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Abstract

We present multi-year objective analyses (OA) on a high spatio-temporal resolution
(15 or 21 km, every hour) for the warm season period (1 May–31 October) for ground-
level ozone (2002–2012) and for fine particulate matter (diameter less than 2.5 microns
(PM2.5)) (2004–2012). The OA used here combines the Canadian Air Quality forecast5

suite with US and Canadian surface air quality monitoring sites. The analysis is based
on an optimal interpolation with capabilities for adaptive error statistics for ozone and
PM2.5 and an explicit bias correction scheme for the PM2.5 analyses. The estimation
of error statistics has been computed using a modified version of the Hollingsworth–
Lönnberg’s (H–L) method. Various quality controls (gross error check, sudden jump10

test and background check) have been applied to the observations to remove outliers.
An additional quality control is applied to check the consistency of the error statistics
estimation model at each observing station and for each hour. The error statistics are
further tuned “on the fly” using a χ2 (chi-square) diagnostic, a procedure which ver-
ifies significantly better than without tuning. Successful cross-validation experiments15

were performed with an OA set-up using 90 % of observations to build the objective
analysis and with the remainder left out as an independent set of data for verifica-
tion purposes. Furthermore, comparisons with other external sources of information
(global models and PM2.5 satellite surface derived measurements) show reasonable
agreement. The multi-year analyses obtained provide relatively high precision with an20

absolute yearly averaged systematic error of less than 0.6 ppbv (parts per billion by
volume) and 0.7 µgm−3 (micrograms per cubic meter) for ozone and PM2.5 respec-
tively and a random error generally less than 9 ppbv for ozone and under 12 µgm−3

for PM2.5. In this paper, we focus on two applications: (1) presenting long term aver-
ages of objective analysis and analysis increments as a form of summer climatology25

and (2) analyzing long term (decadal) trends and inter-annual fluctuations using OA
outputs. Our results show that high percentiles of ozone and PM2.5 are both following
a decreasing trend overall in North America with the eastern part of United States (US)
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presenting the highest decrease likely due to more effective pollution controls. Some
locations, however, exhibited an increasing trend in the mean ozone and PM2.5 such
as the northwestern part of North America (northwest US and Alberta). The low per-
centiles are generally rising for ozone which may be linked to increasing emissions from
emerging countries and the resulting pollution brought by the intercontinental transport.5

After removing the decadal trend, we demonstrate that the inter-annual fluctuations of
the high percentiles are significantly correlated with temperature fluctuations for ozone
and precipitation fluctuations for PM2.5. We also show that there was a moderately
significant correlation between the inter-annual fluctuations of the high percentiles of
ozone and PM2.5 with economic indices such as the Industrial Dow Jones and/or the10

US gross domestic product growth rate.

1 Introduction

Long-term series of surface objective analyses of chemical species are valuable prod-
ucts for understanding the historical evolution of pollution, providing long-term compar-
isons with models, building a climatology of surface pollutants, evaluating the efficiency15

of existing pollution control and abatement measures and regulations and supporting
epidemiological studies. Among the most two important surface pollutants are ground-
level ozone and PM2.5. These pollutants are the main constituents of smog and, to-
gether with NO2, form the basis of the Canadian Air Quality Health Index (AQHI, Stieb
et al., 2008).20

Ozone is not directly emitted but produced by complex photochemical reactions of
nitrogen oxides (NOx) and volatile organic compounds (VOCs) from natural and an-
thropogenic sources. In urban areas, over one hundred chemical reactions could be
involved in ozone production (Jacobson, 2002; Seinfeld and Pandis, 2006). It has been
known for a long time that ozone is an oxidant which impacts health (Hazucha et al.,25

1989; Berglund et al., 1991), exacerbates asthma especially with simultaneous pres-
ence of allergenic pollen (White et al., 1994; Newman-Taylor, 1995; Cashel et al.,
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2004), impacts agricultural productivity (Skärby and Selldén, 1984; Tingey et al., 1991)
causes injuries and additional stress to forest ecosystems (Reich, 1987; Chevone and
Linzon, 1988; Badot, 1989; Chappelka and Flagler, 1991) damages materials and
cracks rubber and polymers (Cass, 1991). Ozone is also an important source of the
hydroxyl radical which breaks down many pollutants and certain greenhouse gases5

(GHG) and acts itself as an effective GHG (Jacobson, 2002; IPCC, 2007; Houghton,
2009). The atmospheric lifetime of tropospheric ozone is of the order of few weeks
above the boundary layer (Tarasick et al., 2010) and down to few hours at night near
the surface (IPCC, 2007).

PM2.5 is another hazardous pollutant. It consists of aerosols of solid matter which10

can be manmade (mostly by burning of fossil fuels in power plants or vehicles and
various industrial processes) or produced naturally (volcanoes, dust storms, forest or
grass fires and sea spray). Those solid aerosols can cool or warm the atmosphere via
interaction with incoming solar radiation (aerosol direct effect), or via their ability to act
as cloud condensation or ice nuclei and thus play a role in cloud formation (indirect ef-15

fect) (Hobbs, 1993; Jacobson, 2002; IPCC, 2007; Houghton, 2009). Health impacts of
PM2.5 are also numerous including promoting asthma (Cashel et al., 2004; Newman-
Taylor, 1995) and other respiratory problems (ALA, 2012), stimulating high plaque de-
posits in arteries producing vascular inflammation, oxidative stress and atherosclerosis
(a hardening of the arteries which reduces their elasticity) leading to heart attacks and20

related cardiovascular problems (Pope et al., 2002; Sun et al., 2005; Reeves, 2011).
Together, ozone and PM2.5 trigger bronchial micro-lesions which facilitate the penetra-
tion of macromolecules such as pollen augmenting the allergenic reaction (Gervais,
1994). Table 1 briefly summarizes the main environmental and health issues related
with both pollutants. Given the above evidence, it is therefore of paramount importance25

to provide to the public and health specialists with the best information about these
pollutants.

In this paper, we adopt an optimal interpolation (OI) technique to produce a long-term
series of ground-level ozone and PM2.5 concentrations over a large region at a rela-
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tively low cost. The analyses are not used as initial conditions to the model but are ob-
tained off-line. Nevertheless, they are the best combination of model and observations
available to reduce analysis errors. Models are generally characterized by known defi-
ciencies whereas measurement systems suffer from representativeness problems and
lack of sufficient coverage therefore providing often only local information. OI as used5

in operational meteorology for decades provides a framework to extract the maximum
information of both model and observations in an optimal way (Rutherford, 1972; Daley,
1991; Kalnay, 2003; Brasnett, 2008). Producing maps of objective analysis based on
OI on a regular basis has numerous applications in air quality: (1) initializiation of nu-
merical models at regular time interval (usually every 6 or 12 h) with appropriate fields10

having overall bias and error variance which are ideally minimum (Blond and Vautard,
2004; Tombette et al., 2008; Wu et al., 2008), (2) providing users with a more accurate
picture of the true state of a given variable by using an appropriate optimal blend of
model fields together with observations so that it produces the best possible analysis
(given available data) not only in the vicinity of observation points but elsewhere in15

a given domain even where the observation network has not an optimal density, (3)
building potentially useful maps of health indices (Air Quality Health Index), environ-
mental indices or pollutant loadings on ecosystems (see for example Robichaud and
Ménard, 2003) (4) producing surface pollutant climatology (see Sect. 3) (5) providing
and mapping temporal trends (see Sect. 5).20

One of the key ingredients of data assimilation, or objective analysis is error statis-
tics. However, prescription of adequate error statistics for air quality can be challeng-
ing. Unlike the free troposphere or the stratosphere, the boundary layer problems and
complex topography make difficult to produce error covariance statistics for ground pol-
lutant such as ozone (Tilmes, 1999, 2001). Moreover, models are often imprecise over25

complex boundary layer surfaces. Fortunately, the relatively flat topography found over
eastern and central North America and the importance of transport of ozone and PM2.5
above and within the boundary layer makes these pollutants excellent candidates for
objective analysis and data assimilation since the correlation length is much larger than
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model resolution so that information can be spread around efficiently over more than
one model grid point. Production of a long series of multi-year analyses retrospectively
may also pose many other technical problems causing discontinuities or inconsisten-
cies in time series, namely, changes of model version, set of emissions inventories
out of date or imprecise, changes in instrumentation through the years, etc. Special5

attention is thus given here to (1) obtaining optimal (adaptive) error statistics which can
follow and adapt to changes over time and (2) to the reduction, as much as possible, of
systematic errors so that the analyses form an unbiased and consistent and coherent
data set throughout the whole period.

Multi-year analyses presented here combine the information provided by a long se-10

ries of air quality model outputs from the Canadian Air Quality Regional Determin-
istic Prediction System (AQRDPS), that is CHRONOS (Canadian and Hemispheric
Regional Ozone and NOx System) model for the period 2002–2009 and GEM-MACH
(Global Environmental Multi-scale coupled with Model of Air quality and CHemistry) for
the period 2010–2012. The observations used during the same period are taken from15

US and Canadian surface monitoring networks. One of the main applications of OA,
which is presented in this paper, is a summer (June-July-August) climatology. Other
methods to derive a multi-year climatology within the troposphere exist such as the
traditional spatial domain-filling techniques using observations and trajectories (Tara-
sick et al., 2010). However, uncertainties of 30–40 % are noted with the meteorologi-20

cal inputs of trajectory models (Harris et al., 2005). Moreover, in the boundary layer,
complex dispersion and turbulence tends to render trajectories near the surface less
precise than that of higher levels as reported by Tarasick et al. (2010). The multi-year
analyses as a form of climatology presented here avoids the process of high uncer-
tainties associated with back trajectories near the surface. The spatial interpolation is25

naturally accomplished through exponential functions (see Sect. 2.1) so that meteoro-
logical and chemical patterns from the model are preserved. While numerous works
on stratospheric ozone climatology based on satellite observation combined with vari-
ous mapping techniques appeared in the last decade or so (Fortuin and Kelder, 1998;
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McPeters et al., 2007; Ziemke et al., 2011) as well as for tropospheric climatology,
the latter being mostly based on ozonesondes (Logan, 1999; Tarasick et al., 2010),
comparatively little work has been done concerning multi-year analyses or climatology
specifically for ground-level ozone and PM2.5 for North America. The MACC (Moni-
toring Atmospheric Composition and Climate) reanalysis project of the global tropo-5

spheric composition (http://www.gmes-atmosphere.eu/about/project/) is one of the few
initiatives to produce a long series of surface and tropospheric pollutant analyses but
has a focus in Europe. RETRO-40 (REanalysis of the TROpospheric chemical compo-
sition over the past 40 yr, http://retro.enes.org) is also a project of global re-analyses
initiated in Europe as well. The decadal series of analyses for ground-level ozone and10

PM2.5 presented in our paper are delivered on a comparatively high spatio-temporal
resolution (15 km or 21 km – on an hourly basis) and focuses on the surface for North
America.

