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Abstract. A statistical method was developed to extract

baseline levels of ground level ozone in Canada and the US,

and to quantify the temporal changes of baseline ozone levels

on annual, seasonal, diurnal and decadal scales for the period

1997 to 2006 based on ground-level observations from 97

non-urban monitoring sites. Baseline ozone is defined here

as ozone measured at a given site in the absence of strong

local influences. The quantification of baseline levels in-

volved using a Principal Component Analyses (PCA) to de-

rive groups of commonly-varying sites in contiguous regions

by season, followed by using backward air parcel trajectories

to systematically select ozone mixing ratios associated with

the baseline condition in each of the PCA-derived regions.

Decadal trends were estimated by season for each of the re-

gions using a generalized linear mixed model (GLMM).

Baseline ozone mixing ratios determined by this method

were found to vary geographically and seasonally. For the

1997–2006 period, baseline mixing ratios were calculated

for annual and seasonal periods in seven regions of North

America based on multi-site multi-year averages of the base-

line data sets. The annual average (±1 standard devia-

tion) baseline mixing ratios for the regions are as follows:

Continental Eastern Canada=30±9 ppb, Continental East-

ern US=30±10 ppb, Coastal Eastern Canada=27±9 ppb,

Coastal Western Canada=19±10 ppb; Coastal Western

US=39±10 ppb, Continental Western Canada=28±10 ppb

and Continental Western US=46±7 ppb. Trends in the base-

line mixing ratios were also found to vary by season and by

geographical region. On a decadal scale, increasing base-

line ozone trends (temperature-adjusted) were observed in

all seasons along the Pacific coasts of Canada and the US,

although the trends in California were not statistically signif-

icant. In the coastal zone of Pacific Canada, positive trends
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were found with a rate of increase of 0.28±0.26, 0.72±0.55,

and 0.93±0.41 ppb/a in spring (MAM), summer (JJA) and

winter (DJF), respectively. In the Atlantic coastal region, the

trends were also positive in 3 of the 4 seasons (but only sig-

nificantly so in MAM). In the high ozone precursor emission

areas of the Eastern United States, decadal trends in baseline

ozone are, in general, negative in the spring, summer and

fall and appear to be controlled by the strong within-region

changes induced by decreasing ozone precursor emissions.

1 Introduction

Tropospheric ozone is an important atmospheric species. It

constitutes a major component of photochemical smog and

has serious health effects on humans (Burnett et al., 1996)

and vegetation (Karlsson et al., 2009). The associated costs

of health care and damage to vegetation has been estimated

at billions of dollars annually in Canada alone (Canada,

2007). Ozone also regulates atmospheric oxidation poten-

tial through the control of hydroxyl radicals (OH) with OH

being the dominant cleansing chemical in the atmosphere,

annually removing gigatons of reactive trace gases including

greenhouse gases (GHGs) (Ehhalt, 1999; Prinn, 2003).

The Intergovernmental Panel on Climate Change (IPCC,

2001, 2007) indicates that tropospheric ozone is the third

most important anthropogenic GHG, following CO2 and

CH4. As the global temperature continues to rise, more

favourable conditions for ozone formation will occur, e.g.,

through increased isoprene availability and soil-NOx emis-

sions (Zeng et al., 2008) and wildfires (Jaffe et al., 2008).

Since tropospheric ozone is expected to have a direct posi-

tive radiative forcing on climate (Ramaswamy et al., 2001),

this possible feedback mechanism may warm the earth’s at-

mosphere further in the future. However, it remains unclear

whether tropospheric ozone levels will indeed increase or de-

crease in a warmer climate since increased water vapor can
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shorten the atmospheric lifetime of ozone (Johnson et al.,

1999; Gauss et al., 2006; Stevenson et al., 2006; Wild, 2007;

The Royal Society, 2008). Modeling studies have shown

that there is a strong inter-relationship between tropospheric

ozone, CH4, climate and regional air quality (West et al.,

2007; Fiore et al., 2008). Therefore, a comprehensive data

analysis and the quantification through observations of dif-

ferent ozone levels and temporal variations within the tropo-

sphere are needed in current atmospheric research. It should

be noted at this point that ground-level ozone is considered

in this study to extend from 0-10 m above ground level while

tropospheric ozone is considered to extend from ground level

to 10–20 km above ground.

The term background is often used in atmospheric science

to describe mixing ratios at clean, remote sites (Altshuller,

1987; Altshuller and Lefohn, 1996; Lin et al., 2000; Lefohn

et al., 2001; Jaffe et al., 2003; Vingarzan, 2004; Oltmans et

al., 2008). However, for relatively well-mixed secondary pol-

lutants such as ozone, all sites in the northern hemisphere are

influenced in some way and at some time by anthropogenic

emissions, which makes the use of this term ambiguous. The

term baseline is used here to describe ozone mixing ratios in

air masses that have not been affected by local anthropogenic

precursor emissions. Various methods are used to define, di-

agnose and estimate baseline conditions, but these are not

straightforward since measurements at a particular location

can include contributions from local anthropogenic and nat-

ural precursor emissions, distant natural emissions, and dis-

tant anthropogenic emissions. The latter three components,

as a function of upwind emission region, are included in the

definition of baseline in this paper. Since baseline ozone

is not directly observable, all observation-based research on

the topic, including this study, use measurement data to es-

timate baseline levels and how they have been changing. In

contrast, the term global or hemispheric background is ter-

minology used in modelling that estimates the atmospheric

mixing ratio or concentration of a pollutant due to natural

sources only (TF HTAP, 2010). The term background was

used in Fiore et al. (2003) who quantified it for the US using

a chemical transport model as the combination of naturally

and anthropogenically produced ozone from outside of the

US, plus naturally formed ozone within the US. Similarly, the

US Environmental Protection Agency (EPA, 2006) uses the

term Policy Relevant Background (PRB) as those ozone lev-

els that would exist in the absence of North American emis-

sions. Quantifying this type of background is clearly impos-

sible using observations due to the fact that North American

emissions cannot be completely turned off in order to make

direct atmospheric measurements. However, it remains that

estimating baseline levels is complicated by the fact that this

unobserved, derived entity varies substantially depending on

meteorology, geographic area, elevation, season, and averag-

ing time (Altshuller and Lefohn, 1996).

Quantitative estimates of baseline ozone mixing ratios in

the planetary boundary layer (PBL) in the US have been

made from observations (Altshuller and Lefohn, 1996; Lin et

al., 2000; Lefohn et al., 2001) and global chemical transport

models (GEOS-Chem) (Fiore et al., 2003; Wang et al., 2009).

Trends in baseline ozone have also been published with var-

ious papers showing significantly increasing baseline ozone

in the Northern Hemisphere (Jaffe et al., 2007; Ordóñez et

al., 2007; Derwent et al., 2007; Jenkin 2008; Tanimoto 2009;

Parrish et al., 2009; Cooper et al., 2010) and other papers

showing varying changes, i.e., positive at some locations, not

significant at others (Oltmans et al., 2006, 2008). Derwent

et al. (2003) used a photochemical trajectory model to de-

scribe regional-scale ozone levels and trends using the worst

case meteorological situation and commented on the poten-

tial confounding influence of a changing global ozone base-

line on determining the impact of domestic precursor emis-

sions. In Chan (2009), a multiple-site ensemble time series

modelling technique was applied to characterize a decadal

change in the ozone mixing ratios. This was done using dif-

ferent averaging metrics for the period 1997 to 2006 for many

regions in Canada and the US. The evidence from that par-

ticular study showed significant decreasing trends in south-

eastern Canada and the eastern US but increasing trends in

coastal regions. However, no data screening was done to de-

termine ozone mixing ratios associated solely with the base-

line air. That is the subject of this paper.

In this study, a new method is introduced whereby base-

line ozone data are defined by the subset of measured data

that corresponds to a baseline air trajectory cluster (one

of six possible clusters) associated with the lowest May–

September 95th percentile of ozone (i.e., the least amount of

regional/local photochemically-formed ozone). The robust-

ness of the decadal baseline ozone trend analysis in this pa-

per is strengthened by employing an ensemble site approach

to the time series modelling (Chan, 2009). The same sta-

tistical technique is applied throughout this paper to provide

statistical consistency between the trend estimates of the var-

ious regions. What is different from Chan (2009) is that the

decadal trends for the baseline conditions for various regions

are estimated for the four seasons separately. This study pro-

vides a comprehensive analysis of baseline ozone variations

in different chemical regimes/regions – for the first time cov-

ering Canada and the US to complement work published on

the west coast of the US (Jaffe et al., 2007; Oltmans et al.,

2008; Parrish et al., 2009).

