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The profound changes in global SO2 emissions over the last decades have affected atmospheric composition on a regional and global scale, with large impact on air quality, atmospheric deposition and the radiative forcing of sulfate aerosols.  Reproduction of historical atmospheric pollution levels, based on global aerosol models and emission changes, is crucial to prove that such models are able to predict future scenarios.  Here, we analyze consistency of trends in observations of sulfur components in air and precipitation from major regional networks, as well as estimates from 6 different global aerosol models from 1990 until 2015.  There are large interregional differences in the sulfur trends consistently captured by the models and observations, especially for North America and Europe.  Europe had the largest reductions in sulfur emissions in the 1st part of the period, while the highest reduction came later in North America and East Asia.  The uncertainties in both the emissions and the representativity of the observations are larger in Asia.  However, emissions from East Asia clearly increased from 2000 to 2005, followed by a decrease, while in India, a steady increase over the whole period has been observed and modeled.  The agreement between a bottom-up approach, which uses emissions and process-based chemical transport models, with independent observations gives an improved confidence in the understanding of the atmospheric sulfur budget.
See original URL for citations.
Introduction
There have been large changes in the global and regional SO2 emissions over the last decades.  After a steady increase in emissions of SO2 since the beginning of the 20th century, the growing awareness of the negative effects of air pollution on environment and human health gave rise to international and national legislation on emission reductions.  European and North American SO2 emissions were reduced by 70–80% since 1990.  The largest emission reductions in North America occurred in the last part of the period, while Europe’s reductions were largest in the 1st part of the period.  There were also substantial reductions earlier, from 1980–19901.  These large regional SO2 emission reductions resulted in a global decrease from around 1980 until 2000.  After that, global emissions increased, due to a sharp rise in Chinese emissions up to around 2006, followed by a declining global trend, mainly due to stricter emission controls in China and trends in Europe and North America.  Not all countries have implemented effective emission controls.  In India, the emissions continue to increase, and India is now the world’s 2nd largest SO2 emitting country after China.
The large changes in SO2 emissions have also influenced the radiative forcing of aerosols.  Sulfate aerosols have an impact on climate directly by scattering solar radiation and thus cooling the earth’s surface.  They also have an indirect effect on the formation of clouds and precipitation.  The global mean radiative forcing, due to aerosol changes over the 1990–2015 period, increased by about +0.1 W m−2, but the uncertainty is large.  The main reason for the increased positive radiative forcing of aerosols over this period is the substantial reduction of global mean SO2 emissions, coupled with higher black carbon emissions.  Furthermore, the reductions of SO2 emissions over Europe are simulated to exert a local radiative forcing of 3–4 W m−2 for the same period.
The trends calculated by the global aerosol models have seldom been compared to trends in observations.  Trend assessments have mostly been done on regional and national observations.  However, there are also studies which combine modeled and observed trends.  Global or hemispheric assessments have on the other hand, been done for short time periods or selected years only, or on somewhat limited datasets and few models.  In this study, we have compiled monthly average mean concentrations of SO2, sulfate in aerosols, and wet deposition of sulfate from major regional networks from 1980 onward until 2015 when available (See Fig. S1 in Supplementary Material (SM)).  These trends have been compared to trends estimated by different global models for the period 1990–2015.
We address the question whether global climate models are able to reproduce the recent observed changes in the regional amplitudes of atmospheric sulfur and its inhomogeneous spatial distribution.  Reproduction of historical atmospheric pollution levels is crucial to demonstrate that such models are capable to predict the impact of air pollution on climate and air quality in future scenarios.  In turn, the consistency allows us to clearly attribute the observed concentration changes to the emission changes.  This is particularly important, since a central objective of the long-term regional monitoring programs is to document changes in atmospheric composition and test the effectiveness of environmental policies.  This work may demonstrate the usefulness of strengthening the international cooperation among regional measurement networks.
Results and Discussion
How have the changes in SO2 emissions affected average regional sulfate concentrations?