The rest of our manuscript is organized as follows: Sect. 2 describes the method-
ology and theory of OA and the models and observation systems used. Section 315

presents results of long term averages of OA, the CHRONOS era (2002–2009) and
the GEM-MACH era (2010–2012), from which summer climatology is derived for both
periods. Section 4 provides cross-validation and external comparison of OA results.
Section 5 introduces pollution trends and analyzes inter-annual fluctuations obtained
using OA. Section 6 provides a discussion about certain aspects of the methodology20

and special issues related to OI and finally Sect. 7 contains a summary and conclu-
sions.

2 Methodology

2.1 The analysis scheme

In this study, the analysis scheme adopted is an optimal combination of model con-25

centrations and observations based on an optimum interpolation method specifically
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adapted to surface air quality problems. The basics of the analysis scheme is described
in Ménard and Robichaud (2005). The basic goal of an analysis scheme, which we also
call “objective analysis”, is to find an expression that minimizes the error variance of
the combined field of model and observation. It can be shown that this optimization
problem yields the following form for the analysis matrix xn

a (e.g. Daley, 1991; Kalnay,5

2003), that is:

xn
a = xn

f +K(yn
o −Hxn

f ) (1)

where xn
f is the background field obtained from a short-term forecast, H is an operator

that performs an interpolation from the model grid point space to the observation space
(here we use a bilinear interpolation), yn

o is the vector that contains all the observations10

at a given time n, and K is the Kalman gain matrix to be defined below. The second
term on the right hand side of Eq. (1) is called analysis increments (Daley, 1991; Kalnay,
2003) and could be view as the correction to the model due to the observations in or-
der to bring the analyses closer to the true value. In variational assimilation schemes,
the analysis is obtained through a minimization algorithm, and where the explicit so-15

lution (Eq. 1) is never used. However, as in Kalman filters (e.g. Daley 1991; Kalnay
2003) and in OI, Eq. (1) and the Kalman gain matrix K are both computed explicitly.
The basic difference for OI is that error statistics are stationary and prescribed from
past experiments (rather than as time-evolving as in a Kalman filter), and that error
correlations are given as functions of space (rather than matrices defined on a specific20

grid) so that there is no need to interpolate the error correlations onto the observation
locations. The computation of the Kalman gain does, however, involve the inversion of
a matrix. In meteorology, because of the large number of observations, this inversion
is calculated in batches in smaller domains using either data selection or a compactly
supported covariance function (Daley, 1991; Houtekamer and Mitchell, 1998). In air25

quality, the number of surface observations at a given time is limited (in North America
about 1,200 observations or less per species) and hence the inversion of the matrix
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can be computed directly, so our scheme is equivalent to a 2-D-VAR (two-dimensional
variational analysis).

The derivation of the analysis (Eq. 1) is based on the assumptions that: (i) the errors
are Gaussian distributed or else the estimate Eq. (1) is a BLUE (Best Linear Unbiased
Estimate), (ii) the observation errors are uncorrelated with the background errors, (iii)5

the observations errors are additive Gaussian noise, and (iv) interpolated observations
are linearly related to the model state (e.g. the observation operator is linear). Fur-
thermore, for OI the background error correlation is modeled as a function, generally
assumed to be isotropic and homogeneous. In Eq. (1), the gain matrix K is given as:

K = (HB)T (H(HB)T +R)−1 (2)10

where B is the background error covariance matrix defined on the model grid. But in
OI, each term in Eq. (2) is computed as a function between pair of points. For example,
for a pair of observation sites k1 and k2, we can write:

H(HB)T (k1,k2) = σf (k1)σf (k2)exp{−|x(k1)−x(k2)|/Lc} (3)

(assuming here that the background error correlation is an homogeneous isotropic15

first-order auto-regressive model). The error covariance between a given site k1 and
a particular analysis grid point (i , j ) is also given explicitly as:

(HB)T (i , j ,k1) = σf (i , j )σf (k1)exp{−|x(i , j )−x(k1)|/Lc} (4)

which represents the background error covariance between a given station k1 and
the nearest model grid point. B is the background error covariance matrix itself, R20

the observation error covariance matrix, x(k1), x(k2), the position in space of the cor-
responding stations k1 and k2 and x(i , j ), the grid point position. Finally, σf and Lc
represent respectively the background error variance and the correlation length and is
assumed to be constant throughout the domain. However, σf(k) and σo(k) for all obser-
vation locations k are defined locally and obtained with an autocorrelation model fitting25
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the observation-minus-forecast residuals, a procedure known as the Hollingsworth–
Lonnberg (H–L) method (see Sect. 2.3). Unlike meteorology, where the objective analy-
sis or data assimilation cycle of 6 h are most commonly used (Houtekamer and Mitchell,
1998; Gauthier et al., 1999; Brasnett, 2008), in air quality a cycle of one hour is more
appropriate (Blond and Vautard, 2004; Tombette et al., 2008; Wu et al., 2008) since5

there is a strong diurnal variation of surface pollutants and care must be taken to re-
solve short or intermittent episodes. Therefore, over the entire study period (2002–
2012) our analyses have been produced on an hourly basis. We present here only
warm season (1 May–31 October) analyses due to unresolved biases issues for the
winter season at the moment for PM2.5 and due to the fact that ozone is less of an10

environmental threat in winter in most cases in North America.
To verify the consistency of the error statistics with the innovations (d= yn

o−Hxn
f ) the

Chi-square diagnostic in real-time has been used (Ménard, 2000):

χ2

p
=

dTS−1d
p

≈ 1 (5)

where p is the number of ingested observations, and15

S = H(HB)T +R (6)

is the innovation matrix, d is the innovation vector, and dT its transpose. In theory,
the value of Chi-square divided by the number of observations should be close to
unity (Ménard and Chang, 2000). The matrix S given by Eq. (6) needs to be in-
verted only one time per analysis for the non-adaptive scheme, and several times20

until convergence is achieved in the case of the adaptive scheme (see Sect. 2.3).
In both cases, the matrix inversion is performed using a Cholesky decomposition
(http://en.wikipedia.org/wiki/Cholesky_decomposition). A potential problem with this
method may exist when the matrix S is moderate to large (typically when the dimension
is greater than 1500×1500). In this case, the inversion may become inaccurate and25

alternative methods should be used. In our study, the maximum number of monitoring
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sites used for analyses is always inferior to that number (around 1100 for the period
2002–2009 progressively increasing to around 1300 in 2012). Finally, we remark that
the analysis error variance σ2

a is always smaller than both the background error vari-
ance σ2

f and the observation error variance σ2
o (e.g. Kalnay, 2003 for a derivation), in

fact:5

1/σ2
a = 1/σ2

f +1/σ2
o (7)

According to Eq. (7), mapping historical evolution of pollutants is therefore more ap-
propriate with an objective analysis being more accurate than model and observations
each of them taken separately. Note that Eq. (7) is valid for Gaussian distributions only.
Following the same theory, the analysis error A could also be derived and has the10

following form (e.g. Kalnay, 2003 for a demonstration):

A = (I−KH)B (8)

2.2 Bias correction

Bias correction for analysis is a difficult problem and some hypotheses have to be made
in order to solve the problem. Two cases are discussed which have a tractable solution.15

Either the observation systematic errors are small with respect to the systematic model
error or vice versa. In the first case, a model bias correction can be developed as seen
below, and in the latter case, we can compute an observation bias correction. When
both model and observations have significant biases, a bias correction scheme (for
both model and observation) can still be developed but provided that statistics of the20

bias errors are known and have different characteristic length-scales (see Ménard,
2010). In our study, we assume that the observation bias is small compared to the
model bias. This means that the bias correction analysis is used as initial condition for
a short-term forecast. Our diagnostic model bias correction goes as follows. Suppose
the model bias ê is known, an unbiased analysis x̂ is obtained by following equation25
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(i.e. the sequential form, see Eq. (41) in Ménard 2010):

x̂ = xf − ê+K
(
yo −H(xf − ê)

)
(9)

Note that in Eq. (9) the Kalman gain matrix is standard, that is the same as the one
used in Eq. (1). Grouping terms in Eq. (9), gives:

x̂ = xf +K (yo −Hxf )− (I−KH)ê (10)5

The last term on the right hand side of Eq. (10) can be identified as being the anal-
ysis bias. As we assume that the observation bias is small, the residuals 〈O−A〉 =
〈yo −Hxa〉 can be used as a source of information of the analysis bias. Since 〈O−A〉
is only defined at the observation locations, we extend it to the whole model domain
surface, as follows:10

ba = 〈εa〉 = (I−KH)ê =

{
−〈O−A〉region inside the region

−〈O−A〉region exp(1−∆2) outside the region
(11)

with 〈O−A〉region is the time and spatial average of O-A over a certain region. The time
average is of 1 month minimum, and different regions are considered: eastern Canada,
western Canada, eastern US and western US. The O-A itself are evaluated a posteriori
using a previous set of objective analysis. Each region are disjoint and have the shape15

of an ellipse (instead of a rectangular form) to avoid “corner effects”. The bias correction
is uniform inside a given region with its value equal to the region average. Outside of
a region, the bias correction decays as a function of the square distance ∆2 defined
as,

