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Abstract

Potential impacts of global climate and emissions changes on regional air quality over
southern (western and eastern) Canada and northern Mexico are examined by com-
paring future summers’ (i.e., 2049-2051) average regional O3 and PM, 5 concentra-
tions with historic concentrations (i.e., 2000—2002 summers). Air quality modeling
was conducted using CMAQ and meteorology downscaled from the GISS-GCM using
MMS5. Emissions for North America are found using US EPA, Mexican and Canadian
inventories and projected emissions following CAIR and IPCC A1B emissions scenario.
Higher temperatures for all sub-regions and regional changes in mixing height, inso-
lation and precipitation are forecast in the 2049-2051 period. Future emissions are
calculated to be lower over both Canadian sub-regions, but higher over northern Mex-
ico. Global climate change, alone, is predicted to affect PM, 5 concentrations more
than O5: M8hO3; concentrations are estimated to be slightly different in all examined
sub-regions while PM, 5 concentrations are estimated to be higher over both Canadian
sub-regions (8% over western and 3% over eastern) but 11% lower over northern Mex-
ico. Climate change combined with the projected emissions lead to greater change
in pollutant concentrations: M8hO5; concentrations are simulated to be 6% lower over
western Canada and 8% lower over eastern Canada while PM, 5 concentrations are
simulated to be 5% lower over western Canada and 11% lower over eastern Canada.
Although future emissions over northern Mexico are projected higher, pollutant con-
centrations are simulated to be lower due to US emissions reductions. Global climate
change combined with the projected emissions will decrease M8hO3; 4% and PM, g
17% over northern Mexico.

1 Introduction

Global climate and emissions changes are critical factors for future air quality. Although
climate change impacts on regional air quality have been examined to some degree

3406

ACPD
8, 3405-3430, 2008

and Mexico

E. Tagaris et al.

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/3405/2008/acpd-8-3405-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/3405/2008/acpd-8-3405-2008-discussion.html
http://www.egu.eu

10

15

20

25

(e.g. Mickley et al., 2004; Hogrefe et al., 2004; Knowlton et al., 2004; Murazaki and
Hess, 2006; Langner et al., 2005) and have been summarized by Tagaris et al. (2007)
there are limited studies examining the effect of long term emission changes on air
quality. Dentener et al. (2006) recently compared the global atmospheric environment
for the years 2000 and 2030 using global atmospheric chemistry models and different
emissions scenarios. Different emissions scenarios result in different global and re-
gional ozone levels, while climate change alone seems to play a minor role. Tagaris et
al. (2007) examined the impacts of global climate and emissions changes on regional
ozone and fine particulate matter concentrations over the United States. They found
that the impacts of climate change alone on regional air quality over US are small com-
pared to the impacts from emission control-related reductions, although increases in
pollutant concentrations due to stagnation events are found.

Most of the aforementioned studies focus on the US. However, it is equally important
to investigate the impact of the climate and emissions changes to the border US re-
gions, given that a large part of Mexican and Canadian population lives there and will
both affect and be affected by pollutant transport. These border regions are some of
the most dynamic regions of North America in economic, environmental, demographic
and cultural terms. Extending the study by Tagaris et al. (2007), the impacts of global
climate and emissions change on regional air quality over northern Mexico and south-
ern Canada are assessed. Future Oz and PM, 5 concentrations for northern Mexico
and southern Canada are compared to historic ones under two different cases: i) the
impacts of changes on regional air quality by climate change alone are examined by
keeping emissions sources, activity levels and controls constant, and ii) the future pol-
lutant concentrations are estimated based on changes in both climate and emissions
using the IPCC A1B emission scenarios (IPCC, 2000) and planned controls. This is the
first study examining the impacts of climate and emissions changes in these regions
and how changes in future US air quality will affect the neighbor countries.
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2 Methods

Following the same methodology as described in details by Tagaris et al. (2007), and
summarized below, we use the Goddard Institute of Space Studies (GISS) II' (Rind
et al., 1999) global results downscaled using the Penn State/NCAR Mesoscale Model
(MM5) (Grell et al., 1994), forecast North American emissions and the Community
Multiscale Air Quality model (CMAQ) (Binkowski and Roselle 2003) to simulate historic
and future air quality. The primary difference between this study and the former is that
improved emissions became available for Canada and Mexico.

