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emissions changes) and a pre-industrial exposure level of 10 ppb is estimated to exceed 2 million 

acute mortalities, with a 95% confidence interval of 560,000-3,600,000 (Figure 3d). 

West et al. (2007) previously assessed potential changes in global acute mortalities using four 

different scenarios. Under their MFR scenario, they calculate that emissions reductions could 

reduce global acute mortalities by about 460,000 relative to ozone predicted by their application 

of the SRES A2 scenario in 2030. To compare our results to their approach, we ran EPPA-HE to 

2030 with the population-weighted concentrations reported in their study. For the same scenario, 

we project a larger number of avoided mortalities (780,000), about 70% higher but within their 

uncertainty range using different exposure-response functions. We also project a decrease of 

130,000 mortalities under maximum feasible reduction relative to current legislation (lower 

concentrations than A2), which is less than the 267,000 predicted by West et al. (2007), but 

again within their uncertainty bounds. In contrast to West et al. (2007), who assumed a log-linear 

response function and a threshold of 25 ppb for health effects, we assume a linear response 

without threshold and a higher exposure-response function, as described above. Log-linear 

curves have a steeper response at lower concentrations, and less response at higher 

concentrations, consistent with the comparison here. 

5. ECONOMIC COSTS OF HEALTH IMPACTS 

Figure 4 shows the economic (welfare) losses (including leisure losses) due to ozone-related 

health impacts from climate change alone (4a), precursor emissions changes alone (4b), climate 

and precursor emissions together (4c), and excess ozone greater than 10 ppb (4d). Welfare losses 

are calculated for each region from EPPA-HE; for presentation in Figure 4, data are distributed 

within each region based on population.  

As shown in Figure 4a, climate change results in an annual global net loss of welfare of $790 

million by 2050 (in year 2000$), undiscounted. While some regions show net welfare gains (due 

to decreased ozone), these gains are outweighed by loss of welfare due to ozone increases in 

high-income regions (United States, Europe and Japan).  

Similar to the results for mortalities alone, the change in welfare due to emissions changes in 

the A1B scenario far exceeds the difference due to climate change alone. We calculate an annual 

welfare loss of $120 billion in 2050 due to emissions changes, and thus a net cost of $120.8 

billion due to climate and emissions changes. In Figure 4c, we show the total cost of ozone 

pollution above pre-industrial background, which is $580 billion in 2050. As shown in the figure, 

welfare losses occur in all regions.  Detailed results are presented in Table A4. 

Using EPPA-HE, we can calculate the compounding effect of ozone pollution between 2000-

2049 on the 2050 economy. Economic effects in earlier years reduce the overall level of the 

economy and savings and investment in those years that then lead to a lower stock of capital in 

succeeding years. We calculate this effect in EPPA-HE by the difference between our simulation 

in 2050, and a simulation with pre-industrial ozone in 2050 (10 ppb). From this scenario, we 

calculate that ~40% of economic losses ($240 billion) result from the accumulated economic  
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Figure 4. Change in economic welfare (consumption+leisure) from ozone-related health 

impacts due to (a) climatic change (with 2000 emissions) (Total=$7.9x108); (b) 
precursor changes (2050 climate) (Total=$1.2x1011); (c) climate and precursor 

changes in 2050(Total=$1.2x1011); and (d) ozone enhancements in 2050 above pre-

industrial exposures (10 ppb) (Total=$5.8x1011). Welfare change is calculated for 16 
world regions by EPPA-HE using population-weighted ozone concentrations from Wu et 

al. (2008b). Welfare is regionally distributed based on population. All values are in 
year 2000$. Note difference in scale for (d). Color scales are saturated at highest and 

lowest values. 

burden of previous ozone concentrations (2000-2049). This is not taken into account in most 

economic calculations of environmental health impacts.  

We also calculate the potential welfare gains under the West et al. (2007) MFR scenario 

relative to SRES A2 for 2030, and with concentration trends linearly extrapolated to 2050. We 

estimate that changes projected under this scenario would lead to a global welfare increase of  

$66 billion by 2030, and $170 billion by 2050. This suggests that emissions changes to 2050 

have the potential to affect ozone-related health damages with losses ranging from $120-170 

billion.  

We apply Monte Carlo analysis to assess the influence of both exposure-response and 

economic uncertainty on our welfare results. Figure 5 shows the difference in welfare between  
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Figure 5. Uncertainty in total global loss in economic welfare (consumption+leisure) from 

ozone-related health impacts due to (first row) climate and emission changes in 2050 
relative to 2000, and (second row) ozone enhancements in 2050 above pre-industrial 

exposure (10 ppb), based on a 400 sample Monte Carlo simulation. Left column shows 

median (solid), 67% (dash-dot) and 95% (dashed) confidence intervals. Right column 
shows frequency distribution of welfare loss for year 2050. All values are in year 

2000$. 

the scenario with climate and emission changes to 2050 and 2000 ozone levels (first row), and 

between 2050 and the pre-industrial background (second row). We calculate a 95% confidence 

interval of $12.8 billion-$186 billion for the annual welfare loss due to climate and emissions 

changes from 2000-2050. For the total cost of ozone pollution above pre-industrial background,  

the 95% confidence interval is $101 billion-$1.53 trillion. These uncertainties only take into 

account the uncertainties in the exposure-response factors and the economic valuation of 

impacts, and do not take into account additional uncertainties in future emissions and climate.  