2 Data sources

The ground level non-urban ozone mixing ratio data for

the period 1997 to 2006 used in this study were obtained

from the Canadian Air and Precipitation Monitoring Net-

work (CAPMoN), http://www.msc-smc.ec.gc.ca/natchem/,

the Canadian National Air Pollution Surveillance Network

(NAPS), http://www.etc-cte.ec.gc.ca/ and the United States

Clean Air Status and Trends Network (CASTNET) of the
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US Environmental Protection Agency and the National Park

Service (NPS). Data from CASTNET and NPS are available

from: http://epa.gov/castnet/. In all, ninety-seven non-urban

measurement sites were used in the two countries, spanning

latitudes from approximately 29◦ N to 55◦ N, and longitudes

from 65◦ W to 123◦ W. The altitudes of the sites ranged from

2 to 3178 metres above sea level (a.s.l.). Non-urban sites

were used to minimize, as much as possible, local influences

present in the data. Temperature observations, used to re-

move temperature effects in decadal baseline ozone trends,

were obtained from the Canadian Climate Archive for ozone

sites located in Canada and from on-site CASTNET temper-

ature observations for sites in the US.

In the CAPMoN network, the sites are located in rural or

remote areas and are considered to be regionally representa-

tive. In the NAPS network, only the few sites located in ru-

ral locations were used, although, in general, they may have

been more influenced by pollution from upwind urban areas

than the sites in CAPMoN and CASTNET. Similar to CAP-

MoN, the CASTNET sites are rural in nature. Six-hour aver-

ages of hourly ozone mixing ratios at the measurement sites

were used for the investigation of seasonal (intra-annual)

variations. To avoid the influence of the nocturnal bound-

ary layer and the effects of local precursor emissions, as well

as nighttime scavenging and dry deposition, daytime aver-

ages (12:00–18:00 local standard time (LST)) were used for

studying the decadal baseline ozone trends, i.e., during the

time when the PBL is fully developed and the air is expected

to be well-mixed. Only sites with 75% or more data capture

for every season for both ozone and temperature were used.

Three-day air parcel (single-particle) backward trajecto-

ries produced by the Canadian Meteorological Centre (CMC)

were used to sort/subset the six-hour-average ozone mix-

ing ratios for this analysis. The trajectory calculations were

made at the 925 hPa level for sites located below 1000 me-

tres above sea level. For sites >1000 m a.s.l., the calcula-

tions were made at 500 m above site elevation. This was

done to minimize the influence of surface effects and to en-

sure that the trajectories were regionally representative. The

CMC trajectories (D’Amours and Pagé, 2001) are driven by

3-dimensional analyzed wind fields with 100 km horizontal

resolution calculated by the Canadian Meteorological Cen-

tre’s Global Environmental Multiscale (GEM) model (Côté

et al., 2007) for the study period. The trajectory calculations

are not based on isentropic or isobaric assumptions. Trajec-

tories were calculated for arrival times at the measurement

sites of 00:00, 06:00, 12:00, and 18:00 UTC every day.

3 Statistical methods

A number of statistical methods were used in sequence to

establish the baseline ozone levels and trends. They are de-

scribed as follows.

3.1 Seasonal principal component analysis

Principal Component Analysis (PCA) (SAS/STAT, 1990)

was done to group the ozone measurement sites and thereby

form specific geographic regions for the baseline ozone trend

analysis that follows. The objective here was to use PCA

to maximize the total variance that could be accounted for

by as few physically-meaningful regions as possible (Chan,

2009). PCA is a dimensionality reduction technique that

makes no attempt to form regions with equal numbers of

sites. The regional groupings were formed using a cor-

relation matrix calculated from the six-hour-average ozone

mixing ratios from the 97 non-urban CAPMoN, NAPS,

CASTNET and NPS sites for the period 1997–2006 during

the months of March-April-May (MAM), June-July-August

(JJA), September-October-November (SON) and December-

January-February (DJF) separately. Similar to Eder et

al. (1993), a varimax orthogonal rotation was used in this

study. Seventy-five percent was the minimum total variance

that had to be accounted for by the number of underlying

principal components in each season.

3.2 Backward air parcel trajectory clustering

A k-means clustering technique (Dorling et al., 1992) based

on Euclidean distance was used to sort the three-day air par-

cel backward trajectories from 1997 through 2006 into six

trajectory clusters for each site. The method of determin-

ing the number of clusters (6) was the same as that used in

Dorling et al. (1992). A graph was plotted for the total root

mean square deviation (TRMSD) of all individual clusters

from their cluster mean vector against the number of clusters

retained. A jump in the TRMSD plot (not shown) at seven

clusters indicated that six was the optimal number of clusters

that should be used. Six clusters were found to be common

to most sites and were therefore used throughout this study.

In this context, trajectory clusters were considered to char-

acterize the 10-year air flow climatology affecting the mea-

surement sites.

As mentioned above, the trajectory clusters at each site

were created from the k-means clustering of the horizontal

(i.e., latitude and longitude) displacement of 3-day backward

trajectories. One could question why the vertical displace-

ment (i.e., height) of the air parcel trajectories was not used

as a third determining factor in the clustering analysis and

why three-day trajectories were selected over other periods.

The vertical displacement was not included because: (1) hor-

izontal displacement provides a much stronger deterministic

factor than vertical displacement since the former varies over

hundreds of kilometers while the latter varies over only tens

of kilometers (and usually less), (2) the horizontal displace-

ment captures the spatial distribution of the precursor emis-

sion sources more so than does the vertical displacement, and

(3) the addition of the vertical displacement to the horizon-

tal displacement would create many more trajectory clusters
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which means that the baseline clusters and their mixing lev-

els would be difficult to define. Three-day back trajectories

were chosen because they typically extend beyond the PCA-

derived regions and they represent the typical period between

frontal passages, which are responsible for major wind direc-

tion changes and for restarting the accumulation of ozone in

the boundary layer.

After every three-day trajectory at a site was assigned to

one of six trajectory clusters, its associated six-hour aver-

age ozone mixing ratio was then assigned to its appropriate

trajectory cluster and the 95th percentile ozone mixing ra-

tio for May to September was calculated for each cluster.

The baseline trajectory cluster was chosen for each site as

the one having the lowest 95th percentile ozone mixing ra-

tio of the six clusters. This cluster was assumed to repre-

sent baseline air flow with the least influence of regional and

local-scale photochemically-produced ozone (which gener-

ally contribute to peak levels in the summer). The 95th per-

centile value was chosen because, for remote locations, it

is thought to be predominately associated with long-range

transport, while lower percentile values (such as the median

or 75th percentile) are affected by dry deposition and NO

scavenging which serve to reduce the ozone mixing ratios.

To provide contrast and context to the baseline results, the

trajectory cluster associated with the highest 95th percentile

at each site was selected and identified as the most polluted

data set. The most polluted data and the associated air masses

can be viewed as an analogy to the worst case meteorology

(Derwent et al., 2003).

3.3 Seasonal and diurnal cycles

LOcally WEighted Scatter plot Smoothing (LOWESS)

(Cleveland et al., 1988; SAS/STAT, 1990) was used to dis-

play the seasonal and diurnal cycles at each site in each PCA-

derived region using the JJA groupings. The smoothing pa-

rameter was chosen such that the periodicities of the tem-

poral variations were between a month and a year for the

seasonal cycles, and less than 24 hours for the diurnal cycles.

3.4 Regional decadal baseline ozone trends for different

seasons

A generalized linear mixed model (GLMM) (SAS/STAT,

2006), which serves as a multiple site ensemble technique,

was used to discern a decadal ozone trend for each PCA-

derived region as a whole. The multiple site approach was

used to increase the amount of data and thereby increase the

robustness of the decadal baseline ozone trend estimates. No

interpolation was done to fill the missing data gaps as this

was not necessary using GLMM (Littell et al., 2006), which

is one of the important advantages of GLMM. The details

of the time series model have been previously described in

Chan (2009); here, however, the model was run for each sea-

son separately.

In this time series model, the effects of inter- and intra-

annual variations due to warmer versus colder weather were

accounted for by using the daily maximum 1-hr temperature

as the covariate. The model also contained a one-day au-

toregressive term. The physical meaning behind the choice

of one-day autoregression is that it represents the short-term

day-to-day temporal correlations due to very similar mete-

orological conditions from one day to the next. Sine and

cosine terms with three- to five-year periodicities were used

to model the decadal trend component instead of a polyno-

mial, which is often used. This was done to avoid collinearity

with the linear slope term with respect to time. Neither one-

year nor six-month harmonic terms were included because

the regional trend analyses were done for different seasons

separately.