The Environment Canada’s 2000 inventory has been used for area and mobile
Canadian sources (htip://www.epa.gov/tin/chief/net/canada.html). For point sources,
the 2002 inventory that the New York State Department of Environmental Conserva-
tion compiled using the Canadian National Pollution Release Inventory (NPRI) was
scaled using Environment Canada’s state level summary. For Mexico, the US EPA’s
1999 Big Bend Regional Aerosol and Visibility Observational (BRAVO) Study Emis-
sions Inventory was updated with the Mexico National Emissions Inventory (NEI)
(http://www.epa.gov/itn/chief/net/mexico.himl). The 2001 Clean Air Interstate Rule
(CAIR) emission inventory is used for the U.S. for the early 21st century, as well as
the basis for projected emissions up to 2020 (Woo et al., 2006, 20071). Far future
(2020—2050) projections of emissions are carried out based on the Netherlands Envi-
ronmental Assessment Agency’s Integrated Model to Assess the Global Environment
(IMAGE). IMAGE uses widely accepted scenarios (i.e. Intergovernmental Panel on
climate Change (IPCC) Special Report on Emissions Scenarios (SRES)) which are
consistent with the scenario IPCC-A1B and the climate/meteorological modeling used
here.

1Woo, J. H., He, S., Amar, P, Tagaris, E., Manomaiphiboon, K., Liao, K. J., and Russell,
A. G.: Development of a Future Emissions Inventory for Assessing Global Climate Change
Impacts on Regional Air Quality over North America, J. Air Waste Manage. Assoc., under
review, 2007.
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Meteorological fields are derived from the GISS GCM II', which was applied at a
horizontal resolution of 4° latitude by 5° longitude to simulate current and future cli-
mate at global scale (Mickley et al., 2004). The simulation followed the IPCC-A1B
emission scenario (IPCC, 2000) for greenhouse gases. Leung and Gustafson (2005)
downscaled the GISS simulations for 1995-2005 and 2045-2055 using the Penn
State/NCAR Mesoscale Model (MM5) to the regional scale; no data assimilation has
been used. Although there are uncertainties in using regionally downscaled climate
in air quality simulations, this approach is necessary in air quality models that employ
higher resolution meteorological fields produced by regional instead of global climate
models (Gustafson and Leung, 2007). CMAQ with SAPRC-99 chemical mechanism is
used for the regional air quality modeling. O3 and PM, 5 concentrations for three his-
toric (2000—2002) summer (June—July—August) episodes are compared to three future
(2049-2051) summer episodes. Regional concentrations are predicted for northern
Mexico and western and eastern Canada (Fig. 1). To quantify the net impact of cli-
mate change and the impact of climate change combined with projected emissions,
both the historic period and future cases are examined. Future cases are: i) using the
2001 emissions inventory for historic and future years to quantify the impact of climate
change on air quality, and ii) using future forecast emissions along with forecast cli-
mate to simulate future pollutant levels over northern Mexico and western and eastern
Canada allowing the quantification of both impacts on future air quality.

3 Results and discussion
3.1 Meteorology

Statistics and spatial distributions for forecast temperature, mixing height, insolation
and precipitation for northern Mexico and western and eastern Canada (Table 1 and
Fig. 2a) show higher average temperatures. Northern Mexico is simulated to be the
sub-region with the greatest average temperature increase (2.6 K). The average tem-
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perature is calculated 1.7 K and 1.5K higher in western and eastern Canada, respec-
tively. Locally changes up to 4K in the northern Mexico and up to 3K for Canada are
forecast. The mixing heights are simulated to be higher in most of the northern Mex-
ico (average around +30m). Maximum increases (around 200 m) are forecast near
the US border where the maximum temperature increase is also estimated. For both
the Canadian sub-regions mixing height is calculated to be lower in the majority of the
domain (average around —30 m) except the central part where a small increase is esti-
mated. The average insolation at the earth’s surface decreases by 10 Wm™2 in Canada
and increases by 3Wm™2 in Mexico. Insolation is simulated to be lower in most of the
Canadian sub-regions except the central part, while regional changes are expected in
the northern Mexico. Regional changes in daily precipitation are forecast with more
precipitation in northern Mexico where the average daily change is up to 6 mm locally.
Little change is expected for both Canadian sub-regions. Fewer rainy days are es-
timated for the majority of the northern Mexican and western Canadian sub-regions
in contrast to eastern Canada for which more rainy days are predicted (Fig. 2b). All
the mentioned local changes in climatic conditions will affect the future local pollutant
concentrations.

