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1. Introduction  
In the MarcoPolo project a new emission database for China is constructed based on emission 
estimates from space observations and the refinement of these emission estimates by spatial 
downscaling. The new emission inventory is described in the MarcoPolo deliverable 4.2.  
 
Part I of this deliverable describes the impact of the new emission inventory for the existing air 
quality modelling by comparing two model runs: one with the new MarcoPolo inventory and one 
with bottom-up MEIC emission inventory provided.  
 
Part II of this report is focusing on the source apportionment of PM2.5 over China. To be able to  
define effective mitigation strategies it is important to know which source are responsible for high 
PM levels. We have performed a source apportionment analysis for the entire year 2013 over 
Eastern China, with special focus on the cities of Beijing and Shanghai. For those cities the 
contributions from different source sectors and regions have been identified for different periods 
of the year.  
 
In both parts we make use of the chemistry transport model LOTOS-EUROS and compare the 
model results with observations from satellites and ground based observations. The model and 
observations are described in sections 2 and 3 

2. Chemistry transport model 
 
LOTOS-EUROS is a three dimensional regional chemistry transport model (CTM) 
conventionally used for air pollution assessments over Europe. Within recent years the 
model system has been adapted to allow application to any location in the world, 
including China (Timmermans et al., 2016). For a detailed model description we refer to 
Manders et al. (2016) and references therein.  
In this study we apply LOTOS-EUROS version 1.10 to investigate the origin of fine 
particulate matter across China with special emphasis on Beijing and Shanghai and to 
determine the impact of the updated emission inventory from MarcoPolo.  
Land use information is obtained from the Global Land Cover 2000 database (European 
Commission, Joint Research Centre, 2003, http://www-gem.jrc.it/glc2000GLC2000) and 
EDGAR v2.4 emission data are used (European Commission et al., 2011) for the regions 
outside China. In the source apportionment application the Chinese emission data were 
prescribed using the Multi-resolution Emission Inventory for China (MEIC) 
(http://www.meicmodel.org). The use of this emission inventory is compared to the use 
of the MarcoPolo emission inventory for the impact study of the updated emission 
inventory. The seasonal emission variability is given through the use of the monthly 
emission files. European sector specific daily and hourly factors (Builtjes, P.J.H., et al., 
2003) have been applied to divide the monthly emissions over the days of the week and 
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hours of the day. These European factors were thought to be similarly appropriate for 
China (Q. Zhang, personal communication), however current results hint that the 
assumed diurnal cycle in the emissions may not be appropriate for large cities in China. 
Natural emissions from sea salt and desert dust are calculated online (see Manders et al., 
2016, 2010). The biogenic emission originate from the MEGAN Version 2.04 (Guenther 
et al., 2006). Wild fire emissions are taken from the operational GFAS product (Kaiser et 
al., 2012). Due to lack of traffic intensity information and information on agricultural 
activities we have turned off the dust emission parametrization for traffic resuspension 
and agricultural activities in China. Secondary organic aerosols (SOA) are not included in 
the model runs discussed in this report, due to large uncertainties in the VBS scheme and 
the fact that the source apportionment technique is not yet incorporated for the formation 
of SOA.  
 

3. Observational data 
 
For evaluation of model results several observational datasets have been used both from 
satellite as well as in-situ surface instruments. 
 
US Embassy observations 
For PM2.5 we have used U.S. Department of State data from the data portal 
www.stateair.net for the full year of 2013 and 2014 for 5 stations. These air quality data 
are measured at the U.S. Embassy and consulates in Beijing, Chengdu, Guangzhou, 
Shanghai and Shenyang using MetOne BAM 1020 and a Ecotech EC9810 monitors. Here 
we only present results at Beijing and Shanghai. The monitor in Beijing is located at 
Northeast 3rd Ring Road in the Chaoyang district (39.95N; 116.47E) The monitor in 
Shanghai is located on the consulate compound on Huai Hai Middle Road (31.21N; 
121.44E) inside the inner ring road of Shanghai. Note that State Air observational data 
are not fully verified or validated but they provide a first means of checking modelled 
PM2.5 levels and temporal variability. A recent assessment showed that the observed PM 
levels measured highly correlated with data from other stations in downtown Beijing 
(Batterman et al., 2016). 
 
