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Introduction
This Supplementary Material describes the model used for this study (Section S1),
emissions data used (Section S2), additional analysis of box model simulations run for
the study (Section S3), model results beyond those shown in the main text (Section S4),
model uncertainties (Section S5), and a sensitivity test examining the effect of

temperature-dependence of electric power demand on ozone (Section S6).

S1. Description of the model.

The model used for this study was GATOR-GCMOM, a one-way-nested global-through-
local-scale Gas, Aerosol, Transport, Radiation, General Circulation, Mesoscale, and
Ocean Model. The model treated time-dependent gas, aerosol, cloud, radiative,
dynamical, ground surface, ocean, and transport processes. All processes were solved in
all grid cells in the stratosphere and troposphere. Two one-way nested domains were
used: a global domain (4°-SN x 5°-WE) and a U.S. domain (0.5°S-N x 0.75°W-E or about
55 km S-N x 68 km W-E resolution). The global domain included 39 sigma-pressure

layers between the surface and 0.425 hPa. The regional domain included 26 layers
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between the surface and 103.5 hPa, matching the 26 bottom layers of the global domain.
The dynamically-predicted ozone layer from the global domain was used for radiative
calculations above the model top in each column of the regional domain. Each domain
included five layers in the lowest 1 km. Results from the model as a whole have been
compared with meteorological, gas, aerosol, cloud, and/or radiative field data in several

studies (S7-S9).

S1.A. Atmospheric Dynamical and Transport Processes

On the global scale, the model solved the momentum equation under the hydrostatic
assumption and the thermodynamic energy equation with a potential-enstrophy, mass,
and energy-conserving scheme (S/0). In the nested regional domain, the dynamical
solution conserved enstrophy, mass, and kinetic energy (S§//). Dynamical schemes in
both domains used spherical and sigma-pressure coordinates in the horizontal and
vertical, respectively. Transport of gases (including water vapor) and aerosol particles
was solved with a conservative, monotonic method (S/2) using modeled online winds

and vertical diffusion coefficients (S13).

S1.B. Gas Processes

Gas processes included emission, photochemistry, advection, turbulence, cloud
convection of gases, nucleation, washout, dry deposition, and condensation onto and
dissolution into aerosol particles, clouds, and precipitation. Gases affected solar and
thermal-IR radiation, aerosol formation, and cloud evolution, all of which fed back to
meteorology. Gas photochemistry was solved with SMVGEAR 1I (S/4) among 128 gases
and 395 inorganic, alkane, alkene, aldehyde, ketone, aromatic, terpene, sulfur, chlorine,
and bromine reactions, including 314 kinetic, 24 heterogeneous, and 57 photolysis
reactions. Reaction rate coefficients for all reactions except the 46 chlorine and 26

bromine kinetic and photolysis reactions are given in (S/5, Supplementary Material).
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Heterogeneous reactions included on aerosol particles, cloud liquid, and cloud ice are

described shortly.

S1.C. Aerosol Processes

Aerosol processes were treated over a single discrete size distribution with 14 size bins
(0.002 to 50 wm in diameter), and three hydrometeor distributions, each with 12 bins.
Particle number concentration and the mole concentrations of all chemicals were tracked
prognostically in each aerosol and hydrometeor size bin of each distribution (Table S1).
Each size bin of each hydrometeor distribution contained all the unique chemical
components present in the aerosol size distribution plus either liquid, ice, or graupel
(Table S1). The aerosol size distribution was internally-mixed, except that near emission
sources, emitted chemicals dominated the distribution, so particles were primarily
externally mixed. As particles traveled further from their source, they became more
internally mixed. Because the aerosol size distribution contained multiple size bins, some

bins could be externally-mixed at the same time that others were internally-mixed.

Table S1. Aerosol and hydrometeor size distributions treated in the model and the parameters (number

concentration and chemical mole concentrations) present in each size bin of each size distribution.

Aerosol Cloud / Cloud / Cloud /
Internally Mixed Precipitation Precipitation Precipitation
I Liquid Ice Graupel
Number Number Number Number

BC BC BC BC

POM POM POM POM

SOM SOM SOM SOM

H,0O(aq)-hydrated

H,0O(aq)-hydrated

H,0O(aq)-hydrated

H,0O(aq)-hydrated
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H,SO,(aq) H,SO,(aq) H,SO,(aq) H,SO,(aq)

HSO, HSO, HSO, HSO,

S0,> S0,> S0,> S0,>

NO, NO, NO; NO;

cr cr cr cr

NH,* NH,* NH,* NH,*
NH,NO,(s) NH,NO,(s) NH,NO,(s) NH,NO,(s)
(NH4),50,(s) (NH4),50,(s) (NH4),50,(s) (NH4),50,(s)

Na+ (K+,Mg2+,ca2+) Na+ (K+,Mg2+,ca2+) Na+ (K+,Mg2+,ca2+) Na+ (K+,Mg2+,ca2+)
Soildust Soildust Soildust Soildust
Pollen/spores/bact. ~ Pollen/spores/bact. ~ Pollen/spores/bact.  Pollen/spores/bact.

