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ACE 2020 GATEWAY TO INNOVATION 
Air & Waste Management Association’s 113th Annual Conference & Exhibition 
June 29 – July 2, 2020 • San Francisco, CA

The Air & Waste Management Association (A&WMA) proudly invites you to San 
Francisco, CA, June 29 – July 2, 2020 for its113th Annual Conference and Exhibition 
(ACE) with the theme “Gateway to Innovation”.  
 
Technical and political challenges often require innovative solutions. California is a global leader in environmental and 
energy technology and policy, making San Francisco the ideal place for scientists and practitioners from around the 
world to share ideas and develop solutions for current and future environmental issues. 

San Francisco has a history of innovation. In the decades following the 1849 Gold Rush, San Francisco grew rapidly, 
hosted a world’s fair, became a major military and shipbuilding center during World War II, and was the birthplace of 
the United Nations. The region became an important commercial and cultural center, as well as headquarters for many 
major corporations. The advent of the Digital Age in the 1980s sparked a new wave of innovation and rapid growth in 
semiconductor and computer manufacturing, software and internet services, and social media companies, all of which 
still thrive in the region today.  

It is against this backdrop of innovation that environmental initiatives take place in the Bay Area throughout major 
industry, the private sector, government, and world-class universities.  This environmental leadership will be the 
foundation of ACE 2020, embracing innovation and forward-looking vision to address the challenges posed by climate 
change, sustainability, and mitigation of environmental impacts while accommodating growth. 

 The return of the ACE to the City by the Bay after 36 years is an ideal opportunity for environmental   
                       professionals to learn the latest information and solutions to help advance our common
                                                              goal of making the planet a better place for future generations. 

                    Make your plans to be a part of the culmination of environmental innovation.

    
        Visit www.awma.org/ACE2020. 

SAVE THE DATES  
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Message from the President

by Michele E. Gehring, P.E. » president@awma.org

Wow! What an ACE! This year’s program really brought to-
gether a great combination of technical programming and
networking opportunities all with the incredible backdrop
of Québec. It really was a tremendous week and I’d be re-
miss if I didn’t take a moment to thank the A&WMA staff
and volunteers who spent countless hours in bringing all of
those elements together into one largely seamless package.
The local host committee (LHC), led by Nicolas Turgeon
and Jean-Luc Allard, created a hard act to follow and I 
sincerely thank each and everyone of you for your tireless
efforts on integrating typical ACE content with new and 
exciting elements unique to Québec and the Canadian 
side of our border. I’m certain that the LHC team for 
San Francisco in 2020 will benefit from your hard work
and that the conference next year, as well as in the years
that follow, will be reshaped from your efforts.

To the members of our Technical Council who work hard
to combine the many different papers, panels, and posters
into a seamless, congruent program, I also want to thank
you. It’s hard work pulling the many different ideas together
into an organized program and you take on this challenge
year after year and that is greatly appreciated. And last, 
but certainly not least, to the A&WMA staff who spend the
week putting out one fire after the next with the aptitude 
of a professional fire fighter and the stealth of a ninja, thank
you! You are a small army that works very hard to pull 
together all the many pieces of this “Rube Goldberg 
machine” into a single system with one giant heartbeat 
and you do so with a professionalism and smile that keep
us all going.

If you missed out on this year’s conference, look for follow-
up programming on our webinar platform. If you made it
to ACE and saw or gave a presentation that you think we
need to roll out into a webinar or webinar series, please let
me or a member of the Board of Directors know. ACE isn’t
a singular event—it’s a place where we can bring together
the many different conversations we are having in the 

Association, but certainly doesn’t need to be the only place
we have them.

Now onto the topic at hand! This month, EM focuses on
the topic of reactive nitrogen deposition (RND), one that
has significance on the global scale. Nitrogen, in the proper
amounts, serves as a key nutrient to life. But, like many of
the other problems we tackle in the environmental commu-
nity, too much or too little can drive negative effects. Some
of the major targets of RND include ecosystem biodiversity, 
soil acidity, and water quality. Researchers have been hard
at work over the past decade to better understand the 
levels of RND that are occurring and to translate those 
levels into measures of effect. What are the threshold levels
for different types of ecosystems, are there points of no 
return where an ecosystem will be irreversibly damaged, or
how much time will it take for an ecosystem to respond to
measured differences in deposition? All of these questions
and many more are being tackled in laboratories and field
research programs throughout the United States, Europe,
and Asia. At ACE, we had the opportunity to hear about
studies that are being conducted on the impacts of RND 
in our U.S. National Parks. And in this issue of EM, we 
continue that conversation and explore the topic in even
more detail.

As I send you off to explore the pages of this month’s issue,
I encourage you to reach out and let me know what else
you’d like to hear from the Association on this topic. Are
there partners we should be reaching out to much like we
did for the wildfires issue to provide a better breadth of
coverage on the topic? Are there modeling programs we
should be running tutorials and workshops on? Should 
we make sure our delegates at COP25 in Santiago are 
targeting sessions on this issue? If you have an expertise 
in this area or just want to learn more, please give me a
call, shoot me an email, or track down one of our Board
members. Expanding topics of interest to our members 
is always a priority! em
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Cover Story by John T. Walker

An overview of policy-relevant research needed to better understand emissions, air

concentrations, and deposition of reactive nitrogen in the United States.

Clean Air Status and Trends Network (CASTNET, GTH161), National Atmospheric Deposition Program/National Trends Network (NTN, CO10), National 
Atmospheric Deposition Program/Ammonia Monitoring Network (AMoN, CO10) site in Gunnison County, CO. 
Photo courtesy of U.S. Environmental Protection Agency, CASTNET.

Improving Nitrogen Deposition Budgets for
Ecosystem Assessments
in the United States
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Accurate and complete budgets of reactive nitrogen (Nr)
deposition are needed for ecosystem risk assessments, 
including the development of critical loads for nutrients 
and acidity and review of the secondary National Ambient
Air Quality Standards. Members of the National Atmospheric
Deposition Program Total Deposition Science Committee
(NADP/TDep), along with collaborators from federal 
agencies and academia, recently completed a review of 
the state of the science of Nr deposition budgets in the
United States. The report highlights that while much 
progress has been made in improving deposition budgets
over the past decade, further improvements remain limited
by important data and knowledge gaps. The report is 
categorized into specific areas of deposition research where
these gaps are identified and briefly discussed in terms of
their importance and, where applicable, potential research
paths are identified.

In this issue of EM, we summarize several overarching 
examples of policy-relevant research needed to better 
understand emissions, air concentrations, and deposition 
of Nr, and to improve models and measurement-model 
fusion methods for estimating total and speciated Nr 
deposition for ecosystem assessments.

Evolution of Nr Monitoring and Modeling
The first article by Walker and Beachley summarizes advance-
ments in both measurements and models needed to further
improve nitrogen deposition budgets in the United States.
Examples include the continued evolution of monitoring to
characterize concentrations and deposition of reduced forms
of nitrogen (NHx = ammonia (NH3) and particulate ammo-
nium (NH4+)) and to better understand deposition in urban
environments. An important advancement in chemical trans-
port models is the estimation of land-use-specific deposition

for ecosystem assessments, which will help to reduce 
uncertainty in modeled dry deposition estimates.

Long-Term Trends in Nr Deposition
The next article by Beachley, et al. describes trends in emis-
sions, air concentrations, and deposition of Nr species across
the United States. Trends in deposition of oxidized nitrogen
are reflective of downward trends in emissions since 2000.
Patterns of NH3 emissions and NHx deposition are less 
consistent. Though NH3 emission inventories suggest a slight
decrease since 2000, measured wet deposition of NH4+ and
modeled dry deposition of NH3 have increased. Improved
measurements, both for emissions and ambient concentra-
tions, as well as the incorporation of satellite monitoring data,
will help to reconcile differences in these trends.

Need for Improved Monitoring of Spatial
and Temporal Trends
The importance of NHx to total Nr deposition budgets has
increased over time as emissions of oxidized nitrogen have
declined. The third article by Puchalski, et al. explores needs
and opportunities for expanding ground-based monitoring 
to better understand spatial gradients and processes of 
NHx deposition over local-to-regional scales. Integration of
ground- and satellite-based NH3 measurements, as well as
improved agricultural emissions inventories, will be important
for better resolving NHx trends.

This month’s feature articles briefly summarize several 
important research needs in Nr deposition science. For more
detailed information on these and other topics, including a
summary of current regulations relevant to Nr deposition, we
encourage readers to refer to the above-mentioned report 
available at the NADP website at http://nadp.slh.wisc.edu/
committees/tdep/reports/nrDepWhitePaper.aspx. em

Cover Story by John T. Walker

John T. Walker, Ph.D., is a senior research chemist with the U.S. Environmental Protection Agency’s Office of Research and 
Development, Air and Energy Management Division.

Disclaimer: The views expressed in this article are those of the author and do not necessarily represent the views or policies of the 
U.S. Environmental Protection Agency.