3.5 Baseline ozone mixing ratio levels and seasonal and

diurnal variations

The method developed in this study uses the knowledge of

ozone temporal behavior in response to regional photochem-

istry in combination with trajectory clustering to objectively

select the baseline and most polluted clusters for each site.

Again, the most-polluted clusters are included here as a ba-

sis for contrasting the results of the baseline clusters. Sea-

sonal baseline ozone levels and temporal variations were cal-

culated by fitting a one-year harmonic cycle to all six-hour-

average data associated with the baseline clusters for seven

regions, namely: 1) Coastal Eastern Canada, 2) Continental

Eastern Canada, 3) Coastal Western Canada, 4) Continental

Western Canada, 5) Continental Western US, 6) Continen-

tal Eastern US and 7) Coastal Western US/Interior Califor-

nia. Similarly, the diurnal baseline ozone levels and varia-

tions were estimated by fitting a 24-h cycle to all the hourly

data associated with the baseline air clusters for the different

seasons for the seven regions.

4 Results and discussion

4.1 Seasonal principal component analysis

The varimax orthogonal rotation identified 13, 14, 11, and

8 individual PCA-derived regions for the MAM, JJA, SON,

and DJF seasons, respectively. The PCA-derived regions

(or principal components) were ordered by the percentage of

the total variance explained from the largest to the smallest.

Sites that were grouped together had the largest PCA load-

ings associated with that particular region (principal com-

ponent). Figure 1 shows, for the four seasons, the differ-

ent PCA-derived regions of measurement sites with the same

symbols. In general, from season to season the same re-

gions exist with the exception of winter, for which there were

fewer regions (indicating more spatial homogeneity than the

other seasons). Figure 2 shows, for each season, the 10-year-

average three-day backward trajectory at each site. It can be
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Fig. 1. Results of rotated PCA analysis using six-hour ozone mix-

ing ratio averages for the period 1997–2006 for different seasons.

The number of regions in the season is shown in the bracket on

top of each panel. The seasonal breakdowns are as follows: spring

(MAM), summer (JJA), fall (SON), and winter (DJF). Sites that

have the same symbols belong to the same region for a given season.

See text for more details.

seen that these average trajectories (averaged from all trajec-

tories, not just the baseline trajectories) at all sites within a

given region have similar average flow directions. This im-

plies that the precursor emission sources in the upwind direc-

tion are, on average, similar for most sites in each region.

4.2 Backward air parcel trajectory clustering

One site, Egbert (44◦ 13′57′′ N, 79◦ 46′53′′ W), Ontario,

Canada, was selected to illustrate the use of trajectory clus-

tering to classify the ozone mixing ratio data. First, six tra-

jectory clusters were established (Fig. 3a) for this and every

site. Then, each six-hour average ozone mixing ratio was

assigned to its associated trajectory and binned into its ap-

propriate trajectory cluster. In Fig. 3a, the cluster number

(C1 to C6) is shown at the top left of each cluster panel and

the relative transport frequencies (in percentages for different

seasons), are shown at the bottom left corner. For example,

C1 represents the cluster of southwesterly flow trajectories

and contains a total of 2471 (17%) trajectories throughout

the period 1997–2006. Comparing across the six clusters for

the same season, the transport frequencies attributed to this

cluster are 15%, 17%, 20%, and 16% during spring (MAM),

summer (JJA), fall (SON), and winter (DJF), respectively.

Figure 3b shows a monthly box-and-whisker plot of the six-

hour-average ozone mixing ratios (ppb) associated with the

six clusters. The May–September 95th percentiles for the

southwesterly flow (C1) and northerly flow (C6) are shown

as the red and yellow horizontal bars, respectively. In this

case, C6 was selected as the baseline cluster for this site be-

Fig. 2. Average three-day backward air parcel trajectories for each

ozone measurement site for the period 1997–2006 for different sea-

sons.

cause its May–September 95th percentile mixing ratio was

the lowest (yellow bar) of the six clusters. The choice of C6

as the baseline cluster is further validated by the fact that: (1)

a summer maximum, which is typically attributed to within-

region or local photochemically-produced ozone, does not

exist. and (2) the 5th percentile (lower whisker) value is the

highest of the six clusters in the winter, suggesting that it is

representative of baseline conditions because the ozone mix-

ing ratios do not show evidence of the destruction (i.e., NO

titration) typical of clusters influenced by western and south-

ern NOx emission areas.

Monthly 95% multiple Bonferroni test results are shown

at the top of Fig. 3b; the Bonferroni test is a conservative

test used to control family-wise testing error. The clusters

are ordered from highest (top) to lowest (bottom) based on

the magnitude of the monthly mean mixing ratios associated

each cluster. Vertical bars that overlap the different clus-

ters indicate that there is no evidence of significant statisti-

cal differences between those clusters; alternatively, clusters

not joined by vertical bars are considered to be significantly

different. For example, the baseline cluster, C6, which repre-

sents predominantly northerly flow, has the lowest monthly

mean ozone mixing ratios during the summer months of JJA

but is not significantly different from the C4 mean in most

of the other months except October and November, where

C4 is a shorter transport cluster that has more northerly and

easterly components than C6. The Bonferroni testing there-

fore clarifies that the baseline mixing ratios are not signif-

icantly different from the C4 mixing ratios in most months

of the year, thereby giving further credibility to the fact that

predominantly north and northwesterly flow is little influ-

enced by within-region and local precursor emissions. In

contrast, the most polluted cluster, C1, is often associated

with the highest monthly mean ozone mixing ratios during
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(a)

(b)

Fig. 3. (a): Probability density plots of backward trajectories for

Egbert (44◦ 13′57′′ N, 79◦ 46′53′′ W), located in Ontario, Canada.

Trajectory clusters are shown as probability density plots whereby

the blue-to-red colors in the grid squares represent the relative fre-

quency with which trajectories passed over the grid squares (calcu-

lated as the number of trajectories in the cluster passing over a grid

square divided by the total number of trajectories passing over all

grid squares in all clusters). Shown only are the grid cells with prob-

ability greater than 0.02. Those grid cells with probability greater

than or equal to 0.8 are shown with the same color. (b): Monthly

box-and-whisker plot of the six-hour-average ozone mixing ratios

(ppb) associated with the trajectory clusters in Fig. 3a. The endpoint

of the upper whisker, upper edge, dot inside, line inside, lower edge

of the box and endpoint of the lower whisker show the 95th, 75th,

mean, median, 25th and 5th percentiles, respectively.

May through October and the means are always significantly

different from the other clusters in the warm months.

Figure 4a and b show the baseline and most polluted air

parcel trajectory clusters for the most statistically represen-

tative site in each cluster/region, i.e., the site with the largest

communality value associated with the respective principal

component for the JJA months. Note that the larger the com-

munality of a site in the principal component, the better the

site is explained by the respective principal component and

thus, the more representative it is of the region. In Fig. 4b,

the trajectory clusters shown are the ones associated with the

highest May–September 95th percentile ozone mixing ratios

of the six clusters at each site. These clusters represent the

most polluted air flows affecting the sites and have been in-

cluded to provide a contrast to the baseline air flows shown

in Fig. 4a. It is important to emphasize here that the statistics

used to select the baseline trajectory clusters were based on

May to September ozone data while the trajectory clusters

themselves were produced from data from all months in the

1997 to 2006 time period.

Generally, baseline air clusters (Fig. 4a) at non-coastal

sites are associated with trajectories originating in high al-

titude (altitude statistics not shown) over adjacent low pre-

cursor emission areas, whereas for coastal sites, they are as-

sociated with oceanic (Pacific or Atlantic) flows. For the

most part, the baseline air trajectory clusters traverse areas

with minimal regional anthropogenic precursor sources (see

the population density map shown in the centre of Fig. 4a).

Although less important for the non-urban sites, it is impor-

tant to note that the baseline value estimated may still be

affected by ozone removal processes such as NO scaveng-

ing. In addition, dry deposition by vegetation may play an

important role at non-urban sites. The methods used in this

paper have made no attempt to remove the effects caused by

these two processes. However, the existence of such removal

processes was evaluated by selecting the most polluted air

clusters as discussed later in this section. The transport fre-

quency statistics of the baseline air clusters are shown in the

lower left corner of the trajectory probability density panels.

The statistics show that the baseline clusters tend to have the

highest frequency of annual trajectories in the winter (DJF)

and spring (MAM) months when baseline air is typically be-

ing transported at higher altitude and over longer distance in

the northern mid-latitudes (Wang et al., 2003).

