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SI Text

We present supporting material describing the meteorological
analysis, the global aerosol model, the representation of the
volcanic emissions in the model, the calculation of the mean
effect performing a meta-analysis of four short-term exposure
studies, and the calculation of excess mortality assuming exposure
of the European population to a baseline concentration of par-
ticulate matter with diameters smaller than 2.5 pm (PM2.5) typi-
cal of urban conditions.

Meteorological Analysis. We used six-hourly wind fields and geo-
potential height from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (00, 06, 12, and 18 Coordinated
Universal Time analyses) from 1958 to 2010 (1, 2). Wind fields
were examined for the 300, 500, and 700 hPa levels of constant
pressure, corresponding to heights of approximately 9, 5.5, and
3 km, respectively. An index of the flow between Iceland and
the United Kingdom was calculated. The index is designed to
be positive for predominantly northwesterly flow. The index is
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where || is the wind speed in meters per second and 6 is the
angular deviation of the flow direction from the northwest.
The index is evaluated at 10 locations (20°W, 65°N; 15°W, 65°N;
20°W, 62.5°N; 15°W, 62.5°N; 10°W, 62.5°N; 15°W, 60°N; 10°W,
60°N; 5°W, 60°N; 10°W, 57.5°N; 5°W, 57.5°N) and then averaged
with a cos(latitude) weighting to give a single value every 6 h for
each of the three pressure levels. Fig. 1 in the main text shows the
annual percentage of positive values at 500 hPa for the years
1958-2010.

For our model analysis of air quality over Europe, we have
simulated a year with a low frequency of northwesterly flow
(2003) and a year with a high frequency of northwesterly flow
(2005). Reconstruction of the meteorological situation in 1783
(see Fig. S1) suggests the Laki eruption itself occurred in a year
with low northwesterly flow (3).

The 3D Global Chemistry-Aerosol Microphysics Model. We used
the Global Model of Aerosol Processes (GLOMAP) to simulate
sulfate, sea salt, elemental carbon, organic aerosol, and dust from
natural and anthropogenic sources. The model is an extension of
the TOMCAT 3D global chemical transport model (4). We used
the modal version of the model (GLOMAP mode) where the
aerosol size distribution is treated using a two-moment modal
scheme (5). In these simulations, we included seven modes:
hygroscopic nucleation, Aitken, accumulation and coarse modes
plus nonhygroscopic Aitken, accumulation, and coarse modes.
The simulations were conducted using a 2.8° X 2.8° resolution,
and reanalyzed ECMWF meteorology (1, 2). The control runs
used a present-day atmospheric setting with the following natural
and anthropogenic emissions: anthropogenic sulfur dioxide
(S0O,) (6), volcanic SO, following recommendations of Dentener
et al. (7), oceanic dimethyl sulfide (8, 9), sea spray (10), primary
organic carbon (OC) and black carbon (BC) from biofuel and
fossil fuel (11), biomass burning SO,, and BC/OC (12) as well
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as dust (7). The simulations were conducted using the sulfur
chemistry scheme described in Breider et al. (13) coupled to the
full background TOMCAT chemistry (resolving Ox-NOy-HOx,
C,—C; nonmethane hydrocarbons and isoprene reactions).

The model has been evaluated against a wide range of aerosol
measurements around the world (5). To supplement that evalua-
tion, we show in Fig. S2 the comparison of modeled PM2.5 data
against 399 multiannual measurements at European ground
stations (14). We obtained a Pearson’s correlation coefficient of
0.7 and a normalized mean bias of —0.14 (i.e., the model is 14%
biased low on average).

Representing the Volcanic Emissions in the Model. To represent emis-
sions from the Laki vent system in our model, we emitted a total
of 94.3 Tg of SO, into model grid boxes above Iceland (17°W,
64°N) between 9 and 13 km as 10 discrete SO, mass loadings
representing the 10 eruption episodes (15, 16) each injected
within one 6-h period. In addition, a total of 27.6 Tg of
SO, was continuously emitted into grid boxes between the sur-
face and 1 km, representing passive degassing from the Laki
lava flows (17).

Exposed Population. Data on the exposed population were ob-
tained from the History Database of the Global Environment
(HYDE 3.1) (18) for the year 2004 (see Fig. S3). The
HYDE 3.1 data were provided on a 0.083° x 0.083° grid and have
been regridded to our model resolution (2.8° x 2.8°).

Meta-Analysis Using Existing Short-Term Exposure Studies. In order
to obtain a combined effect for all-cause mortality due to
short-term exposure to PM2.5, we used the four studies listed in
Table S1 and calculated a mean effect using the standard techni-
que of inverse-variance weighting (which assigns weight to each
study based on the inverse of the variance).

Long-Term Excess Mortality Using Urban-Typical Baseline PM2.5
Concentrations. In order to address the uncertainty arising from
the baseline PM2.5 exposure, we performed one additional cal-
culation using the extreme assumption that the entire European
population is exposed to PM2.5 concentrations that are typically
observed in urban environments in Europe. First, we used the
European air quality database (AIRBASE) observations (14)
in order to obtain a European mean urban-to-rural PM2.5 ratio
of 1.6. Second, we applied this urban-to-rural ratio to the gridded
12-mo mean PM2.5 concentrations in our control simulations as
follows:

Xypm =Xy X 1.6
and to the perturbed simulation as follows:
Xy, =Xy X 1.6 + (Xpy — X¢y).

