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1. Executive Summary  

We present in 5.1.1 trend analysis performed with the LMDz-INCA model, and in 5.1.2 results delivered by TM5, 
ECHAM5-HAMMOZ, LMDz-INCA-ORCHIDEE, and a host of other models, in the frame of the international 
ACCMIP and HTAP projects, IPCC AR5, and used for ECLAIRE. Results can be summarized as follows:  
 
• Emission trends of global and regional NOx are qualitatively in agreement with satellite observations with 

declines in NO2 in North America and Europe in the order of 20-30 % for 1996-2011. There is good 
qualitative knowledge on decreases of precursor gases CO and NMVOC in Europe and the US. 

• Deposition trends in Europe are reasonably well understood by global and regional models, transport of 
reactive nitrogen from outside Europe may contribute by 5-10% to deposition in Europe. 

• Trend of inflow of ozone at Europe’s boundary is only partly understood: attribution of changes typically can 
explain up to half the observed changes. Possible explanations include important roles of decadal scale 
variability, and possibly missing information on long-range transport of anthropogenic pollution. Scaling of 
regional boundary conditions with observations at Mace Head provides an accurate assessment of Europe-
wide changes, but may be problematic for future conditions. 

 
 

2 of 17 



ÉCLAIRE   Deliverable 5.1 
 
 

2. Objectives: 

To assess our current understanding of ozone and other air pollution trends, based on knowledge acquired 
within the UNECE TF HTAP, work for IPCC-AR5 and other projects, with a focus on the inflow regions of 
Europe. 

3. Activities: 

Global Modelling with ECLAIRE models, and participation in and contribution to global modelling projects. 
 

4. Results: 

4.1 Trend analysis with the LMDz-INCA model 
 
The LMDz-INCA-ORCHIDEE global chemistry-aerosol-climate model couples on-line the LMDz (Laboratoire de 
Météorologie Dynamique, version 4) General Circulation Model, the INCA (INteraction with Chemistry and 
Aerosols, version 3) chemistry model and ORCHIDEE (ORganizing Carbon and Hydrology In Dynamic 
Ecosystems) version 9 dynamical vegetation model.  
 
In the framework of ECLAIRE a new version of the model has been developed to include the NH3 cycle and the 
ammonium nitrate and ammonium sulfate particles. A description of the model components is given in 
(Hauglustaine et al., 2013). Hindcast simulations for the period 1960, 1970, 1980, 1990, and 2000, have been 
performed, using ECMWF meteorology for the years 2005-2006, and anthropogenic emissions from Lamarque 
et al. (2010). The monthly mean results from the LMDz-INCA global model to be used as boundary conditions for 
regional scale models within ECLAIRE are available as NetCDF files (see also D.5.4) 
 
In order to illustrate the model results and investigate the role played by anthropogenic emissions on the 
evolution of atmospheric composition, Figure 5.1.1 shows the CO summer surface mixing ratio for the year 
1960, 1970, 1980 and 2000. Due to increasing emissions, CO mixing ratio has increased over the considered 
period up to 1990 in the northern hemisphere and in Europe in particular, with summer mixing ratios reaching 
more than 150 ppbv over most of Europe and up to 300 ppbv in northern Europe in 1980. Due to decreasing 
emissions after 1990, the summer time surface mixing ratio has decreased below 200 ppbv in 2000. Despite the 
shorter CO lifetime in summer due to its oxidation by OH, the simulations also show an increase in background 
CO with mixing ratio increasing over the Northern Atlantic from maximum values of 70-80 ppbv in the 1960s up 
to 90-100 ppbv in the 1980s. 
 

 
Figure D5.1.1. Distribution of CO surface mixing ratio (ppbv) calculated for JJA conditions and for the year 1960, 
1970, 1980, and 2000. 
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Figure 5.1.2 illustrates the evolution of the surface ozone mixing ratio for JJA conditions over 1960-2000. The 
simulated ozone mixing ratio increased from 40-45 ppbv over Western Europe in 1960 to values reaching 45-50 
ppbv in Northern Europe with marked maximum values in Southern and Central Europe reaching 55 ppbv in 
Spain, Italy, Greece, and the South of France in 1980 (and 1990, not shown). Due to decreasing emissions of 
ozone precursors in the emission inventories, the O3 surface mixing ratios have started to decrease after 1990 
with maximum values of 50-55 ppbv still confined in the Mediterranean basin but with mixing ratios decreased by 
5-10 ppbv in Northern Europe. Over the Northern Atlantic, the ozone background concentration increased from 
20-25 ppbv in 1960 up to 25-30 ppb at the end of the 20th century. 

 
Figure D5.1.2. Distribution of O3 surface mixing ratio (ppbv) calculated for JJA conditions and for the year 1960, 
1970, 1980, and 2000. 
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Nitrogen and sulphur deposition over the 1960-2000 period are evaluated in Figure 5.1.3 showing the 
comparison of the model simulated deposition of SO4, total NHx (=NH3+NH4

+), and total NOy compared to 
measurements in Europe for present day condition. Overall a good agreement is reached for the three 
parameters considering the difficulty to reproduce these measurements with a global model with coarse 
resolution. As shown on these plots the wet deposition for sulphates and total NOy is underestimated by about 
25%. For total NHx a better agreement is reached and the measurements are underestimated by only 4.5%. 
Similar patterns have been obtained over Northern America (IMPROVE network) and over Asia (EANET 
network).  
 
