  pollution  to  Utah’s  economy?  
Note: This question aims to capture the direct costs (i.e. healthcare costs and lost earning potential due to days 
not worked, decreased productivity, or early career termination) of air pollution to Utahans. For reference, in 
2018, Utah’s GDP was approximately 171 billion US  dollars (Siebeneck et al. 2018) 
  

Your  estimates  in  units  of  2018  USD   Confidence  level  
(1-­5)  

Expertise  level      
(1-­5)  

Lower   Central   Upper  

              

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  

data,  professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments:  

        

  
  
Question  6.  What  is  the  indirect  cost  of  air  pollution  to  Utah’s  economy?  

Note: This question aims to capture all other costs associated with air pollution not captured in the question 
above (e.g. decreased immigration/increased emigration, changes in tourism, behavioral changes due to actual or 
perceived air pollution, loss of potential business due to regulatory burden of Utah’s serious nonattainment 
status). 

Your  estimates  in  units  of  2018  USD   Confidence  level  
(1-­5)  

Expertise  level      
(1-­5)  

Lower   Central   Upper  

              

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  

data,  professional  opinion)?  

What  are  the  largest  sources  of  
uncertainty  while  making  these  

estimates?  

Additional  
comments:  
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  Question  7.  What  actions  would  you  recommend  to  reduce  air  pollution  in  Utah  and  how  much  could  they  
reduce  the  health  and  economic  costs  estimated  above?  

Note: This question seeks to identify solutions to air pollution including but not limited to individual, community, 
state, and national action. Please note in the bottom-right corner whether your response is for Utah overall or for 
a region (e.g. Utah-wide, Wasatch Front, Northern, Northeastern, Central, Castle, Southwest, Four Corners). If 
you desire to respond for more than one region, you may copy and paste the response table below. 

Your  recommendations  and  estimates  of  effectiveness   Confidence  
level  (1-­5)  

Expertise  
level  (1-­5)  

Proposed  action   Is  the  action  
primarily  
individual,  
community,  
state,  or  
national?  

If  the  action  were  implemented,  
how  much  would  air-­pollution-­

associated  health  and  
economic  costs  decrease?  

Lower   Central   Upper  

                    

                    

                    

                    

                    

                    

                    

                    

                    

                    

How  did  you  generate  these  estimates  
(e.g.  published  studies,  unpublished  data,  

professional  opinion)?  

What  are  the  largest  sources  of  uncertainty  
while  making  these  estimates?  

Additional  
comments  
(Utah-­wide  
or  regional  
estimate):  
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Human health and economic costs of air pollution in Utah1 
Isabella M. Errigo1*, Benjamin W. Abbott1*, Daniel L. Mendoza2, Robert A. Chaney3, Andrew Freeman4, Jeff Glenn3, Peter D. Howe5, 
Thom Carter6, Randal Martin7, Logan Mitchell2, James Johnston3, Heather Holmes8, Trang Tran9, Rebecca J. Frei10, Andrew Follett11, 

Samuel Bratsman1, Leslie Lange1, Derrek Wilson1, Audrey Stacey1, Sayedeh Sara Sayedi1 
 

Understanding the costs and causes of air pollution in Utah is crucial to implementing effective solutions. To 
address disagreement in the public discussion of these costs, we compiled research from the best medical 
and economic studies and collected Utah-specific estimates and input from 21 researchers with expertise in 
medicine, public health, atmospheric science, or economics. This process—known as expert assessment—has 
proven highly reliable at compiling the best available evidence to solve time-sensitive issues in engineering, 
medicine, and many other research fields1. The Utah-based experts combined their own research and 
professional expertise with the broader scientific literature to provide integrative estimates of the costs, 
causes, and potential solutions for air pollution in Utah. Some key findings:  
1. Air pollution shortens the life of the average Utahn by 2 (1.1–3.5) years (Fig. 1A). This loss of life is 

distributed across most of the population rather than only affecting “sensitive groups.” For example, 75% 
of Utahns lose 1 year of life or more because of air pollution and 23% lose 5 years or more (Fig. 1B). These 
estimates are directly in line with medical studies of the health effects of exposure to air pollution2–4.  

