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Abstract 

Air quality, ecosystem exposure to nitrogen deposition, and climate change are intimately 

coupled problems: we assess changes in the global atmospheric environment between 

2000 and 2030 using twenty-five state-of-the-art global atmospheric chemistry models 

and three different emissions scenarios. The first (CLE) scenario reflects implementation 

of current air quality legislation around the world, whilst the second (MFR) represents a 



more optimistic case in which all currently feasible technologies are applied to achieve 

maximum emission reductions. We contrast these scenarios with the more pessimistic 

IPCC SRES A2 scenario. Ensemble simulations for the year 2000 are consistent among 

models, and show a reasonable agreement with surface ozone, wet deposition and NO2 

satellite observations. Large parts of the world are currently exposed to high ozone 

concentrations, and high depositions of nitrogen to ecosystems. By 2030, global surface 

ozone is calculated to increase globally by 1.5±1.2 ppbv (CLE), and 4.3±2.2 ppbv (A2). 

Only the progressive MFR scenario will reduce ozone by -2.3±1.1 ppbv. The CLE and 

A2 scenarios project further increases in nitrogen critical loads, with particularly large 

impacts in Asia where nitrogen emissions and deposition are forecast to increase by a 

factor of 1.4 (CLE) to 2 (A2). Climate change may modify surface ozone by -0.8±0.6 

ppbv, with larger decreases over sea than over land. This study shows the importance of 

enforcing current worldwide air quality legislation, and the major benefits of going 

further. Non-attainment of these air quality policy objectives, such as expressed by the 

SRES-A2 scenario, would further degrade the global atmospheric environment. 

 

Introduction 

Emissions of reactive nitrogen, i.e. nitrogen oxides (NOx = NO + NO2), generated in the 

burning of fossil- and bio-fuels, and ammonia (NH3) volatilized from agricultural 

processes, cause a number of environmental problems. Ozone (O3) is formed in the 

presence of NOx, methane (CH4), carbon monoxide (CO) and hydrocarbons. O3 is an 

important greenhouse gas and is also toxic to humans, animals and plants. The IPCC 

Third Assessment Report (1) recognized the intertwined role of CH4 and conventional air 

pollutant emissions for climate and air quality. In particular, an evaluation of the high-

emissions IPCC SRES A2 emissions scenario showed global mean surface O3 increases 

of about 5 ppbv by 2030 and 20 ppbv by 2100 (2). Another associated adverse impact of 

the enhanced emissions of NOx and NH3 is the increased long-range transport and 

deposition of nitrogen, leading to damaging eutrophication and acidification of 

ecosystems and loss of biodiversity (3,4). 

In this work we focus on climate change, air quality, and ecosystem exposure to nitrogen 

deposition for the year 2030. We use a new set of emission scenarios for CH4, NOx, NH3, 

CO, SO2 and non-methane volatile organic compounds (NMVOC) recently developed at 

IIASA (International Institute for Applied Systems Analysis) and described by (5). The 

scenarios differ substantially from the previous SRES (6) scenarios. In the last few years 

increasing air pollution in developing countries has become a public concern (5, and 

references therein). As a consequence many of the major rapidly developing countries in 

Asia and Latin America have issued legislation on state-of-the-art emission controls. 

Upon implementation, these regulations will significantly cap the air pollution emissions 

at the regional and global scales. This is the basis of our CLE (Current LEgislation) 

scenario. Further, we evaluate the effects of the emissions of a MFR (Maximum 

technologically Feasible Reduction) scenario, and contrast it with the pessimistic SRES 

A2 scenario. Both CLE and MFR are based on economic and energy use projections 

according to the moderate SRES B2 scenario. These emission scenarios were used by 25 



global atmospheric chemistry-transport models (CTMs) driven by re-analyzed 

meteorological fields or general circulation models (GCMs), run by groups in Europe, the 

United States, and Japan. Although some models share some common sub-components, 

the ensemble of model results is sufficiently broad to estimate uncertainties resulting 

from the various assumptions in the transport models. The models performed baseline 

(year 2000) and 2030 scenarios, all using a fixed meteorology based on the year 2000; 

whereas a subset of models repeated the 2030 CLE scenario, but with a changed climate. 

In this paper we give an integrative overview of the findings; other publications (7-10) 

present  more detailed results from this large model exercise.  