H,0(aq)-condensed H,O(s) H,O0(s)

POM is primary organic matter; SOM is secondary organic matter. H,O(aq)-hydrated is liquid water
hydrated to electrolytes in solution. H,O(aq)-condensed is condensed water. Condensed and hydrated water
existed in the same particles. If condensed water evaporated, hydrated water and other aerosol material
remained. H,O(s) is liquid water that froze or water vapor that deposited as ice. Fossil-fuel soot, sea spray,
soildust, biomass burning, biofuel burning, pollen, spores, and bacteria were emitted into the aerosol
distribution. Emitted species in fossil-fuel soot included BC, POM, H,SO,(aq), HSO,, and SO,*. Emitted
species in sea spray included H,O, Na*, K*, Mg?*, Ca*, CI', NO;, H,S0,(aq), HSO,’, and SO,*. Those in
biomass and biofuel burning included the same plus BC and POM. In both cases, K*, Mg**, Ca** were
treated as equivalent Na*. Pollen, spores, and bacteria were emitted into the same species. Homogenously
nucleated species (H,0, H,SO,(aq), HSO,, SO,*. NH,*) also entered the aerosol distribution. Condensing
gases on the aerosol distribution included H,SO, and SOM. Dissolving gases included HNO;, HCI, and

NH;. All gases dissolved in liquid hydrometeor particles according to their effective Henry’s constant. All
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aerosol and hydrometeor distributions were affected by self-coagulation and heterocoagulation to other

distributions.

Parameters treated prognostically in each size bin of the aerosol distribution
included particle number concentration and individual component mole concentration.
Single-particle volume was calculated assuming particles contained a solution and
nonsolution component. The setup of the aerosol size distribution and physical processes
affecting it are discussed elsewhere (S716). The aerosol size bin structure used was the
moving-center structure, whereby bin edges are fixed but size bin centers move in

diameter space due to changes in particle size (S7).

Particulate matter emitted into the aerosol distribution included chemicals
associated with fossil-fuel soot combustion, biofuel combustion, biomass burning, and
wind-driven sea spray, soildust, pollen, spores, and bacteria uplift. Material that
condensed/evaporated (in a nonequilibrium calculation) included S(VI) and secondary
organic matter (SOM). Condensation/evaporation equations for a chemical between the
gas phase and all size bins of the aerosol size distribution were solved with a mass-
conserving, noniterative, positive-definite, unconditionally-stable scheme (S/6). The gas-
phase SOM for condensation was obtained each time interval by sequestering low-vapor-
pressure organic gases (e.g., nitrocresol, nitrophenol, isoprene nitrate, etc.), produced by
the gas-phase chemistry solver, into a single condensable surrogate organic gas. During
the condensation/evaporation solution, the gas-phase surrogate could either increase or
decrease in concentration depending on whether evaporation from or condensation to the

size-resolved distribution occurred.
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Following condensation/evaporation of S(VI) and SOM, nitric acid and
hydrochloric acid nonequilibrium transfer between the gas phase and each size bin of the
aerosol distribution were solved. Ammonia and pH were then equilibrated simultaneously
between the gas and solution phases among all particle sizes (S/7). Finally, internal
aerosol equilibrium composition (accounting for dissociation, crystallization of
ammonium nitrate), final pH, and aerosol liquid water content were determined within

each size bin (517, S18).

Homogenous nucleation of sulfuric acid-water-ammonium produced new aerosol
particles. Homogeneous nucleation was solved simultaneously with condensation of
sulfuric acid onto the EFFS and IM distributions in order to allow competition of sulfuric
acid vapor between nucleation and condensation (S§/6). Ternary nucleation rates were
calculated from ($79). At low ammonia mixing ratios, binary sulfuric acid-water
nucleation rates were calculated from ($20). Self-coagulation moved particles and their
components to larger sizes. The scheme used to solve coagulation was volume- and
volume-concentration conserving, noniterative, positive-definite, and unconditionally

stable (S16).

Additional aerosol processes treated included activation of liquid and ice clouds,
aerosol-hydrometeor coagulation, irreversible aqueous chemistry, transport, rainout,
washout, sedimentation, dry deposition, and effects on radiative transfer (including snow

and sea-ice albedo).

