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Abstract. Ten year simulations of North American current alone, all other factors being similar, would be a worsening of
and future air-quality were carried out using a regional air-air-quality. These effects are spatially inhomogeneous, with
quality model driven by a regional climate model, in turn the magnitude and sign of the changes varying with region.
driven by a general circulation model. Three separate sumThe scenario with future climate and RCP 6 emissions for
mer scenarios were performed: a scenario representing th2050 resulted in an improved air-quality, with decreases in
years 1997 to 2006, and two SRES A2 climate scenariokey pollutant concentrations, in acute human mortality asso-
for the years 2041 to 2050. The first future climate scenariociated with air-pollution, and in sulphur and ozone deposition
makes use of 2002 anthropogenic precursor emissions, anw the ecosystem. The positive outcomes of the RCP 6 emis-
the second applied emissions scaling factors derived fronsions reductions were found to be of greater magnitude than
the IPCC Representative Concentration Pathway 6 (RCP 6bhe negative outcomes of climate change alone. The RCP 6
scenario to estimate emissions for 2050 from existing 2020scenario however resulted in an increase in the deposition
projections. Ten-year averages of ozone ang Pt North  of nitrogen, as a result of increased ammonia emissions ex-
American monitoring network stations were used to eval-pected in that scenario, compared to current ammonia emis-
uate the model's current chemical climatology. The modelsions levels.
was found to have a similar performance for ozone as when The results of the study raise the possibility that simultane-
driven by an operational weather forecast model. The M ous reductions of greenhouse gases and air pollution precur-
predictions had larger negative biases, likely resulting fromsors may further reduce air pollution levels, with the added
the absence of rainwater evaporation, and from sub-regionabenefits of an immediate reduction in the impacts of air pol-
negative biases in the surface temperature fields, in the vetution on human and ecosystem health. Further scenarios to
sion of the climate model used here. investigate this possibility are therefore recommended.

The differences between the two future climate simula-
tions and the current climate simulation were used to pre-
dict the changes to air-quality that might be expected in a
future warmer climate, if anthropogenic precursor emissionsl ~ Introduction
remain constant at their current levels, versus if the RCP 6
emissions controls were adopted. Metrics of concentrationGlobal climate change occurs through changes in the balance
human health, and ecosystem damage were compared f&f incoming and outgoing radiation in the complete climate
the simulations. The scenario with future climate and currentSystem, and may manifest itself as alterations in the mean and
anthropogenic emissions resulted in worse air-quality tharstatistical distribution of meteorological parameters such as

for current conditions — that is, the effect of climate-changetémperature, wind speed and direction, humidity, and precip-
itation at the regional and local scale (IPCC, 2007). These
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variables, in turn, impact gas phase and aerosol chemistngpatial distributions in emissions, land cover, dispersion and
transport, cloud processing of gases and aerosols, and emisencentrations (Liao et al., 2006).
sions and deposition. Climate change may thus affect the Regional modelling studies have shown that areas experi-
formation and distribution of both ozone {Dand particu-  encing high @ concentrations under the current climate are
late matter (PM), two key indexes for air quality. Gases andusually predicted to experience an increase of 1 to 6 ppbv in
aerosols may also affect climate, by interacting with the in-average daily maximum 8-h4oncentration (md8hrO3) in
coming (solar) and outgoing (terrestrial) radiation. the future. A large portion of this increase is often attributed
Climate change impacts on air quality noted in the lit- to changes in biogenic emissions, associated with changes
erature include: (1) an increase in temperature causing am temperature and surface photosynthetically active radia-
increase in water vapour concentrations: both water vapoution (Hogrefe et al., 2004; Civerolo et al., 2007; Forkel and
and temperature changes affect chemical reaction rates; (2)&noche, 2006; Murazaki and Hess, 2006; Steiner et al., 2006;
change in the spatial and temporal distribution of meteoro-Bell et al., 2007; Jacob and Winner, 2009). A complicating
logical conditions: local changes in weather patterns givingfactor in this regard is the timing and the extent to which
rise to changes in air quality; (3) modifications to global cir- the spatial distribution of hydrocarbon-emitting vegetation
culation dynamics, resulting in changes to the distribution ofmay change in response to a changing climate (Chen et al.,
pollutants; (4) changes to the emissions of natural precurso2009a, b; Lam et al., 2011; Wu et al., 2008a, b; Fiore et al.,
gases, which are meteorologically driven; and (5) decrease@011). Local conditions such as the emissions of othgr O
cloudiness, resulting in enhanced photochemical smog proprecursors also have a significant effect on localb@duc-
duction (Jacob and Winner, 2009; Hogrefe et al., 2004; Le-tion (Forkel and Knoche, 2006; Bell et al., 2007). Changes
ung and Gustafson, 2005; Dawson et al., 2007; Liao et al.to precursor emissions have a larger impact gnp@duc-
2006; Stevenson et al., 2006; Steiner et al., 2006; Forkel antion than variations in meteorology associated with climate
Knoche, 2006). A more comprehensive review of climate change (Racherla and Adams, 2009; Jacobson and Streets,
change and air quality is provided in Kelly et al. (2012); a 2009; Lin et al., 2010;, Kawase et al., 2011; Lam et al.,
summary is provided below. 2011). In addition to interannual variability and the specifics
The most comprehensive projections of future climate relyof projected changes in physical climate at the regional scale,
on global or regional scale numerical models of the climatethe effects of model resolution, boundary conditions, and
system based on fundamental physical principles (CMOSgchemical mechanisms as all contribute to the spread in pro-
2007). Projected changes in climate resulting from the usgected changes in ozone (Avise et al., 2009; Racherla and
of these global models can be related to regional air qualityAdams, 2008; Wu et al., 2008b; Forkel and Knoche, 2007).
indicators through downscaling, either statistical or dynami-Despite these variations, the general consensus indicates that
cal. Demuzere and van Lipzig (2010a) provide an overviewthe eastern US and parts of Europe will see an increase in the
of the many different approaches to statistical downscalingmd8hrO3 under the IPCC A and B scenarios (IPCC, 2007).
These approaches are easily implemented, computationalljreas with high pollution are expected to see increases in this
inexpensive, and flexible, but are predicated on the assumpmetric, while rural areas are expected to see minimal impacts
tion that the current climate statistical relationships betweeror decreases (Jacob and Winner, 2009).
predictors and predictands will remain valid in a future cli-  The impact of future climate change on PMs an emerg-
mate, and the assumption of no change in emissions, trangng area of study (Liao et al., 2006, 2007; Racherla and
port or chemical formation processes (Demuzere and vadams, 2006; Tagaris et al., 2007, 2008; Avise et al., 2009;
Lipzig, 2010a, b; Timbal et al., 2009; Wise, 2009). In dynam- Wise, 2009), with most studies reporting increases in aerosol
ical downscaling, global scale climate information at a coarsespecies components or aerosol burden (cf. Liao et al., 2006).
resolution is used to drive a higher resolution regional modelMany studies link variations in aerosol projections with fu-
which is run over a limited area, and may involve Generalture precipitation (Jacob and Winner, 2009; Racherla and
Circulation Models (GCMs; resolution of a few hundreds Adams, 2006).
of kilometers), global Chemical Transport Models (CTMs), Accounting for interannual variability is essential to
Regional Climate Models (RCMs; resolution of a few tens GCM-CTM studies and may have contributed to some of the
of kilometres, simulating up to a single continent) and re- above-mentioned inter-model variability in projections of fu-
gional CTMs. Global climate and chemistry models (cf. Liao ture air-quality. Racherla and Adams (2008) found it neces-
et al., 2004; Mickley et al., 2004a, b; Brasseur et al., 2006;sary to use five years or more of simulation data in order
Stevenson et al., 2006; Wu et al., 2007) have insufficient spato separate the effects of future climate change and inter-
tial resolution to resolve atmospheric, chemical, and surfaceannual variability on ozone episodes in the eastern United
processes used for assessing regional air quality (Leung an8tates. Leung and Gustafson (2005) used 10yr periods to
Gustafson, 2005). Regional-scale models are required to preavoid interannual climate variations that might otherwise ob-
vent O3 underestimates in urban areas and overestimates iacure long term trends.
background areas (Racherla and Adams, 2008), capture con- While the studies described above focus on changes in am-
centration spikes (Forkel and Knoche, 2006), and capturdient concentrations or related metrics, regional air-quality
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models are capable of providing projections on other aspect3able 1. Acronyms for model scenarios and calculated differences
of the impacts of air pollution. For example, regional models between scenarios.
may be used to estimate the potential damage to ecosystems

and impacts on crop yields through estimating spatial varying Acronym  Description Time Period

levels of acidifying deposition (cf. Makar et al., 2009) and  cyrrent Current climate, current 1997-2006

ozone deposition (Engardt, 2008; Van Dingenen et al., 2009; anthropogenic air pollu-