Figure 4b presents the most polluted clusters for the same

14 representative sites, one in each region. In this most pol-

luted set of clusters, the transport distance is shorter and

closer to the surface (not shown). With the exception of

the regions characterized by mountainous terrain, the aver-

age transport height of the baseline set of clusters is consis-

tently about one km higher than the most polluted set of clus-

ters. As well, the transport frequency statistics of the most

polluted clusters at most sites show the opposite temporal

character to the baseline air clusters in that the most polluted

clusters have relatively more frequent air flows during the

summer (JJA) and fall (SON) months when photochemistry

is at its maximum.

4.3 Seasonal variations of baseline mixing ratios

Many studies in the past have discussed the seasonal varia-

tions of ground level ozone. Typical for ozone in the North-

ern Hemisphere is a springtime maximum (Simmonds et al.,
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(a)

(b)

Fig. 4. (a) Probability densities of air parcel trajectory clusters (baseline air) associated with the lowest May–September 95th percentile ozone

mixing ratios for 14 statistically representative sites (out of 97 in total) for the years 1997–2006 combined. The total number of trajectories

for the cluster and the transport frequency (in bracket, %) is shown above the horizontal bar. The relative seasonal transport frequencies

(relative to other five clusters) are shown below the bar (other five clusters not shown). Population data were taken from CIESIN (2005).

(b) Probability densities of air parcel trajectory clusters (most polluted air) associated with the highest May–September 95th percentile ozone

mixing ratios for 14 statistically representative sites (out of 97 in total) for the years 1997–2006.
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1997; Monks, 2000), formed partly from enhanced photo-

chemistry in the springtime after a wintertime accumula-

tion of air pollutants (Penkett and Brice, 1986) and partly

from a downward flux of stratospheric ozone (Daniesen and

Mohnen, 1977; Viezee et al., 1983). A second major tem-

poral characteristic is a summertime maximum that occurs

in regions strongly affected by the photochemical production

of ozone due to precursor emissions (Singh et al., 1978; Lo-

gan, 1985).

To investigate whether these characteristics occur at the

sites in this study, the seasonal variations of ozone associated

with the baseline and the most polluted clusters for all sites

are shown in Fig. 5a and b. The JJA set of site groupings was

used because it had the most regions and thereby revealed

the spatial homogeneity of the baseline ozone seasonality.

With reference to the baseline air clusters in Fig. 5a., the

high springtime ozone peak and the absence of high summer-

time values in all regions except PC2, PC3 and PC4 suggest

the lack of strong local/regional photochemical ozone pro-

duction (Goldstein et al., 2004), and also suggests the strong

influence of long-range transport to the site with air descend-

ing either from the Pacific, Arctic or Atlantic Oceans and,

in some cases, northern continental Canada (as shown ear-

lier). In contrast, the influence of within-region, precursor-

induced photochemistry in the US appears to be strong in re-

gions PC2, PC3 and PC4 (eastern, southeastern and Midwest

US regions) because of the presence of high summertime

values. Not surprisingly, this suggests that even for these

non-urban sites, the baseline mixing ratios are affected by

within-region and/or local photochemistry for those regions

located very close to high density precursor sources and/or

where the frequency of subsidence inversions is high (Fiore

et al., 2002, 2003). In addition, because of the similarity

of the within-region seasonal profiles and the narrow range

of between-site variability over such large spatial scales, the

method developed here provides confidence that the selection

of the baseline air is consistent with the minimal existence of

any regional-scale photochemical influence in the less popu-

lated and less industrialized regions. It should be noted that

in some areas, although the regional-scale influence is small

or non-existent, the influence of surface deposition is likely

present in each trajectory cluster at each site. In Fig. 5a,

the difference in ozone mixing ratios between different re-

gions clearly demonstrates that no uniform baseline exists,

and the unavoidable influence of surface deposition clearly

implies that the measured ozone at any surface site cannot

represent a totally unperturbed baseline without careful se-

lection to avoid depositional effects. It should be pointed out

that this paper does not attempt to separately analyze the pos-

sible effects of ozone accumulation due to subsidence or to

remove any depositional effects.

In contrast to the foregoing, the seasonal variations asso-

ciated with the most polluted air trajectory clusters (Fig. 5b)

show that most of the measurement sites are affected by the

higher than-baseline spring maximum and the broad higher

summer maximum, both of which are typically associated

with the photochemical oxidation of ozone precursors in ar-

eas associated with high precursor emission sources. The

relatively wide range of the inter-percentile bars (the monthly

5th to 95th percentiles of all sites within the PCA-derived re-

gion) shown in Fig. 5b, compared to Fig. 5a, indicates that

more within-region and/or local processes have affected the

ozone mixing ratios.

At many of the western sites, there is little statistical differ-

ence in the seasonal cycles of the trajectory clusters. In these

cases, one might consider that more than one trajectory clus-

ter at a given site is representative of baseline ozone levels.

However, deciding which of the trajectory clusters would be

reasonably representative of baseline levels at each site for

each month would be difficult and confounding. One poten-

tial method would be to carry out a Bonferonni analysis at

every site for every month to determine which of the clusters

were not significantly different from each other (see Fig. 3b

for the Bonferonni results at the Egbert, Canada site). Fol-

lowing this, the baseline ozone data from the non-differing

clusters could be combined into a single baseline data set for

each multiple-site region. While this could have been done,

it was not because it was felt that the results would have been

too confounding to understand and explain, e.g., every PCA-

derived region would have had baseline levels, cycles and

trends derived from different trajectory clusters selected for

each month at each site. Instead, the method chosen here pro-

vides a clear, practical and well defined concept of baseline

ozone and its levels, cycles and trends. The foregoing situ-

ation at western sites does not apply to sites in the Eastern

Continental US (i.e., PC2, PC3 and PC4) where the seasonal

cycles and levels differ for the different trajectory clusters

and, in doing so, clearly reflect the influence of strong and/or

numerous local and within-region precursor sources. Thus,

with the exception of these 3 regions, the baseline ozone lev-

els in Canada and the US for the most part are indicative of

extra-regional precursor source influences, both natural and

anthropogenic.

.

4.4 Baseline ozone levels (annual and seasonal)

Annual and seasonal average (±1 standard deviation) base-

line ozone levels are tabulated in Table 1 and shown as sea-

sonal cycles in Fig. 6 for each of the following PCA-derived

regions: Coastal Eastern Canada (PC5), Continental Eastern

Canada (PC1, PC6, PC11), Coastal Western Canada (PC10),

Continental Western Canada (PC8), Continental Western US

(PC7, PC9), Continental Eastern US (PC2, PC3, PC4) and

Coastal Western US/Interior California (PC12). Note that

PC12 consists of four sites located in the interior of Califor-

nia and not on the coastline. The calculations of the values

shown in Table 1 were done as follows:
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(a)

(b)

Fig. 5. (a): Seasonal ozone variations generated by LOWESS (see text) associated with the baseline air trajectory clusters for all 97 sites.

The error bars show the monthly ensemble site 5th to 95th percentiles for the region. The regional groupings are based on rotated PCA for

JJA months. Elevations (above sea level, metres) are shown in gray scale from dark to light to represent low to high elevations. Elevations

have been normalized to have a minimum of zero metre. (b): Seasonal ozone variations associated with the most polluted air trajectory

clusters for all 97 sites. Vertical axes represent ozone mixing ratios (ppb) and the tickmarks on the horizontal axes represent the start of each

month.
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Table 1. Summary of annual and seasonal average (±1 standard deviation) baseline ozone mixing ratios (ppb) for seven geographical

regions, i.e. Coastal/Continental Eastern Canada, Continental Eastern US, Coastal/Continental Western Canada, and Coastal/Continental

Western US. Symbols correspond to Fig. 1: PC1 (red triangles), PC2 (green diamonds), PC3 (blue squares), PC4 (purple stars), PC5 (pink

circles), PC6 (orange hexagons), PC7 (yellow spades), PC8 (pink #), PC9 (cyan clubs), PC10 (magenta inverse triangles), PC11 (brown

pluses), and PC12 (yellow triangles).

Region Annual Seasonal Ranges

MAM JJA SON DJF

Eastern Canada (east of 98◦ W)

– coastal (PC5)

– continental (PC1, PC6 and PC11)

27±9

30±9

34±7

37±7

21±8

24±8

21±7

24±7

31±6

32±5

Eastern US (east of 98◦ W)

– continental (PC2, PC3, and PC4) 30±10 37±9 32±12 25±9 27±7

Western Canada (west of 98◦ W)

– coastal (PC10)

– continental (PC8)

19±10

28±10

25±11

36±8

17±9

25±10

15±8

21±7

18±9

29±6

Western US (west of 98◦ W)

– coastal (PC12)

– continental (PC7 and PC9)

39±10

46±7

44±10

51±6

39±12

48±8

38±9

41±5

35±8

43±4

– For each of the 7 geographical regions, the baseline 6-

h average values from all sites were combined into a

multiple site, 10-year baseline data set (illustrated by

the green dots in Fig. 6);

– a baseline ozone seasonal curve was calculated for each

region by using a least-squared fit with a one-year cy-

cle (red curve in Fig. 6). The resultant seasonal curves

shown in Fig. 6 allowed the seasonal patterns of the dif-

ferent regions to be compared;

– the 10-year annual and seasonal average baseline mix-

ing ratios (±1 standard deviation) were calculated from

the baseline data sets in each geographical region (Ta-

ble 1).