In Next Month’s Issue…
NSR Reform 2.0
The U.S. Environmental Protection Agency’s (EPA) New Source Review (NSR) 
program has been targeted for reform in the past, and additional changes are 
impending. Some NSR Reform programs were enacted in the early 2000s. 
The current round of “NSR Reform” seems focused on even broader changes 
to the program than previous reform efforts. The August issue will give multiple 
perspectives on the current NSR Reform efforts: from industry, environmental
groups, to EPA, and states. How will these policies affect the permitting process, 
and what will be the aggregate effect on the environmental protection and 
economic priorities?



em • The Magazine for Environmental Managers • A&WMA • July 2019

The authors consider three overarching examples where continued evolution of

monitoring and modeling are needed to improve nitrogen deposition budgets.

Monitoring and Modeling of Reactive Nitrogen Deposition in the United States by John T. Walker and Greg M. Beachley

by John T. Walker and Greg M. Beachley

Clean Air Status and Trends Network (CASTNET, SPD111), National Atmospheric Deposition Program/National Trends Network (NTN, TN04), National Atmospheric 
Deposition Program/Ammonia Monitoring Network (AMoN, TN04) site in Claiborne County, TN. 
Photo courtesy of U.S. Environmental Protection Agency, CASTNET.

Evolution of Monitoring
and Modeling

of Reactive Nitrogen Deposition in the United States
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Deposition of reactive nitrogen (Nr)—that is, all forms of 
nitrogen that are biologically, photochemically, or radiatively
active—can contribute to eutrophication and acidification,
changes in biodiversity, reduced resilience to climate variabil-
ity, and other impacts in terrestrial and aquatic ecosystems.1

Accurate and complete atmospheric deposition budgets of
nutrients and acidity are fundamental to critical load frame-
works, which are used by the U.S. Environmental Protection
Agency (EPA) to quantitatively link deposition to negative 
effects on soils, water, vegetation, visibility, and other aspects
of public welfare.

The critical load describes the amount of atmospheric deposi-
tion to an ecosystem below which harmful effects do not
occur and has become an important component of the
review of the secondary U.S. National Ambient Air Quality
Standards (NAAQS).1-4 Critical loads are also used by land
management agencies to guide air pollution management
for national parks, forests, and wilderness areas.5,6 An esti-
mate of total Nr deposition is needed to determine if an
ecosystem is receiving more or less Nr than the critical load
(i.e., the exceedance). Nr deposition budgets used for critical
loads assessments are developed from measurements, 
models, and combinations of the two.7

Members of the National Atmospheric Deposition Program
Total Deposition Science Committee (NADP/TDep), along
with collaborators from federal agencies and academia, 
recently completed a detailed report on the state of the 
science of Nr deposition budgets in the United States.8

The report highlights that while much progress has been
made in improving deposition budgets over the past decade,
further improvements remain limited by important data and
knowledge gaps. Policy-relevant research needs identified in
the report address monitoring, process-level measurements,
modeling, and source apportionment. In this article, we 
summarize three overarching examples where continued
evolution of monitoring and modeling are needed to inform
changing trends in the atmospheric composition of Nr, better
understand spatial patterns of deposition in urban environ-
ments, and improve the accuracy of modeled deposition 
estimates to account for specific land-types.

Sources, Patterns, and Processes of 
NHx Deposition
Due to the decline in emissions of oxides of nitrogen (NOx)
under the U.S. Clean Air Act, reduced forms of atmospheric
Nr (NHx = ammonia (NH3) + ammonium (NH4+)) are be-
coming an increasingly important component of Nr deposi-
tion9 across the United States. However, development of a
more complete understanding of the magnitude and spatial
patterns of NHx deposition is limited by the completeness
and accuracy of NH3 emission inventories, as well as moni-
toring and modeling of NHx deposition. This is particularly

true of agricultural sources and regions, as confined animal
feeding operations (CAFOs, 55%) and fertilized soils (25%)
account for approximately 80% of NH3 emissions in the
United States.10 While increasing trends in NH3 concentra-
tions have been documented,11,12 linking these trends to
changes in emissions is difficult due to limitations in invento-
ries.13,14 Additionally, quantifying the dry component of NHx
deposition remains difficult due to uncertainties in modeling
the bidirectional air–surface exchange of NH3.15 While mod-
els are improving, there remains a paucity of flux measure-
ment datasets by which to evaluate and improve air-surface
exchange models for North American ecosystems.16

As further described in an accompanying article elsewhere in
this issue, better characterization of the spatial variability of at-
mospheric NH3 concentrations in agricultural areas is needed
for evaluation and improvement of emission inventories, im-
provement of chemical transport models (CTMs) to more 
accurately simulate particulate matter formation and deposi-
tion, and treatment of NH3 dry deposition in measurement-
model fusion approaches.7 The NADP Ammonia Monitoring
Network (AMoN), which began in 2007, is currently the only
national monitoring effort for NH3 in the United States (cur-
rently ~100 sites). However, most of the sites are located in
the eastern United States, many in counties with relatively
low NH3 emissions. Broad geographical gaps in monitoring
exist over areas of the West and Midwest, where agricultural
NH3 emissions are large, and many smaller hot-spot areas
are also missed.

As shown in Figure 1, landscapes often contain a patchwork
of agricultural sources and natural land use, creating high
spatial and temporal variability in NH3 concentrations and
deposition that can be challenging for both monitoring and
modeling. Expansion of AMoN monitoring in agricultural
areas, informed by satellite measurements and emission in-
ventories to identify the most valuable and representative 
new monitoring locations, would help to better characterize
spatial and temporal patterns in agricultural regions at rela-
tively low cost.

Urban Deposition Issues
The primary monitoring networks that support deposition as-
sessments in the United States—NADP and Clean Air Status
and Trends Network (CASTNET)—were originally designed in
the 1970s and 1980s to track changes in acidic deposition
resulting from NOx and sulfur oxides (SOx) emission reduc-
tions from electricity generating units. Monitoring sites were
therefore intentionally located in primarily rural locations to
be regionally representative. For this reason, urban areas are
not well characterized by these networks and deposition in
urban environments is instead extrapolated from measure-
ments in non-urban locations (e.g., NADP wet deposition
mapping protocol) or modeled (e.g., TDep dry deposition7).

Monitoring and Modeling of Reactive Nitrogen Deposition in the United States by John T. Walker and Greg M. Beachley
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However, both measurements and models show urban areas
(Figure 1, lower right) as hot-spots for deposition of 
oxidized and reduced forms of Nr, owing to a high density
of mobile source emissions. Numerous studies have docu-
mented gradients in Nr deposition from urban to rural areas
in the United States (e.g., Los Angeles,17-19 New York,20

Boston,21,22 Phoenix,23 and Salt Lake City24).

Expanded routine monitoring is needed to better understand
the role of atmospheric Nr deposition in urban water quality
and to better inform management of total maximum daily
loads (TMDL) and other water quality issues downstream.25

This would involve the expansion of networks such as NADP
National Trends Network (NTN) in urban areas, which would
benefit from coordination of deposition and water quality
monitoring.26 Air concentrations of oxidized Nr (NOx, NOy,
NO2) are already monitored in many urban areas (e.g., EPA
Air Quality System <www.epa.gov/aqs>). Utilization of these
datasets in measurement-model fusion techniques such as
NADP TDep7 is needed. Existing monitoring could be 
complemented with urban sampling of NH3 using low-cost
passive sampling such as employed by AMoN27 to better 
understand patterns of NHx deposition.19 Improvements to
deposition algorithms in CTMs will also be needed to more
accurately represent Nr dry deposition in urban environments.

Land-Use-Specific Deposition Estimates
CTMs and measurement-model fusion techniques7 used for

North American deposition assessments provide estimates of
deposition as averages over model grid cells. Grid cells may be
on the order of 10 km × 10 km or larger in size and often
contain multiple types of land use and land cover, each of
which has different physical, biological, and biogeochemical
characteristics that affect air–surface exchange. Through their
influence on air–surface exchange, these characteristics can 
result in large differences in deposition among the ecosystems
present in the cell. To estimate fluxes to the grid cell, models
average sub-grid variability in land surface characteristics or the
deposition velocities derived from the model, leading to often
large differences between grid-average and ecosystem-specific
fluxes. Calculation of a critical load exceedance for a specific
ecosystem using a grid-average deposition estimate may there-
fore contain large uncertainty.

Differences may be particularly large for species that deposit
rapidly, such as nitric acid (HNO3), or that depend on biogeo-
chemical characteristics of the vegetation and soil such as NH3.
Deposition of HNO3 is limited primarily by turbulent transfer
from the atmosphere to the receptor surface, the resistance to
deposition being a strong function of the roughness and sur-
face area of the vegetation. HNO3 will therefore deposit more
rapidly to a forest (Figure 1, bottom left) than a grass field. Re-
cent studies show that deposition of HNO3 to forests can differ
substantially from the corresponding grid average value,28,29

highlighting the impact of sub-grid heterogeneity and model
grid size on deposition estimates from CTMs.

