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Purpose
To develop a plain-language document that provides a foundation for policies to control ozone precursors
in the Canadian Lower Fraser Valley.
The objectives of this document are: (1) to present the state of scientific understanding about groundlevel ozone formation in this region, (2) to establish broad policy directions based on the current scientific
understanding, and (3) to identify areas for further study.
This Strategy will be a living document that is updated as needed by the RGLOSSC to reflect new research
and policy initiatives.
Responsibility for implementing this Strategy rests in the hands of each managing authority - the Greater
Vancouver Regional District within the boundaries of the Metro Vancouver region and the Province of BC
within the confines of the FVRD.
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Figure 1: Lower Fraser Valley airshed.
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Geographic Scope
Although this document describes the state of scientific knowledge in the entire Lower Fraser Valley (LFV)
airshed (see Figure 1), the policy recommendations are limited to the Canadian portion of the LFV region
(Metro Vancouver and the southwestern portion of the Fraser Valley Regional District). This geographic
scope is consistent with the approach taken by Canadian agencies to inventory and model emissions and
air quality in the region.
The science supporting this document are based on observations of actual emissions monitored
throughout our region over the last twenty years (“trends”), and, to a lesser extent, computer modelling.  
Both of these techniques involve some degree of uncertainty, especially with more detailed analysis.  
To combat uncertainty, we looked at a wide range of trends, from many stations and in various duration
combinations.  As well, modelling results were compared with trends and found to be consistent.  
This provides greater confidence in the findings.
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What is
Ground-Level
Ozone?
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The term “ozone” can be
confusing. We have been
told that the “ozone layer” is
critical to life on Earth and in
need of protection. However,
while ozone in the upper
atmosphere plays an important
role protecting life on the
planet from harmful ultraviolet
radiation, ozone produced
near the surface of the earth
has environmental, health and
economic impacts. The latter
is referred to as ground-level
ozone.

Figure 2: Ground-level ozone versus the ozone layer.
Source: Caring for the Air 2012

surface of the Earth from too
much harmful UV radiation.

THE ‘BAD’ –
HARMFUL
GROUND-LEVEL OZONE
Air contaminants released
when fuels are burned combine with
VOC to form ground-level ozone.

Ground-level ozone forms
when nitrogen oxides (NOX) and
volatile organic compounds (VOC),
the “precursor” chemicals, react in the
presence of sunlight. Since sunlight is very
important in production of ground-level ozone,
the highest levels are often observed during the
summer. Ozone levels typically peak during the late
afternoons of hot, sunny summer days with stagnant
weather conditions.
For more information about ground-level ozone,
please see:
”The Good, The Bad … And the Ozone”

metrovancouver.org/services/air/Documents/GLOFactsheet.pdf
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‘...e levated ground-level ozone concentrations sometimes occur in the eastern
portion of the region on hot summer days.’

Ground-Level Ozone
Formation in the
Lower Fraser Valley

(eastern Metro Vancouver and southwestern FVRD)
record higher peak ozone concentrations than in
western parts of the region. This is due in part to
the weather conditions in the eastern portion of
the valley, where temperatures are warmer and air
circulation is more restricted due to the surrounding
mountains.
Summertime ozone episodes occur under hot
summer days with light winds. On fair weather
days thermal (temperature-driven) inversions often
occur, setting the stage for the formation of smog.
During an inversion, a layer of warm air settles over
and traps a layer of cooler air near the ground. With
the region’s mountains limiting pollutants from
dispersing horizontally and a thermal inversion

Summertime Peak Ozone
Although this region generally experiences good air
quality, elevated ground-level ozone concentrations
sometimes occur in the eastern portion of the
region on hot summer days. Figure 3 shows that air
quality stations in the eastern portion of the region

Figure 3: Ground-level ozone levels based on the Canada-wide standard metric for 2012.
The Canada-wide standard is a measure of highest sustained level of ozone occurring during the year.
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USA

limiting pollutants from mixing vertically, the
conditions become ideal for sun-driven chemical
reactions that convert VOC and NOx emissions into
ozone and other by-products typically found in
smog.
With higher population density in Metro Vancouver,
the main ozone precursor emissions tend to be
released in the western part of the valley, primarily
from the morning commute. These morning
emissions tend to be carried inland by light winds.
Exactly where these emissions (and hence smog)
end up is governed by a delicate balance between
the strength of the slope flow, sea breeze, and
valleys flow (see Figures 4a-c).