Stella et al., 2011). The human-health impact of air pollution tion precursor emissions

is one of the main drivers behind research in this field, with ~~~ SRES A2 future climate, 20412050

potentially substantial health effects resulting from climate- current anthropogenic air

change-induced changes in air-quality (Sheffield et al., 2011; pollution precursor emis-

Chang et al., 2010; Tagaris et al., 2009, 2010; Cheng et al., sions; “climate change

2009; Jackson et al., 2010). Global financial losses due to re- only” scenario

ductions in crop yields resultmg_fr_om ozone Qe_posmon are CE SRES A2 future climate, 20412050

expected to reach between $1 billion to $17 billion, depend- RCP 6 emissions

ing on the emissions scenario employed (Averny etal., 2011).

The estimated global annual health costs due to ozone pollu- ACC Change, CC — Current (2041 to 2050 aver-

tion by 2050 are expected to be $580 billion US, with mor- age — 1997 to 2006

talities due to acute exposure exceeding 2 million (Selin et average)

al., 2009). ACE Change, CE — Current (2041 to 2050 aver-
A more comprehensive review of the current state of age — 1997 to 2006

climate — air-quality modelling may be found in Kelly et average)

al. (2012).
In the work described below, a regional climate model was

used to downscale a general circulation model's climate, andcenario comparisons using various concentration metrics,
the resulting meteorological fields were used to drive an off-ye yse our results to explore the impacts of air quality and
line regional air-quality model. Three separate 10yr simu-cjimate change on human and ecosystem health, through the
lations of summer (June-July-August) air-quality were cre-yse of a multi-pollutant acute exposure metric, and deposi-
ated. The first scenario examines the model's ability to repro+jon, totals for acidifying pollutants and ozone.

duce the air-quality of the current climate, with a detailed sta- e note that although comprehensive numerical models
tistical comparison against monitoring data collected acrosgye the best tools currently available, these models are only
North America. The remaining two scenarios represent dif-approximations with uncertainties resulting from the grid
ferent possible sets of future conditions for the years 204Xesoution, choice of processes to represent in the model, and
to 2050. Both future experiments use the same set of RCMhe manner in which these processes are represented (espe-
derived meteorology, following the SRES A2 scenario. The cja|ly those involving the formation and behaviour of clouds
future scenarios differ in the anthropogenic air pollution pre- ang precipitation) (Hogrefe et al., 2004; Murphy et al., 2004;
cursor emissions assumed, with one scenario making use @tainforth et al., 2005). Different models handle processes
current condition precursor emissions, and the other makingyccyrring within the atmosphere in different ways, leading
use of one of the IPCC Representative Concentration Pathy, 5 range of sensitivities to future climate change impacts
way emission scenarios (RCP 6) to scale the present-dayogrefe et al., 2004). These factors give rise to uncertainty
emission fields to 2050 values. Results are presented for g the projections presented below and argue for the use of

domain covering most of the contiguous United States andyy|ti-model ensembles of projections (US EPA, 2009).
Canada, noting here that few studies currently exist that ex-

amine the future impact of climate change on air quality in

Canada. Tagaris et al. (2008) and Cheng et al. (2007b) reprez  Methodology

sent the only future projections of which we are aware, and

only cover southern Canada. The scenarios and differenceBhe modelling system used for this work has three com-

between the scenarios are identified in Table 1. ponents: the Canadian Coupled General Circulation Model
Differences between the first two scenariagsCC, see (CGCM, v3.1), the Canadian Regional Climate Model

Table 1) provide guidance on the question “What are the(CRCM, v4.2.3), and A Unified Regional Air-quality Mod-

impacts of climate change on air pollution, if air pollution elling System (AURAMS, v1.3.2). The global climate

precursor emissions are unchanged?” Differences betweethange projection was provided by the CGCM and dynami-

the first and third scenaricA(CE, see Table 1) address the cally downscaled to the higher resolution required for the re-

guestion, “How would the impact of climate change on air gional CTM using the CRCM. High frequency output of all

pollution be modified, in response to variations in anthro- meteorological variables required by AURAMS was saved

pogenic air pollution precursor emissions?”. In addition to from the CRCM and AURAMS was subsequently run to
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The global simulations were produced using the third- s
generation of the Canadian Centre for Climate Modelling
and Analysis Coupled General Circulation Model (Flato et
al., 2000). The atmospheric components of the model are de./ g
scribed in Scinocca et al. (2008) and, relative to the second ™~/ 1
generation model, contains notable improvements to the rep| / ~
resentation of land surface processes (Verseghy, 2000), ane\ /
orographic gravity wave drag parameterization (Scinocca %\L d )
and McFarlane, 2000) and a penetrative mass flux scheme fo /-:'- N Y e 7 200
deep convection (Zhang and McFarlane, 1995). The atmo-_ / ' 100
spheric model is coupled to flux-adjusted version of the Na- =,
tional Centre for Atmospheric Research Community Ocean
Model (NCOM 1.3) (Gent et al., 1998). For the simulations Fig. 1. CRCM and (within dashed line) AURAMS-CRCM grids,
used here the ocean model was run at an approximate res@RCM topography field shown.
lution of 1.8 degrees with 29 vertical levels.

The future scenario used here followed the SRES A2 sce-
nario and was one member of the ensemble submitted to theetails on the application of the nudging procedure can be
World Climate Research Programme’s Third Coupled Modelfound in Riette and Caya (2002).

Intercomparison Project (CMIP3; Meehl et al., 2007). In order to provide meteorological data to run AURAMS,
extensive modifications were required to the CRCM’s output
2.2 CRCM procedures. Some of the fields from the CRCM are output

as running averages or accumulated quantities, while AU-
Detailed descriptions of the development of the Cana-RAMS requires the entire state of the atmosphere to be pro-
dian Regional Climate model can be found in Caya andvided at individual time steps. In addition, many of the fields
Laprise (1999), Laprise et al. (2003), Plummer et al. (2006),required by AURAMS are not part of the CRCM'’s suite of
Sushama et al. (2010), and Mladjic et al. (2011). The CRCMstandard outputs, in turn requiring additional coding to ex-
operates on a uniform polar stereographic grid with a 45 kmtract these variables from different parts of the CRCM code.
resolution true at 60N (see Fig. 1 for the domain used These modifications did not affect the values of the model
here), and a Gal-Chen vertical coordinate with variable res-output — rather, the CRCM’s output capacity was enhanced,
olution is used. The CRCM vertical levels are staggeredin order to allow the additional fields and the high resolu-
on terrain-following Gal-Chen coordinates (Gal-Chen andtion time step of the output (15 min) to be available for use
Sommerville, 1975) and increase in thickness from approx-by AURAMS. This modified version of the CRCM was used
imately 60 m at the surface to 3.5km near the model lid atto rerun 1 May through 30 August of the years 1997 through
29 km. All vertical levels of the CRCM fall within the vertical 2006, and 2041 through 2050, using restart files from a previ-
domain of the driving data provided by the CGCM. Subgrid- ously completed CRCM simulation covering the period 1959
scale physics in the fourth version of the CRCM makes usethrough 2100. This procedure preserved the “spun-up” state
of the same package used in the CGCM3 (aside from thef the soil-atmosphere system. Subsequent AURAMS sim-
cumulus convection parameterization, which makes use oftilations started on 15 May of each simulated year, with the
the Kain and Fritsch, 1990 formulation with modifications 15-30 May period used as spin-up to allow AURAMS chem-
by Bechtold et al., 2001). istry to reach a quasi-steady-state.