∆2 =
x2

a2
+

y2

b2
,20

where a and b are the ellipse semi-axes, x and y the horizontal distance from the
center of the ellipse. The value for a is taken as 1200 km and b is 250 km for the
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eastern and western Canadian regions and 700 km for the eastern and western US
regions respectively. Outside of all the four regions, the bias correction is the sum
of the individual distance-decaying region contributions (bottom part of Eq. (11), e.g.
when ∆ > 1, the grid point is outside the elliptical region). An analysis bias correction
scheme is not necessary for ozone but was applied only to PM2.5.5

2.3 Adaptive error statistics

Attention should be given to the production of error statistics as it can destroy the effec-
tive optimality of an assimilation scheme (Daley 1992; Tilmes, 2001; Sandu and Chai,
2011) and especially in the quality control where a valid observation could be rejected
(see Robichaud et al., 2010). The best source of information about error statistics are10

the innovations (Daley, 1991; Blond and Vautard, 2004). The technique used here con-
sists of pairing up different monitoring sites, calculate the covariance of OmP (Observa-
tion minus model Prediction) between the paired stations, plot the result as a function
of distance, and fit an autoregressive correlation model as a function of distance but
excluding the data at the origin. This method was originally adopted in meteorology15

by Gandin (1963) using a climatology and by Rutherford (1972) utilizing a short-term
forecast. This technique was further developed by Hollingsworth and Lönnberg (1986)
and became a standard in the design of optimum interpolation. Note that in our case
(surface air quality) not all stations could be adjusted with a correlation function due to
insufficient data or due to too much noise in the data. In such a case, a regional average20

of error statistics is provided as a replacement for these particular stations. Here, we
adopt this method but with some modifications as explained below. An example of the
application of the method for a typical site (here the Goddard Space Flight air quality
monitoring station) is shown in Fig. 1: σ2

f is the intercept of the fitted first-order autore-
gressive model, and σ2

o is the residual (or nugget) error variance at zero distance. As25

a result of the fitting, an estimation of the local isotropic correlation length Lci, at site
i is also obtained. Since our correlation model does not allow for non-homogeneous
background error correlations, a spatially averaged uniform correlation length is used in
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the optimum interpolation computer code. However, we found that using an averaged
correlation length as the uniform correlation length scale used in optimum interpolation
does not provide an optimal analysis system and some tuning of the error statistics is
needed. The tuned error covariance parameters go as follows. Let us introduce scaling
factors for the background error variance and length scale, α and β respectively, into5

the Eqs. (3) and (4):

H(HB)t(k1,k2) = ασf (k1)σf (k2)exp{−|x(k1)−x(k2)|/βLc} (12)

for a pair of stations k1, k2, and

H(HB)t(i , j ,k1) = ασf (i , j )σf (k1)exp{−|x(i , j )−x(k1)|/βLc} (13)

for the covariance between a given station k1 and a model grid point (i, j). The tunable10

parameters, α and β are then estimated “on the fly” using a re-calculation of the K
matrix as follows. A sensitivity analysis of the parameters α and β revealed that a lower
analysis error can be obtained while approaching a χ2/p value to one, and thus an
adaptive scheme has been developed by using the Chi-square diagnostic “on the fly”
to scale the error statistics on an hourly basis. Here is how the algorithm works:15

1. Let n be the (first) iterate which we recalculate the Kalman gain (at a given time
step). First we iterate on Lc,

Ln+1
c =

Ln
c(

χ2
n
p

) (14)

until there is convergence or until

χ2

p
≈ 1 (15)20

The convergent value of Lc that is associated with a Chi-square equal to one is
the correlation length scale used in the optimum interpolation code.
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2. If needed only if χ2/p does not reach the value one, then an adjustment on σ2
B is

performed as well

(
σ2
B

)m+1
=
(
σ2
B

)m(χ2
m

p

)
(16)

until the chi-square condition Eq. (15) is reached. We note here that multiple solutions
of Lc and σ2

B can give the same chi-square, so that the above procedure turns out to5

be a practical solution to get a better analysis. However, the authors do not claim this
method as being a general solution. Nevertheless, it turns out that the major physi-
cal effect of the adaptive procedure is to reduce the correlation length and the overall
impact is that the systematic error and, to a lesser extent, the random error of the anal-
yses are both reduced significantly (see Sect. 4 for details). The mean value of the10

correlation length obtained by using the adaptive scheme is reduced to a range be-
tween 30–100 km (as opposed to the 75–300 km range obtained from the H–L method,
e.g. non-adaptive scheme). This reduced value for the correlation length turns out to be
in agreement with the correlation length used in the CMAQ (Community Multiscale Air
Quality Modeling System) data assimilation algorithm (e.g. correlation length of 60 km,15

see Sandu and Chai, 2011). Note that in the free troposphere, the correlation length
is about one order of magnitude higher (500–1000 km) according to the literature (Liu
et al., 1999; Tarasick et al., 2010; van der A et al., 2010 and others) being more closer
to the original H–L results (e.g. not using the adaptive scheme). In order to explain the
difference, we suggest that the impact of the boundary layer and the topography is to20

lower the correlation length. The adaptive scheme requires inverting Eq. (6) several
times until convergence. This procedure avoids tedious work of constructing new error
statistics set for each hour, season and year as it would be required otherwise in an
off-line context (not using the adaptive scheme). Nevertheless, a set of basic errors
statistics were constructed for one month during summer for both 2004 (CHRONOS25

era) and 2012 (GEM-MACH era) while for other periods, the adaptive scheme would
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be relied on to adjust for changing conditions. Usually within less than 10 iterations is
required to achieve the minimization procedure (satisfying the criteria of convergence
within less than 1 %). We use the above methodology to produce a long series of
multi-year analyses. Since several million hourly analyses were required for this study,
care was taken to limit the CPU time. However, the solver of the Optimal Interpolation5

scheme was computationally optimized so that an hourly map of objective analysis
could be produced within a minute in a typical Linux station with the adaptive scheme
(which requires 5 to 10 times more of CPU resources compared to the non-adaptive
scheme because of the process of convergence involved).

2.4 Models (trial fields)10

In this study, CHRONOS (Canadian Hemispheric and Regional Ozone and NOx Sys-
tem), a chemical transport model (CTM) used for air quality prediction of oxidants on
both regional and hemispheric scale in Canada for almost one decade (Pudykiewicz
et al., 1997) has been adopted as the trial field for the first period (2002–2009).
Archived operational model outputs have been used and the algorithm of OI applied15

in an off-line fashion for every hour during the period. CTMs or any air quality models
solve the mass balance equation for chemical species (Pudykiewicz et al., 1997). The
model has a photochemical module which is the only tool available to provide at every
point of a domain chemical transformation and capable to reproduce in an approxi-
mate way the chemistry of lower troposphere pollutants (Jacobson, 2002; Pudykiewicz20

et al., 1997; Seinfeld and Pandis, 2006; Pagowski et al., 2010). For the remaining pe-
riod (2010–2012), an on-line model GEM-MACH has replaced CHRONOS as the main
model of the AQRDPS (Air Quality Regional Deterministic Prognostic System) suite at
the Canadian Meteorological Centre (CMC). The domain of both models covers all of
North America and the model resolution is 21 km for CHRONOS and 15 km for GEM-25

MACH. Further details about CHRONOS are available in Pudykiewicz et al. (1997).
This CTM was driven by meteorological outputs from the Canadian GEM (Global En-
vironmental Multiscale) model. The reader is referred to Côté et al. (1998) for further
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information for the meteorological model GEM. GEM-MACH is a limited area air quality
model with the same gas-phase chemistry as CHRONOS but on-line with the mete-
orological model. Its boundary conditions are driven by the operational version of the
regional GEM model (Moran et al., 2012). This new operational model is technically
an improvement over CHRONOS model since it uses the same transport scheme as5

the GEM meteorological model and brings the possibility of full coupling air quality and
meteorology in the future.

2.5 Observation system

Figure 2a shows the location of surface observations for ozone used by the OA
scheme (valid as summer 2010). The density of sites is high over the eastern US,10

the West Coast and the Gulf States becoming lower elsewhere in the US and South-
ern Canada and almost vanishing in Northern Canada and Alaska. For the PM2.5
network (Fig. 2b), the number of sites is about two times less although the geo-
graphical distribution of sites is fairly similar to that of ozone. Table 2 gives more
details about the average number of data available in Canada and US during the15

warm season for the year 2005 (CHRONOS era) and 2012 (GEM-MACH era). Cana-
dian data includes the Canadian Air and Precipitation Monitoring Network (CAPMon)
http://www.ec.gc.ca/natchem, and the Canadian National Air Pollution Surveillance
Network (NAPS), http://www.etc-cte.ec.gc.ca. US observations used are all originat-
ing from a data repository centralized by Sonoma Tech (official mandatory for US/EPA20

that is Environmental Protection Agency in United States) in the context of the AIRNow
(Aerometric Information Retrieval Now) program (http://www.airnow.gov). Raw data is
provided by numerous US local air quality agencies (between 150 and 200 agencies
in US) as well as Canadian agencies1. AIRNow US/EPA ozone and PM2.5 real-time

1In Canada, air quality monitoring falls under a provincial jurisdiction and managed by En-
vironment Canada as a partnership (such as in the case of Montreal, MUC - Montreal Urban
Community and Metro Vancouver).
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data base has been made available to us since 2002 for surface ozone observations
for a large part of North America and since 2003 for PM2.5. However, we decided to
start the multi-year analysis retrospective in 2004 for PM2.5 when the observation net-
work became more stable. By 2012, data from around 1300 sites are then provided
on an hourly basis from AIRNow plus an extra 100 stations originating from Canadian5

provinces and territories which are not part of the AIRNow program.
Ozone is usually measured by ultraviolet absorption with instrument requirements

specified under the US National Ambient Air quality Standards (NAAQS) (see www.
epa.gov/air/criteria.html). Instrument noise error is assumed to be 1 ppbv (one part
per billion in volume). However, the standard deviation of the observation error includ-10

ing the representativeness error is believed to be higher than 5 ppbv (Fleming et al.,
2003). For PM2.5, TEOM (Tapered Element Oscillating Microbalance) has been ac-
cepted under NAAQS since 1990 (www.epa.gov/particles/actions.html). Uncertainties
due to PM2.5 instrument noise are evaluated to 2 µgm−3 (Pagowski et al., 2010). One of
the most commonly used PM2.5 monitor (TEOM-SES), however, largely underestimate15

concentrations in winter. The correction needed to account for that depends mostly on
temperature especially when the daily temperature is below 10 ◦C and is due to the
volatilization of the particulate mass namely the semi-volatile part (Allen et al., 1997).
In our study, we focus on warm season (1 May–31 October) analyses which rarely
suffer from this instrument bias problem since temperature is normally above 10 ◦C20

during the warm season in US and Southern Canada. How well monitors represent the
pollution concentration in a given area depends largely on local sources and sinks, to-
pography and meteorology, monitor location and the spatio-temporal variability (Brauer
et al., 2010). Problems about spatial representativeness and other specials issues will
be addressed in Sect. 6.25
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3 Objective analyses and analysis increments for surface ozone and PM2.5 over
North America