Three potential paths are:
1) Up the slope of the North Shore mountains;
2) Towards Abbotsford;
3) Towards Chilliwack and beyond to Hope or up
Harrison Lake.
At night the wind flows typically reverse direction
leading to the merging of weak outflows from the
tributary valleys, drainage flows from the mountains
and the land breeze blowing down the valley. These
nocturnal winds tend to push whatever ozone that
was produced during the day and any left-over
precursor emissions toward the coast. These may
be either vented into Georgia Strait (sometimes
ending up over the Gulf Islands) or re-circulated by
the next day’s sea breeze.

Figure 4 a-c:
Summertime peak ozone season day and nighttime airflow patterns in the Canadian Lower Fraser Valley, showing slope flow, sea breeze and valley flow.
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‘peak ozone levels are coming down’
‘non-peak ozone levels have been rising’

Springtime Moderate-to-High
Ozone
Fortunately, summertime peak ozone levels are
coming down – there are fewer extremely high
ozone days over time. This is good news, especially
for areas in eastern parts of the region which tend
to host these peak ozone occurrences. However,
non-peak ozone levels have been rising over time
in both the western and eastern portions of our
region. This trend is of concern because of the
health effects associated with chronic exposure
to ozone. The average ozone level is rising over
time, which runs the risks associated with chronic
exposure. This is of concern because there are no
known safe levels of ozone exposure. See the box
on page 14 for more information on the impacts of
ground-level ozone.
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Contributing to rising annual average ozone levels
are increases in ozone levels in the spring. There
are several explanations for the elevated springtime
ozone phenomenon:
1) Rapid photochemical reactions in the springtime
due to higher UV as daylight hours extend.
2) Ozone transport from Asia due to faster jet
stream in the springtime.
3) Tropospheric mixing in the springtime.
4) Stratospheric intrusions – transport of air rich in
ozone from the stratosphere.
All of these phenomena result from natural
meteorological forces and cannot be addressed by
this Strategy.

‘... rise of background ozone levels.’

Background Ozone
Levels

Monitoring Background
Ozone in Ucluelet

Another key concern in the region
is the rise of background ozone
levels. Until fairly recently, air
pollution in the LFV was thought
to originate entirely within the
region. With intensifying use of
fossil fuels globally, particularly
in Asia, medium and long range
transport of pollutants from
human activity is creating an
impact on background ozone
levels in the LFV. Background
ozone is the level of ozone that
is present even without local
contributing emissions. When
ground-level ozone is measured
as an annual average, we find
a slight upward global trend of
about 1 to 5 parts per billion per
decade. We have limited ability to
control this global trend, but we
need to prepare for it.

In partnership with the BC Ministry
of Environment and Environment
Canada, Metro Vancouver continues
to provide support for the West
Coast Marine Boundary Layer
Background Station located in
Ucluelet on Vancouver Island. The
background station, located at the
Amphitrite lighthouse, is a remote station positioned to
monitor background air quality in the lower atmosphere on
the west coast of BC.
The background station, established in 2010, will allow a
more complete understanding to be developed of the effect
of background air masses transported into BC on local and
regional air quality.
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Figure 5: Background Ozone Levels by
season as measured at a number
of remote sites along the Pacific
coast and at Mace Head, Ireland.
North American sites are based on
1-hr average ozone concentrations
during the presence of high
(>3m/s, except > 2m/s at Olympic
NP) northwesterly wind (225 deg
<wind direction <360deg).
For Mace Head, monthly mean
ozone data from the Derwent et al.
(2007) study was used and 3-month
seasonal averages were calculated
based on those numbers.
(Source: Parrish et al., 2012)
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Emission Sources
Air pollution results from an interaction of
meteorology, chemistry and emissions. The LFV
is an urbanized area with relatively few industrial
sources. Most of the region’s 2.5 million inhabitants
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Figure 6: 2010 NOx emissions for the LFV by geographic
location and source sector. Note that the width
of the bars represents the relative amount of
emissions from the two regional districts.
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are concentrated in Metro Vancouver. Moving
eastward from Metro Vancouver, the region
becomes increasingly rural, with agricultural activity
dominating. Towards the south, an industrial area
extends along the western portion of Whatcom
County, ending in the city of Bellingham.
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Figure 7: 2010 VOC emissions for the LFV by geographic location and
source sector. Note that the width of the bars represents the
relative amount of emissions from the two regional districts.