NH3 is exchanged bidirection-
ally with the surface depend-
ing on the difference between
the atmospheric concentration
and the surface compensation
point, which is a function of
the nitrogen status and acidity
of the exchange surface.15

While forests may be net sinks
for atmospheric NH3, crops
are expected to be net sources
due to higher nitrogen content
of the soil and vegetation 
resulting from fertilization.30 In
model grid cells containing a
mix of crops and natural land
use types (Figure 1, top cen-
ter), the grid-average flux may
therefore be much different
than the actual flux to the nat-
ural ecosystems. These studies
highlight the need for CTMs
and measurement-model 
fusion techniques to output
land-use-specific fluxes for 

Monitoring and Modeling of Reactive Nitrogen Deposition in the United States by John T. Walker and Greg M. Beachley

Figure 1. Examples of landscapes where improvements in monitoring and
modeling of Nr deposition are needed: (1) mixed agricultural (light colored
fields and CAFOs) and natural land use types (top center); (2) rural forest 
(bottom left); and (3) highly urbanized (bottom right). 
Source: Images of agricultural and urban landscapes attributed to Google DigitalGlobe 
and TerraMetrics Map Data.



critical load applications, an option that is becoming available
in newer versions of CTMs.28,29,31

These brief examples highlight aspects of monitoring and
modeling that must continue to progress to reduce 
uncertainties in Nr deposition budgets used for policy 

assessments in the United States. Additional detail on these
and other topics can be found in the recent EPA report on
the subject8 available at the National Atmospheric Deposition
Program website at http://nadp.slh.wisc.edu/committees/
tdep/reports/nrDepWhitePaper.aspx.em

Monitoring and Modeling of Reactive Nitrogen Deposition in the United States by John T. Walker and Greg M. Beachley
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Long-term monitoring of ambient air quality and deposi-
tion is necessary to characterize trends in human and ecosys-
tem exposure and to gauge the effectiveness of air pollution
control programs. Such datasets are rare because of the 
difficulty and capital required to consistently and accurately
collect and analyze samples over time from a spatially ade-
quate number of regionally representative sites. Most of the
national air pollutant monitoring networks producing these
datasets were established in the 1970s and 1980s and fo-
cused on the human health-based U.S. National Ambient 
Air Quality Standards (NAAQS) criteria pollutants (e.g., sulfur
dioxide [SO2], nitrogen dioxide [NO2], ozone [O3], and 
particulate matter < 2.5 µm [PM2.5]) or reporting acid rain
trends and visibility impairment.

Under Title IV of the U.S. Clean Air Act Amendments
(CAAA), electric generating units (EGU) were required to
make significant reductions in emissions of SO2 and oxides
of nitrogen (NOx; i.e., nitric oxide [NO] and nitrogen dioxide
[NO2]). While NOx has continued to be regulated under sta-
tionary and mobile emissions programs (e.g., NOx Budget
Trading Program), reduced nitrogen (NHx; i.e., particulate
ammonium [pNH4] plus gaseous ammonia [NH3]) remains
unregulated despite its contributions to PM2.5 formation and
total reactive nitrogen (Nr) deposition. Several long-term
monitoring networks have measured components of Nr
species for several decades (see Table 1). 

While monitoring data are used to assess regional long-term
trends in air concentrations1 and wet deposition of some Nr
species,2 the NADP Total Deposition (TDep) measurement-
model fusion method3 is widely used for assessing trends in
total (wet + dry) Nr deposition in the United States. Briefly,
the TDep method combines measured concentrations and
wet deposition with modeled values where measurements
are lacking (spatial gaps or unmeasured species).

In this article, we use measurements, TDep products, and
emission inventories to discuss current trends in atmospheric

concentrations and deposition of Nr and their relationship to
trends in emissions. This analysis identifies several examples
where improvements in monitoring, modeling, and emissions 
inventories are needed to better characterize the linkages be-
tween trends in emissions and changes in the atmospheric
composition of Nr.

Current Monitoring Trends in Emissions,
Ambient Concentrations, and Deposition
Annual emissions of SO2 and NOx have decreased substan-
tially (by 83% and 57%, respectively) from the period from
1990–1992 to 2014–2016 (see Figure 1). This is attributa-
ble to EGU controls (i.e., EGU emission reductions of 85%
for SO2 and 77% for NOx),4 market-driven changes to
cleaner fuels, and mobile source controls (i.e., mobile source
reductions of 89% for SO2 and 46% in NOx).4

This decline is reflected in the long-term monitoring of ambi-
ent concentrations over the same period. The decreasing
SO2 concentration trend measured at eastern CASTNET sites
(86%; see Figure 2 and summarized in Table 2) shows a 
linear relationship between EGU emissions and ambient 
concentrations (R2= 99%).5 Data that support linkages 
between emissions and environmental results provide 
accountability for regulators and the regulated community.

Deriving this type of relationship between emissions and con-
centrations is more convoluted for Nr species. Atmospheric
processing converts the NOx emitted by sources (reported
by emissions monitors) to a diverse number of oxidized N
compounds (NOy), which monitoring networks either meas-
ure as total NOy (by chemical conversion of all NOy com-
pounds to NO prior to detection) or as a fraction of NOy
(e.g., filter-based methods report out on total nitrate [the sum
of nitric acid (HNO3) and particulate nitrate (pNO3]). Also,
NOx emissions are more distributed across source types
(e.g., 26% EGUs, 52% transportation, 22% other in 1990)4

(Figure 1). Large decreases in NOx emissions during the 
period from 1990–1992 to 2014–2016 are reflected in a
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controls, market-driven changes to cleaner
fuels, and mobile source controls.
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marked decrease in ambient concentrations of total nitrate
(48%) at CASTNET eastern reference sites (Figure 2), and in
NO2 satellite observations.6

For NHx species, emission sources emit NH3, which in the 

atmosphere can readily convert to pNH4 or remain as NH3
depending on meteorological conditions and availability of
acidic pollutants as precursors to pNH4. Monitoring networks
need to measure both forms to accurately represent NHx.
CASTNET ambient pNH4 concentrations show a similar 

Long-Term Trends in Reactive Nitrogen Deposition by Greg M. Beachley, et al.

Network                      Nr Measurements                 Measurement   Website
                                                                                Interval

Clean Air Status           Ambient concentrations of      Weekly              https://epa.gov/castnet
and Trends Network     pNH4+, particulate nitrate
(CASTNET)                  (pNO3

-), nitric acid (HNO3)                             

National Atmospheric    Concentrations of NO3- and   Weekly              http://nadp.slh.wisc.edu/NTN/
Deposition Program      NH4+ in precipitation; 
(NADP) National          precipitation amounts
Trends Network (NTN)

NADP’s Atmospheric     Concentrations of NO3
-          Daily                 http://nadp.slh.wisc.edu/

Integrated Research      and NH4+ in precipitation;      (event-based)      AIRMoN/
Monitoring Network     precipitation amounts
(AIRMoN)

NADP’s Ammonia        Ambient concentrations          Bi-weekly           http://nadp.slh.wisc.edu/AMoN/
Monitoring Network     of NH3
(AMoN)

Chemical Speciation      Ambient concentrations         Daily                 https://www3.epa.gov/ttn/amtic/
Network (CSN)             of pNO3

-, pNH4+                   (1:3 or              speciepg.html
                                                                             1:6 day)

Interagency Monitoring Ambient concentrations         Daily                 http://vista.cira.coloradostate.edu/
of Protected Visual        of pNO3

-, particulate nitrite     (1:3 day)            improve
Environments               (pNO2

-)
(IMPROVE)

National Core (NCore)  Concentrations of NO,           Hourly               https://www3.epa.gov/ttn/amtic/
Multipollutant Network;  total oxidized nitrogen                                   ncore; https://www3.epa.gov/
State and Local Air       (NOy); PM speciation                                     airquality/montring.html
Monitoring Stations      (CSN or IMPROVE)
(SLAMS); National 
Air Monitoring 
Stations (NAMS)

Photochemical              Concentrations of NO,           Hourly               https://www3.epa.gov/ttn/amtic/
Assessment                  NOy, NOx                                                    pamsmain.html
Monitoring 

Stations (PAMS)

Near-road NO2            Concentrations of NO2              Hourly               https://www3.epa.gov/
Monitoring                                                                                      ttnamti1/nearroad.html

Table 1. Existing U.S. monitoring networks that measure components of reactive nitrogen (Nr) in the 
atmosphere or precipitation (wet deposition). Data from these networks are used by state, local, and 
federal agencies; researchers; and industries to assess trends in atmospheric pollution and deposition.



decreasing trend (63%) as those reported for SO2 and total
nitrate (Figure 2), yet NH2 emissions have decreased at a
much slower rate (-19%) since 1990–1992.4 Measured an-
nual ambient NH3 concentrations at 21 NADP/AMoN sites
with long-term sampling records increased 24% from 2008–
2010 to 2014–2016 (see Figure 3). An increasing NH2 trend
(7 ± 2%) was also identified in a study on similar sites that
accounted for variability in seasonality and regional location.8

Trends in total (wet + dry) deposition in the United States
were derived from TDep results and should be reflective of
those for emissions and ambient concentrations. Total Sulfur

(S) deposition decreased by 58% from 2000–2002 to
2014–2016 and total NOy deposition decreased by 35%
over the same period, showing significant but less dramatic
trends than measured concentrations (see Figure 4; summa-
rized in Table 2). However, total NHx, deposition increased
by 30% over the same time period, and comprised a 
decrease in dry pNH4 deposition (-17%) and increases in wet
NH4+ deposition (+24%) and dry NH3 deposition (+54%),
which contribute 2%, 30%, and 18% to the total Nr budget, 
respectively (Figure 4).