Methods 

Up to five simulations were performed by each model (Table 1). B2000 evaluated the 

reference year 2000, whilst CLE, MFR, and A2 assessed the year 2030. CTMs used the 

meteorological year 2000. GCMs performed 5-10 years of simulations, using a climate 

appropriate for the time period 1995-2004. To evaluate the impacts of climate change, an 

additional simulation (CLE2030c) was computed by nine of the GCM-driven models, 

using a climate appropriate for 2030. Most modelers applied the IS92a climate scenario 

associated with a global mean surface warming of about 0.7K between 2000 and 2030. 

Global emissions of NOx, CO, NMVOC, and CH4 (Table 1) were generated by IIASA, 

and spatially distributed using the EDGAR3.2 database, as described in and references 

therein. NH3 emissions were generated by RIVM IMAGE model 

(http://arch.rivm.nl/image ). To avoid excessive spin-up times for equilibration of CH4 we 

prescribed global CH4 volume mixing ratios instead of emissions [Table 1], using 

consistent values from earlier transient simulations for 1990-2030 described in (5,11). In 

electronic supplement Table ES1 we present the 25 participating models, including 

characteristics of their resolution, chemistry and transport parameterizations. Compared 

to the earlier modeling exercises (2,12) twice as many models participated in this study; 

model complexity (inclusion of NMVOC chemistry), and resolutions have greatly 

improved: almost half of the models had horizontal resolutions of 2º-3º or better, and 

almost of the other models had resolutions around 4º-5º. Further information on the 

model experiment can be found on http://www2.nilu.no/farcry_accent.  

Results 

Surface ozone increases 

In Figure 1a-1d we display the annual average O3 and O3 differences at the earth surface 

calculated from all models for B2000, CLE, MFR, and A2 in 2030. The impact of climate 

change (CLE2030c) is given in Figure 1e. Figure 1a shows that calculated annual average 

surface O3 varies between 40-50 ppbv over large parts of N. America, S. Europe, and 

Asia. Background values ranging between 15-25 ppbv are found in large parts of the S. 

Hemisphere (SH). Average surface concentrations are 33.7 ± 3.8, 23.7 ± 3.7 and 28.7 ± 

3.6 ppbv (Table 2), for the N. Hemisphere (NH), SH, and world, respectively. In Figure 

1a we also give averaged measurements for the year 2000, taken from the WMO-GAW 

World Data Centre for surface ozone, EMEP/AIRBASE in Europe; and CASTNet in the 



United States. Measurements for India, China, and Africa are from various scientific 

studies (13-16). Our analysis reveals that our mean model results agree within 5 ppbv 

with measurements in the USA, China, and Central Europe, and may overestimate the 

measured annual average with 10-15 ppbv in Africa, India and the Mediterranean. The 

variability among the annual model results was of the order 10-30 %. 

The CLE scenario (Figure 1b, Table 2) would approximately stabilize O3 in 2030 at 2000 

levels in parts of N. America, Europe and Asia. However, O3 may increase by more than 

10 ppbv in areas anticipated to experience large increases of transport and power 

generation related emissions (e.g. India). Background O3 increases by 2-4 ppbv in the 

tropical and mid-latitude NH, related to the interaction of the increasing concentrations of 

CH4 and the worldwide increase of emissions of NOx, CO, and NMVOC. The increases 

are most consistently predicted in Asia; whereas the ensemble predictions are not robust 

(large standard deviations) in North and South America, Southern Africa and the Middle 

East. A cleaner future is possible, if all currently available technologies are used to abate 

O3 precursor emissions. In this MFR case (Figure 1c; Table 2) O3 reduces by 5-10 ppbv 

relative to the present situation in the regions of main pollution. The models are 

consistent in their prediction of the ozone reductions with relative standard deviations 

around 30-40%. Finally, consistent with previous studies (2), in the A2 scenario (Figure 

1d), annual average surface O3 increases by 4.3 ppbv worldwide and by 5-15 ppbv in 

Latin America, Africa and Asia.  

How is climate change expected to influence these O3 changes? The average results from 

9 models for the CLE2030c scenario indicate that climate change may reduce surface O3 

by 1-2 ppbv over the oceans, and by 0.5 to 1 ppbv over the continents. We find that the 

climate change related processes affecting surface O3 were the regional and global 

increase of temperature and water vapor, tending to decrease surface O3, particularly in 

the cleanest regions, and the increased influx of stratospheric O3 into the troposphere, 

increasing free tropospheric and surface O3. Note that many feedbacks, e.g. from natural 

emission changes, were generally not included in the models. We further note that the 

variability in the calculated climate induced ozone perturbations is large [Table 2], 

associated with the differences of individual climate model simulations. 

