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3rd Largest Radiative Forcing

Radiative Forcing Components
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What is ozone?
\/

Sunlight + NO, + VOCs — /O

NOx + VOC + Heat & Sunlight = Ozone
Ground-level or “bad” ozone is not emitted directly
into the air, but is created by chemical reactions
between NOx and VOUCs in the presence

of heat & sunlight.

Emissions from
industrial facilities and electric
utilities, motor vehicle exhaust,

gasoline vapors, and chemical solvents are

some of the major sources of oxides of nitrogen
(NOx) and volatile organic compounds (VOC).



ropospheric O3 Projections

Tropospheric O; (ppb)




An Urban Problem?




Urban Myth-Busted: Not just a
problem of big cities!

http://www.airnow.gov



Ozone doses between 1991-2001
in major cities and four major
national parks
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National Park Conservation Association: www.npca.org



Look Rock, Great Smoky Mountain
National Park
August 3, 2007 2:00 pm

N
Sunlight + NO, + VOCs —>‘.‘Q‘3“‘

http://www?2.nature.nps.gov/air/webcams/parks/grsmcam/grsmcam.cfm



Pre-industrial & Recent
Background [O;]
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Projected Ozone Concentration

www.fao.org
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Increase in Tropospheric Ozone (ppb) for 2000-2100
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How does ozone impact plants?

Leaves breathe tool

O;




How? Through stomata: pores on
the leaf surface (epidermis)

- ., Stomatal

epidermal cells| .
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€O, + H,0 % [CH,0] + O,

* Mesophyll cells
packed with
chloroplasts

* Chloroplasts packed




Mo’rosym‘ﬂesus: !52 entryway into

biosphere

* Energy from light -
used to drive Calvin 1
Cycle
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+ CO, binds to Rubisco,’ P\ %
enters Calvin cycle \




Stomatal Conductance

IChloroplasts|

» The amount of gas
that can pass
through the
stomatal pore over
Time

y COz, Hzc, |
|
CO, |

Adapted from Long, S.P. and S.L. Naidu (2002), In: Air Pollution and Plant Life




Ozone must gain entry inside the
leaf before damage can occur

IChloroplasts|

Readily reacts with
aqueous surfaces

- forms Reactive Oxygen
Species (ROS)

Up-regulation of

defenses

- anti-oxidants to detoxify

Reduction in

photosynthesis —04 I'%. \
- Reduction in Rubisco VAN CO, |

activity/content

Adapted from Long, S.P. and S.L. Naidu (2002), In: Air Pollution and Plant Life




Ozone reduces stomatal
conductance

é Incr'easing [03]

Matyssek et al. (1991) Trees. 5: 5-13



To cause damage, O; must gain
entry...

* Any environmental
condition that
reduces stomatal
conductance should
reduce O; damage

» Drought
» Elevated CO,

o
II'|| I“ Guard cell



Ozone only harms plants
when taken up through
open stomata
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- Can we qu

;}: rate of photosynthetic CO, uptake? &
, Can we quantify the impact of ozone on
i the rate stomatal conductance ?

% Photo CourTesy of; Mihai Aldea



Has the impact been
recorded in the literature?
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~Has the impact been observed?
Literature Survey

» Hundreds of observations of the impact of
ozone on light-saturated photosynthesis
(Asat) and stomatal conductance (gs)

+ Impact relative to pre-industrial, current and
potential future ozone concentrations

 No quantitative consensus in reviews

» High variability between primary experiments



Anglosperm vs.
gymnosperm

Genus

* Pinus, Picea, etc.
+ Quercus, Betula, etc.