Based on Table 1, the 10-year annual average (±1 standard

deviation) baseline ozone mixing ratio in Continental East-

ern Canada for 1997–2006 was 30±9 ppb and the seasonal

average values ranged from a high of 37±7 ppb in the spring-

time to a low of 24±7 ppb in the fall. Similar levels were

found in the Continental Eastern US, where the annual aver-

age was 30±10 ppb and the seasonal averages varied from a

high of 37±9 in the spring to a low of 25±9 ppb in the fall,

as well as in Continental Western Canada, with an annual

average of 28±10 and seasonal highs and lows of 36±8 in

spring and 21±7 in the fall. In comparison, Coastal Western

Canada had the lowest annual and seasonal averages of all 7

geographical areas with values of 19±10, 25±11 and 15±8,

respectively.

It is useful to point out that the baseline averages men-

tioned above for Coastal Western Canada are considerably

lower than the inflow Marine Boundary Layer (MBL) aver-

ages (38.6±1.3 ppb for MAM and 30.9±1.0 ppb for SON)

reported by Parrish et al. (2009) for the year 2000 (intercept

of the linear fit using hourly data from 1991 to 2005) at a site

in Olympic National Park site in the same area. There are

two major reasons for these differences:

– different air mass types: by definition, the values pre-

sented in the two studies represent two different types

of air, i.e., the Parrish et al. (2009) data represent inflow

marine boundary layer air from the Pacific Ocean while

our results represent synoptic-scale southwest flow, sel-

dom in the marine boundary layer, coupled with long

overland transport paths (for 3 of the 4 sites in the re-

gion);

– different sites: the four sites of Coastal Western Canada

differ from the Olympic National Park site used by Par-

rish et al. (2009) in that they are affected by complex

meteorological, orographic, transport and emission in-

fluences in the region. As such, the Coastal Western

Canada region is strongly influenced by complex land-

sea meteorology in the Straits of Georgia and Juan de

Fuca (Brook et al., 2004; McLaren et al., 2010), flow-

altering orographic and wake effects of Vancouver is-

land and the Coastal Mountains, (Brook et al., 2004)

and the occasional accumulation, transport and process-

ing of precursor emissions (leading to the titration of

ozone by NO) from the Greater Vancouver Area, the

west coast of Washington State, and nearby ship traffic

(Hayden et al., 2004; Brook et al., 2004; McLaren et al.,

2010).
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Fig. 6. The seasonal variations of the baseline ozone mixing ratios

(ppb) relative to all data for Coastal/Continental Eastern Canada,

Coastal/Continental Western Canada, Coastal/Continental Western

US, and Continental Eastern US regions. The black dots show all

of the six-hour averaged mixing ratios for all data from 1997–2006.

The green dots show the six-hour averaged mixing ratios associated

with the baseline air flows. The red fitted curves are the calculated

seasonal cycles. The multi-site annual mean (ppb) and ±1 standard

deviation are shown in the top left corner for each region

In light of these factors, the abovementioned differences

in the baseline averages reported herein and in Parrish et

al. (2009) are not unexpected and strongly emphasize the im-

portance of carefully defining and understanding the mean-

ing of the term baseline in this study.

The Coastal Western US and Continental Western US re-

gions had considerably higher baseline levels than the other

regions, with annual averages of 39±10 ppb and 46±7 ppb,

respectively. In Parrish et al. (2009), during the spring 2002

period of the ITCT 2K2 study at Trinidad Head, a ma-

rine boundary layer (MBL) site on the northern California

coast, the average results of three tracer criteria used in their

study designed to isolate marine air yielded average marine

ozone mixing ratios of 42.0 ppb with a standard deviation of

4.4 ppb. This value falls within the range estimated in this

10-year multiple-site study for the Coastal Western US re-

gion with 44±10 ppb during the spring (MAM). The high

values of the Coastal Western US baseline averages com-

pared to those of Coastal Western Canada (elevations rang-

ing from 81 to 178 m a.s.l.) are likely due to the relatively

high elevations of two of the sites, i.e., Lassen Volcanic NP

(1756 m a.s.l.) and Yosemite NP (1605 m a.s.l.). The high

averages (and small standard deviations) of the Continental

Western US (annual=46±7, spring=51±6, fall=41±5) are

likely due to the high elevation of the sites, thereby sampling

the free troposphere with potentially substantial stratospheric

ozone inputs.

In general, the seasonal baseline averages in Eastern and

Western Canada are lower than those in the Western US dur-

ing the photochemically-active seasons of spring (MAM),

summer (JJA) and fall (SON). As well, in the coastal re-

gions of both countries, the baseline values are generally

lower than in the continental regions, regardless of the sea-

son. For JJA, the Canadian regions: PC1 (southern Que-

bec/northeastern US), PC5 (northern Atlantic Canada), PC6

(southern Ontario), PC8 (Prairie Provinces), PC10 (northern

Pacific) and PC11 (western Ontario), have similar seasonal

levels and ranges with no presence of the summer maximum

that is typically associated with regional photochemically-

produced ozone.

Figure 6 illustrates, in addition to the aforementioned sea-

sonal cycle of baseline data (red curve), the seasonal vari-

ability of the 6-h baseline mixing ratios (green dots) relative

to the full set of data (black dots) for the six geographical

regions. It is apparent from the plots that the baseline 6-

h values varied considerably when combined over multiple

sites and multiple years, but less so than the full data set.

These plots show the distribution of the baseline data rela-

tive to the overall data set for each region. Of particular note

is the fact that the baseline data set, in spite of representing

air that traveled over relatively low anthropogenic precursor

emission areas, is quite variable and ranged from <5 ppb to

as much as 70 ppb in the Coastal and Continental Western

US regions in the spring and summer seasons. This empha-

sizes the point that baseline levels are highly variable be-

cause they are affected by inflow of ozone, tropospheric pro-

duction and/or stratospheric ozone downward mixing (Da-

niesen and Mohnen, 1977; Viezee et al., 1983; Hocking et al.,

2007) to a region plus within-region effects including ozone

production from precursor emissions.

4.5 Baseline ozone trends

The decadal (1997–2006) baseline ozone trends of daytime

(12:00–18:00 LST) average ozone mixing ratios were esti-

mated using the GLMM technique for the four seasons and

for all PCA-derived regions. The results are tabulated in Ta-

ble 2 for trends that are statistically significant at the p<0.05

level and for all trend results shown graphically in Fig. 7a and

b (for the baseline air and most polluted air, respectively).
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Table 2. Decadal baseline ozone trends modelled by GLMM using daytime (12:00 – 18:00 LST) average ozone mixing ratios from 1997

to 2006 by season. Only regions with significant trends (p-value less than 0.05) are shown. *p-values are shown for temperature-adjusted

trends only. The trend results are tabulated in ppb per annum. Note that the PC numbers shown in the first column correspond to Fig. 7a and

change from season to season. “ABS” stands for the absolute value of the trend.

PC Season p-value∗ Temp-adjusted Trend (ppb/a) Non-adjusted Trend (ppb/a) ABS (Temp-adjusted trend) minus ABS

(Non-adjusted trend) (ppb/a)

1

MAM

0.0002 −0.18±0.1 −0.15±0.1 0.03

2 < .0001 −0.59±0.14 −0.61±0.14 −0.02

3 0.0003 −0.66±0.27 −0.63±0.22 0.03

5 < .0001 −0.21±0.05 −0.18±0.05 0.03

6 0.0459 0.34±0.34 0.32±0.34 0.02

7 0.008 −0.61±0.45 −0.03±0.47 0.58

10 0.0391 0.28±0.26 0.29±0.3 −0.01

12 0.0215 −0.5±0.39 −0.59±0.33 −0.09

1 JJA 0.0005 0.27±0.15 0.37±0.18 −0.1

2 < .0001 −0.97±0.22 −1.08±0.23 −0.11

3 < .0001 −1.56±0.45 −1.81±0.42 −0.25

4 < .0001 −0.89±0.24 −0.91±0.19 −0.02

8 0.0196 0.38±0.3 0.64±0.24 −0.26

9 0.0119 0.55±0.43 0.58±0.44 −0.03

10 0.0136 0.72±0.55 0.82±1.98 −0.1

1 SON 0.0228 −0.12±0.1 −0.12±0.1 0

2 < .0001 −0.45±0.16 −0.39±0.22 0.06

3 < .0001 −0.74±0.29 −0.91±0.3 −0.17

8 0.0079 −0.39±0.29 −0.61±0.31 −0.22

5 DJF 0.0006 0.7±0.39 0.58±0.38 0.12

6 0.0361 0.66±0.61 1.01±0.62 −0.35

7 <.0001 0.93±0.41 0.88±0.41 0.05

Table 3. A comparison of the statistical methods used and the baseline ozone trend estimates focusing on Western Canada and the Western

US from three recent papers and this paper.