S1.D. Gas-Aerosol-Cloud Interactions
In both the global and U.S. domains, cloud thermodynamics was treated with a cumulus
parameterization that accounted for multiple subgrid clouds. Cloud microphysics was

treated explicitly as in (S§27). Three hydrometeor size distributions -- liquid, ice, and
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graupel -- evolved from the aerosol distribution. Table S1 shows that each of the 12 size
bins treated in each hydrometeor distribution contained all the aerosol components in the
aerosol particles they formed from. Size- and composition-resolved cloud microphysical
processes treated included condensation, deposition, hydrometeor-hydrometeor
coagulation (liquid-liquid, liquid-ice, liquid-graupel, ice-ice, ice-graupel, and graupel-
graupel), aerosol-hydrometeor coagulation, liquid drop breakup, settling, evaporative
cooling during drop settling, evaporative freezing (freezing during drop cooling),
heterogeneous-homogeneous  freezing, contact freezing, melting, evaporation,
sublimation, release of aerosol cores upon evaporation/sublimation, coagulation of
hydrometeors with interstitial aerosol particles, irreversible aqueous chemistry, gas

washout, and lightning generation.

S1.E. Stratospheric Ozone Heterogeneous and Homogeneous Chemistry

Heterogeneous aerosol reactions occurred on the aerosol distribution in Table S1.
Heterogeneous water-ice and nitric acid trihydrate (NAT) reactions occurred on both the
ice and graupel hydrometeor distributions in the table. The determination of whether the
ice and graupel distributions were covered with water ice or NAT is described shortly.

Heterogeneous liquid reactions occurred on the liquid hydrometeor distribution.

Each size bin of the aerosol size distribution contained a different quantity of each
chemical listed in Table S1. Aerosol pH and liquid water content in each size bin were
determined from EQUISOLV II (§78), which treats solute activity coefficients of many
chemicals at temperatures down to 190 K following the activity coefficient
parameterization of (S$22). Other processes affecting these aerosol particles were

described in Section S1C.
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Each size bin of each hydrometeor size distribution contained all the chemical
components found in aerosol particles (Table S1). Chemicals entered hydrometeor
particles primarily during nucleation scavenging and aerosol-hydrometeor coagulation. In
addition, nitric acid grew by deposition onto the size-resolved ice and graupel
hydrometeor distributions when its partial pressure exceeded its saturation vapor pressure
along ice/NAT boundaries and, simultaneously, the partial pressure of water was lower
then its saturation vapor pressure along ice/NAT boundaries, as determined from
equations in Table 1 of ($23). The solution scheme for nitric acid depositional growth
was the Analytical Predictor of Condensation (APC) scheme (S76). If nitric acid
deposited onto ice according to the conditions above, the surface was considered to be

NAT.

Heterogeneous reactions occurred on all aerosol and hydrometeor size
distributions. Also, three reactions, N,O5; + H,0, CIONO, + H,0O, and BrONO, + H,O
occurred on liquid hydrometeor particle surfaces. Nine reactions occurred on aerosol and
ice surfaces and five occurred on NAT surfaces. Heterogeneous (gas-particle) chemistry
was calculated together with homogeneous gas-phase kinetic and photochemistry with
SMVGEAR II.

S1.F. Radiative Processes

Radiation processes included UV, visible, solar-IR, and thermal-IR interactions with
gases, size/composition-resolved aerosols, and size/composition-resolved hydrometeor
particles. Radiative transfer was solved with the scheme of ($24). Calculations were
performed for >600 wavelengths/probability intervals and affected photolysis and
heating. Gas absorption coefficients in the solar-IR and thermal-IR were calculated for
H,0, CO,, CH,, CO, 0O,, O,, N,O, CH,Cl, CFCl,, CF,Cl,, and CCl,, from HITRAN data
using a new method accounting for absorption among multiple gases in the same

absorption lines (S25). Aerosol-particle optical properties were calculated assuming that
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black carbon (BC) (if present in a size bin) comprised a particle's core and all other
material coated the core. Shell real and imaginary refractive indices for a given particle
size and wavelength were obtained by calculating the solution-phase refractive index,
calculating refractive indices of non-solution, non-BC species, and volume averaging
solution and nonsolution refractive indices. Core and shell refractive indices were used in
a core-shell Mie-theory calculation (526). Cloud liquid, ice, and graupel optical
properties for each hydrometeor size and radiation wavelength were also determined
from Mie calculations that accounted for absorbing inclusions. For such a calculation,
nonspherical ice crystals were assumed to be a collection of spheres of the same total
volume to area ratio and total volume (S27). The surface albedos of snow, sea ice, and
water (ocean and lake) were wavelength-dependent and predicted by (rather than
specified in) the model (§9). Column calculations treated shading by structures (e.g.,

buildings) and topography.

S1.G. Subgrid Surfaces and Oceans

The model treated ground temperatures over subgrid surfaces (up to 12 soil classes and
roads over soil, roofs over air, and water in each cell). It also treated vegetation over soil,
snow over bare soil, snow over vegetation over soil, sea-ice over water, and snow over
sea-ice over water (S4). For all surfaces except sea ice and water, surface and subsurface
temperatures and liquid water were found with a time-dependent 10-layer module. Ocean
mixed-layer velocities, energy transport, and mass transport were calculated with a
gridded 2-D potential-enstrophy, energy, and mass-conserving shallow-water equation
module, forced by wind stress (S28), based on a shallow-water scheme (S70). Water
(ocean and lake) temperatures were also affected by sensible, latent, and radiative fluxes.
Nine additional layers existed below each ocean mixed-layer grid cell to treat energy

diffusion from the mixed layer to the deep ocean and ocean chemistry. Nonequilibrium
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dissolution of gases into the ocean and equilibrium ocean chemistry were calculated as in
(529).