[Os]

Additional treatment

- Drought
* Elevated CO,

A e
©2004 Horticopia, Inc. i




With hundreds of available
observations, can the impact




Meta-analysis

* Quantitative summary of primary

research
- Statistically determines a mean relative |
~ response from different experiments &
. investigating the effect of the same &

| treatment
| - Increasingly used in environmental and

= ecological sciences

- Wittig et al. (2007) Plant, Cell & Environment
- Ainsworth & Long (2005) New Phytologist

- -
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Statistical Tool: Meta-analysis

» Observation of mean effect:
X1 = Mean effect in Treatment [O;]
X ¢ = Mean effect in Control [O5]

+ Estimate mean treatment Effect Size (E)

E:Inr:In(ﬁ

Xc

* 7% Change From Control = [(r —1)-100]



Meta-analysis: Three point
perspective

* How bad have things gotten since pre-
industrial times?
* Current [O3] / Pre-industrial [O,] K

+ How bad might things get under elevated a
concentrations projected for later this
century relative to pre-industrial times

* Future [O3] / Pre-industrial [O5]

+ How bad will things get tomorrow relative to
today?
* Future [O5] / Current [O5]




Meta-analysis: Three point
perspective

 How bad have things gotten since pre-
industrial times?

* Current [O3] / Pre-industrial [O,] .\‘
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Effect on different groups:
Gymnosperms vs. Angiosperms
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Effect on different groups:
Gymnosperms vs. Angiosperms
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Current [O;] / Pre-industrial [O;]

Effect on Angiosperms

Asat gS
Category Qg P Qg P

Genus 136.91 <.001 11293 <.001




D
Current [O;] /Pre-industrial [Os]

Asat
GenuS  wchange 9s%cl  df [0,]
Overall
Effect 11 13t0-9 347 47

Fraxinus -22 to -12 -16to -2
Populus -28t0 -21 -31to0 -22
Prunus - -9to -1 -19to -4

Quercus -8 t0 9 - 5106
Viburnum -23to -15 -32t0-22




D
Current [O;] /Pre-industrial [Os]

Asat
GenuS o change  95%cCI  df [0,]
Overall
Effect -11 -13t0-9 347 47
Gymnosperms -2 -6 to 3 83 45
Picea 4 -4 t0 12 23 33
Pinus -3 -7 to 2 58 49

Fraxinus

Populus

Prunus
Quercus

Viburnum

22t0-12
28 t0 -21
9to -1
-8 10 9
-23to0 -15

-16to -2
-31to -22
-19to -4
510 6
-32t0 -22




D
Current [O;] /Pre-industrial [Os]

Asat
GenuS o change  95%cCI  df [0,]
Overall
Effect -11 -13t0-9 347 47
Gymnosperms -2 -6 to 3 83 45
Picea 4 -4 t0 12 23 33
Pinus -3 -7 to 2 58 49
Angiosperms -14 -16 to -12 263 48
Fagus -5 -11to 2 14 33

-16to -2
-31to -22
-19to -4

-5to 6
-32 to -22




e
Current [O;] /Pre-industrial [Os]

Asat gS

GenuS  wchange 9s%cl  df [0] %Change 95%Cl  df [O,]
Overall

Effect -11 -13to-9 347 47 -13 -15t0-11 265 42
Gymnosperms -2 -6 to 3 83 45

Picea 4 -4 t0 12 23 33

Pinus -3 -7 to 2 58 49
Angiosperms -14 -16 to -12 263 48

Fagus -5 -11to 2 14 33

-31to -22
-19to -4

-5to 6
-32 t0 -22




Current [O;] /Pre-industrial [Os]

Asat gS

GenuS  wchange 9s%cl  df [0] %Change 95%Cl  df [O,]
Overall

Effect -11 -13to-9 347 47 -13 -15t0-11 265 42
Gymnosperms -2 -6 to 3 83 45 2 -4 t0 9 57 44

Picea 4 -4 t0 12 23 33 12 2 1024 23 39

Pinus -3 -7 to 2 58 49 -6 -14to0 3 33 48
Angiosperms -14 -16 to -12 263 48

Fagus -5 -11to 2 14 33

-32t0-22




Current [O5] /Pre-industrial [Os]