3.2 Emissions

Control strategies applied on anthropogenic Canadian sources result in significantly
lower NO,, SO, and NH3 emissions in both Canadian sub-regions (Table 2). NO,
emissions are projected to be 32% and 50% lower in western and eastern Canada
respectively while SO, emissions are projected to be 64% and 74% lower in both areas,
respectively. NH; emissions are projected to be 30% and 60% lower in western and
eastern Canada respectively. Emissions reduction of anthropogenic VOCs combined
with the higher biogenic emissions in the warmer climate results in a small change
in VOC emissions: 6% higher in the western Canada and 10% higher in the eastern
Canada.

For the case where only climatic changes are considered, although the emission
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inventory is kept the same, emissions are not, since some pollutant emissions (e.g.,
biogenic and mobile) depend on meteorology. A minor increase in NO, emissions in
both Canadian sub-regions is calculated but VOC emissions will be higher in the future
(up to 19% in western Canada) due to climate change alone (Table 2).

For Mexico, the growth of the industrial sector leads to significantly higher emis-
sions (Table 2). NO,, SO,, VOCs and NH5 emissions are projected to be 99%, 88%,
24% and 220% higher in the future summers in the northern Mexico. For the case
where only climatic changes are considered a minor increase in NO, emissions is
calculated. VOC emissions are projected to be much higher in the future due to cli-
mate change alone (around 24%), but slightly lower when emissions projection is used
caused by the higher projected VOC emissions by human activities. Spatial distri-
bution plots of emissions rate changes for the historic and future summers are pre-
sented in auxiliary materials. htip://www.atmos-chem-phys-discuss.net/8/3405/2008/
acpd-8-3405-2008-supplement.pdf

3.3 Air quality
3.3.1 Ozone

The impact of climate change alone and the combined effect of climate and emissions
changes on M8hQO; are illustrated in Fig. 3a. Under the impact of climate change
alone the average M8hO5 concentrations are estimated to be 0.1 ppb higher (0.1%)
over western Canada, 0.6 ppb lower (2%) over eastern Canada and 0.5ppb higher
(19%) over northern Mexico (Fig. 3, Table 3). Global climate change combined with
the projected emissions are calculated to reduce the atmospheric pollutant concen-
trations. Average M8hOj concentrations are estimated to be 3 ppb lower (6%) over
western Canada, 3 ppb lower (8%) over eastern Canada and 2 ppb lower (4%) over
northern Mexico (Fig. 3, Table 3). Interestingly, although future emissions over north-
ern Mexico are projected higher, pollutant concentrations are forecast to be lower. This
is caused by the large reduction in US emissions which affect pollutant concentrations
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over Mexico (Figures are presented in auxiliary materials). Both Canadian sub-regions
are simulated to have lower future M8hO5 concentrations due to emissions reduction
(2050s) shown by their Cumulative Distribution Functions (CDFs) (Fig. 4). Significant
reductions are expected for the concentrations above 50 ppb, especially over eastern
Canada. The same trend is found for M8hO5 concentrations over northern Mexico with
significant reductions in concentrations above 60 ppb.

Here, boundary conditions for both historic and future periods are kept the same
due to uncertainties in future global changes. Setting varying boundary conditions
affect our ability to isolate the impacts of regional climate and emissions changes. Fur-
ther, calculations were repeated excluding five grid cells deep of the outer perimeter of
modeling domain (Giorgi and Bates, 1989), with negligible change. Regional average
concentrations are similar since the winds typically come from the west well away from
the land.