Figure D5. 1.3. Model-measurement comparison for SO4, NHx, and NOy wet deposition over Europe (gN-
S/m2/yr). 
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Figure 5.1.4 shows the evolution SO4, total NHx, and total NOy  dry+wet surface deposition from 1960 to 2000 
as simulated by the model. Decreased SO2 emissions had a significant impact on SO4 deposition over the 40 
year period. Over Europe in particular, sulphate deposition decreased from values reaching more than 800-900 
mgS/m2/yr in 1960 to values generally lower than 300 mgS/m2/yr in 2000 in Western Europe. In 2000, maximum 
values of about 400 mgS/m2/yr are calculated in Central Europe. In contrast the sulphate deposition has 
significantly increased over China reaching more than 800 mgS/m2/yr in 2000. Increase in NH3 and NOx 
emissions is responsible for a significant increase in NHx deposition in the central US, in Europe and to an even 
larger extent in South East Asia and India. In Northern Europe in particular, the total NHx deposition increased 
from 600 mgN/m2/yr in 1960 up to 1 gN/m2/yr in 2000 in the Benelux and Northern France. Total NOy also 
increased over the considered period but to a much lesser extent than NHx in Europe. Maximum values of 
annual mean deposition of 800 mgN/m2/yr are reached in Northern Europe in 2000. Over China and India, the 
total NOy reaches more than 1 gN/m2/yr in several areas. 
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Figure D5.1.4. Annual mean total surface deposition of (top row) SO4 (mgS/m2/yr), (middle) total NHx and 
(bottom) total NOy (mgN/m2/yr) calculated in 1960 (left) and in 2000 (right). 
 
4.2 Trends analysed in HTAP, ACCMIP and IPCC-AR5 
 
The global models participating in ECLAIRE (including LMDZ-INCA and TM5) have been contributing to 
community analysis of air pollution trends over the past decades-to-century timescales.  
 
Here results from ACCMIP (Atmospheric Chemistry and Climate Model Intercomparison Project), HTAP and 
ECHAM5-HAMMOZ are synthesized and summarized. 
 
5.1.2.1 Ozone trends 
 
Figure 5.1.5 shows a comparison of a multi-model current day ozone climatology  radio-sonde and TES satellite 
observations,  produced within ACCMIP  (Young et al., 2013). Overall current day remote ozone is accurately 
described by current models, with the exception of upper tropospheric ozone, which is biased low.  
 
Figure D5.1.5. Ability of current models to reproduce tropospheric ozone current-day background climatology 
(Young et al. 2013) 
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Lamarque et al. (2010) (Figure 5.1.6) performed a comparison of timeseries (1960-2009) of a subset of two 
models (Figure 2.1.6). Of the linear trends fro 1960-2009 trends at the South Pole, Samoa, Mauna Loa, Barrow 
are reproduced with an error of  ±0.1 ppb/yr.  Mace Head unfiltered data are accurately reproduced at 0.17 
ppbv/yr (since 1989); whereas trends at Hohenpeissenberg, Zugspitze and Arkona are lower by a factor 2 or 3 
compared to the observations (ca. 0.3 to 0.4 ppb/yr), although individual models were substantially biased 
compared to the observations.  
 
Figure D5.1.6 Ozone trends at 4 stations by the GISS and CAM-Chem models, a subset of models in ACCMIP 
(Lamarque et al.; 2010). Zugspitze, Mace Head and Arkona are situated in Europe. 
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Using results from HTAP (2010), Wild et al. (2012; 2013) analysed these decadal trends with respect to source 
contributions from Europe, North America, South and East Asia, the Rest-of-the-World (representing ca. 40 % of 
the global NOx sources) and CH4. A more detailed analysis by Wild et al. (2013), using an ensemble of HTAP 
model sensitivity simulations, shows that using the best assessment of past emission changes models 
underestimate recent ozone trend at at the western boundary of Europe as wells as remote continental sites in 
Europe, and show a turnover in ozone a decade earlier than observed.  
 
Figure D5.1.7 Ozone changes attribution to World Regions for the last decades showing trends from 1960-2000 
for North America, Europe, South and East Asia. Lower panels give attribution to regional source, extra-regional 
and global Methane sources. 
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Using the ECHAM5-HAMMOZ model, Pausata et al. (2012) show a strong relationship between the NAO-index 
and O3 variability at Mace Head, as well over continental Europe (Figure 5.1.8). Their analysis of recent trends 
at Mace Head, suggest that the recent slow-down of O3 increases at Mace Head is at least partly attributable to 
decadal scale meteorological variability as represented in NAO index.  
 