The regional contributions to the global trends in sulfur emissions from 1990 to 2015 are illustrated with 5 year intervals in Fig. 1.  The regional evolution of emissions are compared to annual average observed and modeled sulfate concentrations at the sites with measurements of sulfate in aerosols since 1990 (North America and Europe) or 2000 (East Asia).  The model results are given as an ensemble mean from 6 global models.  A complete statistical trend analysis of all the measured and modeled data of sulfate in aerosols, for several (sub-)periods is given in Table 1.  The observations, emissions, and the model results show a consistent and substantial change in the regional sulfur budgets.
Globally the SO2 emissions were reduced by 55 TgS (31%) from 1990 to 2015.  Individual regions have had different contributions to the global emission budget throughout this period (see Fig. 1) as also documented in other studies.  The largest decrease in global SO2 emissions occurred in the 1st decade, from 1990–2000 and was mainly due to a large reductions in Europe (−42 Tg [megatonnes] S/−54%).  There was a smaller decrease in North America (−7 TgS/−21%) during this time, and an increase in East Asia (+10 TgS/32%).  In comparison, in the following period 2000–2015, emissions in Europe and the US decreased by a similar total amount (−14 and −13 TgS) or in relative terms, respectively by −40% and −50%.  In Eastern Asia, there was an increase of the emissions up to 2005 by more than +20 TgS (70%), while in the last 10 years - from 2005 to 2015 - there has been a reduction, in the emission inventories we have used, with a decrease of −6 TgS (−13%).  For the whole 25 year period from 1990 to 2015, India’s emissions increased from 4.5 to 15 TgS, while in Africa only small changes occurred, +1 TgS (8%).
The emission inventories in China, which is the main contributor to the SO2 emissions in East Asia, have been extensively studied the last years.  The most recent estimates indicate that the negative trends in the inventory used in our study is most likely underestimated.  Zheng et al. estimate SO2 reduction in China of about 62% in the period 2010–2017.  The largest decrease was after 2013, when the China’s Clean Air Action was implemented.  This rapid decline in the recent years appears to be confirmed with satellite observations.  The main reason for these differences is that achieved effectiveness of the policies, implemented following China’s Clean Air Action plans, was not anticipated in earlier inventories.  To illustrate the difference between the emissions used by the models in this study and the most recent estimates for the last 10 year period in East Asia, the new inventories are included in Fig. 1.  They show a decrease of −18 TgS (−34%) between 2005–2015; (shown as ‘Alternative emissions’).
The observed aerosol sulfate trends and ensemble model results at the measurement sites (with long term trends) compare well with the trends of SO2 emissions for all regions, especially North America and Europe (See Fig. 1).  The ensemble model results and observations give comparable annual reductions of sulfate in aerosols by around 5.2%/y and 2.0%/y in Europe and North America, respectively, for the period 1990–2000 (Table 1).  For the 2000–2015 period, the ensemble model and observations agree with 3.1%/y reduction in North America, while in Europe the ensemble model mean shows a higher relative reduction of 3.3%/y, compared to 2.7%/y in the observations, although the absolute changes are similar (−0.025 μgS/y, see Table 1).  The modeled and observed trends are comparable, within the uncertainties for both relative and absolute changes per year.
The temporal development in East Asia was different, with an increase in SO2 emissions up to 2005, and a decline thereafter.  The observations from this region do not capture the complete period; they start only in 2000, with relatively few sites.  However they indicate the same tendency for an increase from 2000 to 2005, followed by a decline from 2005 to 2010.  For the 2000–2010 period, both the ensemble model mean and the observations show a small average increase of 0.4%/y, although with quite high uncertainty, Table 1.  There is an observed increase from 2010 to 2015, though it should be emphasized that the variability between the sites is high.  When considering that, the emissions most probably have decreased more in the last 5-year period, so the increase in the observed sulfate concentrations seems to be non-representative.  One should note that none of the sites with aerosols measurements used in this study are located in China.  The large positive trend is mainly caused by 2 sites in Indonesia with 20–30% increases, which were not captured by the models.  Whether this was due to local influence or long-range transport is difficult to say.  It could be due to influences from volcanic activities in the region.  But there does not seem to be an increase in eruptions the latter years, nor do we see the same signal for the measured SO2.