2. Air pollution costs Utah’s economy $1.8 ($0.58–3.2) billion annually (Fig. 1C). This economic damage is split 
roughly equally between direct costs (such as healthcare expenses and lost earning potential) and indirect 
costs (such as loss of tourism, decreased growth, regulatory burden, and business costs). These estimates 
are more conservative than those from national economic studies, which suggest that air pollution in Utah 
costs $7.4 ($6.2–8.6) billion annually when downscaled to Utah by population and GDP2,5–7. 

3. Fossil fuel pollution causes or worsens many illnesses and conditions in Utah (Fig. 2). 85% of the pollutants 
causing health and economic harm are fossil fuel combustion products (fine particulate matter, ozone, and 
various oxides). Heart and lung diseases (congestive heart failure, heart attack, pneumonia, COPD, asthma, 
etc.) account for 62% of the pollution impact, with 38% from stroke, cancer, reproductive harm to mothers 
and children, mental illness, behavioral dysfunction, immune disease, autism, and other conditions2,8–10. 

4. There are many state-level actions that could reduce air pollution while benefiting the economy (Fig. 3). 
Increasing efficiency of vehicles and buildings, investing in awareness, removing subsidies for 
nonrenewable energy, pricing carbon pollution, and expanding alternative transportation could all result in 
double-digit decreases in air pollution. Similar measures elsewhere have had immediate benefits for 
human health and a large economic return on investment, averaging $32 in economic benefits for every 
$1 invested towards improving air quality 2,11. Utahns overwhelmingly support such measures9,12.

 
1 This work was supported by Brigham Young University through the College Undergraduate Research Awards program and the 
Department of Plant & Wildlife Sciences. *Contact ierrigo95@gmail.com or benabbott@byu.edu for more information. 

Figure 1. Estimates of the human health 
impact and economic costs of air pollution in 
Utah. A shows the number of years lost by 
the average Utahn due to death or serious 
disability caused by air pollution. B shows 
the distribution of the loss of life expectancy 
across the Utah population (the percentage 
of Utahns losing different numbers of years). 
C shows the economic costs of air pollution 
in Utah. The median and 95% confidence 
range are shown based on quantitative 
estimates from 10 (A and B) and 8 (C) Utah 
researchers. Details about the methods and 
experts on the following pages. 
 

mailto:ierrigo95@gmail.com
mailto:benabbott@byu.edu


Background and Methodology  Errigo and others 2020 

2 
 

Global and national costs of air pollution: Recent medical and economic research has found that air pollution 
causes much more damage to our health and economy than previously understood8. Worldwide, more 
than 6% of all deaths are attributable to air pollution—at least 8.8 million people each year3,4. That is 15 
times more deaths each year than caused by all wars and acts of violence and 3 times more than caused 
by tuberculosis, malaria, and AIDS combined2,4. Globally, the economic damage of air pollution exceeds 
$5 trillion—more than 7% of the global gross domestic product2,13. In the U.S. alone, air pollution causes 
the premature deaths of 100,000 to 300,000 people each year and costs at least $886 billion annually2,5–7. 
Air pollution in the U.S. comes mainly from fossil fuel use, which creates toxic combustion products 
including particulate matter, ozone, and oxides of nitrogen, sulfur, and carbon5,6,14,15.  

Air pollution is a complex problem with multiple drivers and diverse health and economic 
consequences2,5. Unlike causes of death and 
economic harm that are directly observable (for 
example, a car crash), the effects of air pollution are 
widespread and diffuse. For this reason, air pollution 
is almost never recorded on a death certificate, 
though it contributes directly to many diseases and 
conditions that ultimately cause death (for example, 
heart attack, cancer, Alzheimer’s disease, suicide, 
etc.)8,16. To estimate the health and economic effects 
of air pollution, researchers use several independent 
and complementary methods, including 1. 
Longitudinal studies: following a group of individuals 
through time as they experience different pollution 
levels, 2. Comparative studies: comparing the health 
of similar populations living in different pollution 
conditions, and 3. Exposure studies: quantifying 
toxicity directly by exposing animals to acute or 
chronic pollution2,6,7,7,15,17. These methods—which 
are the same used to measure the effects of 
smoking, obesity, or other long-term conditions on 
human health—are the gold standard in research 
because they integrate the acute effects associated 
with exposure to dirty air (stroke, heart attack, 
asthma, increased miscarriage, stillbirth etc.) as well 
as the chronic effects (cancer, neurological disorders, 
depression, suicide, etc.)2,11,18.  