Over Canadian sub-regions, typical M8hO4 concentrations are calculated to be be-
tween 30 and 50 ppb (Fig. 5a). Climate change alone is simulated to increase M8hOg
concentrations up to 1 ppb in the center of Canada but a reduction of up to 2ppb is
estimated for the rest of Canada (Fig. 5¢). Emission controls are expected to reduce
M8hO5 concentrations up to 5ppb in both Canadian sub-regions (Fig. 5d). The com-
bined effect of climate change and emissions changes is also found to reduce M8hO4
concentrations (up to 5ppb) in both Canadian sub-regions (Fig. 5b). Over northern
Mexico, the highest forecast M8hO5 concentrations are calculated between 50 and
60 ppb near the US border (Fig. 5a). Climate change alone is simulated to increase
M8hO5 concentrations up to 4 ppb in the east but to decrease it up to 3 ppb in the west
(Fig. 5c). Emissions changes are expected to reduce M8hO4, concentrations up to
5 ppb near the US border while it is expected an increase up to 5 ppb on the west coast
due to emission increases (Fig. 5d). The combined effect of climate change and emis-
sion changes are found to reduce M8hO5 concentrations up to 5 ppb in the majority of
the region expect the east part where an increase up to 2 ppb is predicted. (Fig. 5b).
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3.3.2 Particulate matter

Global climate change alone has a significant effect on future summer PM, 5 con-
centrations over western and eastern Canada and northern Mexico as compared to
O3, as changes in temperature and precipitation impact gas phase partitioning and
wet deposition of particulate matter. Average PM, 5 concentrations are estimated to
be 0.3,ug/m3 higher (8%) over western Canada, 0.1 ug/m3 higher (3%) over eastern
Canada and 0.4ug/m3 lower (11%) over northern Mexico (Fig. 3, Table 3). These
changes come mainly in SO, and OC over Canada (western Canada: SO, 0.1 ,ug/m3
higher (12%), OCO0.1 ug/m3 higher (7%), eastern Canada: SO, 0.01 ,ug/m3 higher
(0.6%), OC0.06 ug/m3 higher (6%)) and from SO, over northern Mexico (0.3/,lg/m3
lower (14%)). PM, 5 composition will be slightly different due to climate change alone
(Fig. 6, Table 4). Global climate change combined with the projected emission changes
is simulated to reduce the atmospheric pollutant concentrations. Average PM, 5 con-
centrations are estimated to be 0.2 ug/m3 lower (5%) over western Canada, 0.3 /.zg/m3
lower (11%) over eastern Canada (Fig. 3, Table 3). PM, 5 composition is calculated
to be significantly modified setting OC as the dominant component followed by sulfate
(Table 4). Over northern Mexico, average PM, 5 concentrations are estimated to be
0.6ug/m3 lower (17%) (Fig. 3, Table 3). No significant change in PM, scomposition is
expected with sulfate to be the dominant component (about 50%) (Table 4). Although
there is no change in the lower PM,, 5 concentrations (i.e., below 7 ug/ms) there are sig-
nificant reductions in the higher levels in eastern Canada and northern Mexico when
climate change and emissions projection are considered (Fig. 7).

Spatial distribution plots for average PM, 5 concentrations for historic years and the
changes caused by climate and emission projection are presented in Fig. 8. Over the
majority of both Canadian sub-regions average PM, 5 concentrations are calculated
between 2.5 and 5.0 /,zg/m3 (Fig. 8a). Climate change alone is simulated to increase
PM, sconcentrations up to 0.5 /,lg/m3 in the majority of Canadian sub-regions except
the east where a decrease up to 0.5ug/m3 is estimated (Fig. 8c). Emissions pro-
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jection is expected to reduce PM, 5 concentrations up to 1;1g/m3 in the major part
of both Canadian sub-regions, but there are small areas with reductions up to 2 ,ug/m3
(Fig. 8d). The combined effect of climate change and emissions projection is estimated
to reduce PM, 5 concentrations up to 1 ©g/m° in both Canadian sub-regions but there
are small areas where increase up to 1,ug/m3 is projected (Fig. 8b). Over Northern
Mexico average PM, 5 concentrations are simulated higher in the northeast part with
average concentrations up to 7.5 ,ug/m3 (Fig. 8a). Climate change alone is calculated
to decrease PM, 5 concentrations up to 1 /Jg/m3 in the central part (Fig. 8c). Emissions
projection is expected to reduce PM, 5 concentrations up to 1 ug/m3 near US borders
while an increase up to 1 /.tg/m3 is expected in the west coast (Fig. 8d). The combined
effect of climate change and emissions projection is estimate to reduce PM, 5 con-
centrations up to 2ug/m3 in the north eastern region close to US borders while small
increases are expected in the west (Fig. 8b).