Lateral boundary conditions for the meteorological vari-

ables are interpolated from six-hourly output from the 2.3 AURAMS
CGCM. One-way nesting using the method of Davies (1976)
is applied over a nine-gridpoint wide buffer zone for hori- AURAMS is a comprehensive regional air-quality modelling
zontal winds, temperature and humidity. Within the interior system, consisting of a meteorological driver (usually the
of the CRCM large-scale, defined as having a wavelength ofGlobal Environmental Multiscale model, GEMH@ et al.,
greater tham~1400 km, features in the horizontal winds and 1998 but here the CRCM), an emissions processing sys-
temperature are weakly nudged towards the CGCM fieldstem (Sparse Matrix Operating Kernal Emissions, SMOKE:
Nudging for the wind fields is only applied on model lev- Houyoux et al., 2000; CEP, 2003), the AURAMS meteoro-
els above 500 hPa and for temperature above 50 hPa. Moregical pre-processor and the AURAMS chemical transport
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model (cf. Gong et al.,, 2006; Makar et al., 2010a). Thethough these processes are resolved when AURAMS is used
AURAMS meteorological pre-processor reads in the inputat high resolution. The gas-phase mechanism used in these
fields (meteorology, emissions, land use, etc.), carries ousimulations has been compared to a suite of other mecha-
units conversion and performs any necessary spatial intemism, with its predictions being close to the median for the
polation of the input fields to the AURAMS computational ensemble of mechanisms tested (Kuhn et al., 1998). Photol-
grid. Both the CRCM and AURAMS use the same projec- ysis rates were calculated using the data of Peterson (1976)
tion (polar stereographic, true at®8) and for the simula- and the radiative transfer model of Dave (1972), with cross-
tions presented here both models run at the same horizontalections and quantum yields from DeMore et al. (1988). Tab-
resolution (45km) using co-located grid points — the only ulated height and solar-zenith-angle dependent photolysis
difference being that the AURAMS domain is a subset of therates forJno, and Jo,_,o1p, as well as solar-zenith-angle-
full CRCM domain. Therefore no horizontal interpolation of dependent scaling coefficients for the other photolysis reac-
meteorological fields is required to pass information from thetions, are used within the model itself.

CRCM to AURAMS. While both models also use the same Biogenic emissions are calculated on-line within AU-
Gal-Chen vertical co-ordinate system, the location of the ver-RAMS (that is, the emissions are functions of temperature
tical levels of the two models is different and vertical interpo- and photosynthetically active radiation, both of these param-
lation is required to place fields on the AURAMS grid. AU- eters originating in the driving meteorology). The biogenic
RAMS has 28 vertical levels, extending from the surface toemission factors used in AURAMS were generated using
approximately 18 km altitude and has been run with a 15 minversion 3.09 of the Biogenic Emissions Inventory System al-
timestep to match the frequency of output provided by thegorithms (Pierce et al., 1998), with a land-use database orig-
CRCM. inating in satellite-derived vegetation fields.

AURAMS operators and the numerical methods used for For the simulations described here, AURAMS was run
each are as follows (a one-step operator splitting is emdn its native mode, with chemical concentration lateral and
ployed). Major point source emissions are calculated (plumeop boundary conditions corresponding to current conditions
rise buoyancy calculations according to Briggs, 1984, 1985;for all simulations. CO and Pl boundary conditions are
Turner, 1985 and Sharf et al., 1993), followed by semi- simplified profiles based on satellite observations, with sea-
Lagrangian advection of all transported pollutants (Smo-sonal and latitudinal variations. Short-lived chemical tracers
larkiewicz and Pudykiewicz, 1992). Vertical diffusion is car- have constant low concentration profiles on the boundaries.
ried out using a fully implicit Laasonen approach (Richt- Ozone boundary conditions make use of monthly 3-D cli-
myer, 1994), with area source emissions and gaseous denatology with adjustments for model-predicted tropopause
position incorporated as boundary conditions on the dif-height (Makar et al., 2010b). Thus, meteorological down-
fusion equation. Gas-phase chemistry calculations followscaling was applied, but not chemical downscaling. The sim-
(42 gas species, ADOM-II mechanism; Stockwell and Lur- ulations thus provide information on the potential changes
mann, 1989, numerically solved using the method of Youngdue to climate change within the model domain, but not how
and Boris, 1977), with secondary organic aerosol condensehanging conditions outside of the model domain might in-
able mass being estimated using the approach of Odurfluence the North American Air-Quality picture.
et al. (1996), with updated organic aerosol yields. This is
followed by the Canadian Aerosol Module (Gong et al.,
2003a, b) which resolves aerosol size and chemical spec
ation using 12 bins (sectional approach) for 9 species (sul-

.Three different air-quality scenarios were calculated with

phate, nitrate, ammonium, secondary organic aerosol, P'"AURAMS at 45 km resolution using 10 consecutive summers

mary organic aerosol, elemental carbon, sea-salt, crustal me;)—

. une, July and August) of CRCM meteorology derived for
terial, and aerosol water). Processes treated by the aeros . ;
. . i : . either current climate (1997—-2006) or future climate (2041—
module include particle microphysics (condensation of sul-

. . 2050) conditions. The scenarios included:
phate and secondary organic condensable mass, coagulation,

nucleation of sulphate aerosols), aqueous-phase chemistry1. {Current climate, current emissions; aka “Current”, Ta-
(ADOM aqueous phase mechanism, Venkatram et al., 1988;  ple 1}: 19972006 climate, with 2002 Canadian and US
Fung et al., 1991; using solver of Young and Boris, 1977,  and 1999 Mexican anthropogenic air pollution precur-
for integration), wet deposition (precipitation production and sor emissions.

flux from both resolved and sub-grid scales are included in

the wet deposition calculation; Gong et al., 2006), inorganic 2. {Future climate, current emissions; aka “CC”, Table 1
heterogeneous chemistry of sulphate, nitrate and ammonium  2041-2050 SRES A2 climate, with 2002/1999 anthro-
(HETV solver, Makar et al., 2003), sea-salt emissions (Gong  Pogenic air pollution precursor emissions.

et al.,, 2003a), and particle settling and deposition (Gong

et al., 2003a; Zhang et al., 2001). Sub-grid-scale convec-

tive tracer mixing and transport is not included in AURAMS

i:_% Scenarios
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Table 2. Projected @ and Aerosol precursor emissions for 2020 and 2050 for the OECD group of countries from IPCC emission scenarios.
SRES data is taken from IPCC (2000) and RCP data is taken from RCP Database (2012).