The link between air pollution and health is well 
understood for a wide range of conditions, including 
respiratory and cardiovascular diseases, central 
nervous system disorders, mental health and 
psychological problems, metabolic conditions, and 
reproductive harm19–25. Additionally, many other 
adverse health conditions are known to be 
associated with air pollution, but they are not yet 
sufficiently quantified to integrate into health risk 
models2,26. Consequently, current estimates of the 
health burden should be considered as conservative 
and will likely grow as more data becomes 

 
Figure 2.  Estimates of the relative contribution of various 
pollutants (A) and health conditions (B) to the loss of life 
and economic productivity in Utah from air pollution. Bars 
show the average and standard error of estimates from 11 
and 9 experts, respectively. 
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available2,4. Likewise, even when pollutants are below legal limits and the air quality is described as 
“healthy” or “good,” pollution still degrades human health7. Air pollution affects the economy directly via 
healthcare costs and lost productivity (for example, missing work or school) as well as indirectly via 
changes in immigration, tourism, and business investment2,13,27. As with the health effects of pollution, 
current estimates of the economic cost of air pollution almost certainly underestimate actual direct and 
indirect consequences of air pollution2,7,11,13.  

Air pollution in Utah: In the Intermountain West, several factors have created poor air quality, including a 
quickly growing population, winter inversions trapping polluted air28, and high levels of per-capita fossil 
fuel use due to heating and 
transportation infrastructure and power 
generation9,29. While there is universal 
agreement in the research community 
that air pollution is degrading the health 
and economic wellbeing of 
Utahns22,23,26,30,31, specific estimates of 
the direct and indirect costs vary 
widely27. For example, estimates of 
annual mortality and morbidity due to air 
quality for Utah range from hundreds to 
tens of thousands, though even the most 
conservative estimates of the costs of air 
pollution to Utah’s economy are 
substantial7,32–37.  

Though air pollution in Utah is a 
constant subject of discontent and 
discussion9, the long-term perspective of 
air pollution is often left out of the public 
debate. In the 1970s and 1980s, there 
were large improvements in air quality 
and the overall air pollution index 
dropped by half31,38. These gains were 
attributable primarily to regulations (for 
example, the Clean Air Act and the Air 
Quality Act), which required removal of 
sulfur and lead from fuels, as well as 
technological and behavioral changes39. 
More recently, some air pollutants have 
continued to improve, while others have 
stagnated or gotten mildly worse31,40. 
Specifically, acute and long-term 
concentrations of CO, NOx, and SOx have 
continued to decrease in recent years, 
while ozone and particulate matter 
fractions (PM2.5 and PM10) show little 
improvement or even recent worsening, 
depending on the region within Utah31,40. 
Across the state, there is substantial 
geographic variation in air pollution, with 

 
Figure 3. Recommendations to improve air quality. (A) Actions and the most 
effective scale of implementation. (B) Potential decrease in air pollution 
possible for various actions. Bars show the count (A) or median and 95% 
confidence range (B) from 13 experts. 
 



Background and Methodology  Errigo and others 2020 

4 
 

different pollutants dominating the overall impacts in different regions31. These regional differences are 
associated with the type and degree of business, domestic, and industrial activity in those areas as well as 
natural environmental differences9,30,41. 