6. POLICY IMPLICATIONS AND CONCLUSIONS 

 We assessed the human health and related economic impacts of present and future (2050) air 

pollution due to ozone, using the EPPA-HE model applied to results a GEOS-Chem global 3-D 
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tropospheric chemistry simulation for the IPCC A1B scenario. We find that ozone changes due 

to climate and precursor emission changes lead in 2050 to 817,000 additional acute mortalities 

[95% confidence interval of 350,000-2,300,000], and welfare losses of $120 billion [95% range 

of 12.8 billion-186 billion]; and that climate change contributes only $790 million to the median  

loss. We further calculate that ozone pollution above pre-industrial background leads to >2 

million [95% range of 560,000-3,600,000] acute mortalities in 2050, and welfare costs of $580 

billion [95% range of $101 billion-$1.53 trillion]. For comparison, our 2050 GDP projection in 

the U.S. for the case with 2050 climate and precursor emissions is $41 trillion ($2000), and for 

the world is $149 trillion. Thus, $580 billion is 0.4% of world GDP and 1.3% of U.S. GDP. We 

estimate that 40% of the median 2050 cost reflects the accumulated economic burden of previous 

elevated ozone. 

Though ozone concentration changes due to climate change vary in sign and magnitude in 

different regions, we nevertheless calculate a net global welfare loss due to climate-related ozone 

changes under the A1B scenario. The magnitude of changes due to emissions trajectories, 

however, far exceeds the climate signal, suggesting that future analyses could consider the 

effects of different emissions projections. Our analysis suggests that potential reductions in 

ozone emissions precursors such as NOx and VOCs could have substantial economic benefits 

due to human health improvements.  
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APPENDIX A 

Table A1. Correlations between exposure-response functions used in uncertainty analysis.  

Outcome  AM RHA RSD MRD AA BDU LRS 

Acute mortality (AM) X       

Respiratory hospital admission (RHA) 

(adults >65 years) 0.4 X      

Respiratory symptom day (RSD) 0.4 0.4 X     

Minor restricted activity day (MRD) 0.4 0.4 0.8 X    

Asthma attack (AA) 0.4 0.4 0.8 0.8 X   

Bronchodilator usage (BDU) 0.4 0.4 0.8 0.8 0.9 X  

Lower respiratory symptoms (wheeze) in 

children (LRS) 0.0 0.0 0.0 0.0 0.0 0.0 X 

 

Table A2. Ozone concentrations (ppb) by EPPA region, based on West et al. (2007) for 
sensitivity analysis. A2 refers to IPCC A2 scenario; CLE is current legislation, and MFR is 

maximum feasible reduction scenario. 

Region 2000 A2 2030 CLE 2030 MFR 2030 

AFR 39.3 48.5 42.0 36.9 

ANZ 42.4 48.3 43.5 36.6 

ASI 33.5 42.1 37.7 29.5 

CAN 46.4 52.1 48.0 40.9 

CHN 44.9 53.0 46.7 38.5 

EET 41.2 47.5 43.0 36.9 

EUR 40.4 45.1 42.2 37.3 

FSU 41.2 47.5 43.0 36.9 

IDZ 33.5 42.1 37.7 29.5 

IND 45.5 60.3 54.4 39.3 

JPN 42.4 48.3 43.5 36.6 

LAM 35.9 44.5 36.7 31.0 

MES 45.7 56.1 49.4 39.3 

MEX 35.9 44.5 36.7 31.0 

ROW 41.9 51.1 45.3 36.7 

USA 46.4 52.1 48.0 40.9 
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Table A3. Acute mortalities from ozone due to climate and precursor emission changes for 

each EPPA region. 

Region 

Mortalities 

Climate 

Mortalities 

Precursor 
Emissions 

Mortalities 

Climate+ 

precursors 

Excess 

mortalities 

O3>10ppb 

AFR -2640 130000 127000 391000 

ANZ -1 585 584 3980 

ASI 135 44500 44600 98500 

CAN 45 190 235 6810 

CHN -564 90500 89900 403000 

EET -489 1560 1070 16200 

EUR 297 5210 5500 66000 

FSU -1260 4890 3630 47400 

IDZ -2140 27400 25200 61800 

IND 3740 317000 321000 770000 

JPN 534 1280 1820 24300 

LAM 1190 46100 47300 114000 

MES -1250 33800 32600 127000 

MEX -1300 7940 6640 38000 

ROW -1360 108000 107000 362000 

USA 444 -2470 -2030 79800 

Total -4640 817000 813000 2610000 
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Table A4. Welfare change from ozone-related air pollution health impacts due to climate 

and emission changes for each EPPA region (in 109 year 2000$). 

Region 

Welfare 

Climate 

Welfare 

Precursor 
Emissions 

Welfare 

Climate+ 
precursors 

Welfare (2050) 

O3>10ppb 

AFR 0.083 -4.5 -4.4 -8.4 

ANZ 0 -1.5 -1.4 -6.4 

ASI -0.012 -1.9 -2 -1.8 

CAN -0.092 -0.59 -0.47 -13 

CHN 0.11 -17 -17  -57 

EET 0.51 -2.2 -1.6 -14 

EUR -0.53 -9.9 -9.1 -96 

FSU 1  -5.5 -4.3 -33 

IDZ 0.13 -1.8 -1.7 -1.9 

IND -0.76 -56 -60 -80 

JPN -1.8 -3.6 -4.3 -73 

LAM -0.04 -1.5 -1.6 -1.9 

MES 0.042 -1.6 -1.6 -4.5 

MEX 1.4 -10 -8.5 -28 

ROW 0.075 -6.3 -6.3 -13 

USA -0.91  2.2   4.8 -150 

Total -0.79 -120 -120 580 
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