Year 2000 A2 RCP6
Emitted Species  Units SRES-A2 2020 2050 2020 2050
SO total Tg-Syrl 17 87 98 11 4.6
co Tg-coyrl 161 175 141 153 99
NMVOCs Tgyrl 36 44 42 33 25
NOy Tg-Nyr1 12 16 16 9.0 45

3. {Future climate, RCP 6 emissions; aka “CE”, Tabje 1 climate) raises the issue of inconsistency between the climate
2041-2050 SRES A2 climate, with emissions derivedand air-quality emissions. To be very specific, the future sce-
following Representative Concentration Pathway 6.0narios employed here make use of A2 greenhouse gas emis-
scaling information. sions, and present-day (or RCP 6) emissionstbéranthro-

pogenic pollutants. Both future scenarios thus diverge from

The last of these scenarios makes use of the IPCC’s RepPCC projections. However, the use of current anthropogenic
resentative Concentration Pathway 6.0 (RCP 6; Fujino efrecursor emissions in conjunction with future climate is the
al., 2006; Hijioka et al., 2008) to estimate future precur- only logical means to determine the impact of climate change
sor emissions. RCP 6 is a moderate-range stabilization scedlone on air-quality for the A2 future climate. This approach
nario where the total radiative forcing is stabilized after has been used extensively in the literature in the past. By the
2100. The RCP scenarios include a detailed development ggame token, making use of RCP 6 smog precursor emissions
the smog-precursor links to green-house gas emitting activand A2 future climate allow the combined effects of emis-
ities, and how changing these activities would also changesion changes and climate change to be assessed. The RCP 6
anthropogenic smog precursor emissions. The RCP scena$mog precursor emissions were chosen due to their level of
ios differ from the earlier A2 and A1B scenarios in that detail in comparison to the earlier SRES projections (mak-
they include sector-specific control technologies in the es4ng them ideally suited to detailed scaling of emissions with
timation of emissions changes. The RCP 6 emissions scethe SMOKE emissions processing system). We also chose to
nario includes decadal changes for 108 emitting activities,scale future emissions following RCP 6 because this projec-
for COp, CHs, N2O, SQ,, CO, non-methane volatile organic tion reflects the current view that precursor emissions in de-
compounds, S§ NOy, and NH. In contrast, the standard Vveloped countries will continue to decrease in the future. We
US, Canadian and Mexican databases for North Americarhote that all of the RCPs show continued decreases in precur-
air-pollution forecasting, and their 2020 projections, con- sor emissions for developed countries (OECD90) throughout
tain over ten thousand emitting sources and over a thousandhe 21st century, despite large differences in GHG emissions.
emissions splitting profiles by activity type, as well as GIS- As can been seen below in Table 2, the use of the original
based spatial allocation fields and temporal splitting fields forSRES A2 projections to derive emission changes from 2020
hourly level emissions. This level of detail is required for the to 2050 would have resulted in very different future emis-
regional model emissions, yet was not available in the IPCCsions. The A2 climate scenario was chosen out of necessity
data with RCP 6. In order to make the connection betweer{GCM and RCM runs being available for this scenario and
the two databases, the 108 RCP 6 emitting activities werenot for A1B or RCP 6). However, global radiative forcing
first mapped to the more detailed North American inventoryand mean temperatures from multi-model ensembles show
sources. The ratio of the RCP 6 values for 2020 and 2050 forelatively little spread in their predictions by 2050 for the
the OECD group of countries were used to scale the detailedifferent scenarios, with the largest changes occuraifter
inventory projections for 2020 to the year 2050. The detailedthis time. Nevertheless, our “RCP 6” scenario here should
inventory projections for 2020 were created assuming onlythus be taken as an indication of how RCRrog precur-
currently legislated controls would be in place by that year.Sor emissions would impact air-quality under an A2 climate,
The resulting scaling factors were applied in the SMOKE but not how RCP &reenhouse gasmissions would affect
emissions processing system, used to create all smog precugimate.
sor emissions datasets used in the AURAMS-CRCM simu- The current and RCP 6 total emissions per day are com-
lations. The resulting emission fields for 2050 are referred topared to each other for four different anthropogenic source
below as the RCP 6 emissions. categories in Fig. 2. Figure 2a shows the emissions of the

The use of current anthropogenic precursor emissions wittvolatile organic compounds (VOCs) resolved in the gas-
an SRES A2 future climate (or RCP 6 future anthropogenicphase mechanism in AURAMS (note that the emissions of
precursor emissions in conjunction with an SRES A2 futureC4+ Alkanes have been reduced by a factor of 10 to allow
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Fig. 2. Comparison of current and RCP 6 emissions(frthe suite of emitted anthropogenic VOCs in the model mechanism(mdher

emitted species. Note that some species’ emitted mass has been scaled to allow plotting on the same vertical axis. “/10” in the species’ nam¢
means the emitted mass has been reduced by a factor of«t&0; means the emitted mass has been increased by a factor of 10. Changes
associated with biogenic emissions can be seen in through comparing the average summer isoprene concentration under current climat
conditions(c), to thechangein average summer isoprene in the future clin{ale

all emissions to be plotted on the same figure). Significantulate matter decreases slightly, while emissions of NO; NO
declines in all VOCs take place in the RCP 6 scenario, withSO2, HSO; and HONO have decreased by over a factor
most of the decreases resulting from decreases in emissiortgf two (HONO emissions are calculated as a percentage of
from mobile (yellow) and non-mobile (red) area sources. Fig-mobile NQ; emissions by the SMOKE emissions process-
ure 2b shows the changes in emissions associated with othémg system, hence the RCP 6 N®missions changes result
species in the model. Carbon monoxide decreases by oven HONO emissions changes). Ammonia emissions increase
a factor of two, driven by changes in the same sources af the RCP 6 scenario, mostly due to assumed increases in
for the VOCs. Emissions of coarse mode particulate mat-non-mobile area sources, which are dominated by agricul-
ter increase, with decreases from the area sources being offural emissions.

set by increases in the minor point sources. The cause of Biogenic emissions for all cases are calculated from
the coarse mode PM emissions increases is two-fold and reBEIS3.09 assuming no change in the distribution of vegeta-
lates to the scaling factor procedure used here: the projedion between present and future conditions. The rate of bio-
tions from 2005 to 2020 assume an increase in coarse modgenic emissions depends only on temperature and light lev-
PM associated with several sources of coarse mode PM fronels, with no accounting for possible effects on changes in
non-mobile area sources and minor point sources, while themission rates from water stress or changes in the concentra-
RCP 6 ratios of primary coarse mode PM assume no changgon of CO,. The average summer concentration of (mostly)
between 2020 and 2050. The net result is thus a slight inbiogenically produced isoprene are compared for the current
crease in the primary coarse mode PM emissions betweeand CE scenarios in Fig. 2c and d, the latter showing the
2005 and our 2050 projection. Emissions of fine mode partic-difference in isoprene between current and future climates.
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Table 3. AURAMS-CRCM Performance Statistics for “Current” scenario: ozone.

Metric R? R Slope Intercept Mean Square RootMean Normalized Normalized
Bias Error Mean Bias  Mean Error

Minimum 0.23 048 0.60 21.8 125 15.4 0.54 0.56

Maximum 0.37 0.61 0.98 12.2 10.2 22.9 0.12 0.19

Mean 0.38 0.62 0.88 17.6 11.2 16.5 0.22 0.27

4th Highest 0.37 061 0.96 14.2 11.4 21.2 0.15 0.22

Maximum

10th Percentile 0.34 058 0.75 195 11.1 14.9 0.33 0.36

90th Percentile 0.36 0.60 0.91 17.6 11.2 19.6 0.16 0.23

98th Percentile 0.36 0.60 1.00 11.9 11.9 235 0.14 0.21

Days exceeding 0.25 050 0.93 20.4 19.0 311 1.00 1.31

Canada-Wide

Standard

Days exceeding 0.16 0.39 0.92 14.8 14.1 25.2 1.63 2.09

National Ambient
Air Quality Standard

Standard Deviation 0.31 056 0.83 2.3 0.0035 4.23 0.00026 0.23

Isoprene concentrations are suggested to increase over muelges for the maximum, minimum, 4th highest maximum, var-
of the continent. However, it should be noted that with in- ious percentiles, Canada-wide Standard (CWS) and US Na-
creased C@concentrations, the size of the opening of plant tional Ambient Air-Quality Standard (NAAQS) values were
stomata required for CQuptake may be smaller than under also calculated for each year. The last two metrics were cal-
current environments. This may potentially reduce biogenicculated as the number of days exceeding the standard (hence
emissions fluxes under future climate conditions below thosehe correlation coefficients were for the number of days of
described here. exceedence between model and observations). The summer
Wildfire emissions have not been included in either cur- averages were then combined across years, to create clima-