What is the effect on ozone air quality? Several regulatory O3 air quality limits, with 

threshold values of 60-80 ppbv, are currently employed in Europe, the USA and Japan. 

The World Health Organization (WHO) re-analyzed epidemiological studies of O3 

related health effects, and recommend the air quality index called SOMO35 

(http://www.unece.org/env/documents/2004/eb/wg1/eb.air.wg1.2004.11.e.pdf). SOMO35 

is based on the exceedance over 35 ppbv “background level” of the daily maximum of an 

8-hour running average ozone volume mixing ratio (MaxO3): 
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In contrast to other air quality limits, SOMO35 considers O3 toxicity at lower 

concentrations; and is more suited to assess the effect of large scale changes of ozone 

background concentrations. Figure 2 gives the SOMO35 for scenario S1-S4, and in Table 

2 we give a regional analysis of SOMO35. Ellingsen et al. (8) show that a SOMO35 of ~ 

3000 ppb days is consistent with air quality limits currently in use in North America and 

Europe. According to our model calculations SOMO35 is exceeded in large parts of the 

world in the year 2000; most notably in the United States, the Middle East, and South 

Asia (India). In these regions most models consistently compute SOMO35 in excess of 

3000 ppb.days. Only in the MFR scenario ozone will be close to the WMO airquality 

limit. The large scale regional and annual averaged ozone and SOMO35 appear to be 

highly correlated with a correlation coefficient of r=0.99; this high correlation follows 

from the fact that already at present background ozone is close to the 35 ppbv threshold.   

Nitrogen deposition 

In Figure 3a-d we give the calculated NOy total deposition averaged for 22 models in 

2000, CLE, MFR, and A2 2030. Figure 3e gives the total reactive nitrogen (=NOy+NHx) 

deposition in the year 2000, showing the importance of NHx deposition. It is currently 

thought that 1000 mgNm-2yr-1 is a threshold (“critical load”), above which changes in 

sensitive natural ecosystems may occur (4,17). So far most studies have focused on the 

effects of NOy deposition (18), since it is intimately associated with O3 formation. Our 

results indicate that accounting for NHx deposition, related to animal and food production 

systems, may double the deposition from NOy alone. The resulting total Nitrogen (NOy 

and NHx) deposition exceeds 2000 mgNm
-2

yr
-1

 in extended parts of the world, including 

biodiversity hotspots. To date, the consequences for biodiversity and ecosystem health 

have only been studied for temperate regions, but it has been suggested that increased 

nitrogen deposition will play an important future role in the decrease of plant diversity 

worldwide (19). A comparison of the corresponding calculated wet deposition fluxes with 

measurements in USA, Europe, S.E. Asia , Africa and S. America, yields agreement 

within a factor of two for 70-80 % of the measurement stations (see EF). Exceptions are 

Asia where the models strongly underestimate NOy deposition by up to 60 %, and S. 

America, where almost no measurement data were found. In 2030, considering the CLE 

scenario NOy deposition decreases in Europe, is near-constant in N. America, and 

strongly increases in Asia. NHx depositions increase almost everywhere. Our clean MFR 

scenario, which was evaluated only for NOy, considerably improves this situation, with 

NOy deposition almost everywhere below 500 mgNm
-2

yr
-1

. In contrast, the A2 scenario in 

the year 2030 leads to extended regions exposed to NOy deposition larger than 1000 

mgNm
-2

yr
-1

.  

Satellite observations of NO2 columns 

Recent satellite observations allow us to evaluate nitrogen pollution on near global scales. 