In 2010, NOx emissions were dominated by mobile
sources, namely, cars and trucks (onroad), nonroad
equipment and ships (as illustrated in Figure 6).
Natural gas use in homes, offices and industry also
plays a role in NOx emissions. In 2010, the chemical
products sector (e.g. industrial, commercial, and
consumer products like paints, stains, varnishes,
solvents, and thinners) became the main
anthropogenic source of VOC, overtaking cars and
light trucks (as shown in Figure 7).

NOx emissions are projected to decrease
continuously over the 20-year forecast period,
primarily due to strict engine emission standards
(see Figure 8). VOC emissions show a declining trend
until 2020, after which emissions are projected to
increase due to increase in chemical products use
(see Figure 9).
The amount of ozone that forms is dependent on
both the absolute and relative amounts of NOx and
VOC; therefore the future emissions trends and
location of the emissions are important to consider.
The relative amount of NOx-to-VOC appears to be
decreasing. This concept will be explored in detail in
the next section.
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moderate and high forecast for the LFV Total.
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VOC versus NOx
Limitation

‘The western part of the region
is consistently VOC-limited.’

Ground-level ozone is created when NOx
and VOC interact in the presence of sunlight.
The amount of ground-level ozone produced
depends on the absolute and relative amounts
of NOx to VOC. At an optimal ratio, we get lots of
ozone.
When there is insufficient NOx to form ozone,
an area or neighbourhood can be called “NOx
limited”. When VOC are lacking, an area can
be called “VOC limited”. Reducing the wrong
pollutant can either produce no reduction in
ozone concentration or worse, inadvertently
increase ground-level ozone. It is critical,
therefore to understand whether an area is
NOx limited or VOC limited. See page 11 for an
analogy that compares ground-level ozone to
noisy drumming.

Figure 10: Total NOx emissions in 2010 by municipality

Atmospheric scientists studying the LFV now
understand that the region can be both NOx
and VOC limited and that the ratio varies both
geographically and over time.
In order to develop a Ground-Level Ozone
Strategy, it is important to understand and
anticipate the changes in the relationships
between the precursors.
The western part of the region is consistently
VOC limited. This means that in order to reduce
ozone production, VOC should be reduced in
this region. This geographic area is roughly
defined as the parts of Metro Vancouver west
and south of Port Coquitlam, Langley and Pitt
Meadows. With a dense population and high
traffic volumes, the western part of the region
produces a significant amount of NOx emissions.
Additionally, there are fewer natural sources of
VOC (e.g., vegetation) in the western portion of
Metro Vancouver. Figure 10 shows the annual
NOx emissions and Figure 11 shows the annual
VOC emissions by municipality. This clearly
shows that NOx emissions are highest in the
west and progressively decrease as you move
eastward. Studies confirm that the western
portion of the region is VOC limited on all days,
irrespective of temperature.

10
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Figure 11: Total VOC emissions in 2010 by municipality

Figure 12: Human-induced VOC emissions in 2010 by municipality

Ground-Level Ozone as
Noisy Drumming?
The formation of ground-level ozone could be compared to
unpleasant, noisy drumming.  Creation of this ear-offending
situation (which is analogous to creation of ground-level
ozone) requires a ratio of drummers to drum sets (or, VOC
to NOx); in this case, the ratio is one-to-one.  When one
drummer is combined with one drum set, noisy drumming
ensues.  The more drummers and drum set combinations,
the greater the racket.  In a situation where there are exactly
the same number of drummers and drum sets (for example,
3 and 3 in the image below), removing either drum set or
drummer will reduce the noise generated.

In many cases, however, the number of drummers and drum
sets is mismatched. When this occurs, to quiet the room,
you need to be more strategic. For example when there are
more drum sets than drummers, to stop the noise, getting rid
of drum sets is ineffective. In this scenario, if you remove a
drum set, the drummer will just move to an empty drum set
and continue to make noise. To reduce noise, you need to get
rid of drummers.

Alternately, if there are more drummers than drum set,
getting rid of drummers is ineffective in reducing the decibel
level in the room, as for every drummer you remove; a
standby drummer is available to take-over the noise-making.
In this case, you need to get rid of drum-sets.

Keep in mind that this is a simplified
illustration only which cannot capture
the full complexity of the chemistry.
2014 REGIONAL GROUND-LEVEL OZONE STRATEGY

11

‘T he eastern part of the region is VOC limited on most days but NO x limited
on the hottest summer days.’
‘A transition zone delineates the VOC and NO x limited regions.’