rent emissions or future projections. Wildfires may have atological ten-year summer averages, and then compared to
very substantial impact on air-quality over large regions. Themodel-derived values. The resulting evaluative statistics are
magnitude of changes in wildfire emissions due to climateshown in Tables 3 and 4. Scatterplots for the 10 yr average of
change is complex, due to uncertainties within the emissionshe mean summer daily maximum 8 h average ozone and the
algorithms themselves, as well as in projecting forest coverl0 yr average of the daily average Pdare shown in Fig. 3.
and fire-inducing conditions in the future. Nevertheless, theThe model has a 10 to 11 ppbv positive bias for most ozone
absence of wildfire emissions is a potential confounding fac-statistics, slopes close to unity for most statistics (except
tor on the results presented here. for minimum ozone), and correlation coefficient®) (val-

ues ranging from 0.39 for NAAQS to 0.62 for mean ozone.

The ozone statistics (Table 3) are similar to those achieved
4 Model performance for AURAMS simulations using its standard meteorological

driver (the Canadian Weather Forecast model: Global En-
In order to evaluate the model performance, observations caiironmental Multiscale — GEM). Simulations at 42, 15 and
ried out over North America for the current climate period 2.5km grid spacing (Makar et al., 2010a) suggest that much
(1997—2006) were collected from ozone and #2Wbbser-  of the positive bias in these model simulations is the result
vation stations across the continent. For a particular station9f insufficient NQ titration at the relatively low resolution
data for the study period was deemed complete when dataf 42km, and would be eliminated with further downscal-
was available for 7 or more years, and each of the reporting to higher grid resolutions than those attempted here. The
ing years had data for 75% or more of the days in JunePMzs statistics (Table 4) are similar to those achieved by this
July and August. The data at each station were used to dete¥ersion of AURAMS driven by GEM in terms of correlation
mine the station summer average for the average daily maxcoefficient, with the important exceptions of the mean bias
imum 8 h ozone and the 24 h average #MSummer aver-  (which is more negative than achieved with GEM), and the
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03 Comparison @) 5 Model predictions: meteorological changes:
120 - current climate versus future climate
1o The reader is referred to Plummer et al. (2006) for an in-
depth analysis and evaluation of the RCM’s meteorological
predictions.

Three examples of the expected changes in meteorology
are given below: lowest model layer temperatures, relative
humidity and downwelling solar radiation at the surface. Ten
year averages of the each summer’s average and 98th per-
centile values for these fields are given in Figs. 4 to 6.

Figure 4 shows that the average summer temperature is
expected to increase, with the extent of the increase varying
20 greatly in space, and maximum values of around2.2The
10 : largest increases occur in the centre of the continent. North-

10 20 30 40 50 60 70 80 90 100 110 120 western USA and south-western Canada have summer aver-

Observed O3 (ppbv) age temperature increases between 1.0 an8iClnkar the

Pacific, with temperature increases rising as high as@.9
with increasing distance inland. The pattern of changes in
summer season average surface temperature are broadly sim-
ilar to those shown in Plummer et al. (2006) for an earlier
20 - version of the CRCM, though the magnitude of the increases
found here are slightly smaller. The second row of contour
maps in Fig. 4 shows the summer average 98th percentile
temperature, and its (future—current) difference. The 98th
percentile temperatures are the high temperature extremes;
the lower half of the figure thus shows the hottest days of the
summer on the left, and the change in the temperatures of
the hottest days on the right. The lower right figure is signifi-
59 6. & &R IR cantin that the change in temperatures for the hottest summer

g - days have increased more than the average (compare upper
and lower right panels of Fig. 4, which have different tem-
perature scales). The pattern of the increase in extreme tem-
peratures is very spatially inhomogeneous, with the greatest
increase in local extreme temperatures occurring in the Cana-
Fig. 3. Scatterplots of “Current” scenario comparisons to observa-dian provinces of Ontario and Quebec, followed by parts of
tions. (a) Summer average maximum daily 8 h averagge(fpbv), the north-eastern USA and northern Canada. For example the
915 stations(b) Summer average daily average Py(ugnT3),  increase in the average mean temperature for Toronto is 1.7
565 stations. Statistical measures are given in Tables 4 and 5. to 1.900, while the Corresponding increase in the average

98th percentile temperature is 2.6 to 3@ The tempera-
ture maps thus show an increase in average temperature, and

correlation coefficients for CWS and NAAQS which are rel- an increase in the magnitude of extreme heat conditions, for
atively low. The relatively high negative bias in the CRCM- most of the continent.
driven AURAMS results is likely due to two factors: the  Figure 5 shows the mean summer average and 98th per-
cloud physics package for this version of the CRCM lackscentile specific humidity in the current climate simulations,
a parameterization for the evaporation of falling rain, and theand their change between future and current climates. The
surface temperatures of the CRCM over the western mounspecific humidity is a measure of the water content of the
tains and the boreal forest regions of the continent have negaatmosphere, and influences atmospheric chemistry through
tive biases. The former process has been shown to be a signitlifferent mechanisms (e.g. setting the background level of
icant source of particle sulphate (€@ken up by clouds is the OH radical, influencing the equilibria of inorganic parti-
converted to sulphuric acid and is released as sulphate partcle chemistry, etc.). Specific humidity increases in both the
cles when rain evaporates en route to the ground). The lattemean and the 98th percentile, with the latter increases the
reduces the rate of biogenic emissions, hence reducing thkargest in the Mississippi basin, southern Florida, and the
rate of secondary organic aerosol formation from the oxida-Red River basin. Similar to temperature, specific humidity
tion these hydrocarbons released by vegetation. increases at the 98th percentile are in general higher than the
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Table 4. AURAMS-CRCM Performance Statistics for “Current” scenario: £\

Metric R? R Slope Intercept Mean Root Mean Normalized Normalized
Bias Square Error Mean Bias  Mean Error

Minimum 0.47 0.68 0.39 -0.01 -24 2.8 -0.62 0.63

Maximum 0.27 052 0.34 7.13 —-13.8 18.9 -0.43 0.46

Mean 055 0.74 057 -0.63 -6.3 7.2 -0.48 0.50

4th Highest 0.38 062 0.51 3.13 -75 10.9 -0.35 0.40

Maximum

10th Percentile 052 072 053 -022 -29 3.4 —-0.50 0.52

90th Percentile 053 073 055 -0.67 -11.0 12.7 -0.48 0.51

98th Percentile 0.39 0.63 044 2.78-14.5 17.6 —-0.47 0.49

Days exceeding 0.04 0.20 0.09 021 -1.6 3.2 -0.81 0.90

Canada-Wide

Standard

Days exceeding 0.02 0.13 0.04 0.09 -0.9 1.9 -0.87 0.94

National Ambient
Air Quality Standard

Standard Deviation 0.42 0.65 0.46 0.48 —3.1 3.8 -0.47 0.50

Fig. 4. (a) Ten year average current climate (1997-2006) lowest model layer mean summer temp@rgtCinange in temperature (fu-
ture climate—current climatefc) Ten year average current climate (1997—2006) lowest model layer 98th percentile summer temperature.
(d) Change in average 98th percentile temperature (future climate—current climate).

increases in the average, indicating an increase in the magn indicator of cloudiness, of surface photolysis rates, and
nitude of extreme humidity events across the continent, in aalso affects the emission rate of biogenic isoprene. The cli-
spatially inhomogeneous pattern. mate response is spatially inhomogeneous: average incom-
Figure 6 shows the mean summer average and 98th peing solar radiation increases over much of eastern and central
centile of the average summer incoming solar radiation atNorth America (Fig. 6b, orange to red regions), particularly
the surface. The incoming solar radiation at the surface isalong the US south-east coastline and the region from the
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Fig. 5. (a) Ten year average current climate (1997-2006) lowest model layer summer specific huinjditiange in specific humidity
(future climate—current climatejc) Ten year average current climate (1997-2006) lowest model layer 98th percentile summer specific
humidity. (d) Change in average 98th percentile specific (future climate—current climate).