Comparability between Sulfur trends in Gaseous Phase, Aerosols and Wet Deposition
The trends of SO2, sulfate in aerosols, and sulfate in precipitation were compared using the EMEP MSC-W model result and the global observation set.  It is important to note that the EMEP MSC-W model results are close to the ensemble mean for aerosol sulfate, as discussed in the next section.  In addition to the measurement sites that provided long term observations of sulfate in aerosols (discussed above), observations of sulfate in precipitation were available from sites in Africa, India, and additional Chinese sites (Table 2).  For SO2, there was additional observational data from Africa (Table 3).  Figure 2 shows the modeled global distribution of absolute and relative trends of concentrations and deposition.  Comparing the maps with relative and absolute changes, the former visualize the trends better in areas where the concentrations or depositions are relatively low.  This is especially visible in India, where the relative changes are particularly large, while the absolute changes are not.  Further note considerable positive trends from ship traffic, which has increased during the last decades
Concentrations of the primary (directly) emitted compound, SO2, show greater decreases than the secondary (formed via atmospheric chemistry) sulfate in aerosols and in precipitation (Tables 1–3 and Figs S3–S5 in the SM).  This non-linear relationship is seen in both model results and observations in North America and in Europe.  This may partly be explained by the increasing oxidation capacity of the atmosphere during these 20 years.  In the early 1990’s, SO2 emissions were still high, and the oxidation of SO2 to sulfate was limited to some extent by the availability of the oxidants H2O2, O2, OH and O3.  As the emissions decreased, more oxidants became available and SO2 was more efficiently oxidized to sulfate.  Furthermore, a very important factor is that the decrease in SO2 emissions (and only slightly decreasing ammonia emissions) has led to less acidic cloud droplets, which increased the oxidation rate of SO2 to sulfate via the ozone pathway.  In addition, less acidity in the environment probably leads to more efficient dry deposition of SO2, which would also contribute to a larger reduction in SO2 concentrations with respect to sulfate.  The trends in wet deposition of sulfur are lesser than the trends in SO2, but larger than those of sulfate in aerosols, because both SO2 and sulfate are efficiently scavenged by rain.  So the wet deposition trend therefore represents a mix of SO2 and sulfate in aerosols.
The somewhat puzzling increase in the observed sulfate concentration in aerosol seen in East Asia for 2010 to 2015 is not observed for SO2 nor in sulfate in precipitation (Tables 1–3 and Figs S3–S5 in the SM).  These show a steady decline from 2005–2015.  They are more in line to the more recent inventories, with a larger decrease in SO2 emissions since 2010 period than the emissions used in the model calculations.
Comparability between the Global Models
The spatial variability in the aerosol sulfate trends, calculated by the individual models for the whole period 1990–2015, is shown in Fig. 3.  It includes the ensemble model mean and the standard deviation between the models.  The general pattern is quite well represented by all the models.  Quantitatively, the models show very similar trends in North America and Europe, while in East Asia the spatial differences are larger.  Notably, some of the largest differences are found over the Himalayas, which is also the boundary between areas with upward and downward trends.  Some of the differences between the models might be explained by how fast the models oxidize SO2 and the lifetime of sulfate in aerosols.
When comparing the average relative trends of sulfate based on the observations and the models, for different periods in Fig. 4 (the statistical information is found in Table S1 and S2 in the SM), the different models give similar trends as the observations, but there are systematic differences between them.  NorESM gives the lowest relative reductions, while Sprintars and ECHAM6 generally give the highest reductions.  The differences between the models are larger for Europe compared to North America, maybe due to fewer sites in Europe representing the region.  For the modeled average relative trends for the regions defining the largest emission areas in North America and Europe, the systematic differences in the relative trends between the models are smaller (Fig. S6 in SM).  When comparing the average concentrations for the regions, there is a large spread between the models, but the differences depend on how the regions are defined, since the models show somewhat different spatial patterns.
Spatial Representativeness of the Regional Trends
The number of sites needed to quantify and validate emission changes depends on both the spatial and temporal variability of the trends.  This is true for both models and observations, but the variability in the measurements is higher (see box plot in Fig. S5 in SM), thus more difficult to detect significant trends.  For example, in Europe, the models seem to simulate somewhat higher trend from 2000 onwards, compared to the observations (see Fig. 4, Tables 1–3), although the differences are within the standard deviation.  These variations can partly be explained by some sites with quite low concentration levels and high relative changes (though not necessarily significant trends), influencing the average relative trends.  The models compare well with the trends at those sites with large significant reductions.  That can be seen for the trends for the 25th percentile of the sites with the highest rate, with a change of −4.1%/y and −3.8%/y for the period from 2000 to 2015 for the ensemble model mean and observations for sulfate in aerosols, respectively.