There is widespread support among Utahns to improve air quality. Utahns ranked air quality as the 
3rd most important issue in the state, after only water and education, and 80% of Utahns said they would 
accept additional taxes and legislation to improve air quality9,12. Recent, state-sponsored reports and this 
study (for example, Fig. 3) have outlined concrete changes that could reduce pollution and enhance the 
health and economy of Utah9,31. These recommendations align with proven measures taken in 
communities around the U.S. and the world, some of which we briefly outline in the next section. 

Immediate and long-term opportunities of improving air quality: Cities, states, and countries that have 
invested in reducing air pollution have universally seen immediate and long-lasting economic and health 
benefits. The most comprehensive summary to date on the effects of improving air quality concluded the 
following, based on a synthesis of 95 large-scale studies11: 

Reducing pollution at its source can have a rapid and substantial impact on health. Within a few 
weeks, respiratory and irritation symptoms, such as shortness of breath, cough, phlegm, and sore 
throat, disappear; school absenteeism, clinic visits, hospitalizations, premature births, cardiovascular 
illness and death, and all-cause mortality decrease significantly. The interventions are cost-effective. 
Reducing factors causing air pollution and climate change have strong co-benefits. Although regions 
with high air pollution have the greatest potential for health benefits, health improvements continue 
to be associated with pollution decreases even below international standards. The large response to 
and short time needed for benefits of these interventions emphasize the urgency of improving global 
air quality and the importance of increasing efforts to reduce pollution at local levels. 

 

Economic analysis confirms that improving air quality substantially stimulates economic growth across 
sectors while also addressing other environmental issues such as climate change2,37,42. For example, the 
Clean Air Act of 1970 was followed by a decrease of 68% in common air pollutants while the U.S. Gross 
Domestic Product grew by 212%39. More recently, the direct and indirect benefits of the 1990 Clean Air 
Act Amendment have added at least $2 trillion to the U.S. economy (an average of $65 billion each year), 
representing a return on investment of $32 for every $1 of cost2,11,39. Cleaning Utah’s air would increase 
property values, stimulate tourism, and encourage business investment9. Increasing state and federal 
investment in clean air could result in billions of dollars of economic growth in Utah and reduce billions of 
dollars of expenses currently associated with 
health, education, and the economy37.  

In addition to decreasing ambient (outdoor) 
air pollution, short-term interventions to 
improve indoor conditions have been highly 
effective. For example, installing commercially 
available filters in elementary school classrooms 
improved student performance by the same 
amount as more costly measures43. Additionally, 
cleaner indoor air has been found to enhance 
performance of employees doing a broad range 
of cognitive and physical activities44. 
 

Expert assessment methods: When management 
decisions are urgent but uncertainty is high, 
expert assessment (combining multiple expert 
opinions) has long been used to estimate 
possible system responses and risk of dangerous 

 

Figure 4. Conceptual diagram of the role of expert assessment in 
generating and communicating scientific understanding (modified from 
Abbott et al. 2016). 



Background and Methodology  Errigo and others 2020 

5 
 

or undesired outcomes45–48. Expert assessment complements modeling and empirical approaches by 
allowing the synthesis of formal and informal knowledge about the system to inform decision makers and 
researchers49–51 (Fig. 4). The approach is based on evidence that multiple estimates built on different 
assumptions and data provide more robust and reliable numbers52. Because the experimental unit in an 
expert assessment is an individual researcher, each data point integrates multiple types of knowledge 
available to that person, providing a holistic and integrative estimate of all available information. 

This study consisted of 4 stages, during which we: 
1. Compiled a list of 85 subject matter experts with expertise in air quality, human health, and 

economics in Utah by searching the scientific literature, asking for referrals from local to 
national agencies, and querying university websites.  

2. Developed the questionnaire, which consisted of 7 questions and a summary of recent health 
and economic studies.  

3. Distributed the questionnaire and received 14 completed responses, with an average of 10 
responses per question (participants only answered questions for which they had pertinent 
expertise).  

4. Analyzed the responses and produced this report with input from all contributors (7 
additional experts provided feedback during this stage). 19 of the 21 contributors are listed at 
the beginning of this report as co-authors (two participants wished to remain anonymous 
until submission of the report for review). We are now preparing these results for submission 
to a peer-reviewed journal. 