'lif"“% &
'&‘ ! =
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Fig. 6. (a) Ten year average current climate (1997-2006) average summer incoming solar radiation at the surfaée (W Bhange in
average summer incoming solar radiation (future climate—current clinfe}@en year average current climate (1997-2006) 98th percentile
summer incoming solar radiatiqd) change in average 98th percentile incoming solar radiation (future climate—current climate).

Prairie provinces of Canada eastwards to the Atlantic). Sothe earlier figures but are of limited use as the 98th percentile
lar radiation is projected to decrease in parts of the westertikely results from clear sky values for much of the model
mountain ranges, with particularly large decreases over westdomain. Changes in the 98th percentile are thus near zero
ern Canada, and a broad band of decreases across northewer most of the model domain. The main tendency is thus
Canada (yellow to blue colours). The changes for the 98than increase in average incoming solar radiation at the sur-
percentile values (Fig. 6d) are shown for consistency withface over much of North America, particularly the heavily
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Fig. 7. (&) Ten year average “Current” lowest model layer mean summer daily maximum 8 h aveyag QCC. (c) ACE. (d) ACC, but
with the colour scale oA CE, for comparison purposes.
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industrialized eastern United States and adjoining regions oincreases on the order of 9 to 10 ppbv). The largest increases
southern Canada, suggesting that increased photochemicatcur in the region around Los Angeles, Chicago, Detroit and
activity may occur over these regions. other urban regions in the US. In contrast, Fig. 7c shows that

These results indicate that the effect of climate change orthe RCP 6 emissions under the SRES A2 climate result in
air-quality are likely to be highly variable; in general, mean very large decreases is@ometimes greater than 35 ppbv),
temperatures and humidity levels increase, and the magniextending across the eastern US. Decreases of 5 to 15 ppbv
tude of extreme events increases (the most hot and humidccur much of the rest of Canada and the US under the RCP
days become more hot and humid), but these changes a®scenario. Almost the entire domain in Fig. 7¢c experiences
highly dependent on location. Some areas are shown to havezone decreases, the one exception being Greater Los An-
less cloud cover on average, though again this is spatially hetgeles, where decreases in N@missions in the downtown
erogeneous. The climate model alone is thus insufficient tacore have lead to reduced ozone titration, hence significant
predict possible air-quality outcomes; the analysis now turndncreases in ozone in that location. Comparison of Fig. 7¢
to the differences predicted by AURAMS for the different and d shows that the increases in 0zone expected via climate
scenarios. change (Fig. 7c¢) are much smaller in magnitude than the de-
creases in ozone that could be achieved via the significant
precursor emissions reductions associated with the RCP 6
emissions scenario (Fig. 7d).

The equivalent analysis for the ten year average mean

The ten year averages of the mean summer daily maximungummer daily average P4 concentrations across North
8h ozone concentrations across North American for the thre'Merica is shown in Fig. 8. The projected effects of climate
scenarios are shown in Fig. 7. The AURAMS results are pre-change aloneXCC) is shown in Fig. 8b. The Pp mass in-

sented as sets of four images; the average concentration fiel€ases by between 0.5 and 1.0 ug'rover much of the in-
for the “Current” scenario (Fig. 7a) are followed by differ- land eastern United States, while lower magnitude increases

encesACC (Fig. 7b), andACE (Fig. 7c), while the final im- (>0.2ugn73) occugover much of North America. Large in-
age shows th&.CC field with the same colour scalea€E, ~ Créases%1.0ugnr) are also seen over Hudson's Bay and
allowing a comparison of the magnitude of the changes re'€ driven by increases in natural sea-salt aerosol emissions,
sulting from the two future emissions scenarios. The mostWith the reduction of ice cover and increased winds in that re-
significant features of the future scenarios are the differencdion- Climate change alone will thus cause particulate matter
in the expected sign and magnitude of the change in ozonlP increase in these regions, even if anthropogenic precursor
concentrations. Figure 7b shows that @ncentrations are emissions remain constant at their current values. The CE
largely expected to increase with climate change (maximunscenario (Fig. 8c) has large reductions in\bver much of

6 Model predictions: air-quality changes
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Fig. 8. As in Fig. 7, daily average Pk.

the eastern USA and the Ontario to Quebec corridor (reducereases in concentration of the other species. Figure 9 shows
tions of up to 10 ug m3 in some regions, and larger regional that the increases in PM in the CC scenario (left and right
decreases of more than 3 ug®. Some very local areas see columns) result from increases in secondary organic aerosol
increases in PMs with RCP 6, Chicago, Los Angeles, the mass (Fig. 9j, I). Increases in secondary organic aerosol mass
north Okanagan in British Columbia being examples. Thealso occur in the CE scenario (Fig. 9k), but are lower in mag-
change in PMs is associated with climate change alone are nitude than the other scenario. Both future scenarios have the
relatively small (compare Fig. 8c and d). The use of currentsame biogenic emissions — these are a function of the tem-
anthropogenic emissions in a warmer future climate thus inperature and, for isoprene, the photosynthetically active ra-
creases Pl on a regional basis, while the implementation diation levels. These are identical in the two scenarios since
of the RCP 6 emissions would result in a decrease in M both have the same future climate. Consequently, the differ-
over large regions, with increases in a small number of urbarences in secondary organic aerosol result from differences in
locations. It should be noted that changes in the frequencyhe anthropogenic emissions between the two future scenar-
and magnitude of forest fires have not been included into théos. The increase in Pp% in the CC scenario thus results
emissions database — these may have a considerable impdobm increases in secondary organic aerosol, while the de-
on the PM 5 loading associated with climate change. creases in the RCP 6 scenario result from decreases in both
The differences in PMs can be further analysed through secondary inorganic and primary particle mass, and from a
examination of the individual chemical components of/2M  relatively reduced influence of secondary organic aerosols on
that are resolved by AURAMS, as is shown in Fig. 9. Eachthe total PM 5 loading.
row of images in Fig. 9 shows a chemical component of The climate-and-AQ changes to the overall reactivity of
PM_ 5. The left column of the figures corresponds to the ef-the atmosphere may be estimated by comparing the model
fect of climate change alon&CC) for each particle species, 24 h average OH radical concentrations in the lowest model
the middle column the equivalent difference for the com- layer, as is shown in Fig. 10. The OH radical will be affected
bined effects of climate change and the RCP 6 emissiondy local meteorological (incoming solar radiation, cloudi-
(ACE), and the final column shows the same information asness, water content of the atmosphere) and chemical factors,
the first column, re-plotted with the middle column’s colour hence Fig. 10a is very spatially inhomogeneous. Figure 10b
scale to allow a magnitude comparison as above. Figure $hows that the CC values of OH decrease relative to the Cur-
shows that the decreases in Pdassociated with the RCP rent simulation over much of the eastern part of the domain,
6 scenario result from decreases in sulphate (Fig. 9b), amwhile increasing in the cities and over the prairie regions
monium (Fig. 9e) and nitrate (Fig. 9h), as well as minor de-of Canada and the US and parts of the Rockies in the US.
creases in primary elemental carbon (Fig. 9n) and primary orThe CE scenario (Fig. 10c) shows a relatively more substan-
ganic carbon (Fig. 9q). Secondary organic aerosol increaseial decrease in OH concentrations over much of the US and
slightly (Fig. 9Kk), but at a level insufficient to offset the de- Canada (compare Fig. 10c and d). The latter decreases are
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Fig. 9. Chemical speciation of differences in 10 yr average summer particle mass, Future—Current, for the two future SEgrizides.
SOy: ACC. (b) PMo 5 SOy ACE. (€) PMy 5 SO4: ACC, with the colour scale oACE. (d, e, f) PMa 5 NHy, as in(a, b, c). (g, h, i) PMa 5
NOg3, asin(a, b, ¢) (j, k, ) PM, 5 secondary organic aerosol, aga b, c). (m, n, 0) PM, 5 Elemental Carbon, as @, b, ¢) (p, q,r) PM2 5
primary organic aerosol, as (g, b, c)