3.1 A climatology of summer pollution

One of the main applications of multi-year series of analyses is to produce a climatol-
ogy of surface pollutants. Here we build a climatology (ground-level ozone and PM2.5)5

by averaging objective analyses produced using the methodology described in Sect. 2
during the summer months (June-July-August) for all available years in our study. Map-
ping a climatology with OA is more convenient and more precise than either models or
observations (according to Eq. 7) as long as the OA biases are relatively small through-
out the whole study period. Figure 3 shows the monitoring of OA systematic (bias) and10

random (standard deviation) errors for the period 2002–2012 and makes the compari-
son with the model in use at the time (either CHRONOS or GEM-MACH, see bottom of
the figure) for (a) ozone and (b) PM2.5. Throughout the study period, the OA systematic
error (bias) is near zero for both ozone and PM2.5 which is not the case with the model
systematic error which is much higher than that of OA and can even change sign due to15

changes of model version, improvement, change of biogenic and anthropogenic emis-
sions, etc. Note that the random error for OA is approximately two times less than that
for model ozone (Fig. 3a) and approximately 1.5 times less for OA-PM2.5 as compared
to the model (Fig. 3b). Moreover, in Sect. 4, we will show that the very low bias of OA is
mostly due to the impact of the adaptive scheme plus the explicit bias correction in the20

case of PM2.5. The fact that OA for ozone and PM2.5 are virtually unbiased permits us
to use it with confidence for different applications. Figure 4a and b shows average OA
outputs for the two main eras (prior to and including 2009 using CHRONOS model and
after 2009 using GEM-MACH model). The top panels of both figures are computed av-
erages of all the objective analyses for all hours during the summer (June-July-August)25

for all available years respectively for ozone (2002–2012) and for PM2.5 (2004–2012).
The bottom panels are for time valid at 18:00 UTC only (which is approximately mid-
day). The left panels are for ozone and the right panels for PM2.5. One can observe
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that the highest levels of smog (ozone and PM2.5) in both period (CHRONOS and
GEM-MACH era) tend to be observed in eastern US (south of the Great lakes) and
southern California as expected (according to US/EPA; www.epa.gov, those regions
also correspond to the highest frequency of NAAQS non-attainment). Note that the di-
urnal variation is stronger for ozone than that for PM2.5 since the maps at 18:00 UTC5

(bottom panels) are quite different than the average computed for all hours (top panels).
This particular time of the day (e.g. 18:00 UTC) is of interest since (1) during the warm
season, the planetary boundary layer is often well mixed so that the pollutant values
are more representative of the whole boundary layer rather than just the surface val-
ues and (2) 18:00 UTC is roughly coincident with geo-synchronous satellite passage.10

The analyses of the second era (2010–2012), made up with the GEM-MACH model
(Fig. 4b) roughly indicate the same situation as for the CHRONOS era (Fig. 4a) except
for an increase of average values of background ozone especially in Northern Canada.
Together both Fig. 4a and b (multi-year averaged Objective analyses) represent well
a summer climatology for the past decade for ground-level ozone and PM2.5 over North15

America during two model’s era at CMC. To our best knowledge, this is the first peer-
review manuscript of ground-level climatology (Ozone and PM2.5) for North America
based on a decade of observations on such a high spatio-temporal resolution. We will
examine trends in Sect. 5 for ozone and PM2.5 computed from the multi-year analyses.

3.2 Long term averages of analysis increments20

In principle, a long term average of analysis increment (correction to the model due to
observations, e.g. second term on the right hand side of Eq. (1) reveals among other
things how much the model is different from the analysis for various time of the day and
for various regions and chemical species. Here, it also permits to analyze and monitor
the change of behavior from the CHRONOS era to the GEM-MACH era. Figure 5a and25

b depict the average analysis increment (AI) for both era (CHRONOS and GEM-MACH
respectively). A dipolar structure in the zonal direction of the AI (indicated by + and −
on the figure) is noted for ozone during the CHRONOS era (2002–2009) meaning that
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the model had the tendency to overestimate in the eastern part of North America and
underestimate in the Western part (Fig. 5a, left panels). This behavior is also present
for the GEM-MACH model (Fig. 5b, left panels) but negative increments seems to be
augmented in the East while positive increments have diminished in the West so that
the zonal gradient remains almost unchanged. PM2.5 analysis increments climatology5

reveals that CHRONOS model generally underestimated PM2.5 (positive AI, Fig. 5a,
right panels) whereas GEM-MACH model overestimated (negative AI) in the eastern
US and underestimated (positive AI) in the West leading to the presence of a noticeable
zonal dipolar pattern appearing for PM2.5 during the GEM-MACH era (Fig. 5b, right pan-
els). Finally, the east-west gradient of analysis increments for PM2.5 is stronger in the10

GEM-MACH model than the CHRONOS model. Observations of persistent AI may give
deep insight about the AQ forecasting suite behavior and possible model weaknesses.
In principle, patterns in analysis increments or a presence of a dipole (here persis-
tent negative values in eastern US and positive in western US) may reveal structures
of compensating model errors. Therefore, a climatology of analysis increment is also15

essential in monitoring of forecasting systems since it reveals how much is the correc-
tion needed to get close to the true value. As a fact, the random error has augmented
for PM2.5 when the switch from CHRONOS to GEM-MACH took place in November
2009 (see Fig. 3b) which is consistent with the above finding about analysis incre-
ments patterns. Despite models larger systematic and random errors, fortunately, the20

OA adaptive scheme naturally dampens erratic model behavior as revealed in Fig. 3.
More specifically, it shows a low and steady bias near zero through time.

4 Validation of results

In the previous section, monitoring of model and OA for bias and random error has
been presented. However, independent observation validation is required as well. In25

here, cross validation has been performed which consists of reprocessing the objec-
tive analysis but with 90 % of the data to produce OA outputs and leave out 10 % of the
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data to perform the verification itself. This group of 10 % of observations have never
been seen by the analysis and is hence considered as a set of independent data.
Three sets of additional similar verifying experiments are then performed and put to-
gether for the final verification. Useful objective analyses should be unbiased, have
low random error and high reliability. Three metrics are proposed below to evaluate5

the performance of the multi-year objective analyses (OA) produced and these metrics
are also compared with the model performance. The three metrics for performance
evaluation used in the cross-validation are the following: (1) average O-P and O- A (O:
observation, P: prediction, A: analysis), (2) standard deviation of O-P and O-A and (3)
frequency of being correct within a factor two (FC2) for model and analysis. These10

metrics together constitute a non-redundant set of metrics (Hanna and Chang, 2004)
and were used throughout this study. In fact, the first metric respectively measures the
systematic bias, the second, the random error and the third, the reliability. The latter
is a more robust measure of the performance which is not sensitive to “outliers” nor
“compensating errors” (Hanna and Chang, 2004). In the second part of this section,15

comparison with other sources of information is exposed (other models for ozone fore-
casting or satellite climatology for PM2.5). In the following subsections, we present in
more details the results of independent validation.

4.1 Cross validation tests

Since performing cross validation involves reprocessing of objective analysis several20

times to obtain sufficient amount of data for verification purposes, only specific years
were selected for this. The warm seasons of 2005 and 2007 have been chosen during
the CHRONOS era for the validation process for respectively ozone and PM2.5 and
the year 2011 for both ozone and PM2.5 during the GEM-MACH era. These three years
cover a wide range of different meteorological situation (see http://www.ncdc.noaa.gov)25

and provide enough cases so that we are able to conclude with a high degree of sta-
tistical confidence (e.g. p value< 0.05) the results obtained herein. The results of the
verification for 4 different regions for ozone is shown in Fig. 6. The top left panel is for
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all North America during the warm season (1 May–31 October), top right panel is for
all Canada, and bottom left and right for eastern USA and western USA respectively.
The orange and blue navy curves are in all cases associated respectively with the sys-
tematic and random errors for the basic (non-adaptive) objective analyses scheme and
the green and cyan curves for the tuned (adaptive scheme) objective analyses. The5

red curves depict the model systematic errors and the black curves, the model ran-
dom errors. The latter curves are shown for purpose of reference comparison with OA.
A clear reduction of both errors (systematic and random) with the objective analyses at
almost any time of the day as compared to the model forecast is obtained. For ozone,
the adaptive scheme (tuned error statistics “on the fly”) shows the smallest errors (ran-10

dom and systematic: e.g. green and cyan curves) in any regions. Whenever a green
dot appears on top (Fisher’s test for the variance) and/or bottom (T test for average) for
a specific hour, it means that the adaptive versus non-adaptive are significantly different
at the level of confidence exceeding 95 % (p value< 0.05).