 

Study questions (number of respondents in parentheses): 
1. What is the number of disability-adjusted life years (DALYs) lost to air pollution in Utah each year? (9) 
2. What percentage of Utahans experience the following shortening of life because of air pollution? (10) 
3. What pollutants contribute most to your health burden estimates from Questions 1 and 2? (11) 
4. What health conditions contribute most to your health burden estimates from Questions 1 and 2? (9) 
5. What is the direct cost of air pollution to Utah’s economy? (8) 
6. What is the indirect cost of air pollution to Utah’s economy? (8) 
7. What actions would you recommend to reduce air pollution in Utah and how much could they reduce 

the health and economic costs estimated above? (13) 

Author Affiliations 
1 Brigham Young University, Plant & Wildlife Sciences  
2University of Utah, Atmospheric Sciences 
3Brigham Young University, Public Health 
4University of Utah, Hospital 
5Utah State University, Environment and Society 
6UCAIR 
7Utah State University, Civil and Environmental Engineering 
8University of Nevada Reno, Physics 
9Utah State University, Bingham Research Center 
10University of Alberta, Renewable Resources Department 
11University of Utah; Incoming student, Yale Law School 
References 
1. Oppenheimer, M. et al. Discerning Experts: The Practices of Scientific Assessment for Environmental 

Policy. (University of Chicago Press, 2019). 
2. Landrigan, P. J. et al. The Lancet Commission on pollution and health. The Lancet 0, (2017). 



Background and Methodology  Errigo and others 2020 

6 
 

3. Burnett, R. et al. Global estimates of mortality associated with long-term exposure to outdoor fine 
particulate matter. Proc. Natl. Acad. Sci. 115, 9592–9597 (2018). 

4. Lelieveld, J. et al. Cardiovascular disease burden from ambient air pollution in Europe reassessed 
using novel hazard ratio functions. Eur. Heart J. 0, 1–7 (2019). 

5. Caiazzo, F., Ashok, A., Waitz, I. A., Yim, S. H. L. & Barrett, S. R. H. Air pollution and early deaths in the 
United States. Part I: Quantifying the impact of major sectors in 2005. Atmos. Environ. 79, 198–208 
(2013). 

6. Goodkind, A. L., Tessum, C. W., Coggins, J. S., Hill, J. D. & Marshall, J. D. Fine-scale damage estimates 
of particulate matter air pollution reveal opportunities for location-specific mitigation of emissions. 
Proc. Natl. Acad. Sci. 201816102 (2019) doi:10.1073/pnas.1816102116. 

7. Bennett, J. E. et al. Particulate matter air pollution and national and county life expectancy loss in the 
USA: A spatiotemporal analysis. PLOS Med. 16, e1002856 (2019). 

8. Schraufnagel, D. E. et al. Air Pollution and Noncommunicable Diseases: A Review by the Forum of 
International Respiratory Societies’ Environmental Committee, Part 1: The Damaging Effects of Air 
Pollution. CHEST 155, 409–416 (2019). 

9. Gochnour, N. & Dean, A. The Utah Roadmap: Positive solutions on climate and air quality. 24 
http://www.gardner.utah.edu/utahroadmap (2020). 

10. Pagalan, L. et al. Association of Prenatal Exposure to Air Pollution With Autism Spectrum Disorder. 
JAMA Pediatr. 173, 86–92 (2019). 

11. Schraufnagel, D. E. et al. Health Benefits of Air Pollution Reduction. Ann. Am. Thorac. Soc. 16, 1478–
1487 (2019). 

12. Envision Utah. Envision Utah - Home. https://www.envisionutah.org/ (2019). 
13. OECD. The Economic Consequences of Outdoor Air Pollution. (2016). 
14. Hill, J. et al. Air-quality-related health damages of maize. Nat. Sustain. 1 (2019) doi:10.1038/s41893-

019-0261-y. 
15. Wang, M. et al. Association Between Long-term Exposure to Ambient Air Pollution and Change in 

Quantitatively Assessed Emphysema and Lung Function. JAMA 322, 546–556 (2019). 
16. Fu, P., Guo, X., Cheung, F. M. H. & Yung, K. K. L. The association between PM2.5 exposure and 

neurological disorders: A systematic review and meta-analysis. Sci. Total Environ. 655, 1240–1248 
(2019). 