Third, we have calculated excess mortality due to long-term
exposure to PM2.5 as described in the main text (see Eq. 1 in

the main text and the equations in Materials and Methods).

4. Chipperfield MP (2006) New version of the TOMCAT/SLIMCAT off-line chemical
transport model: Intercomparison of stratospheric tracer experiments. Q J R Meteorol
Soc 132:1179-1203.

10f4


http://www.pnas.org/cgi/doi/10.1073/pnas.1108569108

5. Mann GW, et al. (2010) Description and evaluation of GLOMAP-mode: A modal global 12. van der Werf GR, Randerson JT, Collatz GJ, Giglio L (2003) Carbon emissions from fires
aerosol microphysics model for the UKCA composition-climate model. Geosci Model in tropical and subtropical ecosystems. Glob Change Biol 9:547-562.

Dev 3:519-551. . . . 13. Breider TJ, et al. (2010) Impact of BrO on dimethylsulfide in the remote marine

6. :of.al.a J AT:B’; I\ﬁ,oKllmzn(t:g, SCQOPZ%;’X (IZOtOS) Slc:nanots o:t\LVo;!d Ar;throzogezl'c boundary layer. Geophys Res Lett 37:L02807.

missions o - X an up to - ‘nternas Report of the Iranshounaary Alr 14. AirBase (2010) AirBase—the European AIR quality dataBASE. Available at http:/air-
Pollution Programme (International Inst for Applied Systems Analysis, Laxenburg, X i X X
Austria). climate.eionet.europa.eu/databases/airbase/index_html. Accessed August 10, 2010.

7. Dentener F, et al. (2006) Emissions of primary aerosol and precursor gases in the years 15. Thordarson T, Self S (1993) The Laki (Skaftar Fires) and Grimsvétn eruptions in
2000 and 1750 prescribed data-sets for AeroCom. Atmos Chem Phys 6:4321-4344. 1783-1785. Bull Volcanol 55:233-263.

8. Kettle AJ, Andreae MO (2000) Flux of dimethylsulfide from the oceans: A comparison 16. Thordarson T, Self S (2003) Atmospheric and environmental effects of the 1783-1784
of updated data seas and flux models. J Geophys Res Atmos 105:26793-26808. Laki eruption: A review and reassessment. J Geophys Res Atmos 108:4011.

9. Nightingale PD, et al. (2000) In situ evaluation of air-sea gas exchange parameteriza- 17 Thordarson T, Self S, Oskarsson N, Hulsebosch T (1996) Sulfur, chlorine, and fluorine
tions using novel conservative and volatile tracers. Global Biogeochem Cycle degassing and atmospheric loading by the 17831784 AD Laki (Skaftar Fires) eruption
14:373°387. in Iceland. Bull Volcanol 58:205-225

10. Gong SL (2003) A parameterization of sea-salt aerosol source function for sub- and X o X i . .
super-micron particles. Global Biogeochem Cycle 17:1097. 18. Klein Gc?ldewuk K, B.eusen A, Jan.ssen P (20?0) Long tle.rm dynamic modeling of global
11. Bond TG, et al. (2004) A technology-based global inventory of black and organic population and built-up area in a spatially explicit way, HYDE 3 .1. Holocene
carbon emissions from combustion. J Geophys Res 109:D14203. 20:565-573.
A 35 Lamb British Isles northwesterly flow types 1781-1785
30
S
T s \
> >
<]
$o 2
g5
& T
® G 15
£ \4
<E
3 10
5
1781 1782 1783 1784 1785
B 5 Monthly frequency of Lamb British Isles northwesterly flow types
41| =m=1783 frequency
35| ==f==1781-5 average frequency
>__ 3
2s
Q=
20
e_UJ' £ 25
&
]
< o 2
58
= 1.5
1
0.5
0
S NS N WS E®E Y P E L E
Q,o"% & v@& S vo"? @6\\0 & &(:‘0 &@‘o
W@ (_)ZQ ) S ¥
Fig. S1. (A) Annual frequency (number of days per year) of Lamb British Isles northwesterly flow types for the years 1781-1785. (B) Monthly frequency

(number of days per month) of Lamb British Isles northwesterly flow types for the year 1783 (red line) and monthly mean frequency for the period
1781-1785 (blue line). Based on data from Kington (3).
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Fig. S2. Comparison of modeled annual mean surface PM2.5 mass concentrations against multiannual measurements at European ground stations (14)
(overplotted circles represent mean of measurements in each respective grid box) in (A4), and Pearson'’s correlation coefficient and normalized mean bias
stated in (B).
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Fig. $3. Number of inhabitants in each grid box of the European model domain using 2004 population data from the HYDE 3.1 database (18).
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Table S1. Meta-analysis using existing short-term exposure studies

Study ER ER low ER high
Klemm and Mason (1) 1.2 0.8 1.6
Ostro et al. (2) 0.6 0.2 1.0
Franklin et al. (3) 1.2 0.3 2.1
Zanobetti and Schwartz (4) 0.98 0.75 1.22
Meta estimate (ER) 0.96 0.79 1.13

Excess risks (ER) from the four studies considered (1-4), the inverse-variance weighted mean excess risk (ER),
and lower and upper 95% confidence intervals are given as percent increase in mortality per 10 pg/m3 of PM2.5.
Note that in order to obtain y one divides the weighted mean excess risk by 1,000 in order to move from percent
change per 10 pg/m?3 to excess risk per micron.
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