S2. Present-Day Emissions

Table S2 summarizes the global black carbon (BC), primary organic carbon (POC), and
sulfate emissions from aircraft, shipping, other fossil fuels, biofuels, and biomass burning

used here.

Table S2. Fine-particle global emission rates (Tg-C/yr) of black carbon (BC) and primary organic carbon

(POC) for the present-day simulation.

() (b) () (d) (e) ® €9

Aircraft Shipping All other  Total Fossil  Biofuel = Biomass Total

Fossil Fuel Fuel burning (d+e+f)
(a+b+c)
BC-fine 0.0062 0.147 3.029 3.182 1.634 1.728 6.544
POC-fine 0.0062 0.047 2.371 2.424 6.490 14.89 23.80

Fine BC and POC emissions from aircraft were obtained by applying emission factors of 0.038 g-BC/kg-
fuel (S30) to fuel-use data from (S3/ and $32) and assuming a POC:BC emission ratio of 1:1. Those from
shipping were estimated by dividing the gridded, monthly sulfur shipping emission rate from (S§33), which
totaled 4.24 Tg-S/yr, by 29.5 g-S/kg-fuel (S34, Table 1, for 1999 data) and multiplying the result by 1.02 g-
BC-C/kg-fuel for shipping ($35). That for POC was obtained in the same manner, but by multiplying the
result by 0.33 g-POC-C/kg-fuel (§35). Fine BC and POC for all other fossil-fuel sources globally were
obtained from (S35) after subtracting out shipping emissions. The totals from (S35) before subtracting out
such emissions were 3.040 Tg-BC-C/yr and 2.408 Tg-POC-C/yr. Fine biofuel-burning BC and POC
emissions were obtained from (S35). Fine biomass-burning BC and POC emissions were obtained from the
monthly inventory of ($S36). Coarse BC and POC emissions (not shown in the table) for all sources in the

model were estimated as 25% and 45% those of fine BC and POC emissions, respectively. The POM:POC

10
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emission ratio used was 1.6:1 for fossil fuels (§37) and 2:1 for biofuels and biomass burning. The emission

rate of S(VI) from fossil fuels was 1% that of BC+POM+S(V]).

Emission rates of biomass and biofuel burning particle components NH,*, CI,
SO,*, NO,, Na*, K*, Ca®, Mg*, and gases H,, H,0, NO, NO,, N,0, NH,, SO,, CO, CO,,
CH,, CH,OH, CH,Cl, CH,Br, C,H,, C,H,, C;H,, C;H;, HCHO, HCOOH, CH,COOH,
CH,CHO, CH,COCH,, CH,, CH,, C,H,, CH;CHO, CH;CH,, C,H,CH;CH,;, and
CH,SCH; were obtained by multiplying BC biofuel or biomass emission rates by the ratio
of the mean biofuel or biomass emission factor for each gas or particle component to that
of BC from (538) and others. The ions K*, Ca*, and Mg** were not carried in the
simulations, but their mole-equivalent emissions were added to those of Na'. Emissions
of gases (including CO,) from shipping were obtained by scaling emission factors of
individual gases to those of sulfur from the gridded inventory of ($33) as described for
particles in the footnote to Table S2. Emissions of gases from aircraft (including CO,)
were similarly obtained by applying emission factors to fuel use data from ($37) and

(832).

Table S3 shows global and U.S. gas emissions from fossil fuel sources (including
shipping and aircraft), but not biofuel or biomass burning. Present-day global (1°x1°
resolution) monthly emissions of NO,, N,O, CO, CO,, SO,, CH,, and speciated organic
gases from anthropogenic sources aside from shipping, aircraft, biofuel burning, and
biomass burning, were obtained from ($39) outside the U.S. and the 2002 U.S National
Emission Inventory ($40) within the U.S.. Global gas emissions from ($39) were
originally for 1995, except that speciated organic gases, which were for 1990 were scaled
by the 1995:1990 nonmethane organic emission ratio since the 1995 organic gas
inventory did not include speciation. Speciated organic gases in the inventory included

alcohols, ethane, propane, butane, pentane, hexane/higher alkanes, ethane, propene,

11
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ethyne, higher alkenes/alkynes (olefins), benzene, toluene, xylene, trimethylbenzene,

other aromatics, esters, ethers, chlorinated hydrocarbons, formaldehyde, other aldehydes,

ketones, carboxylic acids, and other. Species not treated explicitly (e.g., alkanes, ethyne,

trimethylbenzene) were split into carbon bond groups with splitting factors from (S47).