Asat gS
Genus  wchange  9smwcCI  df [0,] %Change 95%Cl  df [O]
Overall
Effect -11 -13t0-9 347 47 -13 -15t0-11 265 42
Gymnosperms -2 -6 to 3 83 45 2 -4 t0 9 57 44
Picea 4 -4 to 12 23 33 12 2 t0 24 23 39
Pinus -3 -7 to 2 58 49 -6 -14to 3 33 48
Angiosperms -14 -16t0 -12 263 48 -16 -18t0 -13 207 42
Fagus -5 -11to 2 14 33 -16 -27to -3 8 36
Fraxinus -17 -22t0-12 38 42 -9 -16to -2 35 42
Populus -24 -28 10 -21 60 57 =27 -31to0 -22 36 41
Prunus -5 -9to -1 59 o4 -12 -19t0 -4 19 44
Quercus 0 -8 t0 9 22 42 -1 -5to 6 36 43
Viburnum -20 -23t0 -15 36 41 -27 -32t0 -22 36 41




D
Current [O;] /Pre-industrial [Os]

Effect of Drought + Ozone on Angiosperms
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Current [O;] / Pre-industrial [O,]

Photosynthesis and stomatal
conductance are reduced by current
ambient ozone

- Negative impact on angiosperm Asat and

gs

- No effect on gymnosperm Asat or gs

- Genus differ in response

- Drought may cancel the impact



Meta-analysis: Three point
perspective

- How bad might things get under elevated o
| concentrations projected for later this ¥
| century relative to pre-industrial times

3 - Future [O;] / Pre-industrial [O;]




Future [O3] / Pre-industrial [O4]

Asat Os
Category Qg P Qg P
Angiosperms vs.

Gymnosperms 0.88 0387 252 0.157
Genus 26.77 0.041 38.53 0.006
Increasing [O,] 24.17 0.001 13.21 0.018
Additional treatment 26.40 0.002 17.07 0.012




Future [O3] / Pre-industrial [O4]

Asat
GenuS  wchange 9swcl  df [0,]
Overall Effect -19 -21to -16 455 86

Fagus -32to -8 17 49
Liriodendron -29to 15 12 58
Populus -26 t0 -16 120 79

Prunus -34 to -21 52 106
Quercus -17t0 14 22 77




D
Future [O3] / Pre-industrial [O4]

Asat

GEeNUS o change 9s%Cl  df  [O]

Overall Effect -19 -21to -16 455 86
Gymnosperms -17 -21t0-12 160 92
Abies
Picea -8 -17to 2 54 76
Pinus -21 -27 to -15 93 97

Fagus -32to -8 17

Liriodendron -29to 15 12
Populus -26 t0 -16 120

Prunus -34 to -21 52
Quercus -17t0 14 22 77




D
Future [O3] / Pre-industrial [O4]

Asat
GenuS  wchange 9swcl  df [0,]
Overall Effect -19 -21t0 -16 455 86
Gymnosperms -17 -21t0-12 160 92
Abies
Picea -8 -17to 2 54 76
Pinus -21 -27t0 -15 93 97
Angiosperms -20 -2310-16 294 82
Betula -15 -23to -8 48 86

10
40

36



Future [O3] / Pre-industrial [O4]

Asat Js

GenuS o change 9% cCl df [0,] %Change 95%Cl  df [O]
Overall Effect -19 -21t0 -16 455 86 -10 -13to -6 276 91
Gymnosperms -17 -21t0-12 160 92

Abies

Picea -8 -17to 2 54 76

Pinus -21 -27 to -15 93 97
Angiosperms -20 -2310-16 294 82

Betula -15 -23to -8 48 86

Fagus -21 -32to -8 17 49

-35t0 24 10
-28to -9 40

-24to -6 36




e
Future [O3] / Pre-industrial [O4]