In East Asia there are positive and negative trends, depending on periods and components.  But in India and Africa, there are positive trends; however, the variability in the observations are high and there are relatively few sites for all these 3 regions.  The sites do not necessarily represent the whole regions.  In Africa, SO2 increases at a rate of 17 ± 14%/y from 2000 to 2010, but the increase occurred only in South Africa, due to the influence of increased coal burning.  At West- and Central African sites, the concentrations are low and no significant trends are apparent, as reported earlier by Adon et al.  In China, there are 3 sites with precipitation measurements from 1990 onward.  But, except for one site, these do not show the increase indicated by the models and by the emission trends for the 1990–2000 period.  However, by extending the period to 2005, the sites indicate an increase, illustrating the sensitivity of the results to the choice of time period.  In India, the sites are quite well spread over the country. There is a clear increase in the observed wet deposition in all the periods, which is also seen in the emissions and models.  However, the magnitude of the trend is uncertain, due to quite large variabilities and scattering in the time series.
A bootstrap approach has been used to assess how well the number of sites available represents each region.  This is a possible method of assessing the representativeness of the trends, which, however, has its deficiencies.  For example, for changes in the absolute concentrations in North America, where most areas are remote, one is much more likely to pick a point in low rather than high concentration areas, while a large fraction of the observational sites are located closer to the higher emission and concentration regions.  Thus the average observed concentrations are higher than in the bootstrap analysis results (Fig. S3 in SM).  However, the standard deviation around the bootstrap mean is an indicator of the uncertainty caused by the geographical location of the given number of sites within each region.  Figure 1 shows a high standard deviation of the sulfate concentrations in East Asia, due to the relatively small number of sites and the inhomogeneous emission changes in this region.
For normalized trends (Fig. S4 in SM), the trends in the bootstrap averages are consistent with the modeled trends in North America for all the species, while in Europe the modeled trends at the sites are larger than the bootstrap average.  This suggests that the site density in North America is representative for trend analysis for the whole region, while in Europe the number of sites is apparently too low for a representative estimate.  The normalized trends in emissions are most consistent with the trends in sulfate in aerosols, indicating that this is a relevant parameter for compliance monitoring.  In East Asia, the normalized modeled trends from 1990–2005 show smaller increase than the bootstrap average, especially for SO2.  This indicates that the sites are not located where the largest changes in the region have taken place.  Nevertheless, the observations show larger changes for SO2 and aerosol sulfate, though as discussed, there are quite large variability between the sites, in addition to the uncertainties in the emission inventory in this region.
Conclusions
The results give confidence in the global aerosol models’ abilities to calculate historical sulfur trends and, thus, their scenario analyses of their future impact on climate and air quality.  The fact that trends of emitted sulfur, sulfur in the aerosol phase after chemical transformation in the atmosphere, and sulfur in precipitation after wet removal agree - between the observations and the model - further implies that the relevant processes are realistically represented in the models.
However, one needs to be cautious when drawing conclusions from trends in regions with poor measurement site coverage, like India and China, and to some degree Africa, Australia and South America.  There is a strong need for more sulfur observations in air, aerosols and precipitation, to enable more homogeneous global coverage.  Still, the work here reveals consistent trends on regional and global scales between the 2 independent methods.  The good agreement also enhances confidence in the emission inventories in North America and in Europe.  In turn, it confirms that the concentration changes are attributable to SO2 emission changes.  However, the bottom-up emission inventory in East Asia used in this study has not captured the most likely large decrease in emissions in China after 2013.  Further studies in this region require in-depth comparison among updated emission inventories, atmospheric transport models, and situ- and satellite observations, to better describe the significant changes in sulfur the last 10 years for this region.  The large ongoing increase in sulfur emissions in India also needs further investigations and should be more closely monitored.
This work has illustrated the strength of close co-operation between the regional networks to assemble a harmonized comparable global dataset.  Future work on global trend analysis combining models and observations should include other species, in particular nitrogen compounds, organic and absorbing carbon, which are of high interest.
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