Emission of fossil-fuel H, and H,0O were proportional to CO and CO, emissions

respectively. NH; emissions were from (§42).

The global sources strength of fossil-fuel CO, was 24,770 Tg-CO,/yr [22.2% on

land in the U.S. (§40), 73.9% on land outside of the U.S. (§39), 1.82% from shipping

(834), and 2.09% from all airborne aircraft (S32)].

Table S3. Global and U.S. emissions of speciated gases fossil-fuel (but not biofuel or biomass burning)

sources (539, $S40).

Species Global U.S.
domain domain
(Tglyr) (Tglyr)
Carbon monoxide 314.8 94.1
Carbon dioxide 24,770 5800
Water vapor 11,010 2200
Molecular hydrogen 8.96 2.68
Nitrogen oxides as NO, 91.1 19.6
Sulfur oxides as SO, 146 15.9
Ammonia 58.2 4.53
Organic gases
Methane 275.9 4.38
Ethane 5.28 0.441

12
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Propane

Paraffin bond group
Ethene

Propene
1,3-Butadiene
Olefin bond group
Methanol

Ethanol
Formaldehyde
Acetaldehyde
Higher aldehydes
Formic acid

Acetic acid

Ketones

Benzene

Toluene bond group
Xylene bond group
Unreactive

Total organic gas

6.28

479

4.37

2.00

1.23

2.48

0.45

4.05

0.98

1.14

2.87

2.86

2.86

2.27

2.51

4.63

6.46

8.48

385

0.226

8.19

0.732

0.153

0.128

0.257

0.030

0.309

0.157

0.0458

0.525

0.00636

0.0127

0.109

0.244

1.79

2.68

1.65

22.1

Naturally-emitted particles included sea spray (treated as H,O(aq), Na*, CI,
H,SO,, HSO,-, SO,*, and NO, with mole-equivalent emissions of K*, Ca*, and Mg**
added as Na%), ocean-based bacteria, land-based pollen/spores/bacteria, and soildust,
which were emitted as size-resolved. The emission rates of sea spray, soildust, and ocean-

based bacteria were wind speed and temperature dependent. Emission rates of pollen,

13
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spores, and land bacteria were turbulent-kinetic-energy-dependent. Emissions of soildust
were also soil-moisture-dependent. Emissions of spores were also relative-humidity-
dependent. Naturally-emitted gases included biogenic isoprene, monoterpenes, other
volatile organics, and nitric oxide; lightning NO and N,O,, ocean DMS, and volcanic
SO,. Biogenic emissions depended on temperature. Isoprene also depended on
photosynthetically-active radiation. Lightning in the model was calculated from size-
resolved ice, graupel, and liquid microphysics and charge exchange, thus depended on

temperature, cloud size distributions, and other parameters.

S3. Box-Model Photochemistry Analysis

In Section 2 of the main text, results summarizing the effects of water vapor and
temperature itself on the chemical production/reduction of ozone were summarized. In
this section, these results are analyzed in more detail. The main results demonstrated are
that, under low-NO, conditions, an increase in water vapor generally decreases ozone and
an increase in temperature increases ozone only slightly. Under high-NO, conditions, an

increase in water vapor or an increase in temperature generally increases ozone.

Under low-NO, conditions, an increase in water vapor generally decreases ozone

(Fig. S1a). This occurs initially because

H,0+0('D)>20H (S

increases the hydroxyl radical (OH) as H,O increases. Much of the OH converts to HO,.

With low NO,, however, HO, buildup with increasing water vapor is limited by

HO,+HO,+M—->H,0,+M (S2)

14
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whose rate coefficient expression includes water vapor. Thus, with increasing H,O, the
reaction rate increases, suppressing the HO, buildup caused by the OH->HO, conversion

(Fig. S1a). As such,

NO+HO,>NO,+OH (S3)

cannot increasingly convert NO to NO, as H,O increases. Since the NO,:NO ratio does

not build up in this case, ozone cannot increase with increasing H,O.

Instead, ozone appears to decrease with increasing H,O with low NO, because
OH, which also increases with increasing water vapor, speeds conversion of organic
gases and NO, to organic nitrates, decreasing NO, (Fig. S1a). In the absence of organics,
an OH increase converts NO, to more HNO; (figure not shown). In both cases, the
NO,:NO ratio decreases, decreasing ozone with increasing H,O (Fig 1a). The reactions
OH+0,>HO,+0, and HO,+0,>0OH+20, did not affect ozone loss in Fig S1.a, but they

do destroy ozone in the middle and upper troposphere and stratosphere (e.g., Fig. S2).

With high NO, (urban conditions), Reaction S3 becomes a faster sink than
Reaction S2 for the increase in HO, resulting from the increase in OH, thus less HO,
converts to H,0,, and more HO, converts NO to NO,, increasing the NO,:NO ratio,

increasing ozone, as shown in Fig. S1b and supported by §43.