17. Guo, Z. et al. Dioxins as potential risk factors for autism spectrum disorder. Environ. Int. 121, 906–915 
(2018). 

18. US EPA National Center for Environmental Assessment, R. T. P. N. & Sacks, J. Integrated Science 
Assessment (ISA) for Particulate Matter. 
https://cfpub.epa.gov/ncea/isa/recordisplay.cfm?deid=347534 (2019). 

19. Vert, C. et al. Effect of long-term exposure to air pollution on anxiety and depression in adults: A 
cross-sectional study. Int. J. Hyg. Environ. Health 220, 1074–1080 (2017). 

20. An, R., Ji, M., Yan, H. & Guan, C. Impact of ambient air pollution on obesity: a systematic review. Int. J. 
Obes. 42, 1112–1126 (2018). 

21. Gładka, A., Rymaszewska, J. & Zatoński, T. Impact of air pollution on depression and suicide. Int. J. 
Occup. Med. Environ. Health 31, 711–721 (2018). 

22. Leiser, C. L. et al. Acute effects of air pollutants on spontaneous pregnancy loss: a case-crossover 
study. Fertil. Steril. 111, 341–347 (2019). 

23. O’Donoghue, A. J. Doctors group says studies show air pollution even more damaging than we 
thought. DeseretNews.com (2019). 

24. Roberts, S. et al. Exploration of NO2 and PM2.5 air pollution and mental health problems using high-
resolution data in London-based children from a UK longitudinal cohort study. Psychiatry Res. 272, 8–
17 (2019). 



Background and Methodology  Errigo and others 2020 

7 
 

25. Calderón-Garcidueñas, L. et al. Combustion- and friction-derived magnetic air pollution nanoparticles 
in human hearts. Environ. Res. 108567 (2019) doi:10.1016/j.envres.2019.108567. 

26. Lozano, R. et al. Global and regional mortality from 235 causes of death for 20 age groups in 1990 
and 2010: a systematic analysis for the Global Burden of Disease Study 2010. The Lancet 380, 2095–
2128 (2012). 

27. Ford, E. S. et al. Total and state-specific medical and absenteeism costs of COPD among adults aged ≥ 
18 years in the United States for 2010 and projections through 2020. Chest 147, 31–45 (2015). 

28. Beard, J. D. et al. Winter Temperature Inversions and Emergency Department Visits for Asthma in Salt 
Lake County, Utah, 2003–2008. Environ. Health Perspect. 120, 1385–1390 (2012). 

29. Mendoza, D. L., Buchert, M. & Lin, J. C. Modeling net effects of transit operations on vehicle miles 
traveled, fuel consumption, carbon dioxide, and criteria air pollutant emissions in a mid-size U.S. 
metro area: findings from Salt Lake City, UT. Environ. Res. Commun. (2019) doi:10.1088/2515-
7620/ab3ca7. 

30. Ransom, M. R. & Pope, C. A. Elementary school absences and PM10 pollution in Utah Valley. Environ. 
Res. 58, 204–219 (1992). 

31. Utah DAQ. Utah Division of Air Quality 2018 Annual Report. https://documents.deq.utah.gov/air-
quality/annual-reports/DAQ-2019-000949.pdf (2018). 

32. Samet, J. M., Dominici, F., Zeger, S. L., Schwartz, J. & Dockery, D. W. The National Morbidity, 
Mortality, and Air Pollution Study. Part I: Methods and methodologic issues. Res. Rep. Health Eff. Inst. 
5–14 (2000). 

33. Bell, M. L., Dominici, F. & Samet, J. M. A meta-analysis of time-series studies of ozone and mortality 
with comparison to the national morbidity, mortality, and air pollution study. Epidemiol. Camb. Mass 
16, 436 (2005). 