The performance of the analyses during the warm season of 2007 for PM2.5 also15

in the cross-validation mode is shown in Fig. 7. In this particular verification, a new
experiment is introduced that is adaptive (tuned) OA with bias correction since it was
established that an attempt to explicitly correct the bias for PM2.5 was achievable and
successful using Eq. (11). For the CHRONOS era it is clearly demonstrated that the
adaptive scheme with bias correction (gray and pink curves for systematic and random20

error respectively) yield the best results overall especially during the daytime period (i.e,
more obvious for the 15Z-24Z period, see top and bottom left panels). Finally, Fig. 8
shows that for 2011 (GEM-MACH era), independent verification is also excellent for OA
(green and cyan curves respectively) as compared to the model (red and black curves),
the latter revealing relatively large biases (also consistent with Fig. 3). Note that in both25

eras, the verification shows nearly unbiased analyses as compared to the model and
much lower random errors as well. Values of FC2 for both Canada and US for both
ozone and PM2.5 for different hours of the day (00:00 UTC, 06:00 UTC, 12:00 UTC and
18:00 UTC) were also computed (Table 3 and 4). In principle, FC2 values can vary
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between 0 (absolutely unreliable) up to 1 (absolutely reliable). It is shown that, overall,
the best FC2 scores are obtained with the OA adaptive scheme for ozone and the OA
adaptive with bias correction (BC) in the case of PM2.5. At any time and anywhere, FC2
scores for OA is largely superior (e.g. more reliable) to that of the model as it should
be expected from Eqs. (7) and (8).5

4.2 Comparison with other sources (global models and satellite)

In order to complete the validation it is also interesting to compare results with external
and totally independent information from various sources available such as model and
satellite climatologies. Figure 9 presents objective analyses averaged during the whole
year of 2005 (bottom left panel) with comparable yearly outputs from MOZART model10

(Horowitz et al., 2003; Model for OZone And Related Tracer – version 2: horizontal
resolution of 2.8◦: upper right panel) and GEM-AQ (Global Environmental Multiscale
coupled with Air Quality) model (Kaminski et al., 2008, resolution of 1.5◦: bottom right
panel). Although the global MOZART (Model for Ozone and Related Tracers) and GEM-
AQ models have lower horizontal resolution (few hundreds kilometers) than that of the15

Canadian AQ model suite (resolution of 21 kilometers for OA-CHRONOS), the com-
parison is nonetheless instructive. In fact, the general pattern of the two global models
is roughly in agreement with the objective analysis (OA) especially near coastlines and
the Gulf of Mexico where the uncertainty of OA is higher due to less observations
available (see Sect. 6). On the other hand, MOZART overestimates mostly over North-20

ern and Central US compared to OA while GEM-AQ seems to be halfway between
MOZART and CHRONOS (GEM-AQ underestimates over most of the US). Note that
the CHRONOS model (upper left panel), clearly underestimates ozone over many re-
gions. Interestingly enough, it turns out that the average of the three models (figure
not shown) provides a much better agreement with OA than any of each model taken25

individually. Thus OA could serve as a point of comparison and verification for global
or regional models or with global surface climatology such as provided for example by
RETRO-4 or MACC.
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Figure 10 compares a surface global climatology obtained from the satellite instru-
ment MODIS (Moderate-resolution Imaging Spectroradiometer) for PM2.5 for the period
2001–2006 (van Donkelaar et al., 2010) with a climatology obtained from OA for the
period 2004–2009 (near 18:00 UTC which is roughly the time of satellite overpass).
For the purpose of comparison, the same methodology described as for the warm5

season was extended to the whole year (both warm and cold season) for the period
2004–2009. Although the years are different, the comparison is again instructive and
could indicate flaws or weaknesses in both monitoring systems (OA or satellite). The
result of the comparison is that although both climatologies roughly agree, important
differences appear over some areas such as Rocky Mountains (Southwest US) and10

Northern Mexico. These differences could be caused by satellite retrieval artefacts over
higher elevation (Randall Martin, personal discussion, January 2012) or by imprecise
Mexican emissions not taken care of correctly in the CHRONOS model or due to mete-
orological conditions (because slightly different period used in the comparison). Other
satellite climatology exist for PM2.5 such as produced by van Donkelaar et al. (2006)15

for the period January 2001 to October 2002 and was found similar to that of Fig. 10.

5 A study of decadal trend of warm season pollution

One other important application of a long series of analyses is to calculate temporal
trends over different areas in order to evaluate the effectiveness of pollution control
measures and regulation. Since multi-year analyses presented here offer low biases20

and random error (Fig. 3 and Sect. 4), we thus believe it is safe to use them to evaluate
trends. Moreover, mapping tendencies and trends using OA is more advantageous
than using specific observation sites because: (1) according to Eq. (7), for Gaussian
distributions, the overall objective analysis error variance (σ2

a ) is always smaller than
the observation variance error (σ2

o ) or the model/background error variance (σ2
b ), (2) OA25

has a series of quality controls so that outliers have been filtered out more efficiently.
Particularly, the background check provides a powerful quality control test which rejects
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data which are approximately five times the standard deviation of O-P. For example, the
background check is critical to eliminate the zero-span test of the ozone analyzer which
sometimes is not filtered out from Canadian observation raw data or to disregard data
influenced too heavily by the proximity of local strong sources of PM2.5 (e.g. local fires
or fireworks), (3) if an observation is missing there is no hole in the spatio-temporal5

sequence since the background provides a likely value at a specific site whereas it
would otherwise cause a break in the observation sequence. Moreover, (4) OA provides
maps and permits the study of trends across geographical regions for the whole North
America at ounce not only at a single site at the time.

5.1 Mapping summer trends of ozone and PM2.5 using OA10

5.1.1 Ozone

Maps depicting summer averages (June-July-August) for 2005 (Fig. 11a) and for 2012
(Fig. 11b) have been produced using the OA adaptive scheme scenario described in
Sect. 2. The trend in characterizing summer smog is established by the difference
of averaged OA between 2012 versus 2005 for ozone. The result is presented in15

Fig. 11c. The details for each region (in % change for different percentiles, average
and standard deviation trends) are given numerically and computed in the observa-
tion space in Table 5a. Note that these two years (2005 and 2012) were selected
because they both show roughly similar weather regimes over many parts of North
America (e.g. temperatures over US were well above long term averages in both years,20

http://www.ncdc.noaa.gov/temp-and-precip/time-series/). This combination of years is
desirable in order to minimize biases caused by meteorological inter-annual fluctua-
tions. Note that the high values of differences near the coastline of Northern America,
and over continental Northern Canada are considered as artifacts (unreliable zones
in Fig. 11c) and therefore not included in computations in Table 5. The reasons are:25

(i) very few observations are available in those locations, (ii) a problem with boundary
conditions was present with CHRONOS model so that the objective analysis could not
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correct the model due to lack of available observations in northeastern Canada and
over oceans. Therefore, in these regions where the analysis error is equal to that of
the model, the analysis has no skill. In Sect. 6 we will discuss that issue more in de-
tails (see Fig. 14a, b). Nevertheless, the results within continental US and southern
Canada are believed to be reasonably accurate as demonstrated in previous sections.5

Increase of average from 2005 to 2012 for ground-level ozone are noticeable in several
parts of the US but especially obvious over high plains, foothills, and also in west-
ern Canada (Alberta) where positive trend becomes significant and present over large
areas. Part of this increase could be attributed to growing regional socio-economic
activities (growing oil and gas industries) but could also be partly explained by increas-10

ing intercontinental transport originating from emerging countries (Stohl et al., 2002;
Cooper et al., 2005; Cooper et al., 2010), an increase of forest fire activity (National
Academy of Science, 2011) or a possible increase of vertical transport due to deep
stratospheric intrusions. On the other hand, a decrease of the average from 2005 to
2012 is noted mostly in northern California, intermountain regions of US and southern15

Canada, Texas, around the Great lakes and in New-Brunswick (Canada) and could be
attributed to better municipal, state or province air pollution measures and regulation
and to economic slowdown as well (see Sect. 5.2).

5.1.2 PM2.5

A similar computation is presented for PM2.5 in Fig. 12 a, b and c. Table 5b gives the20

details in % change for all percentiles and statistical moments for each region in the ob-
servation space. It is also interesting to note that PM2.5 has significantly decreased in
eastern US (particularly near and South of the Great Lakes, Fig. 12c) where most of the
industrial US activities usually take place. Changes in the range of −1.0 to −3.0 µgm−3

per year are experienced for a cumulative total of −7 to −20 µgm−3 for the 7 yr pe-25

riod for that region according to Fig. 12c. Since it is known that 10 µgm−3 change is
associated with about 6 % change of death rate (Pope at al., 2002), this improvement
should have significantly impacted positively the health of the inhabitants of these re-
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gions. On the other hand, significant increase of PM2.5 in the western part of North
America is expected to reduce the health of exposed people in those regions. The spa-
tial scale of changes in eastern North America (meso-scale) contrasts with that in the
West which seems to be more localized (smaller spatial scale). In the East, the de-
crease suggests a generalized positive effect of anti-pollution measurements adopted5

through the years which had in turn a successful impact in reducing domestic emis-
sions as mentioned above. As for ozone, in the western part of North America, positive
trends for PM2.5 noted locally are more symptomatic of growing local socio-economic
and industrial activities. But it could also be linked with increase of fire occurrence at
specific locations which generates great amounts of PM2.5. According to US National10

Council study, 200–400 % increases in burned area are expected per degree of warm-
ing in western US (National Academy of Sciences, 2011). The impact of anti-pollution
measures (negative trends) is obvious in eastern parts of US and Canada and in some
parts of southern California, while in other geographical areas other factors seem to
overshadow these measures where it even reverts to a positive trend such as in north-15

western US, intermountain regions as well as Alberta, Canada.