Atmos. Chem. Phys., 12, 536539Q 2012 www.atmos-chem-phys.net/12/5367/2012/



J. Kelly et al.: Projections of mid-century summer air-quality for North America

[ :
SR

M

it

N
R 2 ;’j o
)

SV
= W /‘@Q

Fig. 10.As in Fig. 7, daily average OH (units ppbv).

sometimes a significant fraction of the OH present at specifiaulate matter and ozone concentrations over much of North
locations. For regions where biogenic hydrocarbons are imAmerica.

portant for near-surface atmospheric chemistry, the increases
in biogenic emissions under future climate conditions will
suppress OH and this effect will become larger for future cli- 7
mate with the reduced N@missions specified for the RCP 6

e o e et e O 7023 he A Qualty Heslth ndex (AQH) i a tree polan
Y Y P “health metric designed by Health Canada in conjunction with

the effects of changes in the emissions of short-lived SpeCiesEnvironment Canada, to convey the effects of air pollution on
The RCP 6 (Fig. 10c) atmosphere has become less reactive ' y b

less oxidizing, than the 2002/1999 emissions atmosphereglcu;eogg)m ?ﬂ:i%ﬂﬁgg?&i;;ﬁ gﬁﬁrzzeéﬁgfnﬁggfs(séggsa
This may account for some of the other changes noted aboveio" PM ] and NGy), which are related via Eq. (1):

such as the reduction in secondary organic aerosol differ 3" %3 ' q- (%)
ences going from CC to CE. Lelieveld et al. (2008) also AQHI = 1_00
note that under low NQconditions and in regions of high T 104
biogenic emissions (the Amazon), significant OH recycling [64.87x10r4[PMz5] _ 1]} )
from HO, reactions with carbonyl radicals may take place.

This process is missing from the mechanism used here. The | the above formula, the concentrations of N&nd G
magnitude of the OH decreases noted here should be consigye in units of ppbv, and the concentration of PMs in

ered upper limits. gnr3,

The above chemical analysis shows that changes to air The model-predicted AQHI values for each scenario were
quality due to climate change alone, with anthropogeniccgiculated on an hourly basis for Canadian cities and towns
emissions remaining constant at 2002 levels, would haveynd major cities within the USA. These values were used
a negative impact — with increases i @nd PMps. The g construct box-and-whisker histograms for each of the se-
analysis also shows that a much more significant impact ofjgcted cities (Figs. 11, 12 and 13). Each city’s AQHI values
air-quality would occur with the enactment of RCP 6 emis- for each scenario are represented by a set of three histograms;

sions reductions: ©and PMs levels would decrease over g left, in blue, “Current”, middle, in red, CC, and at right, in
much of North America, and the average OH concentrationgreen, CE.

of the atmosphere would decrease (the decreases shown hererpe general tendency of Figs. 11 through 13 is a wors-
may be an upper limit; cf. Lelieveld et al., 2008). The activ- ening AQHI compared to current conditions (blue) for the
ity changes of RCP 6 designed to reduce greenhouse gasesc scenario (red), and an improvement to AQHI when go-
would thus have a significant co-benefit by reducing partic-ing to the CE scenario (green), for the metrics displayed.

Model predictions: the effects of climate change on
air-quality-induced human health

[[ £871x1074[NO] _ 1] + [ £5-37x107%(03] _ 1]
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Fig. 11. Air Quality Health Index box-and-whisker histograms, Fig. 13.Asin Fig. 11, large American cities. Note the vertical scale
western Canadian towns and cities. Blue: “Current”. Red: CC.change relative to Figs. 11, 12.

Green: CE. Upper and lower whisker limits are 98th and 2nd per-

centiles, respectively, box limits are 75th and 25th percentile, me-

dian is solid horizontal bar, mean is * symbol. their current levels. Conversely, that effect would be substan-
tially reduced and usually reversed if the RCP 6 emissions
m controls were enacted.

) The analysis gives similar results for other cities in North
. America — with the implication that mortality resulting from
exposure to air pollution can be expected to become slightly
worse than at present due to climate change, but would be-
come significantly better, despite climate change, if the RCP
6 emissions reductions were carried out. The cause of the
impacts varies from city to city. For example, Los Angeles
} H H experiences increases irg @ the future scenarios, but the
: H H ! éé decreases in NOand PM 5 in that location are sufficient
B i i g g T8t e T to result in net AQHI decreases. This illustrates the impor-
0 . I - tance of using a multi-pollutant health indicator such as the
@@?’ ST A A S AQHI in order to determine the overall impact of emissions
° changes on mortality. Similar findings for the effect of future
Fig. 12.As in Fig. 11, eastern Canadian towns and cities. Note theclimate on air-quality-induced human health impacts have
vertical scale change compared to Fig. 11. been found in other studies (increases in emergency depart-
ment visits (Sheffield et al., 2011), mortality and premature
death rates, Chang et al., 2010; Jackson et al., 2010; Selin et
Local differences may however be noted. For Whitehorseal., 2009). The timescale of impacts is worth considering in
Yellowknife, (Fig. 11), St. John’s (Fig. 12), San Antonio, this regard: the effects of reductions of greenhouse gas emis-
Dallas, Phoenix and Houston (Fig. 13) both future climatessions on climate change may require decades following en-
improve (i.e. decrease) the 98th percentile AQHI comparedactment before a beneficial impact may be seen. — However,
to the current climate. However, for these cities, the RCP 6if those greenhouse gas emissions reductions are accompa-
scenario results in lower AQHI for all metrics displayed than nied by reductions in smog precursor emissions, significant
the CC scenario. Kamloops (Fig. 11) has worse 98th perhealth benefits would occur. The latter would take place es-
centile and 2nd percentile AQHI when going from the CC to sentially immediately.
the CE scenario, but the median, mean, and 75th percentile
values improve. In general, however, the net effect of the
RCP 6 emissions changes is a positive one, with decreases Model predictions: the effects of climate change on
in mean, median, and percentile AQHI, while the CC result  ecosystem damag
in increases in the mean, median, and/or extreme AQHI. The
climate-change-induced effect of air-quality changes on hu-8.1 Sulphur and nitrogen deposition
man health is thus a deterioration: increases in mortality can
be expected due to worsening air pollution conditions as a reAn area of ongoing concern is the potential for acidifying
sult of climate change, if anthropogenic emissions remain aprecipitation to damage ecosystems. One measure of the

AQHI

®,
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Fig. 14.Change in total deposition of Sulphur. Panels as in Fig. 7, for total S deposition, tonnes/summer.