34. Dominici, F. et al. Fine Particulate Air Pollution and Hospital Admission for Cardiovascular and 
Respiratory Diseases. JAMA 295, 1127–1134 (2006). 

35. Miller, C. Doctor says Utah’s air pollution leading to premature death of thousands. KUTV (2016). 
36. Pirozzi, C. S. et al. Short-Term Air Pollution and Incident Pneumonia. A Case–Crossover Study. Ann. 

Am. Thorac. Soc. 15, 449–459 (2017). 
37. Penrod, E. Utah’s air quality is sickening, even killing locals year-round, new research suggests. The 

Salt Lake Tribune (2018). 
38. Whiteman, C. D., Hoch, S. W., Horel, J. D. & Charland, A. Relationship between particulate air 

pollution and meteorological variables in Utah’s Salt Lake Valley. Atmos. Environ. 94, 742–753 (2014). 
39. US Environmental Protection Agency. The Clean Air Act and the Economy | Overview of the Clean Air 

Act and Air Pollution | US EPA. US EPA https://www.epa.gov/clean-air-act-overview/clean-air-act-
and-economy#_edn3 (2011). 

40. McClure, C. D. & Jaffe, D. A. US particulate matter air quality improves except in wildfire-prone areas. 
Proc. Natl. Acad. Sci. 115, 7901–7906 (2018). 

41. Franchin, A. et al. Airborne and ground-based observations of ammonium-nitrate-dominated 
aerosols in a shallow boundary layer during intense winter pollution episodes in northern Utah. 
Atmospheric Chem. Phys. 18, 17259–17276 (2018). 

42. Opinion | Economists’ Statement on Carbon Dividends. Wall Street Journal (2019). 
43. Gilraine, M. Air Filters, Pollution and Student Achievement. (Annenberg Institute at Brown University, 

2020). 
44. Archsmith, J., Heyes, A. & Saberian, S. Air Quality and Error Quantity: Pollution and Performance in a 

High-Skilled, Quality-Focused Occupation. J. Assoc. Environ. Resour. Econ. 5, 827–863 (2018). 
45. Aspinall, W. P. Structured elicitation of expert judgment for probabilistic hazard and risk assessment 

in volcanic eruptions. Stat. Volcanol. 1, 15–30 (2006). 



Background and Methodology  Errigo and others 2020 

8 
 

46. Bordley, R. F. Combining the Opinions of Experts Who Partition Events Differently. Decis. Anal. 6, 38–
46 (2009). 

47. Zickfeld, K., Morgan, M. G., Frame, D. J. & Keith, D. W. Expert judgments about transient climate 
response to alternative future trajectories of radiative forcing. Proc. Natl. Acad. Sci. 107, 12451–
12456 (2010). 

48. Morgan, M. G. Use (and abuse) of expert elicitation in support of decision making for public policy. 
Proc. Natl. Acad. Sci. 111, 7176–7184 (2014). 

49. Aspinall, W. A route to more tractable expert advice. Nature 463, 294–295 (2010). 
50. Schuur, E. A. G. et al. Expert assessment of vulnerability of permafrost carbon to climate change. 

Clim. Change 119, 359–374 (2013). 
51. Abbott, B. W. et al. Biomass offsets little or none of permafrost carbon release from soils, streams, 

and wildfire: an expert assessment. Environ. Res. Lett. 11, 034014 (2016). 
52. Baker, L. & Ellison, D. The wisdom of crowds — ensembles and modules in environmental modelling. 

Geoderma 147, 1–7 (2008). 
 