Figure S1. Mixing ratio of ozone and several other gases as a function of water vapor mixing ratio after 12
hours of a box-model chemistry-only simulation initialized at 0430 with (a) low and (b) high NO, and
nonmethane organic gas (NMOG) mixing ratios. Simulations assumed sinusoidally varying photolysis

between 0600 and 1800. Results are shown for 298.15 K, except that each plot shows an additional ozone

15
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curve at 299.15 K (the upper of the two ozone curves in each case). The ozone curves at both temperatures

in these plots are repeated in Figure 1 of the main text.

140 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 < I-
1 NMOG = 15 ppbv, T =298.15 K _-F 250 NMOG =500 ppbv. T =298.15 K T
120 4 NO,=07ppbv OHx10°_~"" - ] NO, =150 ppbv S F
_ ] -7 L 200 S
—E 100 7' NO,x1000 / C é . . r
5 : 7~ & r
o 807 \ Lt = o 150 7 0, (298.15K) P -
= 4 e I = . s P HNO L
:ﬂ ] P r = n OHx10 /,' 3 I
=1 60 7 C %O 100 . R r
= . r o= - AT r
= 40—: - = 1. - o H,0 x100 /F
20 3 R HO_x1000 C S ~_-_ .7 F
0 o KT m e P L T .- NO <~ . F
s _NOx1000 ~__ _ r I ) - ,\3 -7 T

0 T T T T I T T T T I T T T T I T T T T O T T T T I T T T T I T T T T I T T T T
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04

a) Water vapor mixing ratio (fraction) b) Water vapor mixing ratio (fraction)

An interesting result of the analysis here is that, under both low and high NO,
conditions, changes in water vapor may have an effect on ozone similar in magnitude to

changes in nonmethane organic gases (main text, Fig. 1).

Figure S2 is analogous to Figure S1, but for stratospheric conditions (25 km).
Figure S2a indicates that, as water vapor increases in the stratosphere, OH, HO,, and
H,0, increase, NO and NO, decrease, and HNO, increases. The net effect is that the HO,
catalytic cycle (OH+O;2>HO,+0,; HO,+0O,2>0OH+20,) decreases ozone (Fig. S2b) with
increasing water vapor, unlike right near the surface, where the HO, catalytic ozone-
destruction cycle appears to play a small role. Figure S2b further shows that, as
stratospheric temperature decreases, ozone increases, and this is due primarily to reduced

rate of the O+O; reaction at lower temperature, as described in the main text.

Figure S2. Stratospheric (25 km) mixing ratio of (a) several chemicals and (b) ozone as a function of water
vapor mixing ratio after 36 hours of a box-model chemistry-only simulation with SMVGEAR 1I initialized

at 0430. Chemistry was solved among 128 gases and 395 inorganic, organic, sulfur, chlorine, and bromine
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Mixing ratio (ppbv)

reactions (including 57 photolysis reactions), assuming sinusoidally varying photolysis between 0600 and

1800. Results are shown for 221.55 K, except an additional ozone curve at 220.05 K is shown in (b) as

well.
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An increase in temperature increased ozone more when ozone was high than
when it was low in the box-model simulations. Most of the ozone increases due to higher
temperature were due to an increase in the thermal dissociation of peroxyacetyl nitrate
(PAN) at higher temperatures. Some of the ozone increases were also due to dissociation
of other nitrated organics. Ozone was generally high in Figure 1 of the main text when
NO, and organics were high, a condition also resulting in high PAN. The dissociation of
additional PAN with an increase in temperature released additional NO,, increasing the
NO,:NO ratio, increasing ozone. At low NO, and organics, which corresponded to low
ozone in most of the simulations, less PAN formed so less NO, was available for release

upon a temperature increase when PAN dissociated.

S4. Three-dimensional simulations
Two global simulations were run: one under present day conditions and another under

present day conditions, except that fossil-fuel CO, (fCO,) ambient mixing ratios and
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emissions were set to preindustrial values. There were no other differences between the
simulations. Initial meteorological fields were obtained from the Global Forecast System
for August 27, 2005, at 12 GMT (S$44) in both cases. Initial present-day and preindustrial
mixing ratios of CO, were 378 ppmv and 275 ppmv, respectively. Preindustrial fossil-

fuel emissions were set to zero. Present-day emissions are provided in Table S3.

When U.S. temperatures in the global simulations were about 1 K higher when
fCO, was present than when it was absent (which occurred when U.S.-averaged CO, was
403 ppmv and population-weighted U.S. CO, was 419 ppmv), the regional domains
(0.5°S-Nx0.75°W-E) corresponding to each global simulation were turned on and
initialized with the meteorological, gas, and aerosol values over the U.S. from the global
domains. Both the global and regional domains were then run forward another four
months. Thus, fCO, emissions were included during the present-day simulation in the
global and U.S. domains and excluded from the preindustrial-CO, simulation in both
domains. Since the regional domain model top was 103 hPa, ozone above the regional
domain was determined for radiative purposes over time from the global domain, whose
top was 0.425 hPa. Stratospheric ozone changes in the global domain above the regional
domain were affected by the same physical, chemical, dynamical, and radiative processes
as in the regional domain at similar vertical resolution, but at coarser horizontal

resolution.