level of the ability of an ecosystem to withstand acidifying creases in the dry deposition of gaseous $g. 16a) and
deposition is the “critical load”, in which the biological and the second mostimportant is a decrease in the wet deposition
physical characteristics of an ecosystem are used to estimats Sofl_(aq) in rainwater (Fig. 16b). Many of the emissions
the limits of sulphur and nitrogen deposition to that ecosys-changes associated with RCP 6 reduce sulphur-emitting ac-
tem, beyond which ecosystem damage occurs (Makar et altjvities (e.g. coal-fired power-plants), hence these changes
2009). Unfortunately, many of the underlying assumptionsmight be expected. Particulate sulphate has a relatively mi-
in critical load calculations are temperature dependent, anehor impact on the changes to sulphur deposition, as does wet
de facto depend on climate. For that reason, the discussiodeposition of the HSQ(aq) ion, and gas-phase,850, de-
here will be limited to changes in total sulphur and nitrogen position (not shown).
deposition associated with the two future climate scenarios. Figure 17 shows the main contributions to the change in
Figure 14 shows the model-predicted total sulphur (S) de-N: the largest contribution creating increases in N deposi-
position between the two future scenarios and the currention is wet deposition of Nﬁﬁ(aq) (Fig. 17a), followed by
climate scenario in a format similar to Fig. 7. Figure 14a dry deposition of gaseous NHFig. 17b). The decreases in
shows that relatively minor changes to the total S deposi-N deposition in the Seattle-Vancouver corridor, the southern
tion occur due to climate change alone, with both increasesGreat Lakes, and the eastern seaboard of the USA result from
and decreases of a magnitude smaller than for the current clidecreases in the wet deposition of N@q) (Fig. 17c). Fig-
mate (Fig. 14a). Much more substantial decreases occur withire 18 shows the driving factor behind some of these dif-
CE (Fig. 14c; compare scales with Fig. 14b, d). The RCPferences: concentrations of gaseous ammonia are expected
6 scenario has large decreases in deposited sulphur througte increase in some regions, under RCP 6 (Fig. 18c). The CC
out eastern North America, and in specific regions in westerrsimulation (Fig. 18b) shows slight increases in concentration,
North America (Alberta, Seattle-Vancouver corridor, Alberta which are a response to the meteorological changes associ-
Oil Sands, Los Angeles). ated with the future climate. Gaseous ammonia emissions are
The effect of RCP 6 on nitrogen deposition (Fig. 15) is, expected to increase in RCP 6 by approximately 30 % rela-
however, shown to be both positive and negative. Over thdive to the current emissions levels (Fig. 2b). This results in
larger region (most of North America), N deposition de- additional ammonia being taken up into cloud water and de-
creases by between 0 to 200tonnes/summer, and by oveosited in rainfall (Fig. 17a), and dry deposited in gaseous
700 tonnes/summer in some parts of the eastern seaboard afatm (Fig. 17b). The NQ emissions reductions associated
over southern Ontario. However, local increases in N deposiwith RCP 6 (Fig. 2b) in turn reduce the production of ni-
tion also occur, in some of the cities in Canada and the USAtric acid, thus reducing the wet deposition of the nitrate ion
These differences are analysed in more detail, below. (Fig. 17c). Similarly, the S@emissions reductions of RCP
Figure 16 shows the two main contributions to the change6 (Fig. 2b) reduce the dry deposition of 8(ig. 16a), and
in total S deposition: the largest contribution results from de-the wet deposition of the sulphate ion (Fig. 16b).
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Fig. 15.Change in total deposition of N. Panels as in Fig. 7, for total N deposition, tonnes/summer.

Fig. 16. Two main contributors to changes in S deposith@E,
Tonnes/summeKa) Dry Deposition of gaseous SQ(b) Wet de-

Ammonia emissions are expected to increase to a greater
or lesser degree in all of the RCP scenarios. The implication
of these findings is that some ammonia gas emissions reduc-
tions, beyond the projections used in the RCP scenarios, may
be required in order to prevent local increases in deposited
nitrogen.

8.2 Ozone deposition

The deposition of ozone to vegetated surfaces has long been
linked to foliage damage, and is implicated in reductions of
crop yields (Averny et al., 2011). Ten year average summer
ozone deposition and difference fields are shown in Fig. 19.
Small magnitude increases and decreases in deposited ozone
occur for the CC scenario (Fig. 18b) relative to current con-
ditions (Fig. 19a), while the ozone decreases of Fig. 7c result
in substantial reductions in ozone deposition over the eastern
US and south-eastern Ontario and Quebec. The adoption of
RCP 6 emissions controls would therefore lead to reductions
in ozone deposition relative to current conditions, and hence
lead to improvements in crop yields as the result of reduced
ozone exposure to foliage.

9 Conclusions

The analysis presented above was designed to answer two
main questions, “What is the impact of climate change on
air-quality (all other aspects of the system being held con-
stant)?”, and “What is the impact of reducing anthropogenic

position of S~ (aq). Note that positive and negative scales have aprecursor emissions in a warmer future climate?”. The ques-

logarithmic interval.

Atmos. Chem. Phys., 12, 5365390 2012

tions have been asked in the context of air pollutant concen-
trations, human health, and environmental degradation. The
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lation), acidifying deposition increases, as does ozone depo-
sition. The differences are typically on the order of increases
of afew ppbv for ozone, few pg 1t for PM, 5, though larger
differences may sometimes be locally discerned.

The impact of reducing anthropogenic precursor emis-
sions according to the IPCC’s RCP 6 in a warmer future cli-
mate is one of improvement, more significant in magnitude
and opposite in direction to the other future scenario, though
once again variable in extent and location. Concentrations of
ground-level ozone decrease significantly throughout south-
ern Canada and the most of the USA, with large decreases
(in excess of 20 ppbv) in the US eastern seaboard, M
decreases of more than 8 pgfnare predicted. Air quality
health index histograms indicate that most cities would expe-
rience reductions in air-pollution-induced mortality. Deposi-
tion of acidifying sulphur would decrease, and deposition of
acidifying nitrogen would decrease over much of the east-
ern seaboard. Increases in acidifying nitrogen were predicted
to occur in some areas, since the RCP 6 emissions scenario
assumes that ammonia gas emissions will increase. Deposi-
tion of ozone to vegetated surfaces will also decrease signifi-
cantly, by a substantial fraction of the total ozone deposition
predicted to occur under current climate conditions.

Both of these sets of changes are relative to current cli-
mate conditions. The RCP 6 scenario thus represents a signif-
icantimprovemento ambient air quality, human and ecosys-
tem health, compared to thatirrently experienced in North
America. If anthropogenic precursor emissions remain fixed
at their current values, then the impact of climate change act-
ing alone will be to worsen air-quality. The magnitude of the
deterioration will be less than the magnitude of the potential
improvements associated with the RCP 6 emissions scenar-
ios.

The results have important implications for public policy-
making. While the impacts of greenhouse gas emissions re-
ductions may take several decades to be discerned, the ben-
efits resulting from reducing the emissions of air pollutants
and their precursors would be immediate. Our results sug-
gest that worsening air quality due to climate change alone
would be offset or reversed through emission reductions such
as those embodied in the RCP 6 projections. The study raises
the possibility that actions which simultaneously reduce both
greenhouse gases and air pollution precursors may result in
further improvements to air-quality, beyond those investi-
gated here. The benefits in reducing air pollution as shown
overview answers to these questions, as suggested by oiere include reductions in mortality associated with acute air-
analysis, are as follows. quality episodes, in acidifying deposition, and in ozone depo-

The impact of climate change on air-quality when all sition (improving crop yields), over much of North America.
other model constraints remain unchanged, is one of degraFhese potential benefits may offset some of the costs asso-
dation, though variable in extent and location. When cur-ciated with greenhouse gas mitigation strategies, and further
rent anthropogenic pollutant precursor emissions are used imvestigation of this possibility is therefore recommended.
our modelling system with an SRES A2 climate for 2041
to 2050, ozone and PM concentrations increase, the air-
quality health index scores increase (indicating increased
mortality for vulnerable individuals within the human popu-

NO3- (aq) Deposi
tonnes N/ s

Fig. 17. Three main contributors to changes in N depositid@E,
tonnes/summe(a) Wet deposition of NIjL(aq).(b) Dry deposition

of gaseous NH. (c) Wet deposition of NQ (aq). Note that positive
and negative scales have a logarithmic interval.
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