Authors Period Location Average Met-

rics

Data Screen-

ing Method

Statistical Method Season Trend estimate

(ppb/a)

Oltmans et

al. (2008)

1988–2007,

1999–2007

Western US Daytime av-

erages

Backward tra-

jectory

Autoregressive model

– a cubic polynomial

for trend

Winter

Spring

Summer

Fall

Positive at some

sites, no significant

changes at others.

Jaffe et

al. (2007)

1987–2004 Western US

(Rocky Mt.,

Yellowstone,

Lasseon)

Daytime

monthly

means

N/A Linear regression Winter

Spring

Summer

Fall

+0.21 to +0.62

+0.33 to +0.59

+0.43 to +0.50

+0.28 to +0.56

Parrish et

al. (2009)

Various lengths

covering (1974-

2007)

West coast of the

US

Monthly

means

Local wind

data

Linear regression Winter

Spring

Summer

Fall

+0.43±0.17

+0.46±0.13

+0.24±0.16

+0.12±0.14

This paper 1997-2006 Western Canada

and the US

Daytime av-

erages

Backward tra-

jectory

Regional trend anal-

ysis using GLMM –

long-term sinusoidal

cycles (3 to 5 years)

for trend

DJF (PC7)

MAM (PC10)

JJA (PC10)

SON (PC9)

+0.93±0.41

+0.28±0.26

+0.72±0.55

No significant

changes
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(a)

(b)

Fig. 7. (a): Regional decadal trends of daytime (12:00–18:00 LST)

average ozone mixing ratios associated with the baseline air, mod-

elled by GLMM for different seasons. Regions have been previ-

ously defined by rotated PCA for different seasons. Significant

trends at the 0.05 level are shown with a black regional boundary.

The boundaries were determined by joining the outermost site lo-

cations from each region. No evidence of statistical significance is

shown with a white boundary. The baseline air is defined as the air

parcel trajectories associated with the lowest May–September 95th

percentile ozone mixing ratios at a given site. (b): Regional decadal

trends of daytime (12:00–18:00 LST) average ozone mixing ratios

associated with the most polluted air, modelled by GLMM for dif-

ferent seasons. The most polluted air is defined as the air parcel

trajectories associated with the highest May–September 95th per-

centile ozone mixing ratios at a given site.

For comparison purposes, Table 3 provides a summary of

baseline ozone trends from three recently published papers

on ozone trends of inflow air at sites in the Pacific coastal ar-

eas of North America (Jaffe et al., 2007; Oltmans et al., 2008;

Parrish et al., 2009). Since these three studies used single

site trend analyses, it is worth pointing out that the multi-site

modelling used herein allows conclusions to be drawn on a

regional basis using larger data sets. The authors of the afore-

mentioned three papers report increasing trends, which are in

general agreement with this paper although the magnitude of

the multi-site trend in that area was greater using the multi-

site approach than in the three single site studies. However,

the time periods and sites selected were different in these 4

studies, making a direct quantitative comparison impossible.

It is important to note here that the direction of the decadal

baseline ozone trends in Table 2 is more robust than the mag-

nitude of the trends. This is because the estimated magnitude

depends on many factors including: (1) the statistical method

chosen, (2) the model formulation, (3) the representativeness

and power of the rather small number of data in the baseline

trajectory clusters (i.e., comprising only 4 to 25% of the total

data set from Fig. 5a), (4) the data period, and (5) the fact

that the magnitude of the decadal trend is generally much

smaller (less than one ppb per year) than the other shorter

time-scale trends in the data (tens of ppb from day to day). In

light of the relatively small amounts of data associated with

the baseline clusters, the multiple-site GLMM technique has

the advantage compared to other techniques of higher levels

of robustness and statistical power from the larger data set.

The GLMM time series model and statistical details can be

found in Chan (2009).

As mentioned earlier, temperature effects were accounted

for in the results shown in Table 2 and Fig. 7 by using daily 1-

hr maximum observations as the covariate in the time series

model. In some regions, the temperature adjustment resulted

in a reversal of trend directions but neither the unadjusted nor

adjusted trends were statistically significant in those cases.

In general, the temperature adjustment tended to reduce the

magnitude of the summer (JJA) trends only, with no system-

atic reduction or increase in the other seasons. This suggests

that the temperature trend varied in the same direction as the

ozone trend during the most photochemically active months.

In fact, a strong correlation between temperature and ozone

during the warm season (May–September) in North America

has already been shown by Chan (2009). It is therefore, im-

portant that the temperature effects be removed in the ozone

variations in the summer, but not necessarily in the other

seasons. It is important to note, however, that the correla-

tion between observed ozone and local temperature during

the warm season implies that the observed ozone must be

affected by local/regional influences, even at these remote

non-urban sites.

The results of the long-term trend analyses are not straight-

forward because the regions and the direction of the trends

vary from season to season. The major results can be sum-

marized as follows:

– In the Pacific coastal regions of southwestern British

Columbia (Canada) and California (US), the decadal

trends increased in all seasons except in the fall (SON)
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in California. The trends were statistically significant

in British Columbia in all seasons except in the fall, but

were not significant in California in any of the seasons.

– In the Atlantic coastal zone, (encompassing southern

New Brunswick and southern Nova Scotia in Canada

and northeast Maine in the US), the trends were posi-

tive (but significantly so only in the spring), except in

the winter when the trend was negative (but not signifi-

cant). Hence, the only significant trend detected was an

upward trend in the spring.

– The eastern part of Canada and the US (i.e., east of Lake

Superior in Canada and east of the Mississippi River in

the US) showed negative trends in all regions in all sea-

sons, with three exceptions: (1) insignificant positive

trends in Atlantic Canada/northeast Maine in the sum-

mer, fall and winter (discussed above), (2) a significant

positive trend in winter (DJF) at sites in the US Midwest

(Ohio, Indiana and Illinois), and (3) significant positive

trends at all sites in Quebec (Canada) and one site in

Vermont (US) during the summertime.

– At all sites in central/western Canada and the US, the

trends tended to be negative in the spring and fall but

positive in the summer and winter. The density of the

sites in the central and western regions is very low

which means that the regional representativeness of the

data was considerably lower than for the regions in the

east.

Although the individual regional baseline trends are diffi-

cult to interpret, collectively they exhibit similar tendencies

over large areas of North America. For example, the Pacific

and Atlantic coastal regions of Canada and the US gener-

ally exhibit positive trends. This is consistent with previ-

ous studies at remote and/or free troposphere sites that have

documented increasing trends in overall mixing ratios, par-

ticularly in the winter and spring months, over the last two

decades (Jaffe et al., 2003, 2007; Lelieveld et al., 2004;

Jonson et al., 2006; Oltmans et al., 2006; Derwent et al.,

2007; Tanimoto et al., 2009; Parrish et al., 2009; Cooper

et al., 2010). Alternatively, the continental regions of cen-

tral/western Canada and the US (except PC2, PC3 and PC4)

tend to exhibit negative trends in the spring and fall and pos-

itive trends in the summer and winter.

A number of mechanisms leading to the increase in base-

line levels have been suggested in the literature. Stohl et

al. (2002), Cooper et al. (2005) and Owen et al. (2006)

have shown that ground-level ozone can be lifted above the

PBL where it can travel to other countries and continents in

the northern mid-latitudes, thereby contributing to the base-

line levels and trends of the other countries. Consistent

with this, Cooper et al. (2010) have shown that, in western

North America during the springtime, the rate of increase

of the ozone mixing ratio in the free troposphere is greatest

when the measurements are more heavily influenced by di-

rect transport from Asia. For Europe, Ordóñez et al. (2007)

present evidence to suggest, at least at high altitudes (3000–

3500 m a.s.l.), that the positive trends in baseline ozone in

winter-spring during the 1990s were likely due to higher lev-

els of lower stratospheric ozone induced by the recovery of

the ozone layer. This differs from western North America

where Cooper et al. (2010) saw no evidence of changes in

ozone levels in the lower stratosphere or changes in the fre-

quency of stratospheric intrusions into the troposphere within

their study region. Model studies by Li et al. (2002) and Der-

went et al. (2004) indicate that increases in Asian precursor

emissions alone do not explain the significant upward trends

observed in tropospheric baseline ozone in Europe. As in-

teresting as these studies are, they point to the need for con-

tinued research into the physical and chemical mechanisms

responsible for the consistent increases in baseline ozone.