Comparing the effects caused by climate and emission changes between the sub-
regions examined here and the US sub-regions (Tagaris et al., 2007) it is revealed that
climate change alone is not expected to significantly modify summer M8hO5; concen-
trations over Canadian, Mexican and US sub-regions. The effect of climate change on
PM, 5 concentrations is expected to reduce summer concentrations over US and Mex-
ico, they are more important over the Plains, Midwest and Southeast US sub-regions
and Northern Mexico where significant reductions are expected in PM, 5 levels, but
over both Canadian sub-regions small increases are forecast. The combined effect
of climate change and projected emissions changes are simulated to reduce M8hOg4
and PM, 5 concentrations over Canadian and Mexican sub-regions, but this reduction
is much lower compared to the reduction simulated for the US sub-regions due to the
projected greater emissions reductions in the latter.
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4 Conclusions

Global climate change impacts on air quality over western and eastern Canada and
northern Mexico are simulated to change future summer PM, 5 concentrations but have
little impact on O3 levels. Global climate change combined with projected emission
changes is simulated to reduce pollutants concentrations in all examined sub-regions.
One of the most important findings of this study is that although future emissions over
northern Mexico are projected to be higher, future pollutant concentrations are not as
reductions in the US provide benefits to the south. PM, 5 composition is calculated to
be slightly different due to climate change alone but when projected emissions are con-
sidered, it is calculated to be significantly changed over Canadian sub-regions setting
OC as the dominant component followed by sulfate. Over northern Mexico sulfate is
simulated to continue to be the dominant PM, 5 component.
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Table 1. Regional average climatic parameters for the three historic and future summers.

ACPD
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Temperature Mixing height Insolation Daily Precipitation
(K) (m) (Watt/m?) (mm)
Historic Future Historic Future Historic Future Historic Future
Western 287.3 289.0 867.4 837.8 188.1 179.8 2.1 2.0
Canada
Eastern 287.9 2894 919.3 884.8 168.7 158.1 2.5 25
Canada
Northern 296.1 298.7 1034.9 1062.3 282.3 285.8 1.9 2.2
Mexico
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Table 2. Regional average emissions rates (tons/day) for historic and future summers us-
ing emissions projections (Future) and no emissions projection (Future_np*) and the relative
change (%) based on the historic emissions.

*np: 2001 emission inventory and 2050 meteorology.
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E. Tagaris et al.

NO, (tons/day) SO, (tons/day) VOCs (tons/day) NH; (tons/day)

Historic Future Future_np Historic Future Future_np Historic Future Future_np Historic Future Future_np
Western 3.68 2.49 3.72 1.84 0.67 1.84 23.11 24.49 27.50 0.92 0.65 0.92
Canada (—32.4%) (1.0%) (-63.9%) (0.0%) (5.6%) (19.0%) (-29.6%) (0.0%)
Eastern 1.82 0.92 1.84 1.58 0.41 1.58 21.97 24.10 25.12 0.38 0.16 0.38
Canada (—49.8%) (0.6%) (-74.2%) (0.0%) (9.7%) (14.4%) (-59.2%) (0.0%)
Northern 2.32 4.60 2.39 1.88 3.53 1.88 29.61 36.81 36.78 1.22 3.89 1.22
Mexico (98.8%) (3.1%) (87.5%) (0.0%) (24.3%) (24.2%) (218.9%) (0.0%)
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Table 3. Regional average M8hO5; and PM, 5 concentrations and PM, 5 composition for the
historic and future summers using emissions projection (Future) and no emissions projection
(Future_np*) and the relative change (%) based on the historic emissions.
*np: 2001 emission inventory and 2050 meteorology.