Table S4 summarizes population-weighted statistics for the present day
(“baseline”) simulation and differences between the present-day and preindustrial-CO,
(“no-fCO2”) simulations. In both cases, results were averaged over the entire four-month
regional-domain simulations. A population-weighted value is defined in the footnote of

the table. Statistics for additional parameters were given in Table 1 of the main text.
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Table S4.

Four-month- (mid-July to mid-November) and U.S. population-weighted (!) present-day

modeled baseline (“baseline”) values and differences between the baseline values and preindustrial-CO,

(“no-fCO,”) values. All mixing ratios and aerosol concentrations are near-surface values. Other parameters

are column or ground surface values unless specified. Table 1 of the main text shows additional parameters.

A population-weighted CO, of 419 ppmv corresponded to a U.S. averaged CO, of 403 ppmv.

Species Population-  Percent diff.
weighted baseline minus
baseline no fCO,

CO, (ppmv) 419 +32.2

Near-surface air temperature (K) 292.7 +0.366

Near-surface water vapor (ppthv) 21.3 +6.01

Near-surface relative hum. (frac.) +0.871 +0.379

Column water vapor (kg/m?) 41.3 +7.87

Soil moisture (m*/m*) (land only) 0.164 +3.41

Precipitation (mm/day) 241 +10.3

Cloud liquid water (kg/m?) 0.0186 +11.3

Cloud ice (kg/m?) 0.0044 +3.86

Cloud fraction 0.32 +1.72

Cloud optical depth 2.76 +5.54

Aerosol optical depth 0.182 -3.02

Ozone column (DU) 315.85 -2.74

Surface UV irradiance (W/m?) 8.78 -0.604

Surface solar irradiance (W/m?) 191 -1.24

Surface thermal-IR irrad. (W/m?) -75.7 -2.80

Shearing stress (kg/m/s) 0.0849 -10.2

Turbulent kinetic energy (m?/s”) 0.239 -0.86

Wind speed (m/s) 2.53 -0.92

Ocean pH 8.15 -1.37

NO (ppbv) 15.4 +2.12

NO, (ppbv) 17.4 +3.07

HNO; (ppbv) 0.714 -1.40

OH (pptv) 0.000024 +3.69

PAN (ppbv) 2.56 +6.84

CO (ppbv) 586 +4.20

CH, (ppmv) 1.79 +0.291
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Toluene (ppbv) 3.09 +4.43

Isoprene (ppbv) 3.12 +10.4
Monoterpenes (ppbv) 0.501 +8.58
SO, (ppbv) 3.24 -8.09
NH; (ppbv) 5.32 +0.883
TSP BC (ug/m®) 2.34 +1.32
TSP POM (ug/m?) 16.7 +1.03
TSP SOM (ug/m?) 7.03 +5.39
TSP S(VI) (ug/m?) 7.85 -4.18
TSP NH," (ug/m?) 2.42 -2.63
TSP NO; (ug/m?) 1.87 +2.02
TSP Na* (ug/m®) 0.183 +8.20
TSP CI (ug/m®) 0.105 +16.8
TSP H* (ug/m®) 0.0110 -5.82
TSP H,O (ug/m?) 140.8 +1.23
TSP NH,NO,(s) (ug/m>) 0.472 +4.66
TSP (NH,),SO,(s) (ug/m>) 0.330 -10.2
TSP soildust (ug/m?) 0.336 -44.6
TSP poll/spores/bact. (ug/m’) 5.86 -6.33
TSP number (No/cm’) 118,000 +1.16

(1) A population-weighted value is the four-month-averaged value in each near-surface grid cell of the U.S.
model domain, multiplied by the population in that grid cell, with the result summed over all grid cells
and divided by the total population of the domain (301,467,000 for the U.S. on March 27, 2007). A
population-weighted mixing ratio difference between the two simulations is the difference between the

population-weighted mixing ratio from each simulation. TSP is Total Suspended Particulate.

Figure S3 shows plots for the present-day simulation and difference plots
(present-day minus preindustrial-CO,) for the U.S., averaged over the four-month
regional-domain simulation period (mid-July to mid-November). These plots are in
addition to those already shown in the main text for temperature, water vapor, and ozone.