5.2 Decadal trends and inter-annual fluctuations for ozone and PM2.5

We believe that inter-annual fluctuations are influenced by five main driving mecha-
nisms: (1) impact of better regulation and anti-pollution measures (2) meteorological
fluctuations, (3) socio-economic changes (e.g. recession) (4) increase of background20

levels due to intercontinental transport, (5) change of stratospheric-tropospheric ex-
changes and (6) objective analysis errors (i.e. artifacts). Note that the strict use of
mathematical average to study trends and inter-annual fluctuations could be mislead-
ing because fluctuations could be dampened through the mathematical averaging pro-
cess itself. This is especially true in the case where the shape of the distribution is25

changing with time or when trends are spatially inhomogeneous. Therefore, following
Cooper et al. (2010) and Vautard et al. (2006), a general trend analysis is computed
here by using the percentiles. High percentiles (e.g. 95th, 98th or 99th) changes are
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more likely to indicate local changes whereas low percentiles changes rather indicate
global or background changes. However, it could also be caused by lesser night ur-
ban lower titration of ozone by NOx (Vautard et al., 2006). According to Fig. 13a and
Table 6, ozone high percentiles are decreasing whereas low percentile as well as the
median and the mean are all increasing. This implies that the standard deviation of the5

distribution is changing with time (becoming smaller). For PM2.5 (Fig. 13b), a similar
situation occurs except that low percentiles are neither increasing nor decreasing (see
also Table 6). As mentioned before, the decrease of high percentile is likely associated
with successful anti-pollution measures and regulations which act to lower the peak
values through time. We believe that the general downward decadal trend of the 95th,10

98th and 99th percentile for both ozone and PM2.5 (black dashed line in Fig. 13a, b) are
robust and are likely to indicate less exceedances of air quality standards and therefore
a cleaner air overall in North America especially in the East. It has been reported else-
where that summertime extreme ozone events in many US urban areas have indeed
decreased (Lefohn et al., 2008) which agrees with the results obtained here. However,15

background ozone are increasing likely due to intercontinental transport from emerg-
ing countries (Stohl et al., 2002; Cooper et al., 2010) or from western North America
growing oil and gas industry emissions.

Canada’s AQS (Canada’s air quality standards replacing the Canada’s Wide Stan-
dards, see http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=07BC2AC0-1) or20

US NAAQS (National Ambient Air Quality Standards, see http://www.epa.gov/air/
criteria.html) are based on high percentiles (e.g. 98th or 99th). It is then appropriate to
focus on causes of their inter-annual fluctuations and not only on long-term trends. To
study this, we remove the decadal trend (dash black line in Fig. 13a, b) and correlate the
inter-annual fluctuations with some selected predictors such as the mean US tempera-25

ture and the mean monthly precipitation of each summer (June-July-August) for ozone
(N = 11 yr, that is 2002–2012) and PM2.5 (N = 9, that is 2004–2012). We also have
computed the correlations between those fluctuations with known economical indices
such as the Industrial Dow Jones (http://upload.wikimedia.org/wikipedia/commons/a/
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a6/Dow_Jones_Industrial_Average.png) and various forms of the gross domestic prod-
uct growth rate (http://www.tradingeconomics.com/united-states/gdp-growth) in order
to check for the influences of economic recession on pollution levels. Table 7 (correla-
tion matrix) reveals that the fluctuations (deviation with the decadal tendency removed)
of the 95th and the 98th percentile of ozone (dp95-O3, dp98-O3) are highly corre-5

lated (Pearson’s coefficient of correlation above 0.8) with the mean summer (June-
July-August) US temperature (tjjaus) and moderately negatively correlated with the
precipitation (pjjaus, R ∼ −0.42 to −0.46). The correlations are also moderately sig-
nificant with the following economic indices; the US Gross Domestic Product Growth
Rate (USGDPGR) of the current warm season (that is a mean from May to October,10

gdpmo, R ∼ 0.40), the USGDPGR of the first part of the current year (that is from Jan-
uary to June, e.g. gdpjj with R in the range 0.45–0.69, see Table 7). Correlations with
the previous year economic indices are also introduced here to account for inertia that
is a lag between deterioration of the economy and the later reduction of human ac-
tivities (presumably taken place in the following year). Indeed, the USGDPGR of the15

previous year (gdpmol) shows some moderate correlation. For PM2.5, no significant
correlation (N/S) was obtained with temperature (tjjaus) but moderate negative cor-
relation with precipitation (pjjaus) as well as moderate correlation with the following
economic indices are present: the USGDPGR of the current (i.e. gdpmo with devp98,
R ∼ 0.41) and the previous warm season (i.e gdpmol with devp95 or devp98) as well20

as with the Dow Jones average of the current summer (dowjja, R in the range of
0.46–0.57). Some of these correlations are moderately (p value in the range 0.05–
0.15) to highly significant (p value< 0.05) and suggest that the lower values found dur-
ing the period 2008–2009 for ozone and 2008–2010 for PM2.5 are, at least in part,
a signature of the economic recession which hits North America and particularly US25

during that period. Note that a higher value for ozone (positive devp98, e.g value of
percentile 98th above the dash line in Fig. 13a) in the period 2010–2012 is likely
caused by higher temperatures during that period. For example, a strong increase
(jump of 1.3 ◦C) of the mean US summer temperature from 2009 to 2010 was recorded,
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http://www.ncdc.noaa.gov/temp-and-precip/time-series/. For PM2.5 (Fig. 13b), there is
no such recovery in 2010 since PM2.5 is less sensitive to temperature. To that respect,
PM2.5 fluctuations reflect somehow better the economic inter-annual fluctuations (as
suggested by the correlation matrix, Table 7). Mean US summer temperature tends
to be strongly correlated with percentile fluctuations of ozone (devp98 and devp95)5

whereas most economic indices mentioned above having some significant correlation
with dp98 and dp95 for PM2.5. It is then fair to speculate that the depression of the PM2.5
high percentile (98th percentile and the 95th percentile) are also somehow linked to the
depression of economic indices (2008–2010) followed by a recovery in 2011 in North
America2. A multiple regression model using a stepwise-like procedure establishes the10

explained variance of the main predictors to the overall model (Stepwise procedure of
SAS, Statistical Analysis Software version 9.3). Table 8 presents the regression equa-
tion along with the percentage of the statistical model explained by each predictor. For
PM2.5, gdpmol (previous year warm season gross domestic product growth) rate ex-
plains 37 % of the variance of the 98th percentile fluctuations (devp98-PM25) whereas15

the precipitation (pjjaus) explains 27.5 % of the total variance of the inter-annual fluc-
tuations. The statistical model itself explains 64.5 % (R2 = 0.645) of the total variance.
For ozone, as expected from Table 7, the temperature explains most of the fluctuations
for the 98th percentile (76 %) whereas the current warm season USGDPGR (gdpmo in
Table 7) explains 11 % of the fluctuations and the USGDPGR from July to December20

of the previous year (e.g. gdpjdl) explains the remainder (4 %) for a total of 91 % for the
whole model. Note that these links between pollution and economy established here
have also been observed elsewhere: Castellanos and Boersma (2012) attributed the
acceleration of the downward trend of tropospheric NO2 column over Europe in 2008–

2The Dow Jones index and USGDPGR reveals a sharp drop in 2008–2009 and
resumes back only in 2011 in US. During the recession, the energy consumption
and vehicle-miles travelled statistics in US both experienced as well a sharp drop.
(see http://www.epa.gov/aqtrends).
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2009 to distinct changes in anthropogenic activity in Europe linked to sharp downturns
in gross domestic product caused by the global economic recession.

6 Discussion

Standard chemical re-analyses which use the same model set-up to generate all the
historical analyses tend to require enormous amount of human resources and involve5

very tedious work (e.g., RETRO-40 or MACC projects). On the other hand, multi-
year objective analyses as produced in here, are simply off-line objective analysis re-
processed from the archived operational model outputs and are less demanding on
resources. For example, the computing cost of integration is significantly lower (e.g.
could be done on a Linux machine since model outputs are pre-calculated). However,10

some of the advantages of re-analysis are retained only if care is taken to eliminate
the systematic biases at any time in the analyses as in our study. Otherwise, incorrect
trends could be produced due to various changes of model versions, emissions out of
date, sets, resolution, etc. if the bias is not eliminated in the objective analysis scheme.
The long term analyses presented here are unbiased (or have a rather very small bi-15

ases) and are available on a 21 km grid prior to 2009 and 15 km after 2009. They are
also available in terms of hourly, daily, monthly, seasonally, yearly and multi-year aver-
ages. The model domain covers all of North America but since surface observations
are only dense over continental US and southern Canada, it is only in these regions
that observations can constrain the model and that the confidence in the results is20

high. A typical map of analysis error using Eq. (8) is presented in Fig. 14a for ozone
and Fig. 14b for PM2.5. In areas where the density of stations is high (see Fig. 2), the
analysis error could be 2–4 times lower than in those locations where the density is
low. Note that values above a certain threshold are not plotted on the maps because
there is insufficient observational data in these regions. Therefore, there is no skill of25

the analysis (analysis error is the same as model error) in these regions and the anal-
ysis is then considered unreliable since affected by model errors and biases. A useful
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application of the analysis error map could be in the assessment of an optimal network
density. In regions where the analysis error is high (low) it is necessary (unnecessary)
to increase the network density.

Our results show that high percentiles of ozone and PM2.5 are following a decreas-
ing trend overall in North America and that the eastern part of the US is presenting5

the largest decreasing trend. Some locations, however, exhibit an increasing trend for
the mean ozone and PM2.5 such as the northwestern part of North America (north-
west US and Alberta). Overall, the low percentiles are generally increasing for ozone
whereas there is not trend for PM2.5. These ozone and PM2.5 trends (shown in Fig. 11c,
12c, 13 and Table 6a, b) are only valid for North America in summer months. These10

trends cannot be extrapolated for other seasons or projected into the future. For ex-
ample, applying the OA scheme to produce cold season multi-year analyses show that
all percentiles (high and low) for ground-level ozone are increasing during that sea-
son (Robichaud, 2011). This result differs from the warm season behaviour presented
here but agrees with Cooper et al., 2010. According to these authors, Asian ozone15

precursor emissions would cause springtime surface ozone to significantly increase in
western North America despite the fact that domestic emissions are decreasing. On
the other hand, as global temperatures continue to rise, more favorable conditions for
ozone formation are likely to occur due to factors such as increases in biogenic and
soil emissions (IPCC, 2007; Zheng et al., 2008) and increases in wildfires (IPCC, 2007;20

Jaffe et al., 2008; Houghton, 2009; National Academy of Science, 2011) so that high
percentiles of ozone and PM2.5 exhibiting a downward trend during the warm season
could potentially exhibit an increase in the future.