The eastern part of the region is VOC limited on
most days but NOx limited on the hottest summer
days. On the hottest summer days, more VOC are
released from natural (e.g. trees) and human-made
sources (e.g., evaporation of fuels and chemicals).
These VOC combine with the available NOx
emissions to form ozone, leaving an excess of VOC
in the air. The limiting factor to ozone formation
on these days is therefore NOx , not VOC. If NOx can
be reduced in the eastern portion of the region on
the hottest days, ozone production should also be
reduced.

A transition zone delineates the VOC and NOx
limited regions. On hot summer days the transition
zone separates the region into a VOC limited region
in the southwest and NOx limited region in the
northeast. The exact location of the transition zone
is influenced by emissions and meteorology moving
geographically over time and space. This “zone”
is depicted in Figure 13 as a shaded area. This
depiction is estimated from air quality modelling
and historic ambient air quality measurements.
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Goals
This Strategy has the following goals:
• Minimize chronic exposure to ground-level ozone.
• Minimize the frequency and severity of acute exposure to “peak ground-level ozone”.
• Minimize impact on ecosystems, plant life and agricultural crops to ground-level ozone.
• Maximize co-benefits (e.g., reduced air toxics or improved visibility).
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Impacts of Ground-Level Ozone
HEALTH IMPACTS
Evidence from numerous studies over several decades indicates that exposure to ozone causes health
effects. There is currently more evidence for acute ozone exposure impacts than chronic exposure impacts.
Acute Exposure Health Effects

Chronic Exposure Health Effects

• Respiratory impacts
- reduced lung function, respiratory tract
inflammation, respiratory effects (e.g.
coughing, wheezing), exacerbation of preexisting respiratory conditions (e.g. asthma)

• Respiratory impacts
- reduced lung function, asthma onset in
children, aggravated pre-existing respiratory
conditions

- impaired immune response, increased
susceptibility to respiratory infections
- increased emergency room visits, hospital
admissions, use of respiratory medication
• Cardiovascular impacts
- heart rate variability, elevated biomarker
counts indicating oxidative stress
• Central nervous system impacts
- neurological effects, including short- and longterm memory impairment and sleep impacts

- structural airway changes and lung tissue
damage in animal toxicology studies
- increased emergency room visits, hospital
admissions, use of respiratory medication
• Reproductive and developmental impacts
- some evidence for increased pre-term births,
low birth weights
• Mortality
- increased number of respiratory deaths

• Mortality
- increased number of cardiopulmonary-related
deaths
Scientists have not been able to determine a “safe” level for ozone. This means that health benefits can also
be achieved by reducing exposure in areas where ozone levels are already relatively low. This is in contrast
with pollutants such as sulphur dioxide which have lowest observable adverse effects levels, below which
no impacts are found. Environment Canada and Health Canada have determined the ozone dose-response
curve to be approximately linear above concentrations of 10 ppb. Beyond that level, negative health effects
increase in proportion to the rise in concentration. To put this in context, background ozone concentrations
are about 25-35 ppb across Canada, and are exhibiting an increasing trend.
ENVIRONMENTAL IMPACTS
Plants and crops can also be damaged by ground-level ozone.
Plant exposure to ground-level ozone can result in visible injury, reduced growth and yield, and alternation
of competitive patterns within plant communities and ecosystems (Environment Canada and Health
Canada, 1999; Guderian et al., 1985). Studies conducted in the 1990s found that ground-level ozone was
contributing to agricultural losses of up 4%, with a value of tens of millions of dollars each year in the
Canadian Lower Fraser Valley.
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Strategic Policy
Directions
The following are guiding statements which
are intended to advance policy and program
development based on the strategy’s goals and the
state of the science. These directions emphasize the
different influences of VOC and NOx during peak
and non-peak periods.

Peak Ozone Periods
Peak ozone periods refer to the hottest summer
days, most conducive to high ozone concentrations.
A more scientific definition of peak ozone periods
are the top 2% of days with the highest ozone
readings.
A1. Region-wide, continue current actions for
ozone episodes. Trends have shown a reduction
in intensity and frequency of peak ozone
episodes in the region over the past decade.
This situation will continue to be monitored
regularly. In the meantime, it is recommended
that existing programs and actions during
high ozone days (such as ozone advisories) are
continued.
A2. East of the transition zone, enhance NOx
reductions. As this sub-region is NOx limited
on peak ozone days, measures to reduce NOx
emissions on these days will have the most
benefit. These measures could be short-term
and connected to ozone advisories.