Ambient NH3 can be entrained in precipitation, thus higher
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Figure 1. Three-year averaged annual emissions trends for SO2, NOx, and NH3 by source category.4
Note: Source categories are grouped as regulated EGUs, transportation, and other, which includes everything from fuel combustion 
from non-EGU sources, industrial processes, and agricultural sources to events such as wildfires and prescribed burns. The percent 
decrease in overall emissions is noted above the 2014-16 bars.

Species                  Time Period                    Emissions          Concentrations         Total Deposition

SO2               1990–92 to 2014–16                  -83                        -86                             -
                     2000–02 to 2014–16                  -76                        -80                           -58◊

NOy              1990–92 to 2014–16                 -53ζ                       -48¥                             -
                     2000–02 to 2014–16                 -48ζ                       -48¥                           -35

NHx               1990–92 to 2014–16                 -19†                       -63‡                             -
                     2000–02 to 2014–16                 -15†                       -58‡                            30
                     2008–10 to 2014–16                 -17†             -39‡; 24†; 7 ± 2†δ                  19

Table 2. Summary of percent differences for oxidized sulfur, oxidized nitrogen, and reduced nitrogen in 
emissions, concentrations, and total deposition over different time periods of comparison. All percent differences
are obtained from three-year averages at the beginning and end of the time period as indicated.

Notes:
◊- reported as total S; ζ - reported as NOx; ¥ - reported as total nitrate; 
† - reported as NH3; ‡ - reported as pNH4+; δ – Ref.: Butler et al., 2016
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NH3 concentrations likely explain the observed increases in
wet NH4+ deposition. The decreasing pNH4 concentrations
and the increasing NH3 concentrations suggest that less of
the NH3 emissions are partitioning to the particle phase. This
is supported by the concurrent decline in SO2 and NOy
emissions and concentrations, which reduces the potential for
acidic pollutants to react with gaseous NH3 and convert to
PM.8 Summing the concentration averages for pNH4 and
NH3 over the period from 2008–2010 to 2014–2016 and
calculating the difference provides a rough estimate of the

NHx concentration trend (-4%),
which is more proximate 
to the National Emissions Inven-
tory (NEI) NH3 emissions trend
of -17% over this period, though
still a substantial difference.

The TDep NOy total deposition
maps from 2000–2002 to
2014–2016 show that the re-
ductions in NOy deposition have
been significant downwind of
large EGU sources in the Eastern
United States (see Figure 5).
Urban areas are now easily 
identified as the major NOy
hotspots. The total NHx deposi-
tion map shows increases in
agricultural source regions (e.g.,
Midwest United States, eastern
NC, southeastern PA) (Figure 5).
The total Nr deposition pre-
dicted by the TDep method is
now approximately half NOy
and half NHx (Figure 4). This
trend has also been observed in
other studies.2,10

Trends Analysis 
Limitations
The trends analyses in Nr emis-
sions, concentrations, and 
deposition described in the pre-
vious section are not without
limitations. Linking trends in
emissions and atmospheric 
concentrations for Nr species is
not as straightforward as for S,
as there are more Nr species,
more reactivity, and more
sources to convolute these link-
ages. Emissions inventories for
non-EGU sources are not robust
and improvements are needed

for all Nr species. These sources have greater uncertainties,
as they are more variable with time (e.g., agricultural and bio-
genic sources), are episodic (e.g., wildfires), and are typically
calculated via mass-balance techniques.11 Studies suggest
current inventories for mobile emissions are overestimated for
NOx12-14 and underestimated for NH3.15,16 Agricultural
sources (e.g., livestock production, emissions from fertilized
soils) account for 80% of U.S. NH3 emissions4,17,18 and are
poorly characterized by agricultural practice and activity data
in emissions inventory development.19

Figure 2. Trends in annual aggregate mean SO2 (top), total nitrate 
(middle), and pNH4 (bottom) concentrations from CASTNET eastern 
reference sites.7
Note: The CASTNET reference sites are split into eastern and western regions due 
to the spatial density of the measurement sites, concentration differences, a difference
in filterpack collection flow rate, and different start dates of operation. Only eastern 
sites are discussed as they are in closer proximity to EGUs and more reflective of 
the trends.
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There are substantial limitations to the available Nr concentra-
tion measurements and how those measurements are used to
assess total deposition. The TDep methodology does not uti-
lize measured NH3 concentrations because of a non-linear

relationship with the modeled 
bi-directional deposition 
velocities. Also, existing network
measurements for NO2 (e.g., U.S.
AQS), are also not currently uti-
lized. Planned newer versions of
the TDep method will address
these limitations in the near fu-
ture. Approximately 13% of the
total Nr deposition budget is ei-
ther not measured or not utilized
by the TDep method (Figure 4). A
fraction of this is organic nitrogen
(ON), which is uncharacterized. 

More Research Needed
Routine Nr monitoring could be
expanded to include bulk sam-
pling of ON in precipitation and
PM to develop more complete Nr
budgets. Additionally, low-cost
passive samplers for NH3 and
NO2 could be added to existing
networks to help characterize gra-
dients from urban and agricultural
areas to rural, non-source im-
pacted areas. This could be con-
ducted in tandem with satellite
assessments to identify new moni-
toring locations and to better un-
derstand measurement spatial
representativeness. Further devel-
opment of low-cost methods for
directly measuring dry deposition,
suitable for routine network oper-
ation, is also a high priority. Finally,
there are constant improvements
in the accuracy of chemical trans-
port models (CTMs) used to de-
velop long-term time series of
concentrations and deposition.
These new estimates need to be
reconciled with older estimates,
especially for trends assessment
where consistency is essential. 

Satellite measurements of 
tropospheric NO2 and NH3 con-
centrations can augment current
monitoring and modeling strate-

gies for Nr and address some of these limitations. Satellite
data products have been used to quantify regional and point-
source scale emissions,20,21 including episodic emissions (e.g.,
wildfires)22,23 to improve emissions inventories.24,25 Also,
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Figure 3. Trend in annual aggregate mean NH3 concentrations from 
21 NADP/AMoN sites.

Figure 4. Trends in Nr deposition output by the TDep measurement-model
fusion method.
Note: Top plot is the deposition flux of total Nr and its oxidized and reduced 
components (kg-N ha-1). The lower plot is the percentage of total Nr deposition for
each modeled species and its deposition pathway. 
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Figure 5. TDep method deposition maps of NOy and NHx from 2000–2002 to 2014–2016.9

satellite-derived long-term trends for concentrations of
NO2

26,27 and NH328-30 support surface monitoring trend data
and provide information on spatial variability31 not achievable
with surface networks. Satellite data products have been used

in conjunction with measurements, CTMs, and deposition
models to estimate trends in Nr deposition32,33 or to evaluate
and improve the CTMs28,34-36 and thus improving modeled
deposition estimates providing more accurate trends. em
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Clean Air Status and Trends Network (CASTNET) site in Beaufort, NC.
Photo courtesy of the U.S. Environmental Protection Agency (EPA).



monitoring networks in the United States for more than 
30 years. None of the existing networks measure total NHx,
but data can be combined to develop estimates of reduced
atmospheric nitrogen. The key U.S. networks that measure
components of NHx include:

   •   The Clean Air Status and Trends Network 
       (CASTNET) measures weekly concentrations of 
       particulate NH4+, as well as nitric acid (HNO3), sulfur 
       dioxide (SO2), nitrate (NO3

-), and sulfate (SO4
2-), at 

       92 sites. CASTNET data have provided estimates of 
       dry deposition used to assess spatial and long-term 
       trends since 1990.
   •   National Atmospheric Deposition Program’s (NADP)
        Ammonia Monitoring Network (AMoN) uses passive
       samplers to measure two-week integrated NH3
       concentrations. Established in 2007, the network
       includes 105 sites.
   •   The Chemical Speciation Network (CSN) and 
       Interagency Monitoring of Protected Visual 
       Environments (IMPROVE) networks collect speciated
       24-hour PM2,5 samples on a one-in-three-day schedule.
        CSN samples are analyzed for NH4

+.23 In IMPROVE, 
        NH4+ is derived from assumed compositions of the 
       measured SO4

2- and NO3
-.24

In the case of both CASTNET and CSN, NH4+ concentra-
tions are biased low due to losses of NH4+ from dissociation
of particulate nitrate from the Teflon and nylon filters, respec-
tively.25,26 While the NH4+ concentrations are comparable,
IMPROVE and CSN use a PM2.5 cutpoint and CASTNET
uses an open face filter pack.27

The spatial distribution of ambient measurements of NHx,
calculated as the sum of NH3 and NH4+ at co-located
AMoN/CASTNET sites, is presented in Figure 1a, showing 
a predominance of NH3 at all locations. The majority of co
located AMoN/CASTNET sites are located in the eastern
United States, many in counties with relatively low NH3
emissions. Some hotspots are captured (i.e., eastern NC); 
however, large areas of agricultural NH3 emissions across 
the Midwest and West are not well resolved by the existing
networks, which can be seen by the discrepancy between
Figure 1a and 1b. Outside of agricultural regions, monitoring
is lacking in the Northwest, Gulf Coast region, and Florida.