The summer time trends in ozone, found in this study, are consistent with obser-
vations made in other studies. For example, a review of reported ozone trends by25

Chan and Vet (2010) found mean positive trends ranging between 0.3–1.0 ppbvyr−1.
A study by Vautard et al. (2006) for Europe established a positive trend in ozone lev-
els of 0.65 ppbvyr−1. The above results are consistent with Table 6: e.g. 0.47 ppv/year
increase for the median (percentile 50th) and 0.3 ppv/year increase for the mean value.
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Finally, it is also important to discuss the spatial scale representativeness of OA.
Spatial variability is important and pollutant concentration gradients could be high at
times bringing the issue of the local representativeness in the objective analysis, espe-
cially in urban environments, into question. Brauer et al. (2010) point out that in some
Canadian cities significant spatial variation exists, while in others, PM2.5 mass is spa-5

tially homogeneous. Therefore, within-city spatial variation of ozone and fine particulate
matter (PM2.5) is case specific. In urban areas, the spatial variation of NOx is important
in determining the surface ozone urban gradient. It is possible for future work to utilize
landuse regression models which are highly correlated with NOx to capture the urban
gradient as a means of producing better data fusion of information at higher resolution.10

NOx and ultrafine particles (diameter less than 1 micron) are known to be highly corre-
lated but this correlation does not necessarily hold true for larger particles. Difficulties
also arise because primary and secondary PM2.5 observations are considered together
and treated as one species, however, information on the chemical composition of PM is
required in order to elucidate the processes governing production, transport and depo-15

sition at different scales and chemical composition differs between and within primary
and secondary PM (Hobbs, 1993; Jacobson, 2002; Seinfeld and Pandis, 2006). Fur-
thermore, primary PM2.5 exhibits spatial variability over small scales while secondary
particles tend to be more uniformly distributed (Blanchard et al., 1999; Pinto et al.,
2004). These issues will be addressed as future work in the context of OA.20

7 Summary and conclusions

The purpose of this article is twofold: (1) to present multi-year analyses of ground-level
ozone and PM2.5 over North America during the warm season (1 May–31 October)
and (2) to analyze their spatio-temporal long term trends and inter-annual fluctuations.
The multi-year analyses themselves form a coherent and continuous dataset for the25

period 2002–2012 for ozone and 2004–2012 for PM2.5. The analyses are freely avail-
able upon request. As far as we know, no such multi-year analyses have ever been
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presented for both ground-level ozone and PM2.5 for North America over a decadal
period and at such a high spatio-temporal resolution (hourly analyses; 15–21 km). The
analyses are based on a methodology that utilizes a modified optimal interpolation
scheme adapted for air quality. It has been obtained through an optimal combination of
the CMC’s Air Quality Regional Deterministic Prediction System (ARDQPS: composed5

of CHRONOS 2002–2009 and GEM-MACH 2010–2012) for which model outputs are
available for every hour and AIRNow surface observations database (2002–2012) sup-
plemented with extra Canadian stations (not part of the AIRNow program added during
the GEM-MACH era). A tuning procedure based on the chi-square statistics was de-
veloped and applied online to adjust some sensitive parameters of the error statistics10

set. This procedure was tested successfully and verification with independent data has
shown excellent results. The impact of the adaptive scheme is shown to reduce signifi-
cantly both the bias and random error. An explicit bias correction scheme was used for
PM2.5 to further reduce the residual biases.

Long term averages are presented as summer climatology maps (June-July-August)15

for ground-level ozone and PM2.5. The objective analyses obtained are also used to
compute trends for ozone and PM2.5. Low percentiles of ozone exhibit an upward trend
(Southern Canada and US together) while high percentiles of ozone show a downward
trend overall for North America during the warm season. Some local exceptions to the
overall downward trend in high percentile ozone are found in the northwestern part of20

North America (northwest US and Alberta) but otherwise the results presented in this
study are compatible with other studies that have examined long term trends in ozone
(see Chan and Vet, 2010; Vautard et al., 2006).

The decreasing trends in the high percentiles of ozone and PM2.5 strongly suggest
that domestic emissions reduction have been effective; this is especially obvious for the25

eastern parts of North America (as expected as a result of the concentration of air pol-
lution sources in that region). The reduction in high percentile concentrations of these
pollutants implies that human and environmental health risks associated with air pollu-
tant exposure have decreased over the last decade at least in eastern North America.
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However, global (background) transport of ozone is increasing and, combined with cli-
mate warming, could produce a further increase in ozone (high and low percentiles)
in the future. Moreover, oil and gas industries are still developing in western North
America which could lead to increases in ozone and PM2.5 in the future.

By running an optimal interpolation scheme adapted to air quality for over a decade5

or so, a high quality integrated estimate of the two main components of smog has been
produced. The multi-year analyses presented here are at high spatio-temporal resolu-
tion (15 to 21 km; 1 h) and show a relatively high accuracy with an average absolute
systematic error less than 0.6 pbbv and 0.7 µgm−3 respectively for ozone and PM2.5

and a random error generally less than 9 ppbv for ozone and under 12 µgm−3 for PM2.510

during the warm season.
Finally, a study of inter-annual fluctuations of high percentiles for ozone reveals that,

after removing the long term decadal trend, a strong correlation is obtained between
high ozone percentiles and mean US summer temperature whereas a moderate cor-
relation is obtained between high percentiles and US Gross Domestic Product Growth15

Rate (USGDPGR) economic index. For PM2.5, moderate correlations between high
percentiles of PM2.5 and precipitation and with the economic indices (USGDPGR and
Dow Jones) are observed. Moreover, a multiple linear regression (stepwise-like pro-
cedure) confirms that a significant part of the variance of inter-annual fluctuations of
high percentiles is explained by the USGDPGR. For ozone, the fluctuations of high per-20

centiles are largely influenced by temperature and to a lesser extent by the USGDPGR.
Economic recession can trigger noticeable short term changes in anthropogenic emis-
sions which can reduce pollution. Sharp downturns of USGDPGR were linked to de-
creases in industrial, construction, transportation and in other human activities in North
America during the recession of 2008–2010. Presumably, this has lead to an analogous25

decrease in the high percentiles for ozone and PM2.5 during that period.
Multi-year analyses as presented here are intended mainly for model evaluation,

computation of regional pollution trends and for epidemiological studies. Unresolved
issues include the treatment of random high pollution events such as forest fires. In the
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case of forest fires, monitoring stations in the vicinity or downwind generally record high
levels of PM2.5 however, since forest fire emissions are not captured by the operational
ARDQPS suite, the OA quality control is likely to reject the monitoring data capturing
this type of event. Another unresolved issue is the inability of the long term average or
climatology to correctly capture fine-scale pollution gradients. These unresolved issues5

will be addressed in future work.
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Table 1. Summary of environmental and health impacts of ozone and PM2.5.

Impact/Surface pollutant Ozone PM2.5

Oxidizing capacity – Primary precursor of OH
radicals1

–

Radiative and climate impact – Infrared absorber and
greenhouse gas2

– Through absorption and
diffusion of solar light: di-
rect and indirect effect2.

Environmental impact – Damage crops and yield
loss3

– PM can clog stomatal
openings of plants and in-
terfere with photosynthesis
functions6

Health impact – Increases asthma occur-
rence, acute and chronic
respiratory problems4

– Alter lung function, in-
creases cardio-vascular
problems and risk of
cancer5

Damage materials – Cracking of rubber and
polymers7

–

1 Ozone in presence of sunlight decomposes into O2 and O. The oxygen molecule combines with water vapor to
give OH (Jacobson, 2002; IPCC, 2007)
2 Hobbs (1993); Jacobson (2002); IPCC (2007); Houghton (2009).
3 Skärby and Sélden (1984); Tingey et al. (1991).
4 Berglund et al. (1991); White et al. (1994).
5 Gervais (1994); Pope et al. (2002); Sun et al. (2005); Reeves (2011).
6 Hogan (2010).
7 Cass (1991).
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Table 2. Number of stations available from US/EPA AIRNow database and Canadian stations
for 2005 (CHRONOS era) and 2012 (GEM-MACH era).

Ozone PM2.5

Canada US Canada US
2005 ∼ 110 ∼ 1100 ∼ 100 ∼ 400
2012 ∼ 200 ∼ 1100 ∼ 190 ∼ 570
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Table 3a. Performance of model and OA for the warm season 2005 (cross validation mode)
evaluated using FC2 (frequency of correct value within a factor two when compared to obser-
vations) in cross validation mode for ozone for Canada (N ∼ 1440 observations). Note that Z
stands for UTC (Coordinated Universal Time).

CAN (N ∼ 1440) FC2 (00Z) FC2 (06Z) FC2 (12Z) FC2 (18Z)

Model 0.700 0.402 0.400 0.805
OA (basic) 0.907 0.662 0.646 0.923
OA adap, no BC 0.914 0.679 0.654 0.927
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Table 3b. Performance of model and OA for the warm season 2005 (cross validation mode)
evaluated using FC2 (frequency of correct value within a factor two when compared to ob-
servations) in cross validation mode for ozone for US (N ∼ 13 200 observations). Note that Z
stands for UTC (Coordinated Universal Time).

US (N ∼ 13 200) FC2 (00Z) FC2 (06Z) FC2 (12Z) FC2 (18Z)

Model 0.741 0.395 0.340 0.826
OA (basic) 0.904 0.663 0.624 0.965
OA adap, no BC 0.914 0.729 0.641 0.969
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Table 4a. As Table 3 but for PM2.5 and for the warm season 2007 (N ∼ 1200 for Canada).

CAN (N ∼ 1200) FC2 (00Z) FC2 (06Z) FC2 (12Z) FC2 (18Z)

Model 0.436 0.470 0.420 0.390
OA (basic) 0.453 0.507 0.474 0.435
OA adap, no BC 0.481 0.521 0.530 0.479
OA adap, with BC 0.512 0.521 0.492 0.511
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Table 4b. As Table 3 but for PM2.5 and for the warm season 2007 (N ∼ 8000 for US).

US (N ∼ 8000) FC2 (00Z) FC2 (06Z) FC2 (12Z) FC2 (18Z)

Model 0.476 0.549 0.523 0.5098
OA (basic) 0.513 0.564 0.581 0.588
OA adap, no BC 0.581 0.586 0.602 0.638
OA adap, with BC 0.670 0.581 0.578 0.699
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Table 5a. Percentage changes of OA (2012 minus 2005) for ozone in North America. Positive
(negative) values indicate an increase (decrease) from 2005 to 2012.