In contrast to the foregoing low (precursor) emission re-

gions, the regions in the high NOx and non-methane hydro-

carbon (NMHC) emission areas of eastern Canada and the

eastern US (viz., PC2, PC3 and PC4 in the MAM/JJA/SON,

and PC2 and PC3 in the DJF maps of Fig. 7a and b) show

consistently negative baseline and most polluted trends in

all seasons, with the steepest trends occurring in the sum-

mer (with the one exception of PC2 (southeastern US) in

DJF where the most polluted trend is positive – see Fig. 7b).

In the US, the predominantly negative trends are consistent

with the major decreases in NOx emissions in those regions

throughout the 2000 to 2007 time period (Canada–United

States, 2008), and especially during the ozone season of May

through September when emission reductions were highest.

This relationship once again implies that these three regions

are not continentally representative but, rather, are affected

by within-region emissions. Additionally, the weaker neg-

ative trends (or in one case, positive trends) seen in these

regions in the winter compared to other seasons are due to

the reductions of NOx emissions over the years, thereby re-

sulting in less NO being available to destroy ozone outside

of urban areas.

4.6 Diurnal variations of baseline mixing ratios

As a further diagnostic tool for understanding the nature of

baseline ozone, seasonal-mean diurnal cycles of the sites in

the 14 PCA-derived regions were determined by calculating

a least-squared fit 24-h cycle to the 10-year data set of hourly

baseline mixing ratios. Similar to Fig 5a and 5b, the indi-

vidual panels are joined by lines to the regionally represen-

tative sites for the PCA/JJA groupings. Figures 8a and 8b

show the seasonal-average diurnal cycles associated with the

baseline and most polluted air clusters, respectively, for all

of the PCA-derived regions. Diurnal variations that peak in

the afternoon are influenced by the combined effects of ver-

tical entrainment of air from aloft by the growing convective

PBL, the inflow of ozone due to transport from outside the
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(a)

(b)

Fig. 8. (a): Seasonally averaged ozone diurnal variations associated with the baseline air trajectory clusters grouped by rotated PCA for JJA.

(b): Seasonally averaged ozone diurnal variations associated with the most polluted air trajectory clusters grouped by rotated PCA for JJA.

Vertical axes represent ozone mixing ratios (ppb) and the tickmarks on the horizontal axes represent the start of each hour in local standard

time (LST).
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location, and in-situ photochemical production. Nighttime

and early morning decreases in mixing ratios are expected

to be related more to surface destruction than chemical scav-

enging because of the non-urban nature of the sites (i.e., dis-

tant from major NOx sources) (Singh et al., 1978). In this

study, additional insights are gained from the large number of

non-urban sites affected by minimal-to-high regional anthro-

pogenic NOx and NMHC emission sources, and low-to-high

elevation areas in Canada and the US.

In general, the peaks of the diurnal cycles associated with

the most polluted air (Fig. 8b) are about 10 – 20 ppb higher

than those of the baseline air (Fig. 8a) during the summer

(JJA, red curves) and always lower during the winter (DJF,

blue curves). This is not surprising given the strong influence

of precursor emission sources in the most polluted air. The

only exception to this is PC13, for which the nocturnal min-

imum associated with the most polluted air cluster is lower

than that associated with the baseline air cluster, although the

daytime maximum associated with the most polluted air clus-

ter is higher than that associated with the baseline air cluster.

The diurnal cycles associated with the most polluted air

are always of higher amplitude than those associated with the

baseline air in the daytime during the summer (JJA). This

suggests that additional amounts of inflow ozone are trans-

ported to the sites from upwind precursor sources, which

dominates over the ozone that is vertically mixed down to

the surface during the day and scavenged and/or surface de-

posited during the night. The absence of a strong diurnal

cycle in the baseline cluster in some regions like the Conti-

nental Western US (e.g. PC9, which consists of high eleva-

tion sites) suggests that the trajectory selection strategy has,

in those regions, most satisfactorily selected baseline ozone.

This is because most high elevation measurement sites are

expected to be exposed to air from the free troposphere more

frequently than low elevation air that has been lifted verti-

cally from lower elevations, thereby leading to smaller diur-

nal variations at the high elevation sites than at sites near sea

level. This is indeed the case for PC9, the region that consists

of the highest elevation sites. Here, mixing ratios decrease

only minimally at night (Fig. 8a) which, in turn, suggests

that depositional and chemical losses are minimal during this

time of the day. Similarly, the lack of a strong daytime max-

imum suggests that daytime production of ozone from local

precursors is minimal or, in other words, the long range trans-

port of non-locally-produced ozone is the dominant source of

ozone at these high elevation sites.

The magnitude and amplitude of the baseline ozone levels

associated with the diurnal cycles (i.e., the highest and low-

est values on the seasonal mean curves) are visible in Fig. 8a.

They show that the Eastern US regions (PC2, PC3 and PC4),

which are known for high precursor emissions, have very

high mean diurnal peaks – up to 50 ppb. The high elevation

regions of the Western US (PC7 and PC9) also have high lev-

els (up to 55 ppb) but the diurnal cycles are of lower ampli-

tude than in the Eastern US. Of all of the regions, the lowest

levels of diurnal cycles occur in the Pacific coastal zone near

Seattle, USA and Vancouver, Canada where the peak mixing

ratio reaches 35 ppb.

5 Summary and conclusions

This study provides a comprehensive analysis of decadal,

seasonal and diurnal temporal variations of baseline ozone in

different regions of Canada and the US for the period 1997

to 2006. Baseline ozone mixing ratios for North America

were estimated from measurements taken at 97 non-urban

sites covering most of the populated areas of Canada and the

US from 24◦ N to 56◦ N and 65◦ W to 123◦ W (ranging from

2 to 3178 m a.s.l.). The results indicate that, as one would

expect, a single baseline ozone level cannot be defined for

all of North America. Rather, baseline ozone, as defined

here, varies geographically and seasonally. This conclusion

is largely consistent with prior studies in which different

methods were used to investigate baseline ozone variability

(Lefohn et al., 2001; Fiore et al., 2003). However, this study

extends beyond the prior work. As previously published by

Parrish et al. (2009) and Jaffe et al. (2007), it finds that, at

sites in coastal regions (coastal areas of the Pacific and At-

lantic Oceans), baseline levels are predominantly influenced

by flow off the oceans. In continental areas, baseline levels

are shown to be predominantly associated with flows trav-

eling over low precursor emission areas originating in high

altitudes. As expected from the literature, it also finds that

the seasonal baseline ozone variations in those regions lo-

cated away from major precursor emission sources (mainly

in Canada) were characterized by a single ozone maximum

in the springtime (Fig. 5a) with no evidence of a secondary

summertime maximum induced by photochemical produc-

tion within the region.

Ten-year annual and seasonal average baseline mixing ra-

tios are estimated for seven regions of Canada and the US

in Table 1. Annual average mixing ratios vary from a low

of 19±10 ppb in Coastal Western Canada (in the vicinity

of Vancouver, British Columbia) to a high of 46±7 ppb in

the Continental Western US (high elevation sites). Conti-

nental Eastern Canada (i.e., PC1, PC6, and PC11), which is

known to have few anthropogenic precursor emission sources

to the north of the measurement sites, has a lower summer-

time baseline level (24±8 ppb) than the Continental East-

ern US (PC2, PC3 and PC4) where large anthropogenic pre-

cursor emission sources exist (32±12 ppb). The opposite is

true for the winter season when Continental Eastern Canada

has a baseline seasonal average of 32±5 ppb compared to

27±7 ppb in the Continental Eastern US. In spite of this, the

annual average baseline mixing ratios of the two regions are

quite similar at 30±9 and 30±10 ppb, respectively, as the two

seasonal differences cancel out. This indicates that baseline

levels in Continental Eastern Canada are minimally affected

by within-region precursor emissions in the summer and the
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winter (i.e., minimal within-region photochemical produc-

tion in the summer and no NO scavenging in the winter).

The opposite is true for the Continental Eastern US where

within-region precursor emissions have a strong effect on the

baseline levels through higher photochemical production in

the summer and some NO scavenging in the winter.