Asat Os
GenuS o change 9% cCl df [0,] %Change 95%Cl  df [O]
Overall Effect -19 -21t0 -16 455 86 -10 -13to -6 276 91
Gymnosperms -17 -21t0-12 160 92 -6 -12t0 0 109 96
Abies 2 -19to 28 9 110
Picea -8 -17t0 2 54 76 5 -4 to 16 45 90
Pinus -21 -27t0 -15 93 97 -17 -24to -9 53 100
Angiosperms -20 -23 10 -16 294 82
Betula -15 -23to -8 48 86

Fagus -21 -32to -8 17 49




Future [O3] / Pre-industrial [O4]

Asat gS
GenuS o change 9% cCl df [0,] %Change 95%Cl  df [O,]
Overall Effect -19 -21t0-16 455 86 -10 -13to -6 276 91
Gymnosperms -17 -21t0-12 160 92 -6 -12t0 O 109 96
Abies 2 -19to 28 9 110
Picea -8 -17to 2 54 76 5 -4 to 16 45 90
Pinus -21 -27 to -15 93 97 -17 -24t0 -9 53 100
Angiosperms -20 -2310 -16 294 82 -12 -16to -7 166 88
Betula -15 -23t0 -8 48 86 1 -8 t0 10 38 98
Fagus -21 -32to -8 17 49 -23 -35t0 -8 11 57
Liriodendron -10 -2910 15 12 58 -10 -3510 24 10 60
Populus -21 -26 to -16 120 79 -19 -28t0 -9 40 104
Prunus -28 -3410-21 52 106
Quercus -3 -17 to 14 22 77 -15 -24t0 -6 36 80




D
Future [O3] / Pre-industrial [O4]

Effect of Increasing Ozone
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D
Future [O3] / Pre-industrial [O4]

Effect of Drought and Elevated CO,

O3 Alone H@H
Elevated CO2+03

Drought+O3

Asat | 373 (87ppb)

16 (84ppb)

30 (71ppb)

O3 Alone

Elevated CO2+03

Drought+0O3

gs | 229 (92ppb)

16 (84ppb)

b

o i | 19 (78ppb)
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Future [O3] / Pre-industrial [O4]

Photosynthesis and stomatal
conductance are reduced by ozone
projected for the future

- Negative impact on both gymnosperm and
angiosperm Asat and gs

- Genus differ in response

- Asat and gs decrease further when ozone
Increases

- Drought, Elevated CO, may cancel the
impact



Meta-analysis: Three point
perspective

.+ How bad will things get tomorrow relative to
today?
* Future [O5] / Current [O5]




Future [O5] / Current [O;]

Asat gS
Category Qg P Qg P
Angiosperms vs.

Gymnosperms 1.98 025 230 0.1/8
Genus 24.67 0.083 19.52 0.103
Increasing [O,] 34.31 0.001 14.18 0.030
Additional treatment 592 0563 523 0.535




S
Future [O3] / Current [O;]

Asat

G enus % Change 95% ClI df [O,]

Overall Effect -18 -20 to -15 348 81

Fagus -20to -2
Liriodendron
Populus -32t0-20

Prunus -30to -19
Quercus -17to 5




S
Future [O3] / Current [O;]

Asat
Genus o crange  oswel  of [0,]
Overall Effect -18 -20to -15 348 81
Gymnosperms -16 -19t0 -12 134 87
Picea -16 -22t0-10 55 73
Pinus -16 -21t0-10 76 94

Fagus -20to -2
Liriodendron
Populus -32t0-20

Prunus -30to -19
Quercus -17to 5




D
Future [O3] / Current [O;]

Asat
Genus o crange  oswel  of [0,]
Overall Effect -18 -20to -15 348 81
Gymnosperms -16 -19t0 -12 134 87
Picea -16 -22t0-10 55 73
Pinus -16 -21t0-10 76 94
Angiosperms -19 -22t0-16 213 77
Acer -20 -31to -8 14 67
Betula -14 -22 10 -6 43 45

38 80




D
Future [O3] / Current [O;]

Asat Os

Genus o crange  oswel  of 0] %Change  95%CI  df  [O]
Overall Effect -18 -20to -15 348 81 -6 -10to -3 252 71
Gymnosperms -16 -19t0 -12 134 87