A3. West of the transition zone, reduce VOC
emissions during peak (and non-peak)
periods. The western part of the region is VOC
limited at all times; therefore reducing VOC
emissions at all times will reduce ground-level
ozone production. Researchers confirm that
reducing VOC in the western part of the region
will not adversely affect the eastern part of the
region.

Non-Peak Ozone Periods
Aside from the 2% of days considered peak ozone
days, the rest of the year is considered a non-peak
period. Sometimes non-peak periods are referred to
as “days contributing to the annual average”.
B1. Region-wide, reduce VOCs to reduce groundlevel ozone. Focus on VOC emitted during
non-peak periods or that contribute to average
emissions levels through policy measures
that reduce VOC emitted constantly across all
seasons throughout the year.
B2. Region-wide, reduce VOC emissions that are
most reactive in the presence of sunlight
and which lead to other co-benefits, such as
reduced air toxics, improved visual air quality,
greenhouse gases and reduced particulate
matter formation.
B3. West of the transition zone, any NOx
reductions need to be accompanied by equal
or greater VOC reductions. As the western part
of the region is clearly VOC limited, a reduction
in NOx emissions, without a corresponding
reduction in VOC emissions, could inadvertently
increase ozone levels.

2014 REGIONAL GROUND-LEVEL OZONE STRATEGY
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Further Research
This Strategy will be a living document that is updated as needed to reflect new scientific
understanding.  Below are some areas in which research will be focused:
• Compiling data on the most reactive VOCs, including quantities, location and toxicity, in
order to prioritize emission reduction efforts.
• Continual monitoring to track how current patterns shift over time and re-evaluating
progress regularly (every decade).
• Modelling studies to understand the impact of NOx emissions in the western part of the
LFV on ground-level formation both west and east of the transition zone.   
• Modelling studies to understand the impact of NOx emissions in the transition zone.   
• The impact of changing meteorology: climate change is expected to generate further
unpredictability in the existing system.  One of the likely effects is more frequent and
severe “hot spells”, which enhance ground-level ozone formation.
• Understanding trends and levels of background ozone transported to the region through
monitoring at the Ucluelet station and accessing information from other West Coast
background monitoring sites.
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Glossary
Acute Exposure......................Exposure to a pollutant for a relatively short amount of
time (e.g., minutes or hours), typically at a relatively high
concentration.
Air Toxics.................................Pollutants that are known or suspected to cause cancer or
other serious health effects, such as reproductive effects or
birth defects, or adverse environmental effects. Examples
include dioxin, asbestos, toluene, and metals such as
cadmium, mercury, chromium, and lead compounds.
Canada Wide Stds..................The Canada-wide standard is a measure of highest sustained
level of ozone occurring during the year. It is based on the
average of values from the three most recent years. The
concentrations that are used in this averaging calculation
are the fourth highest daily maximum 8-hour-average ozone
concentration for each of the three calendar years.
Chronic Exposure..................Exposure to a pollutant for a relatively long period of time
(e.g., months or years), typically at a moderate concentration.
Co-Benefits.............................Secondary, or “side”, benefits achieved from reducing ozone
or precursors to ozone. Examples of co-benefits include
reduced particulate matter, air toxics, greenhouse gases and
visual air quality improvement.
Dose-Response.......................The change in health effects caused by different levels
(concentrations and durations) of exposure.
High Levels..............................Elevated ozone concentrations that are persistent in duration
lasting from several hours to several days.
Moderate Levels....................Slightly elevated ozone concentrations in the long term
(based on the annual average).
Ppb............................................Parts per billion – expression of concentration, based on the
proportion of a substance in 1,000,000,000 parts of air.
Peak Levels.............................Short spikes in ozone concentrations lasting about an hour or
so. These occur typically in the summertime.
Precursors...............................A substance that participates in a chemical reaction that
produces another compound. NOx and VOC are precursors to
ground-level ozone.
Stratosphere..........................The layer of the earth’s atmosphere above the troposphere,
extending to about 50 km above the earth’s surface (the
lower boundary of the mesosphere).
Stratospheric Intrusion........Irreversible downward transport of stratospheric air into the
troposphere.
Troposphere...........................The lowest region of the atmosphere, extending from the
earth’s surface to a height of about 6–10 km, below the
stratosphere.
2014 REGIONAL GROUND-LEVEL OZONE STRATEGY
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