The decadal trends of baseline ozone vary from region

to region and season to season, with some of the trends

being statistically significant and others not (based on our

GLMM trend model). In spite of this variability, the trends

exhibit consistent behavior over large areas of North Amer-

ica. Specifically, consistent with previous studies, the Pacific

and Atlantic coastal regions exhibit positive trends, the con-

tinental areas of central/western North America exhibit neg-

ative trends in the spring/fall and positive trends in the sum-

mer/winter, and the high precursor emission areas of east-

ern Canada and the Eastern US consistently exhibit nega-

tive trends in all seasons except winter (in both the base-

line and most polluted clusters). As mentioned earlier, the

negative trends in the high emission areas were concomi-

tant with major decreases in NOx emissions in those regions.

As an illustration, in MAM, baseline ozone increased by

0.28 ppb/a in Coastal Western Canada (PC10) but decreased

by 0.59 ppb/a in the high precursor emission area of the East-

ern US (PC2). From the literature, positive trends in base-

line ozone (ranging from 0.3 to 1 ppb/a) appear to be a large-

scale phenomenon in the northern hemisphere, having been

reported in Greenland (Helmig et al., 2007), Switzerland

(Brönnimann et al., 2002), the North Atlantic (Lelieveld et

al., 2004), Ireland (Simmonds et al., 2004; Derwent et al.,

2007), continental Europe (EMEP, 2005), Japan (Tanimoto,

2009), China (Wang et al., 2009). This suggests that the neg-

ative baseline trends in the high precursor emission areas of

the Eastern Canada and Eastern US are the net result of an in-

creasing trend in baseline air coupled with a decreasing trend

in within-region air, the latter being attributable to major pre-

cursor emission reductions. This implies that the decreasing

trends seen in the baseline and most polluted air of the high

precursor regions would have, in fact, decreased even more

if the baseline trend had not been positive.

The foregoing discussion suggests that the apparent hemi-

spheric increase in baseline ozone has had two major im-

pacts: (1) it has directly increased the ambient ozone levels

in the low precursor emission areas of North America and

(2) it has reduced, to some degree, the efficacy of precursor

emission control efforts in the high precursor emission areas

of North America, namely, Eastern Canada and the Eastern

US. In the future, if baseline ozone levels continue to rise

in the northern hemisphere while within-region ozone levels

continue to decrease or level off in the high emission areas

(due to the leveling off of emission controls), then the rela-

tive contribution of baseline ozone to overall ambient ozone

levels would be expected to increase.
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Côté, J., Desmarais, J.-G., Gravel, S., Méthot, A., Patoine, A.,
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Ordóñez, C., Brunner, D., Staehelin, J., et al.: Strong influence

of lowermost stratospheric ozone on lower tropospheric back-

ground ozone changes over Europe, Geophys. Res. Lett., 34,

L07805, doi:10.1029/2006GL029113, 2007.

Parrish, D. D., Millet, D. B., and Goldstein, A. H.: Increasing

ozone in marine boundary layer inflow at the west coasts of

North America and Europe, Atmos. Chem. Phys., 9, 1303–1323,

doi:10.5194/acp-9-1303-2009, 2009.

Penkett, S. A. and Brice, K. A.: The spring maximun in photoox-

idants in the Northern Hemisphere troposphere, Nature, 319,

655–657, 1986.

Prinn, R. G.: The cleansing capacity of the atmo-

sphere, Ann. Rev. Environ. Resour., 28, 29–57,

doi:10.1146/annurev.energy.28.011503.163425, 2003.

Ramaswamy, V., Boucher, Haigh, J., et al.: Chapter 6. Radiative

Forcing of Climate Change, Climate Change 2001: The Scien-

tific Basis, edited by: Joos, F., Srinivasan, J., Cambridge Univ.

Press, New York, USA, 2001.

The Royal Society, Ground-level ozone in the 21st Century: Future

trends, impacts and policy implications, Science Policy Report

15/08, 2008.

SAS/STAT User’s Guide, Version 6, 4th Edition, Vol. 2, Cary, NC,

SAS Institute Inc., 1990.

SAS/STAT Software: The GLIMMIX Procedure, User’s Guide,

Cary, NC, SAS Institute Inc., 2006.

Simmonds, P. G., Seuring, S., Nickless, G., and Derwent, R. G.:

Segregation and interpretation of ozone and carbon monoxide

measurements by air mass origin at the TOR station Mace Head,

Ireland from 1987 to 1995, J. Atmos. Chem., 28, 45–49, 1997.

Simmonds, P. G., Derwent, R. G., Manning, A. J., and

Spain, G.: Significant growth in surface ozone at Mace

Head, Ireland, 1987–2003, Atmos. Environ., 38, 4769–4778,

doi:10.1016/j.atmosenv.2004.04.036, 2004.

Singh, H. B., Ludwig, F. L., and Johnson, W. B.: Tropospheric

ozone: concentrations and variabilities in clean remote atmo-

spheres. Atmos. Environ., 12, 2185–2196, 1978.

Stevenson, D. S., Dentener, F. J., Schultz, M. G., et al.:

Multimodel ensemble simulations of present-day and near-

future tropospheric ozone, J. Geophys. Res., 111, D08301,

doi:10.1029/2005JD006338, 2006.

Stohl, A., Eckhardt, S., Forster, C., James, P., and Spichtinger,

N.: On the pathways and timescales of intercontinental

air pollution transport, J. Geophys. Res., 107(D23), 4684,

doi:10.1029/2001JD001396, 2002.

Task Force on Hemispheric Transport of Air Pollution (TF HTAP):

Hemispheric transport of air pollution 2010 assessment report,

edited by: Keating, T. J. and Zuber, A., draft, available online at:

http://www.htap.org, 2010.

Tanimoto, H.: Increase in springtime tropospheric ozone at a moun-

tainous site in Japan for the period 1998-2006, Atmo. Environ.,

Volume 43, Issue 6, February 2009, 1358–1363, ISSN 1352-

2310, doi:10.1016/j.atmosenv.2008.12.006, 2009.

US EPA: Air quality criteria for ozone and related photochemi-

cal oxidants (Final), Vol. I, II, and III, EPA 600/R-05/004aF-cF,

2006.

US EPA: NOx Budget Program 2006 Progress Report, available on-

line at: http://www.epa.gov/airmarkt/progress/nbp06.html, 2007.

US EPA: National Ambient Air Quality Standards for Ozone,

Proposed Rules, available online at: http://www.epa.gov/air/

ozonepollution/fr/20100119.pdf, 2010.

Viezee, W., Johnson, W. B., and Singh, H. B.: Stratospheric ozone

in the lower troposphere-II. Assesment of downward flux and

ground-level impact, Atmos. Environ., 17, 1979–1993, 1983.

Vingarzan, R.: A review of surface ozone background levels and

trends, Atmos. Environ. 38, 3431–3442, 2004.

Wang, Y., Shim, C., Blake, N., et al.: Intercontinental transport

of pollution manifested in the variability and seasonal trend of

springtime O3 at northern middle and high latitudes, J. Geophys.

Res., 108(D21), 4683, doi:10.1029/2003JD003592., 2003.

Wang, H., Jacob, D. J., Le Sager, P., et al.: Surface ozone

background in the United States: Canadian and Mexican

pollution influences, Atmos. Environ., 43(6), 1310–1319,

doi:10.1016/j.atmosenv.2008.11.036, 2009.

Wang, T., Wei, X. L., Ding, A. J., et al.: Increasing surface

ozone concentrations in the background atmosphere of South-

ern China, 1994–2007, Atmos. Chem. Phys., 9, 6217–6227,

doi:10.5194/acp-9-6217-2009, 2009.

West, J. J., Fiore, A. M., Naik, V., Horowitz, L. W., Schwarzkopf,

M. D., and Mauzerall, D. L.: Ozone air quality and radiative

forcing consequences of changes in ozone precursor emissions,

Geophys. Res. Lett., 34, L06806, doi:10.1029/2006GL029173,

2007.

Wild, O.: Modelling the global tropospheric ozone budget: explor-

ing the variability in current models, Atmos. Chem. Phys., 7,

2643–2660, doi:10.5194/acp-7-2643-2007, 2007.

Zeng, G., Pyle, J. A., and Young, P. J.: Impact of climate change on

tropospheric ozone and its global budgets, Atmos. Chem. Phys.,

8, 369–387, doi:10.5194/acp-8-369-2008, 2008.

www.atmos-chem-phys.net/10/8629/2010/ Atmos. Chem. Phys., 10, 8629–8647, 2010

http://www.htap.org
http://www.epa.gov/airmarkt/progress/nbp06.html
http://www.epa.gov/air/ozonepollution/fr/20100119.pdf
http://www.epa.gov/air/ozonepollution/fr/20100119.pdf