 
 
 
 



Students  for  Clean  Air:  A  coalition  of  undergraduate  students  at  Brigham  Young  University  
  

	
  Air pollution has degraded our health and economy for decades now. We made huge improvements in 
the 1980s and 1990s, when the overall air pollution index dropped by half (Utah Department of Air 
Quality 2019). These gains were thanks to national and local regulations, which removed sulfur and 
lead from fuels, as well as technological and behavioral changes. However, since the year 2000, 
improvements in Utah’s air quality have slowed or stopped due to increased automobile use, area 
sources (businesses and homes), and power plants. We urge you to support the air-quality legislation 
listed below to help kick things back into gear. Cleaning up Utah’s air is an enormous opportunity 
to improve our quality of life and stimulate our economy. To provide you with the most complete 
and recent information available, we have compiled peer-reviewed findings about links between air 
quality, human health, and economic growth. 
 
Utah voters want decisive action now 

•   Utahans ranked air quality as the 3rd most important issue in the state, after only water and 
education (Envision Utah 2019) 

•   80% of Utahans said they would accept additional taxes and legislation to improve air quality 
(Envision Utah 2019) 

 
Bills to Consider, Given the Following Information on Utah’s Air Quality 

•   HB0098: Freight Switcher Emissions Mitigation, sponsored by Representative Handy  
•   HB0139: Motor Vehicle Emissions Amendments, sponsored by Representative Romero 
•   HB0148: Vehicle Idling Revisions, sponsored by Representative Arent 
•   HCR002: Concurrent Resolution Supporting Rural Development of Wind, Solar, Hydrogen 

Hydroelectric, and Geothermal Energy, sponsored by Representative Arent 
•   HCR003: Concurrent Resolution Urging the Environmental Protection Agency to Update 

Switcher Locomotive Emission Standards, sponsored by Representative Handy  
•   Vehicle Emissions Reduction Program, sponsored by Representative Stenquist 
•   Concurrent Resolution Urging Policies that Reduce Damage from Wildfires, sponsored by 

Representative Ward 
•   Air Quality Amendments, sponsored by Representative Briscoe 

 
Personal and family health depend on clean air 

•   Air pollution directly impacts the daily lives of Utahans 
•   Air pollution kills more Utahans annually than traffic accidents (Chu 2013). 
•   On bad air quality days, visits to the emergency room for respiratory and upper respiratory 

problems increase by 35-40%; visits to the emergency room for Chronic Obstructive 
Pulmonary Disease increase by 90% (Penrod 2017). 

•   There is a 16% increase of spontaneous pregnancy loss associated with 10 ppb increase of 
nitrogen dioxide (Leiser et al, 2018). 

•   Between 1985-1990, there were 77% more school absences due to illness during winter-
time inversions in Utah (Ransom & Pope 1991). 

•   Air pollution affects more than just your lungs (Landrigan et al. 2017). It is associated with:  
•   Diseases of the central nervous system (autism, dementia, mental retardation) 
•   Cardiovascular diseases (strokes, acute respiratory infections, bronchitis, asthma attacks, 

upper respiratory irritation, and chronic respiratory issues) 
•   Psychological and metabolic conditions (suicide, depression, obesity, diabetes)  
•   Reproductive health (spontaneous pregnancy loss, low sperm count)  
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Solving air pollution is an economic opportunity 

•   Cleaning Utah’s air would increase property values, stimulate tourism, and encourage business 
investment. 

•   Every dollar invested in air quality in the USA is estimated to yield $30 in benefits (Landrigan 
et al. 2017). This suggests that the $100 million invested this year in Utah can result in a return 
of $3 billion for Utah’s economy (Penrod 2017). 

•   Clean air is an economic good that people want and demand. It improves our well-being and 
can’t be produced without a cost. The environmental and social cost of pollution should be 
compared to the production cost of clean air. 

•   Reducing pollution caused medical conditions could save Utah billions of dollars. For 
example, Chronic Obstructive Pulmonary Disease alone costs an estimated $5,020 per capita in 
the state of Utah (Ford et al. 2015). 

 
We thank you for all you do to make Utah a better place. We love this state and we hope and pray that 
we can work together to improve the quality of Utah’s air and increase the wellbeing and economic 
strength of Utah and its citizens. 
 
Sincerely, 
 
Isabella Errigo, Rebecca Frei, Sam Bratsman, Leslie Lange, Allie Tutte, and Audrey Stacey 
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