ACPD
8, 3405-3430, 2008

Climate and emission
changes over Canada
and Mexico

E. Tagaris et al.

Western Canada

Eastern Canada

Northern Mexico

Components (ug/ms) Historic ~ Future Future_np Historic Future Future_np Historic Future Future_np
M8hO; (ppb) 41.6 39.0 1.7 39.4 36.2 38.8 50.4 48.6 50.9
(-6.2%) (0.1%) (-8.1%) (-1.6%) (-3.5%) (1.0%)
PM, 5 (ug/m®) 3.44 3.26 3.71 2.52 2.23 2.60 3.71 3.09 3.31
(-5.0%) (7.9%) (-11.4%) (3.3%) (-16.7%) (—10.6%)
PM, 5 components ( ug/ma)
SO; 1.07 0.76 1.19 0.99 0.68 1.00 1.98 1.53 1.71
(—28.5%) (11.7%) (-81.7%) (0.6%) (-22.7%) (-13.7%)
NH; 0.35 0.23 0.37 0.19 0.13 0.19 0.64 0.58 0.57
(-34.1%) (7.7%) (-30.2%) (1.9 %) (-9.5%) (-11.4%)
NO; 0.09 0.04 0.08 0.02 0.00 0.02 0.02 0.05 0.01
(-57.8%) (-9.5%) (-78.6%) (~7.6%) (129.3%) (-37.2%)
EC 0.08 0.05 0.08 0.04 0.02 0.04 0.07 0.04 0.07
(—-37.5%) (1.5%) (—45.8%) (2.6%) (—34.8%) (0.4%)
oC 1.16 1.19 1.25 0.93 0.93 0.98 0.46 0.41 0.43
(2.0%) (7.2%) (0.8%) (6.2%) (-10.2%) (-6.8%)
OTHER 0.70 1.00 0.74 0.34 0.45 0.36 0.54 0.48 0.53
(43.5%) (6.4%) (32.8%) (4.4%) (-12.6%) (-2.0%)
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Table 4. Regional average PM, 5 composition (%) for the historic and future summers using g

emissions projection (Future) and no emissions projection (Future_np*).
*np: 2001 emission inventory and 2050 meteorology.

Western Canada Eastern Canada Northern Mexico

Components ( %) Historic Future Future.np Historic Future Future.np Historic Future Future np

SO, 31 23 32 39 31 38 53 50 52
NH; 10 7 10 7 6 7 17 19 17
NO, 3 1 2 1 0 1 1 2 0
EC 2 2 2 2 1 2 2 1 2
oC 34 36 34 37 42 38 12 13 13
OTHER 20 31 20 14 20 14 15 15 16
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Fig. 1. Modeling domain and regions examined.
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Fig. 2a. Spatial distribution plots of the average changes in climatic parameters between the
three historic and future summers (a): temperature, (b): planetary boundary level (PBL height),
(c): insolation, (d): precipitation.
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Rainy Days:Future summers-Historic summers

days

Fig. 2b. Spatial distribution plots for the change in rainy days between the three historic and

future summers.
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Fig. 3. (a) Mean maximum 8h ozone concentrations (M8hO;) and standard deviations for
historic and future summers (b) Mean daily PM, 5 concentrations and standard deviations for
historic and future summers.

(np: 2001 emission inventory and 2050 meteorology).
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Fig. 4. Daily maximum 8 h ozone concentration cumulative distribution function (CDF) plots (a)
for historic and future summers and the correlation (b) between the different examined cases.
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Fig. 5. (a) Three-summer-average maximum 8h ozone concentrations in historic years. (b)
Changes in concentrations under the impact of climate change and emission controls. (c)
Changes in concentrations under the impact of climate change alone. (d) Changes in concen-
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trations under the impact of emission changes alone.
(np: 2001 emission inventory and 2050 meteorology).
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Fig. 6. PM , 5 composition for historic and future summers.
(np: 2001 emission inventory and 2050 meteorology).
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Fig. 7. Daily average PM, 5 concentration cumulative distribution function (CDF) plots (a) for
historic and future summers and the correlation (b) between the different examined cases.
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Fig. 8. (a) Three-summer-average PM, 5 concentrations in historic years. (b) Changes in g
concentrations under the impact of climate change and emission controls. (c) Changes in
concentrations under the impact of climate change alone. (d) Changes in concentrations under
the impact of emission changes alone. g
(np: 2001 emission inventory and 2050 meteorology). g
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