Ozone (%) change North America Eastern Canada Western Canada Eastern USA Western USA

Avg 5.41 6.17 15.48 2.84 7.98
Std dev −6.22 −9.08 −13.38 −4.86 −5.62
PCT 99 −1.67 −3.70 0.19 −1.12 6.61
PCT 95 −2.07 −2.295 −2.17 −2.91 0.00
PCT 75 1.46 1.43 4.96 −0.92 4.81
PCT 50 7.19 9.52 21.11 4.79 9.65
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Table 5b. Percentage changes of OA (2012 minus 2005) for PM2.5 in North America. Positive
(negative) values indicate an increase (decrease) from 2005 to 2012.

PM2.5 (%) change North America Eastern Canada Western Canada Eastern USA Western USA

Avg −25.22 −6.01 −2.89 −22.46 −20.31
Std dev −11.49 −34.97 21.61 −13.96 0.14
PCT 99 −14.82 −36.98 9.43 −15.52 −8.38
PCT 95 −20.67 −32.76 −0.47 −18.64 −14.65
PCT 75 −22.95 3.64 −1.26 −20.53 −15.50
PCT 50 −27.55 28.57 11.77 −22.89 −26.47
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Table 6. Trends for selected percentile (PCT), mean and standard deviation for (a) OA-ozone
(ppbvyr−1) and (b) OA-PM2.5 (µgm−3 yr−1). The p value is given for statistical significance.
NS indicates no statistical significance (p value> 0.25). Positive (negative) values indicate an
increase (decrease) from 2005 to 2012.

Trend (O3) p value Trend (PM2.5) p value
(ppbvyr−1) (ugm−3 yr1)

99th percentile −0.836 0.076 −1.31 0.022
98th percentile −0.717 0.060 −1.07 0.016
95th percentile −0.488 0.071 −0.757 0.014
75th percentile 0.115 (NS) > 0.25 (NS) −0.267 0.039
Median 0.470 0.001 −0.0683 (NS) > 0.25 (NS)
25th percentile 0.71 0.0002 −0.0133 (NS) > 0.25 (NS)
5th percentile 0.35 0.001 ∼ 0 (NS) > 0.25 (NS)
Mean 0.303 0.0125 −0.177 0.038
Std. dev. −0.307 0.0045 −0.232 0.054
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Table 7. Correlation matrix for fluctuations of high percentile and various predictors. The p value
indicates the statistical significance of the linear relationship (tjjaus: mean US temperature for
June July and August of the current year, pjjaus: mean US precipitation for June July and August
of the current year, gdpmo: gross domestic product growth rate from May–Oct of the current
year, gdpjj: gross domestic product growth rate of January–June of the current year, gdpmol:
same as gdpmo but for the previous year, dowjja: Dow Jones Industrial average for June, July,
August of the current year, devp99: deviation of percentile 99 (decadal trend removed), devp95:
deviation of percentile 95 (decadal trend removed).

tjjaus pjjaus gdpmo gdpjj gpdmo dowjja dp98 dp95 dp98 dp95
(last y) O3 O3 PM2.5 PM2.5

tjjaus 1.0 −0.53b N/S N/S N/S N/S 0.82a 0.85a N/S N/S
pjjaus 1.0 N/S N/S N/S N/S −0.42c −0.46b −0.43c −0.44c

gdpmo 1.0 N/S N/S N/S 0.41c 0.40c 0.41c N/S
gdpjj 1.0 0.52b N/S 0.56b 0.69a N/S 0.45c

gdpmol 1.0 N/S N/S N/S 0.61b 0.57c

dowjja 1.0 N/S N/S 0.46c 0.57b

dp98-O3 1.0 0.927a N/S N/S
dp95-O3 1.0 N/S N/S
dp98-pm 1.0 0.95a

dp95-pm 1.0

N/S: p value> 0.25, a p value< 0.05, b p value 0.05–0.15, c p value 0.15–0.25.
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Table 8. Multiple regression models to explain high percentile fluctuations for PM2.5 and ozone.
The % of the variance explained by each predictor is indicated below each term of the equation.

PM2.5 (N = 9)

devp98= 11.625+0.947·gdpmol−0.1825·pjjaus
R2 = 0.645 37 % 27.5 %
(p < 0.1)

O3 (N = 11)
devp98= −87.7+3.776· tjjaus+0.566·gdpmo+0.2476·gdpjdl
R2 = 0.91 76 % 11 % 4 %
(p < 0.15)
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Lci

X

COV (ppbv2)

Fig. 1. Determining error statistics from the Hollingsworth and Lönnberg’s (H–L) method. Fitting
model follows a FOAR (First order autoregressive) model for the error covariance (COV). Note
that averages (prior to fit) are calculated in bins of 30 km. The cutoff distance is taken to be 900
kilometers. The intercept of the curve represents the background error variance and Lci, the
correlation length (value at 1/e).
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A

B

Fig. 2. Map of available observation sites (circa 2010) used for multi-year analyse for (A) ozone
and (B) PM2.5.
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Fig. 3. Evolution of the systematic and random error for model and OA suite for (A) ozone
(2002–2012), (B) PM2.5 (2004–2012). The model in use is indicated at the bottom of the figure
(e.g. either CHRONOS or GEM-MACH).
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Fig. 4. (A) Long term average OA (CHRONOS era) for summer months June-July-August (JJA)
for surface ozone and PM2.5. Top left panel: all hours ozone analysis, Bottom left: ozone analy-
sis at 18:00 UTC, Top right: all hours PM2.5 analysis, Bottom right: PM2.5 analysis at 18:00 UTC.
High ozone values are in red and low values are in blue. (B) as (A) but for the GEM-MACH era.
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Fig. 5. (A) Long term average analysis increment (CHRONOS era: 2002–2009) for summer
months June-July-August (JJA) for surface ozone and PM2.5. Top left panel: all hours ozone
analysis increments. Bottom left: ozone analysis increments at 18:00 UTC. Top right: all hours
PM2.5 analysis increments. Bottom right: PM2.5 analysis increments at 18:00 UTC. Red values
are positive corrections to the model, blue values are negative corrections. (B) as (A) but for
the GEM-MACH era.
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Mean Omp Model
Std. dev. OmP Model 

Mean OmA OA non-adap
Std.dev. OmA OA non-adap

Mean OmA OA adap
Std. dev. OmA OA adap

Fig. 6. Warm season cross validation for 2005 (CHRONOS era) for ozone. The diurnal variation
of systematic and random errors respectively for model (red and black curves), non-adaptive
objective analysis (orange and blue navy) and adaptive OA (green and cyan) are presented for
four different regions. Top left panel: all North America, top right Canada, bottom left: Eastern
US and bottom right: Western US. Green dots at the top (bottom) of each panel indicate a suc-
cessful F test variance (T test bias) for statistical significance of the difference between two
selected experiments (i.e. adaptive versus non-adaptive scheme).
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Mean OmP- Model
Std. dev. OmP- Model

Mean OmA – NA,NBC
Std.dev. OmA -,NA,NBC

Mean OmA,Adap,No BC
Std. dev. OmA, Adap,No BC

Mean OmA, Adap, with BC
Std. dev. OmA, Adap with BC

Fig. 7. Cross validation for 2007 for warm season months (CHRONOS era) for PM2.5. The
diurnal variation of systematic and random errors respectively for model (red and black), non-
adaptive Objective analysis (orange and blue navy) and adaptive OA (green and cyan) and
adaptive OA with an explicit bias correction (gray and pink) are presented for four different
regions. Top left: all North America, Top right: Canada, Bottom left: Eastern US and bottom
right: Western US. Significance tests for difference are as in Fig. 6. The differences tested are
between the adaptive with bias correction versus the adaptive scheme with no bias correction.
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O-P std   O-P moy
O-A std   O-A moy

---- N obs

Fig. 8. Cross validation for July 2011 (GEM-MACH era) for ozone (left) and PM2.5 (right). Sys-
tematic error and random error are respectively shown for OA (green and cyan curve) and for
model (red and black curve). Statistical significance tests are as Fig. 6.
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CHRONOS ANNUAL AVG 2005

CHRONOS + AIRNOW SFC DATA AVG 2005

MOZART ANNUAL AVG

GEM-AQ ANNUAL AVG 2005

Fig. 9. Comparison of surface ozone OA average for 2005 (all hours, all seasons) with external
sources. Top left panel: CHRONOS model 2005 (no observation ingested). Bottom left: OA
– average for 2005. Top right: MOZART annual average (version 2). Bottom right: GEM-AQ
annual average for 2005. High ozone values are in red, low values are in blue.
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A

B

Fig. 10. Comparison of surface PM2.5 climatology obtained from (A) satellite derived surface
PM2.5 2001–2006 (MODIS), van Donkelaar et al. (2010), (B) OA PM2.5 average for all hours,
all seasons 2004–2009 near 18:00 UTC (at approximately the time of satellite overpass). Note
that both figures (A) and (B) have the same colour bar. High values are in red, low values in
blue.
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Fig. 11. Comparison of surface average ozone (JJA) in 2012 versus 2005: (A) OA ozone 2005
(CHRONOS era), (B) OA ozone 2012 (GEM-MACH era), (C) difference (OA-2012 minus OA-
2005). Note that the area indicated with no OBS are unreliable and caused by model artefacts
difference. These zones are also where the analysis error is too high (see Fig. 14a, b).
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Fig. 12. (A), (B) and (C) are the same as Fig. 11 but for PM2.5.
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Fig. 13. Long term trend of percentiles (5th, 25th, 50th, 75th, 95th, 98th and 99th) and standard
deviation for (A) ozone distribution and (B) PM2.5 distribution. Computations were done in the
observation space.
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Fig. 14. Analysis errors based on Eq. (8) for (A) ozone and (B) PM2.5. Deep blue corresponds
to small analysis errors whereas red to higher errors. The locations where there are no values
plotted are where the analysis has no skill (unreliable due to model erratic behavior and/or no
observations available to correct model values).

14035

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/13967/2013/acpd-13-13967-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/13967/2013/acpd-13-13967-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