For the year 2000, the GOME instrument on-board of the ERS-2 satellite, provides a 

unique opportunity to compare model calculated NO2 columns with measurements.  We 

compare model NO2 column output at the satellite overpass time (10:30 LT), taking into 

account sampling issues, and uncertainties in retrievals. Daily tropospheric NO2 column 



densities were calculated by 17 different models; uncertainties in the retrievals are 

quantified by using retrieval products from three different groups: KNMI/BIRA-IASB 

(20), University of Bremen (21), and an update of the Dalhousie/SAO retrieval (22), 

excluding uncertain retrievals at high latitudes. Low tropospheric NO2 columns of <1 

1015 moleccm-2 are calculated and observed by GOME in marine regions. Over the 

continents, three regions of dominant NO2 pollution are found in N. America, W.Europe, 

and China, coinciding with the regions of high emissions. These regions are also 

indicated in the average model; but the averaged model maxima of 6-8 10
15 

moleccm
-2 

clearly underestimate the GOME observed values, which exceed 10 10
15 

moleccm
-2

. The 

difference of models and measurements is particularly pronounced over the rapidly 

developing parts of Eastern China and South Africa, indicating that the assumed NOx 

emissions may be unrealistically low in these regions. In regions dominated by biomass 

burning, such as in Africa and South America, the models tend to overestimate the 

observed seasonal cycle. 

We note that the discrepancy in NO2 column in e.g. North America and Europe does not 

seem consistent with the general agreement in NO3 wet deposition. In the rapidly 

developing parts of China and Southern Africa, the model-satellite discrepancy indicates 

an underestimate of NO emissions, consistent with underestimates of N-deposition, but 

not corroborated by similar discrepancies in surface ozone. One important finding, 

however, is that the differences of the GOME retrievals are in many instances as large as 

the spread in model results, meaning that in only a few cases(i.e. in China) robust 

statements on under prediction of NO emissions can be made. 

The present and future atmospheric environment 

The results from 25 state-of-the-art atmospheric chemistry transport and climate models 

regarding changes in surface O3, and deposition of nitrogen are for the year 2000 broadly 

consistent with measurements of current day O3, NO2 columns, and nitrogen deposition, 

with largest discrepancies in the developing regions of India, Africa, and S.E. Asia. Most 

models indicate that already in the year 2000, the most recent WHO recommended air 

quality standard SOMO35 is exceeded over large regions. We considered 3 scenarios for 

2030. In the CLE scenario this situation is aggravated in parts of Asia (most notably in 

India with large growth in the transport sector), whereas the MFR scenario provides a 

cleaner alternative for O3. Our model results indicate that the undesirable SRES A2 

scenario would lead to large problems in 2030 with attaining any air quality standard in 

most industrialized parts of the world. We also show that NOy and NHx deposition are 

already at present above the critical nitrogen loads, resulting in eutrophication and 

decrease of biodiversity. These deposition fluxes are expected to increase further 

considering the CLE and A2 scenarios. The same emissions that worsen air quality and 

nitrogen deposition also have a substantial impact on climate. Stevenson et al. (10) show 

that the sum of the O3 and CH4 radiative forcings, in case of CLE and A2, contributes 

22% - 28% to the forcings of CO2 alone. Only introduction of stringent NOx, CO, 

NMVOC, and CH4 abatement technologies (MFR) prevents further increases in the 

forcings of O3 and CH4. Integrated analysis of the impacts, and of the cost-benefits of 



reducing NOx, CO, NMVOC, and CH4 emissions (5,23,24) is needed to guarantee a 

cleaner atmospheric environment for the next generation.  
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Table 1. Overview of simulations, prescribed methane volume mixing ratios and 

global anthropogenic emissions of CO, NMVOC, SO2 and NH3. Emissions in Tg Full 

Molecular Weight /year. 

 

Simulation Meteorology Description CH4 

[ [ppbv] 

CO NMVOC NOx 

(NO2) 

SO2 NH3 

S1-B2000 CTM 2000 

GCM SSTs 1990s 

Baseline.  1760 977 147.1 124.8  111.1  64.8 

S2-CLE/CLEc CTM 2000 

GCM SSTs 1990s 

IIASA CLE 2030. Current 

Legislation scenario.  

2088  904.1 145.5 141.1  117.6  84.8  

S3-MFR CTM 2000 

GCM SSTs 1990s  

IIASA MFR 2030 

Maximum Feasible 

Reduction scenario  

1760 728.7 104.4 76.0 35.8 84.8  

S4-A2  CTM 2000 

GCM SSTs 1990s 

SRES A22030, the most 

‘pessimistic’ IPCC SRES 

scenario 

2163 1268.2  206.7  206.7 202.3 89.2  

S5c-CLE2030c  only GCM SSTs 

2030s 

IIASA CLE 2030 + 

Climate Change  

2012  904.1 145.5 141.1  117.6  84.8  

 

 



Table 2: Area weighted regional and global annual mean surface ozone [ppbv] and 

in Italics SOMO35 [ppbv days] in 2000 and increases for various scenarios at 

selected regions. Regions are defined according to IMAGE2.2 

(http://arch.rivm.nl/image/). Standard deviations are calculated from ‘n’ models. 