Expansion of Routine Monitoring
Establishing additional co-located time-integrated NH4+ and
NH3 sites would be a cost-effective way to better resolve
broad spatial and temporal patterns of NHx. Satellite meas-
urements and NH3 inventories are useful for identifying high-
value locations for establishing new sites where monitoring is 
currently lacking. Figure 2 shows AMoN sites layered with
the 2008–2016 average satellite NH3 measurements, 
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U.S. regulations have been effective at reducing emissions
of oxidized nitrogen (NOx) and associated secondary pollu-
tants (e.g., ozone, nitrate).1,2 NOx (nitrogen oxide [NO] + 
nitrogen dioxide [NO2]) reductions have resulted in decreas-
ing trends and shifting spatial patterns in wet and dry nitrate
deposition as measured by urban and rural monitoring net-
works.3,4 As NOx emissions have decreased, the atmospheric
reactive nitrogen (Nr) budget is shifting toward a greater 
contribution from reduced inorganic nitrogen forms (NHx 
= ammonia gas [NH3] + ammonium aerosol [NH4

+]).5

Unlike NO2, NH3 and NH4+ are not regulated under the
U.S. Clean Air Act; however, as a component of Nr deposi-
tion and contributor to particulate matter < 2.5 µm (PM2.5), 
NHx is considered in the current review of the NOx/SOx/
PM secondary National Ambient Air Quality Standards
(NAAQS).6 While the primary NAAQS protect human health,
the secondary NAAQS protect public welfare, which includes
visibility and ecosystem health.

Livestock waste and fertilized soils account for approximately
80% of NH3 emissions in the United States.

7 Automobiles
(urban) and wildfires are also important sources of NH3 and
are likely underestimated in current inventories.4,8-10 In the
atmosphere, NH3 reacts with acidic pollutants to form partic-
ulates (e.g., ammonium sulfate [(NH4)2SO4], ammonium
bisulfate [(NH4)HSO4], ammonium nitrate [NH4NO3]), which
contribute to PM2.5, climate forcing, and poor visibility.

11

NH3 and NH4+ are also components of Nr deposition, which
can cause soil acidification,12 NO and nitrous oxide (N2O)
emissions from microbial activity in soils,13,14 reductions in
vegetation species diversity,15 and eutrophication of aquatic
ecosystems.16 Measuring and modeling NH3 dry deposition
is challenging due to the presence of a surface compensation
point and subsequent bidirectional exchange with the 
atmosphere.17,18

Ambient NH4+ has been monitored for more than 30 years
by existing networks, but less information exists for gaseous
NH3. Over the last decade, ground-based monitoring and 
remote sensing have shown NH3 to be increasing in some
regions of the United States,19,20 yet uncertainties in emission
inventories and gaps in monitoring make linking long-term
trends in NH3 emissions with ambient NHx difficult.21 Ex-
panded monitoring of NHx is needed to better characterize
these linkages and provide data to evaluate and improve
chemical transport models (CTMs) to more accurately predict
PM formation, visibility impacts, and ecosystem exposure.
Better understanding of spatial variability of NH3 concentra-
tions and bidirectional exchange is also needed to improve
the representation of NH3 in measurement-model 
fusion techniques for total deposition.22

Current Monitoring of NHx
Particulate NH4+ has been measured by atmospheric 
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Figure 1. (a) Annual NHx measurements across the continental United States from CASTNET and AMoN
in 2017; (b) map of 2014 NEI NH3 emissions for all sectors.7
Note: (a) Pie charts represent total NHx as the sum of particulate NH4

+ (measured by CASTNET) and NH3 (measured by AMoN). 
The size of the circle is representative of the total NHx concentration. Site locations that are not co-located are represented by a star.

(a)

(b)



measurements would be beneficial for model evaluation and
source apportionment. Acid-impregnated filters deployed in a
pilot IMPROVE study in the West and Midwest showed good
recovery of NHx.33 However, recent testing of acid-impreg-
nated filters in CSN and IMPROVE deployed in the South-
east exhibited a negative bias in CSN as compared to the
reference method; therefore, additional testing in humid 
environments is needed. If biases in the technique can be 
adequately understood, deployment of the acid-impregnated
filters at existing sites could provide additional integrated
NHx concentrations in urban and rural environments at
more than 300 sites for a relatively low cost.

High Time Resolution Measurements
Modeling the diurnal NH3 concentration profile in CTMs is
important to properly simulate PM formation and atmospheric
deposition processes, but is difficult due to uncertainties in
emission inventories, boundary layer dynamics, local disper-
sion, and bi-directional fluxes.17,34,35 Figure 3 summarizes 
diurnal NH3 concentration profiles in several locations, high-
lighting the need for high-time resolution measurements in
different environments. Profiles in agricultural areas (e.g., crops
and concentrated animal feeding operations regions) can differ
substantially from profiles measured in forested, coastal, and
suburban locations. Patterns similar to the examples in Figure
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highlighting monitoring gaps in high emission regions and
difficulties in selecting representative sites. For example, the
highest AMoN NH3 concentration (2016–2018 average
16.8 µg/m3) is measured at UT01 (Cache Valley) located ad-
jacent to a feedlot. This site is representative of the Cache
Valley, but not representative of the northern UT region. The
highest ground-level concentrations may not be well repre-
sented in the satellite observations due to a lack of vertical
mixing, which illustrates the synergies between satellite and
ground-based measurements.

Characterization of patterns across smaller source regions
and land-use types is also needed. As an example, a regional
passive NH3 monitoring network has been conducted during
the warmest months since 2010 in Colorado.31,32 This net-
work provides data on NH3 gradients across an agricultural–
rural–suburban–urban region with concentrations ranging
from less than 5 µg m-3 in rural–suburban locations to 42 µg
m-3 near large feedlots,31 highlighting some of the gaps in
existing national networks where the spatial gradients are not
well represented.

CSN and IMPROVE offer additional opportunity for 
expanded rural and urban monitoring. Capturing the daily
integrated NHx concentrations with speciated PM2.5

Figure 2. Average (2008–2016) satellite NH3 measurements from the Infrared Atmospheric Sounding 
Instruments (IASI v2.2R) using an oversampling algorithm for high-spatial resolution.28-30
Note: : AMoN sites are noted by open circles.
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3 have been observed at other locations in the United
States.36-38

The diurnal concentration patterns in Figure 3 may not corre-
late directly to NH3 emission rates, but rather reflect the net
result of emissions, deposition, and atmospheric processes.
Time-resolved monitoring of air concentrations is not a sub-
stitute for direct emission measurements, which are also
needed to improve current inventories.

Methods for continuous NH3 measurements include cavity
ring-down, ion mobility, and quantum cascade laser spec-
troscopy, high temperature conversion with nitric oxide chemi-
luminescence, online wet denuder/conductivity techniques,
chemical ionization mass spectrometry, and others.42 As an 
option for total NHx, CASTNET designed an enhanced chemi-
luminescence NO/NOy/total Nr analyzer (nitrotrain). Hourly
concentrations of NHx are reported by subtracting NOy from
total Nr. The nitrotrain is currently deployed at Duke Forest,
NC, in a routine-network mode. Deployment in other net-
works (e.g., NCore Network) could utilize existing infrastruc-
ture to measure hourly NHx concentrations at 80+ urban 
and rural monitoring sites. Adsorption onto inlet and tubing
surfaces, as well as particle filtration,42 continue to present 

significant challenges for deployment of continuous NH3
methods in a routine monitoring framework.

Conclusions
Improved characterization of NHx will support the develop-
ment of effective environmental regulations, guide the devel-
opment of best management practices for emissions, and
improve CTMs. A combination of time-integrated sampling
and high-time resolution measurements are needed to better
characterize spatial gradients, long-term trends and atmos-
pheric processes. Ideally, any expansion of NADP’s AMoN
would be accompanied by NH4+ measurements, trace acidic
pollutants, and meteorology to characterize gas-particle inter-
actions and improve models used to assess PM2,5 reduction
strategies. Selecting new site locations should be informed by
remote sensing and emission inventory data. Expanding
NHx monitoring presents an opportunity for greater engage-
ment of agricultural, ecological, and atmospheric communi-
ties in the assessment of NHx and for cooperation between
federal, state, or local agencies, universities, tribes, or other
private organizations.