Picea -16 -22t0-10 55 73

Pinus -16 -21t0-10 76 94
Angiosperms -19 -22t0-16 213 77

Acer -20 -31to -8 14 67

Betula -14 -22 10 -6 43 45

38



Future [O3] / Current [O;]

Asat Js

Genus o crange  oswel  of 0] %Change  95%CI  df  [O]
Overall Effect -18 -20to -15 348 81 -6 -10to -3 252 71
Gymnosperms -16 -19t0 -12 134 87 -10 -15t0 4 101 82

Picea -16 -22 t0 -10 55 73 -7 -15to 1 60 77

Pinus -16 -21t0 -10 76 94 -13 -22t0 -3 40 90
Angiosperms -19 -22 10 -16 213 77

Acer -20 -31to -8 14 67

Betula -14 -22t0 -6 43 45

Fagus -11 -20to -2 19 53




Future [O5] / Current [O;]

Asat gS
GenuS  wchange  wswear  df [0] %Change  95%CI  df [O]
Overall Effect -18 -20to -15 348 81 -6 -10to -3 252 71
Gymnosperms -16 -19t0 -12 134 87 -10 -15t0 4 101 82
Picea -16 -22t0-10 55 73 -7 -15t0 1 60 77
Pinus -16 -21to0 -10 76 94 -13 -22to -3 40 90
Angiosperms -19 -22 10 -16 213 77 -4 -9to1 150 63
Acer -20 -31t0 -8 14 67 4 -12 to 22 12 68
Betula -14 -22 10 -6 43 45 8 -2 to 18 52 40
Fagus -11 -20to -2 19 53 -12 -26t0 5 11 57
Liriodendron -6 -41 to 50 7 68
Populus -26 -32t0 -20 40 89
Prunus -24 -30to -19 50 108

Quercus =7 -17t0 5 22 77 -11 -19to -2 38 80




D
Future [O3] / Current [O;]

Effect of Increasing Ozone
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60 - 89 I—I—F 97 (74ppb) E’»
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Future [O5] / Current [O;]

Photosynthesis and stomatal
conductance are reduced by projected
ozone relative to today

- Negative impact on both gymnosperm and
angiosperm Asat and gs

- Genus differ in Asat response
- Lack of gs response in angiosperms

- Asat and gs decrease further when ozone
Increases



What is the consensus?
Photosynthesis

Asat
Present/Past Future/Past ~ Future/Present |
Overall Effect -11 -19 -18 ‘11
- o iﬁ;gg;gﬁggs Ve Difference No Difference (nd) nd ‘
Gymnosperms -2 2
il ] -20to -17 -19to -16 Y
| Angiosperms -14
s, s, i
- Increasing [O3] Decreases Decreases :
¥ Ozone alone -10 -20

| Drought & ECO, nd nd 277




What is the consensus?
Stomatal Conductance

Js
Present/Past Future/Past Future/Present
Overall Effect -13 -10 -18 “1
Gymnosperms vs. Difference No Difference (nd) nd
_ Angiosperms A
-~ Gymnosperms nd o
= -12 t0 -6 -16 to -19 A
;;’f* Angiosperms -16 Y.
% Varies: Varies: Varies:
& Cens 12 t0 -27 nd to -23 nd to -26
5 Increasing [O3] Decreases Decreases ’ =
& Ozone alone -11 -11
= Drought & nd nd 777

| Elevated CO,
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SPECIAL REPORT GLOBAL WARMING

BE
WORRIED.
BE

WORRIED.

Climate change isn't Some vague
future problem—it’s already
ey Tl
pace, Here's how it affects you, your
kids and their kids as well

EARTH AT THE TIPPING POINT
HOW IT THREATENS YOUR HEALTH

HOW CHINA & INDIA CAN HELP
SAVE THE WORLD—OR DESTROY IT

THE GLIMATE CRUSADERS
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