The WHO recommended SOMO35 is based on the exceedance of 35 ppbv of the 

daily maximum of an 8-hour running average ozone volume mixing ratio. 

Region O3 

2000 

 

n=24/17 

?O3 

CLE2030-

B2000 

n=22/14 

?O3 

MFR2030 

-B2000 

n=19/14 

?O3 

A2_2030-

B2000 

n=18/14 

?O3 

CLE2030c 

-CLE2030 

n=9 

USA 38.7 ±4.9 
4145±1378 

1.3±2.4 
583±280 

-4.9±1.8 
-1788±525 

 4.8± 4.5 
1911±797 

-0.4±1.2 

South 

America 
27.9 ±4.7 

1681±865 

0.5±2.0 

140±74 

-2.4±2.3 

-231±106 

 5.7± 2.7 

1247 ±597 

-0.5±0.8 

Southern 

Africa 
34.8 ±5.0 

3207±1304 

1.4±3.9 

553±190 

-2.5±4.5 

-332±126 

 7.0± 4.2 

2084±666 

-0.4±0.7 

OECD Europe 36.6 ±4.2 

3056±1084 

1.8±1.5 

384±335 

-2.8±1.1 

-1071±292 

 3.9± 3.8 

1417 ±823 

-0.4±0.7 

Middle East 43.5 ±6.4 

5388±1917 

1.7±2.4 

766±401 

-6.6±2.2 

-2195±668 

 8.7± 6.0 

3692±1523 

-0.6±0.9 

South Asia 45.0 ±6.9 

6093±2266 

7.2±1.9 

3094±791 

-5.9±1.6 

-1976±560 

 11.8± 4.3 

4914±1435 

-0.7±0.9 

South East 

Asia 
31.5 ±4.4 

2096±937 

3.8±0.7 

945±329 

-3.6±0.5 

-703±276 

 7.7± 1.8 

2222±563 

-0.6±1.0 

Northern 

Hemisphere 
33.7 ±3.8 

2336±950 

2.3±0.5 

615±254 

-2.9±0.6 

-786±208 

 5.9±2.1 

1738±704 

-0.8±0.7 

Southern 

Hemisphere 
23.7 ±3.7 

486±330 

0.6±2.1 

111±85 

-1.7±2.3 

-79±55 

 2.7± 2.6 

394±229 

-0.7±0.6 

World 28.7 ±3.6 

1411±608 

1.5±1.23 

63±160 

-2.3±1.1 

-433±118 

 4.3± 2.2 

1066±426 

-0.8±0.6  



Figure 1: (a) Ozone in the year 2000; and the ozone differences between scenarios 

(b) CLE, (c) MFR, (d) A2 with 2000 and (e) the impact of climate change comparing 

CLEc and CLE. Differences are based on the averaged difference of individual 

model simulation. Regionally averaged measurements (upper: mean, lower left 

mean+1 s , lower right mean-1 s ) are given in the circles. 

A 

B 

C 

 



 

D 

E 

 



Figure 2: SOMO35 [ppbv days]  (a) in the year 2000; (b) 2030 CLE; (c) 2030 MFR 

and (d) A2. SOMO35 is based on the daily maximum of an 8 hours moving average 

ozone volume mixing ratio subtracted by 35 ppbv.  
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Figure 3: NOy total deposition averaged for 22 models [mgNm
-2

 yr
-1

] in (a) 2000 (b) 

CLE 2030 (c), MFR 2030 (d) A2 2030 ; and (e) total reactive nitrogen (=NOy+NHx) 

deposition [mgNm
-2

 yr
-1

] in 2000. 
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Figure 4: (a) Modelled and (b) GOME measured annual average NO2 columns for 

the year 2000. Modelled data represents an average of 17 models, and the GOME 

retrieval is an average of three retrieval products. For a consistent comparison, the 

data in both cases have been smoothed to a horizontal resolution of 5
o
x5

o
. 
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