Improvements in emission inventories are also urgently
needed, particularly for agriculture. In addition to the emission

Figure 3. Diurnal concentration profiles of NH3 at suburban, forested, coastal, and agricultural sites 
during summer months.
Note: Concentrations were measured using high temperature conversion/chemiluminescence (Warsaw, NC),18 the Monitor for
AeRosols and Gases (MARGA, Coweeta, NC; Chapel Hill, NC; Charleston, SC; Bondville, IL; Beltsville, MD);39,40 Picarro (NH3) 
analyzer (Rocky Mountain National Park [RMNP]); or a Particle Measuring System (Air Sentry II, 129 Fort Collins, CO; Greeley, CO).41

Data represent mean hourly concentration +/- 1 standard deviation.
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factors and emission models themselves, improvements in the
activity data underlying the inventory are needed. For exam-
ple, information on number of animals, facility characteristics
and manure management, locations of emission sources, and
timing and amount of fertilizer application are often lacking or
inaccurate. A targeted approach to low-cost, time-integrated

NHx measurements and high resolution, multi-pollutant 
intensive field studies is critical for the refinement of NH3
emission inventories, improved model performance and their
application to developing meaningful air quality management
strategies. em
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The 2019 Coordinating Research Council’s (CRC) Mobile Source Air Toxics (MSAT)

Workshop was held February 4–6 at the California Environmental Protection Agency

(CalEPA) Headquarters in Sacramento, CA. This was the ninth in a biennial series of

CRC MSAT Workshops, which began in 2002. The purpose of the workshop was to

bring together interested parties to review the status and current knowledge regarding

mobile source air toxics. The 2019 workshop highlighted the ongoing trend of de-

creasing emissions and improving air quality in the United States. Despite the significant

progress made, further reductions in MSAT emissions and improvement in air quality

are needed. One plenary and five technical sessions covered regulatory needs, meas-

urement and modeling of vehicle emissions, air quality and exposure measurements,

air quality and exposure modeling, and accountability. The workshop featured 32 oral

presentations and six posters with 120 participants. The agenda, final report, and 

presentations are available on the CRC website at www.crcao.org. Highlights from the

sessions follow.

by Susan Collet, S. Kent Hoekman, Seungju Yoon, and Timothy J. Wallington
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Highlights from the Coordinating Research Council’s

2019 Mobile Source
Air Toxics Workshop
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Strategies to reduce mobile source criteria, toxic, and
greenhouse gas (GHG) emissions include:electrification of
mobility; wider availability of micro-mobility (scooters, bikes),
micro-transit, ride-hailing, and car sharing; and better link-
ages between mass transit and private services. To promote
these strategies, more incentives for pooling and disincentives
for single-passenger/single-occupant travel may be needed.
The strategies could increase pooling, which may increase
person miles traveled (PMT), but decrease vehicle miles 
traveled (VMT).

Figure 1 shows trends of ambient benzene concentrations
measured in U.S. cities from 2003 to 2016. As illustrated in
Figure 2 (left panel), reductions of MSAT emissions in Califor-
nia between 1990 and 2012 have lowered estimated cancer
risks by 76–90%. Yet, unacceptable risk remains. This is par-
ticularly true in environmental justice areas where levels of
pollution typically exceed those in surrounding areas (see
Figure 2, right panel). In response to Assembly Bill 617 the
California Air Resources Board (CARB) has established the
Community Air Protection Program to reduce exposures in
communities most affected by air pollution by increased
monitoring at the local scale. On a national level, the latest
update of the U.S. National Emissions Inventory (NEI) in
2018 provided detailed estimates of air emissions for criteria 
air pollutants and hazardous air pollutants for the period
2014–2017.

Regulatory Needs
It seems likely that emissions of mobile source toxics and 
criteria air pollutants will remain an issue for the foreseeable
future. The mobile source contribution is particularly pro-
nounced in local hotspots such as railyards, ports, and near
major road intersections. Areas of future research focus in-
clude secondary organic aerosol (SOA) and brake and tire
wear. In California, CARB and local air districts have launched
a community air protection program and are jointly develop-
ing new approaches combining finer-scale air quality data
collection and community emissions inventories to support
local strategy development. Fragmented and sometimes
overlapping authority provides challenges for regulating 
mobile sources: international authority for aircraft and ships;
federal authority for motor vehicles, off-road equipment, and
locomotives; and state (CARB) authority for California new 
engines and fuels. Local air quality management districts have
limited authority for in-use fleets serving governments and
some large facilities (e.g., warehouses).

Measurements and Modeling of 
Vehicle MSAT Emissions
On-road vehicle emissions were measured and modeled.
Cold temperatures were found to substantially increase
volatile and semi-volatile organic carbon (VOC, SVOC) 
emissions in gasoline direct injection (GDI) vehicles. The U.S.
Environmental Protection Agency (EPA) is developing 

Figure 1. U.S. ambient benzene concentrations, 2003–2016.
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Air Quality and Exposure Measurements
A suite of different measurement techniques are being 
used to monitor air quality. Ground measurements provide 
detailed air quality information but lacks spatial resolution.
Satellite remote sensing provides broad spatial coverage, 
fills spatial gaps in ground monitoring networks, and can
track broad progress on various air quality management
strategies. 

Cooking and traffic emissions are the main sources of spatial
variability in urban air pollution. Local emissions of organic
aerosol and black carbon are the major contributors for PM
spatial variations. Trucks are still an important source of emis-
sions in West Oakland, CA. The centrally located monitoring
site understates black carbon concentrations observed at
many local monitoring sites. In the Raleigh, NC, area, bio-
genic emissions appear to dominate precursor emissions that
lead to SOA formation, even near a busy highway, although
vehicles also contribute to substantial emissions of SOA pre-
cursors. Temperature-driven partitioning has implications for
primary emission exposure and SOA formed from SVOCs. 
Roadside vegetation can provide significant reductions in
local air pollution. EPA and CARB have developed recom-
mendations to help design and maintain roadside vegetation
for air quality benefits.

volatility-based emission profiles for use in air quality models.
Emissions from current technology GDI vehicles showed
higher potential SOA formation with higher aromatic fuel
content and an ethanol reinforcing effect was found for fuels
with a high particulate matter index (PMI).

Emissions from port fuel injected (PFI) vehicles using E10 fuel
decreased with increasing ambient temperature. The phe-
nomenon was more pronounced for oxygenated species.
The first in-use light-duty gasoline vehicle study of isocyanic
acid (HNCO) and hydrogen cyanide (HCN) emission factors
found HNCO emissions about two times greater, and HCN
emissions much lower, than those in dynamometer studies. 
A small fraction of vehicles account for a large fraction of
HNCO/HCN emissions.

One study developed a cabin air quality index (CAQI), 
which may enable customers to choose vehicle heating 
ventilation and air conditioning (HVAC) systems that reduce
their exposure to pollutants. In-use heavy-duty truck emissions
measured near the Caldecott Tunnel in California and in the Ft.
McHenry Tunnel in Baltimore show large decreases in emis-
sions of oxides of nitrogen (NOx) and PM over the past 10
years. Estimates from EPA’s Motor Vehicle Emission Simulator
(MOVES2014) compare well with the tunnel observations.

Figure 2. California MSAT emissions1990–2012 (left panel); pollution levels in environmental justice areas
(right panel).

Modeling of  on-road diesel PM (DPM) is being 
conducted in California. A methodology is being 
developed to spatially allocate and graphically illustrate
vehicle emissions on each roadway to identify localized
pockets of  high DPM concentrations. 



Figure 3. MATES V advanced monitoring components.
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Air Quality and Exposure Modeling
Exposure modeling was performed for various spatial levels for
various air quality components to determine health risks. Using
the 2014 National Air Toxics Assessment (NATA), average U.S.
lifetime cancer risks from air toxics were estimated to be ap-
proximately 30 in 1 million. Formaldehyde is the highest na-
tional risk driver based on estimated cancer risk. Pollutants
come from manmade sources (e.g., facilities or vehicles) and
natural sources (e.g., trees). On-road vehicle emissions con-
tribute substantially to ambient benzene and polycyclic aro-
matic hydrocarbon concentrations in Canada. Contributions
vary widely among locations and between seasons. 

Significant progress has been made in the ability to simulate
and model ultrafine particles (PM0.1) in regional and urban
scales. Nucleation is a major source of ultrafine particles 
during photochemically active periods. Regional chemical
transport models can predict the major spatial and time
trends in ultrafine particle concentrations. In some California
cities, mobile sources do not dominate ultrafine particle 
contributions.

Accountability
Accountability studies assess the effectiveness of regulatory
actions. There have been large reductions (~98%) in PM
and NOx emission rates for 2007 and later heavy-duty 
engines compared to pre-1990 model years. California 
has accelerated replacement of older engines with newer 
engines equipped with diesel particulate filters (DPFs) and 
selective catalytic reduction (SCR). However, expected PM
emission reductions have not been fully realized because

some heavy-duty vehicles are operating without a DPF, and
because some DPF-equipped engines have performance
shortfalls.

The South Coast Air Quality Management District
(SCAQMD) Multiple Air Toxics Exposure Study IV (MATES
IV) found DPM contributes ~70% of estimated total air 
pollution cancer risk. DPM emissions were reduced by 66%
between 2005 and 2012. Existing regulations are expected
to reduce DPM from trucks by another 90% between 2012
and 2021. MATES V will include advanced monitoring 
components, illustrated in Figure 3, that will enable the 
creation of detailed air toxics maps.

Reductions in air pollution from goods movement actions
and subsequent improvements in health outcomes for
23,000 California Medicaid enrollees were studied. Enrollees
with asthma in port areas or places within 500 meters of
truck-permitted freeways experienced greater reductions in
emergency department visits than enrollees further away
from freeways. 