Figure D5.1.8 Seasonal and annual observed and modelled ozone variations at Mace Head and correlation with 
NAOI (PCI1). PC1 principal component 1 is an indicator of NAO. 
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4.2.2 NO2 trends 
 
The most recent assessment of satellite observed regional/world NO2 trends was presented by Hilboll et al. 
(2013) and input to IPCC AR5. Satellite and surface observations of ozone precursor gases NOx, CO, and non-
methane volatile organic carbons indicate strong regional differences in trends (Figure 5.9) Most notably NO2 
has likely decreased by 30-50% in Europe and North America and increased by more than a factor of 2 in Asia 
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since the mid-1990s. Regional model analysis, e.g. using the Asian REAS inventory, indicated that Asian 
emissions reasonably reproduced the annual trends observed by multi-satellites, suggesting that the NOx 
emissions growth rate estimated by the updated REAS is robust. Figure 5.9 shows the changes relative to 1996 
in satellite derived tropospheric NO2 columns, with a strong upward trend over central eastern China and an 
overall downward trend in Japan, Europe and the USA. NO2 reductions in the USA are very pronounced after 
2004, related to differences in effectiveness of NOx emission abatements in the USA and also to changes in 
atmospheric chemistry of NOx. Increasingly, satellite data are used to derive trends in anthropogenic NOx 
emissions, with overall increases in global emissions, driven by Asian emission increases of up to 29%/yr (1996–
2006), while moderate decreases up to 7%/yr (1996–2006) are reported for North America and Europe. A 
comparison with regional JRC EDGAR4.2 Emission inventory indicates consistent trends for Europe, India and 
the US, but potentially an underestimate in the emissions (in 2008 an increase by a factor of 1.8 in EDGAR4.2 
and 2.3 in the observations). Note however, that in this preliminary analysis the region extents were not 
matching. 
 
 

 
Figure 5.1.9:  
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Figure D5. 1.10 EDGAR4.2 NOx emission trends; http://edgar.jrc.ec.europa.eu/index.php 
 
 
4.2.3 Aerosol trends 
 
Rural PM10, PM2.5 and sulphate aerosol trends in the US and Europe were summarized by IPCC-AR5 and 
shown in Figure 5.1.11. Trends are around -1 to -5 % at a number of rural sites in North America and the US, but 
a large interannual variability precludes making robust statistical statements at many sites as well.  
 

 
 
Figure D5.1.11 Trends in particulate matter (PM10 and PM2.5 with aerodynamic diameters < 10 and 2.5 μm, 
respectively) and sulphate in Europe and USA for two overlapping periods 2000-2009 (a, b, c) and 1990-2009 
(d, e). The trends are based on measurements from the EMEP and IMPROVE  networks in Europe and USA, 
respectively. Sites with significant trends (i.e. a trend of zero lies outside the 95% confidence interval) are shown 
in colour; black dots indicate sites with non-significant trends. Figure from Chapter 2 of IPCC AR5 WG report 
(IPCC,Chapter 2, 2013) 
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D5.1.12 Time series from 1997 (1999) to 2011 of PM10 (left) and PM2.5 (right) at selected EMEP sites. EMEP 

 

 
 
Figure 5.1.13: Calculated and observed 12-year time series in annual mean PM10 and PM2.5 concentrations 
from 2000 to 2011: left – only for the EMEP sites with measurements during the whole 12-year period; right – all 
EMEP sites with PM measurements.  

For the period 2005-2011, the EMEP model (EMEP, report 2013) finds a good agreement between modelled 
and observed PM trends (with the model underestimating by 18-20% the measured PM). For both PM10 and 
PM2.5, the mean concentrations drop from 2006 to 2008-09 and then somewhat increase to 2010-11.  
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These declines are further corroborated by satellite observations: IPCC, AR5 states that it is very likely that 
aerosol column amounts have declined over Europe and the eastern USA since the mid 1990s and increased 
over eastern and southern Asia since 2000. 

Nitrogen and Sulphur Deposition 
 
Hauglustaine et al. (2013) showed an overall good comparison of model results in comparison to wet deposition 
measurements in North America and Europe. Using the same emission data but an extended set of models 
participating in the ACCMIP exercicse, Lamarque et al. (2013) showed a similar skill of a set of global models 
over North America/Europe, but deteriorated skills, especially over North America to understand trends between 
1980-2000. These were attributed to uncertainties to capture North American emission changes in the dataset 
summarized by Lamarque et al. (2010). HTAP (2010) reported source receptor relationships for 4 major 
Northern Hemispheric regions. Overall in the order of 5-10 % of reactive Nitrogen deposited over Europe was 
evaluated to originate from Non-European sources. 
 
Figure 5.1.14 Sanderson (2008) evaluation of long-range impact of reactive nitrogen deposition arriving in 
Europe as in HTAP 2010 report. 
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5. Milestones achieved: 

Evaluation of AR5 and other simulations with climate and chemistry global models (month 18) partly achieved in 
month 18 and fully achieved in Month 24. 

6. Deviations and reasons: 

D5.1 was delivered with a delay of about six months. The reasons were: 
Change of supercomputer at CNRS caused half a year of delay.  Delay of about half a year of community 
analysis for the Task Force Hemispheric Transport. No major impact expected. 
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8. Meetings:  

Participation in ECLAIRE plenary meetings. 
 

9. List of Documents/Annexes: 

None. 
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