Plots here are shown for gas, aerosol, cloud, meteorological, and radiative parameters.
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Of note, the plots and table indicate that increases in CO, increased the natural
emissions of isoprene and monoterpenes, leading to increases in formaldehyde,
acetaldehyde, peroxyacetyl nitrate (PAN), and aerosol secondary organic matter (SOM).
The higher OH due to CO, also converted NO, to HNO, and, thus, to the nitrate ion
faster. By increasing water vapor, CO, increased cloud optical depth and precipitation on
average, over land plus ocean, with most increases over land (+0.197 mm/day).
Precipitation decreased slightly over the ocean (-0.294 mm/day) during this limited
simulation period because CO, increased the stability over the ocean more than over the
land due to lesser heating of the ocean surface relative to the land surface from CO,. Soil
moisture increased in locations where precipitation increased and decreased where

precipitation decreased.

By increasing precipitation, CO, increased wet removal of sulfur dioxide and the
sulfate ion (S(VI)). On the other hand, the higher relative humidity in locations where
aerosol content was high and the increase in the nitrate ion led to an increase in aerosol
liquid water content (LWC) and PM,, in those locations. The increase in cloud optical
depth decreased surface solar and UV radiation, offsetting increases in surface UV

radiation due to decreases in column ozone from CO,, as described in the main text.

Figure S3. Four-month (mid-July to mid-November) average near-surface and domain-averaged vertical-
profile present-day-simulation (“baseline”) plots and difference plots between the present-day and
preindustrial-CO, simulations (“base-CO,) for (a) gas, (b) aerosol particle, (c) cloud/precipitation, (d),
meteorological, and (e) radiative parameters. Results for temperature, water vapor, and ozone are shown in
the main text. The domain-averaged (land and water) change for the surface plots is given in parentheses.
These numbers are not weighted by population, thus they differ from values in Table S4. The regional
present-day simulations were started when U.S. temperatures from the global simulations were about 1 K

higher when fCO, was present versus absent.
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the population of Los Angeles) lives in areas where the death rate is within 4+/-10% of the

statewide average death rate according death rate statistics (H. Tran, pers. comm.).

Sixth, the extrapolation of four-month health effects results to a full year based on
California data may result in some error with respect to other parts of the U.S. Longer
simulations were not run due to the prohibitive computational requirement of running a

full year.

S6. Sensitivity Test

For the present-day and preindustrial-CO, simulations in the main text, fossil fuel
emissions did not depend on temperature. In order to test the possible impact of
temperature change, a 3-D sensitivity test was run using the following equation for the
change in emission of each gas and particle component from power plants as a function

of temperature:

_Pr-Pg

E

AE,» E, (S4)

where E, is the baseline emission rate in a model grid cell at a given time from the U.S.
National Emission Inventory (S40), P; is the power demand (MW) at the instantaneous
model temperature, and P, is the power demand (MW) at the temperature of emissions
E,. The power demand at a given temperature was obtained from an empirical fit to

power demand data versus temperature for an area representing 80% of California (S57):

Pr =820.64T; —12,366 T=75°F (23.88°C) (S5)
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where T is the ambient temperature (°F). Below 75 °F, power demand changes due to air

conditioning use were assumed to be independent of temperature (S50).

Two one month present-day August simulations were performed: a baseline
simulation where the temperature in Equation S5 was that predicted by the model in each
grid cell where power plant emissions occurred and a sensitivity simulation that was
exactly the same, except that the temperature in Equation S5 was the model-predicted
temperature plus 1 K (1.8°F). The 1 K increase was not applied to any other equation in
order to minimize model feedbacks that would overwhelm differences from the

sensitivity test.

Because P, was not available at each time and for each power plant from the U.S.
National Emission Inventory, it was assumed, for the purpose of conducting these
simulations, to be determined from Equation S5 at a constant temperature of 80 °F. This
resulted in a slightly incorrect absolute emission from power plants in the baseline
simulation when 7,=75 °F since the model in the baseline case should theoretically
predict AE,=0, since P,=P, (assuming the model and emissions temperatures are the
same) in the baseline case, but the model did not because P, was held constant and P,
varied with the model temperature. However, because the same assumption was made in
the sensitivity case, the small absolute error in emissions was, for the most part, cancelled

when differences between the two simulations were taken.

In both simulations, gas and particle emissions from power plants and other
sources fed back to meteorology. Figure S4 shows an ozone difference plot, averaged
over one August from the simulations. It indicates that a 1 K temperature increase
resulted in an increased power demand that increased the August U.S.-domain-averaged

ozone by 0.02 ppbv. The population-weighted 24-hour ozone increase above 35 ppbv was
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0.1 ppbv, indicating that ozone increases affecting human exposure increased more than
did general ozone increases due to power-plant demand changes. The population-
weighted ozone change could result in about 80 more deaths, when extrapolated to a year,
accounting for seasonal variation. However, these results should be viewed cautiously
since warmer winter temperatures will result in lower natural gas and other heating fuel
emissions in winter (not necessarily from power plants but from natural gas combustion
in homes), and they are not accounted for in the present analysis. Similarly, effects of
warmer winter and summer temperatures on vehicles emissions are not accounted for
(e.g., S46, S47). These effects, altogether, though, are expected to be smaller in
magnitude than and possibly in the same direction as those found from the simulations in

the main text.
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