Summary
There has been great success in reducing MSAT emissions
over the past several decades despite large increases in VMT.
Accelerated fleet turnover of conventional technology 
vehicles, influx of revolutionary vehicle technologies such 
as self-driving and zero-emission vehicles, and strategies for
various spatial levels will ensure that the trends of decreased
MSAT emissions and human exposure to the emissions 
will continue in coming decades. em

Susan Collet is an Executive Engineer with Toyota Motor North America Inc.; S. Kent Hoekman is an Emeritus Research Professor
with Desert Research Institute; Seungju Yoon is manager of the Climate Change Mitigation and Emissions Research Section in the
Research Division at the California Air Resources Board; and Timothy J. Wallington is the Senior Technical Leader in Environmental
Sciences and Sustainability with Ford Motor Company.

Acknowledgment: The authors acknowledge the many presenters and organizers of the workshop, the California Air Resources Board
for co-sponsoring and hosting the workshop, along with the other co-sponsors: American Petroleum Institute, Health Effects Institute, and
South Coast Air Quality Management District.
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The 29th Coordinating Research Council (CRC) Real-World Emissions Workshop

was held on March 10–13, 2019, in Long Beach, CA. The workshop consisted of

56 presentations in 10 sessions, 54 posters, and 9 demonstrations of analytical and

technical services by various vendors. More than 265 attendees helped set another

record for the highest number of attendees. Session highlights follow.
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by Susan Collet, Dominic DiCicco, Scott Mason, Megan Beardsley, Naveen Berry, Tom Long, 
Tao Huai, Matthew Thornton, Radha Purushothaman, Shirish Shimpi, and Seungju Yoon



Air Quality
Air quality research includes monitoring current ozone and
projecting future ozone and particulate matter (PM) concen-
trations and determining the source apportionment, and is
now expanding to decarbonizing scenarios. The 2016–2017
ozone increases in the Southern California Air Basin (see 
Figure 1) were primarily due to more frequent occurrence of
meteorological conditions conducive to ozone formation. 
The fleet emission factor disparities between high- and low-
socioeconomic status communities remain significant due to
the different model-year distributions. Accurate source appor-
tionment of PM emissions is needed for effective compliance
with stringent regulations. A more accurate representation of
secondary organic aerosol (SOA) chemistry in transport mod-
els is needed for developing efficient regulatory policies. Re-
garding options for decarbonizing the transportation sector,
an analysis using current information found battery and fuel
cell electric vehicles in California have a similar carbon diox-
ide (CO2) intensity, and costs will depend on quantity sold.

Improving the Emissions Inventory
The emissions inventory can be improved by using updated
in-use activity, and including volatile organic compound
(VOC), nitrogen oxide (NOx), PM, and SOA emissions
information. Emissions measurements from cargo-handling 

equipment during real-world operation revealed average 
in-use emissions were more than the certification standards,
and the current inventory projections.

In Europe, emissions from vehicles with spark ignition 
engines with stop-start systems in urban traffic significantly
exceeded limits for NOx and PM under real driving condi-
tions. After treatment designs incorporating gasoline particu-
late filters can be used to mitigate PM emissions.

Updates to the heavy-duty vehicle activity is anticipated to
significantly improve the understanding of emissions from
the heavy-duty fleet. Results from a tailpipe NOx sensor
study revealed the effectiveness of the after treatment system
is dependent on the in-use duty cycle and is highly sensitive
to operating temperatures. There is an ongoing assessment
to determine a metric for a new paradigm of in-use NOx
emissions compliance for heavy-duty on-highway engines.
The goals are to cost effectively achieve additional NOx re-
ductions and focus on in-use emissions, with consideration
for sensor validation and durability. 

Emissions Modeling
The U.S. Environmental Protection Agency (EPA) released the
Motor Vehicle Emission Simulator (MOVES) version 2014b
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em • The Magazine for Environmental Managers • A&WMA • July 2019

      

 
 

Figure 1. Southern California Air Basin ozone, reactive organic gas, and NOx trends, 1980–2017.



in August 2018; updating non-road engine and diesel fuel
parameters. The next MOVES major version release is in
2020 at the earliest, and will incorporate new data on emission
rates and vehicle activity estimates. To refine mobile source
emission inventories in the emissions factors model (EMFAC),
the California Air Resource Board (CARB) is using new tech-
niques including automated license plate monitoring and on-
board diagnostic scans.

Elsewhere around the world, portable emission monitor 
data from an urban route was compared to four different 
microscale modeling approaches to explore possible 
upgrades to Hong Kong’s EMFAC-HK. In Mexico City, 
remote sensing device (RSD) emission results suggest the
Mexico City light-duty vehicle evaporative emissions are 
significant. Artificial neural networks were able to predict fuel
consumption for individual gasoline and diesel vehicles. 
With access to velocity estimates and ambient data, such
models could help optimize routing for fuel consumption
and/or tailpipe emissions.

Light-Duty Vehicle In-Use Emissions
Light-duty vehicle emission variations were studied. Real-
world microscale vehicle activity and emissions show large
variability in emission rates between road segments. Inter-
road segment variability correlated with characteristics such
as average grade and vehicle activity. After 29 years, on-road
vehicle emission changes at two sites in a South Los Angeles
neighborhood show tailpipe carbon monoxide emissions 
decreased by factors of 10 and 20 and hydrocarbon emis-
sions decreased by a factor of 25 with unchanging fleet age
(see Figure 2).

In Europe, 2018 model-year pre-real driving emissions gaso-
line and diesel vehicles are exceeding Euro 6 limits under
real driving conditions. Diesel vehicles can meet Euro 6 limits
under real driving conditions using a range of exhaust treat-
ment technology. Soot mass (or black carbon), PM mass, and
solid particulate number emissions were lower from vehicles
equipped with gasoline particle filters (GPFs). CO2 emissions
were not impacted by GPFs.

Heavy-Duty Vehicle In-Use Emissions 
Studying in-use heavy-duty vehicles is ongoing. Preliminary
results of in-use emissions testing of heavy-duty vehicles
using portable emission measurement systems (PEMS) reveal
the effects of three-way catalysts aging on NOx emissions
rate from older model-year stoichiometric natural gas en-
gines. The current manufacturer heavy-duty in-use testing
(HDIUT) program needs to be able to fully identify
noncompliant engines.

CARB has started a first-of-a-kind heavy-duty surveillance

program to verify the effectiveness of after treatment systems
for in-use vehicles. Measurements on-road with PEMS and
for chassis and engine dynamometer tests indicate that in a
number of modes of operation NOx emissions from
0.2g/bhp-hr NOx vehicles will be greater than 0.2 g/bhp-hr.
In addition, data may more realistically reflect real-world
emissions if not-to-exceed boundaries are modified.

A study of heavy-duty diesel engine cold-start and idle NOx
emissions showed not-to-exceed emission limit exceedances. In-
dustry proposed a cost-effective paradigm shift from prescriptive
laboratory-based to performance-based compliance programs,
which utilizes on-board sensors, telematics, emissions data ag-
gregation, etc.

Particulate Emissions and Measurement 
Test equipment to measure diesel PM and vehicle hardware
to control diesel PM is being evaluated. A comparison of
PEMS with laboratory grade particulate number systems
showed similar results. Low-cost particulate number measure-
ments for the new European inspection maintenance 
regulations (Periodic Technical Inspection, PTI) showed 
condensation particle counters are acceptable for perform-
ance and operational demands. Another study found 
diesel particulate filters (DPFs) effectively control diesel PM
emissions and reduces the solid fraction of PM. Control of
crankcase particle emissions is being researched.

Off Road/Non-Road Emissions
EPA is working to improve the non-road emissions model by
collecting and analyzing real-world activity data from a variety
of non-road vehicles and equipment. CARB’s future off-road
inventories are likely to include more idling time and load
bins. Brake-specific emissions using a broad spectrum of or-
ganic compounds were analyzed from non-road diesel en-
gines with various after treatment configurations.

Fuel Effects on Emissions and Fuel Economy
The effect of different fuel types on emissions were studied.
Using premium fuel in a premium-fuel-recommended vehi-
cle may result in increased fuel economy and increased per-
formance. The ethanol blending effects on vehicle emissions
showed predictions from a model must account for ethanol 
composition and properties. A decrease in test temperature
has a greater impact on PM emissions for light-duty gasoline
direct injection vehicles than a change to the gasoline proper-
ties T50 and RVP. Hot-running emissions from a natural gas
engine were below the 0.02 g/bhp-hr heavy-duty vehicle 
criteria pollutant standard. Fuel blends influence exhaust and
in-cylinder concentrations of polycyclic aromatic hydrocar-
bons. Engine-out emissions from a light-duty diesel vehicle
operating on hydrogenated vegetable oil were lower than its
emissions while operating on ultra-low sulfur diesel fuel.

2019 RWE Workshop by Susan Collet et al.
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Emission Measurement Methods
Various approaches are available to measure the emissions
from vehicles and more are being explored. PEMS provides
real-world emissions data by measuring vehicle emissions
while the vehicle is operating under real driving conditions.
Other emission measurement methods are remote sensing,
and use of chassis and engine dynamometers. A European
process incorporated a data collection system for “compara-
tive” testing rather than “compliance” testing. A CARB project
explored the abilities and limitations of on-road PEMS testing
and measurement uncertainties. A “road-to-lab” study will be
conducted to compare vehicle emissions results between PEMS
and chassis dynamometer data. Other studies being conducted

are projects involving on-board monitoring;
control of after treatment systems using radio
frequency sensors; the sensitivity of radio fre-
quency measurements in detecting changes in
engine-out conditions; and the capability of
low-cost PEMS to find high concentrations of
test vehicle emissions and ambient air.

Emissions Control Measures 
Characterizing heavy-duty diesel vehicle
emissions and their engine after treatment
operation characteristics could further assist
in controlling real-world emissions and in de-
veloping effective emission control measures.
Heavy-duty diesel vehicles equipped with
DPFs at the Port of Los Angeles showed in-
creases in PM emissions over time due to
DPF deterioration. However, fleet-wide PM
emissions decreased as older non-DPF-
equipped trucks were retired and replaced
by newer DPF-equipped trucks.

Most DPF-equipped trucks emit black carbon
emissions near or below their PM certification
standards. About 4% of the trucks in the on-
road fleet emit 50% of black carbon emission.
However, NOx emission factors from selective
catalytic reduction (SCR)-equipped trucks could
be three to four times higher than their certifi-
cation standards. For the SCR-equipped trucks,

the first 10 minutes of operation could contribute a dispropor-
tionally high percentage of NOx emissions due to low-load and
low-temperature operations.

An approach for a comprehensive heavy-duty vehicle inspec-
tion and maintenance program that could be implemented in
California is being explored. One study suggests significant
reductions in NOx and PM opacity after repairing a vehicle’s
faulty emission control components.

Next Workshop
The 30th Real-World Emissions Workshop is scheduled for
March 15–18, 2020, in San Diego, CA. em
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Figure 2. On-road vehicle emissions test site in Lynwood, CA, 
at I-710 and, Imperial Highway; top is from December 1989, 
bottom is May 2018.

Susan Collet is an executive engineer at Toyota Motor North America Inc.; Dominic DiCicco is an environmental and energy 
manager at Ford Motor Company; Scott Mason is a fuels specialist at Phillips 66 Company; Megan Beardsley is an environmental
scientist at the U.S. Environmental Protection Agency (EPA); Naveen Berry is an assistant deputy executive officer at South Coast Air
Quality Management District (SCAQMD); Tom Long is a mechanical engineer at EPA; Tao Huai is a branch chief at California Air 
Resources Board (CARB); Matthew Thornton is a principal research engineer at the U.S. National Renewable Energy Laboratory
(NREL); Radha Purushothaman is an engineering specialist at Caterpillar Inc.; Shirish Shimpi is a director of emissions develop-
ment, at Cummins Inc.; and Seungju Yoon is a manager at CARB.
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CRC website at www.crcao.org.
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Back In Time

The July 1999 issue of EM considered the pros and cons of
implementing a then-nascent Environmental Management
Information System (EMIS). When it comes to managing 
critical environment, health, and safely (EH&S) data for
record-keeping and reporting purposes, the cover story
noted that more and more companies are turning to EMISs
for help. An EMIS can be as simple as a small PC-based
database or as intricate as an enterprise-wide multimedia 
system. But whatever its size or complexity, an EMIS can 
improve data management, as well as the corporate 
bottom line.

Companies looking to improve business processes and prac-
tices regarding compliance requirements, information technol-
ogy infrastructure, and budgetary concerns can benefit from
implementing an EMIS. In the article, Selecting and Imple-
menting an Environmental Management Information
System, Jill Barson Gilbert discussed objectives and strategies
that will provide the most effective and economic data manage-
ment.

Quoting from the article: “A system by itself, whether 
automated or not, will guarantee neither compliance nor
improved EH&S performance. However, a strong environ-
mental management system is necessary to drive 

improved performance. Meeting an international standard
such as ISO 14001 may not be essential to having a strong
environmental management system. Instead of creating 
separate, stand-alone environmental management systems,
leading companies have integrated their environmental 
management processes into their broader business
processes.”

Elsewhere in this issue, Charles M. Wilk discussed the efficacy
of solidification/stabilization (S/S) treatment of hazardous
wastes in Solidification/Stabilization Treatment: 
Principles and Practice. The author suggested that its 
extensive use on Superfund and Resource Conservation and
Recovery Act (RCRA) regulated wastes called for environ-
mental professionals to better understand the chemical, 
physical, and regulatory aspects of the technology.

Quoting from the article: “Many RCRA-listed wastes require
treatment to the maximum extent practical to reduce their
potential hazards when land-disposed. S/S treatment is often
used on RCRA-listed wastes to comply with this requirement.
At remediation projects, S/S is often the only reasonably
availabletechnology to treat the large volumes of heavy 
metals-contaminated soil, sludge, or sediment resulting from
these operations.”

In another article, Back to the Drawing Board: Now That
the Court of Appeals Has RemandedIts Air Quality
Standards for Ozone and Particulate Matter, What
Next for the EPA?, Lucinda Minton Langworthy considered
the ramifications for the U.S. Environmental Protection
Agency’s (EPA) implementation of new National Ambient 
Air Quality Standards (NAAQS) for ozone and particulate
matter after the U.S. Court of Appeals for the District of 
Columbia Circuit remanded the standards back to the
agency in May 1999.

Quoting from the article: “Because the U.S. Clean Air Act 
requires EPA to base ambient standards on a criteria docu-
ment that summarizes evidence of ‘all identifiable effects’ of 
a pollutant in the ambient air on public health and welfare,
from the court’s point of view, EPA was wrong in refusing to
consider possible health benefits of ozone in the air.” em

A look back at this month 20 years ago in EM Magazine: July 1999.

EM Archive
Access to A&WMA’s complete EM back issues archive through 2013 is available online at www.awma.org/empastissues.
If you are searching for a particular issue or article from our pre-2013 archived back catalog, please send a request e-mail to
lbucher@awma.org. 

‘Those who ignore history are bound to repeat it.’



em • The Magazine for Environmental Managers • A&WMA • July 2019

Layout and Design: Clay Communications, 1.412.704.7897

EM, a publication of the Air & Waste Management Association, is published monthly with editorial and executive offices at 
The Koppers Building, 436 Seventh Ave., Ste. 2100, Pittsburgh, PA 15219, USA. ©2019 Air & Waste Management Association
(www.awma.org). All rights reserved. Materials may not be reproduced, redistributed, or translated in any form without prior 
written permission of the Editor. A&WMA assumes no responsibility for statements and opinions advanced by contributors to 
this publication. Views expressed in editorials are those of the author and do not necessarily represent an official position of the
Association. A&WMA does not endorse any company, product, or service appearing in third-party advertising.

EM Magazine (Online) ISSN 2470-4741 » EM Magazine (Print) ISSN 1088-9981 

Staff and Contributors
A&WMA Headquarters
Stephanie M. Glyptis
Executive Director
Air & Waste Management Association
Koppers Building
436 Seventh Ave., Ste. 2100
Pittsburgh, PA 15219
1-412-232-3444; 412-232-3450 (fax)
em@awma.org
www.awma.org

Advertising
Jeff Schurman
1-412-904-6003
jschurman@awma.org

Editorial
Lisa Bucher
Managing Editor
1-412-904-6023
lbucher@awma.org

Editorial Advisory Committee
Teresa Raine, Chair
ERM
Term Ends: 2022

Leiran Biton
U.S. Environmental Protection Agency
Term Ends: 2022

Gary Bramble, P.E.
Retired
Term Ends: 2021

James Cascione
SABIC Innovative Plastics
Term Ends: 2022

Bryan Comer
International Council on Clean Transportation
Term Ends: 2020

Prakash Doraiswamy, Ph.D.
RTI International
Term Ends: 2020

Ali Farnoud
Ramboll Environ
Term Ends: 2020

Steven P. Frysinger, Ph.D.
James Madison University
Term Ends: 2021

Keith Gaydosh
Affinity Consultants
Term Ends: 2021

Jennifer K. Kelley
General Electric
Term Ends: 2020

John D. Kinsman
Edison Electric Institute
Term Ends: 2022

Mingming Lu
University of Cincinnati
Term Ends: 2022

David H. Minott, QEP, CCM
Arc5 Environmental Consulting
Term Ends: 2020

Brooke A. Myer
Indiana Department of Environmental Management
Term Ends: 2022

Brian Noel, P.E.
Trinity Consultants
Term Ends: 2020

Golam Sarwar
U.S. Environmental Protection Agency
Term Ends: 2022

Melanie L. Sattler
University of Texas at Arlington
Term Ends: 2022

Anthony J. Schroeder, CCM, CM
Trinity Consultants
Term Ends: 2022

Justin Walters
Southern Company Services
Term Ends: 2022

Susan S.G. Wierman
Johns Hopkins University
Term Ends: 2021



The Magazine for Environmental Managers