Institute of Atmospheric Physics observations in Beijing  
This site established by the Institute of Atmospheric Physics (IAP), Chinese Academy of 
Sciences (CAS), is located in the northern part of Beijing urban city (39.97N; 116.37E; 
44 m.a.s.l.), between the north 3rd Ring Road and the north 4th Ring Road, which is an 
urban area approximately 8 km away from the centre of Beijing. The site was set up 
according to the US EPA methodological designation (US EPA, 2004) on the rooftop of a 
two-story building. NOx is measured using a chemiluminescence NOx analyzer (Model 
42C/I, Thermo-Fisher Scientific, USA), and for SO2 a pulsed fluorescence SO2 analyzer 
(Model 43 C/I, Thermo-Fisher Scientific, USA) is used. The concentrations of particles 
(PM10 and PM2.5) are measured using a TEOM RP1400 (Thermo Scientific, 
http://www.thermoscientific.com), and the entire system was heated to 50°C, thus, loss of 

http://www.thermoscientific.com/
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semivolatile compounds thereby cannot be avoided. Depending on the ammonium nitrate 
levels and ambient temperatures, up to 25% lower mass concentrations were found for 
select daily means compared with gravimetric filter measurements. High resolution (5 
min averages) data sets of NO2, SO2, PM10 and PM2.5 during 2013 were obtained, and 
hourly averaged data were used after applying strict data quality control; no data were 
available on some days due to instrument failure, power failure, programming error, and 
computer failure. The daily average values were calculated using a minimum of 18 1-h 
averages. 
 
Shanghai Environmental Monitoring Center observations in Shanghai 
The Shanghai Environmental Monitoring Center is the responsible institute for 
monitoring PM, NO2 and SO2 and reporting the air pollution index to the public in 
Shanghai. SEMC operates and maintains an air quality monitoring network since the 
1980s. In this study we used daily averaged values from 8 automatic national control sites 
approved by the China Environmental Protection Bureau, available through the 
website http://www.semc.com.cn/. The stations are located at Pu Tuo, Shi Wu Chang, 
Hong Kou, Jing An, Shang Shi Da, Yang Pu, Chuan Sha, Pudong and Zhang Jiang. The 
stations are all located fairly close to each other within 30 km x 15 km area. The average 
value over all 8 stations is used in the comparisons. SO2 and NO2 are monitored by a 
Teledyne Advanced Pollution Instrumentation UV Fluorescence Analyzer  (TAPI) and a 
Chemiluminescence Analyzer 200E while PM is monitored using TEOM monitors. The 
data is quality controlled and reported following US EPA guidelines (US EPA, 2004). 
 
Peking University observations in Dezhou and Baoding  
Peking University (PKU) conducted four daily PM2.5 measurement campaigns in 2013 
(July-August, November-December) and 2014 (April, October-November). Two 
campaign sites were selected in the Huabei area, Baoding (N38.98, E116.10) and Dezhou 
(N37.35, E116.50). The first location is an urban site on top of a ~15m building, the 
second site is located in the countryside at the surface (~2m). During the campaigns four 
channel chemical speciation samplers (TH-16A Wuhan Tianhong Instruments Co., Ltd) 
containing two Teflon filters and two Quartz filters are used to collect measurement data 
including mass concentration, water soluble ionic (Cl-, NO3

-, SO4
2-, Na+, NH4

+, K+, Mg2+, 
Ca2+), element (Si, Na, Mg, Al, K, Mn, Fe, Ba, P, Ca, Ti, V, Cr, Co, Ni, Cu, Zn, As, Se, 
Mo, Cd, Tl, Pb, Th, U), OC and EC. 
 
Satellite remote sensing data  
Due to the limited availability of in-situ observations we have made use of remote 
sensing observations from satellites to put the modelled aerosol and precursor 
distributions in a larger perspective. The screening against satellite data focused on 
aerosol optical thickness (AOT) and two important precursors for the formation of 
particulate matter: NO2 and NH3. 
The modelled aerosol distribution was compared to AOT observations from the MODIS 
satellite instrument. We used the MODIS collection 6 data (Levy and Hsu, 2015) from 
the AQUA satellite with local time overpasses at 13:30 UTC. The resolution of the 
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MODIS AOT product is 10x10 km2. For each retrieval a simulated value was constructed 
matching the satellite pixel in time and position.  
The NO2 distribution is compared to tropospheric NO2 columns retrieved from the OMI 
instrument with local overpass time at 13:30 UTC. We used the DOMINO version2.0 
product (Boersma et al., 2011) which has a footprint of 13x24 km2 at nadir. For each 
retrieval a simulated value was constructed matching the satellite pixel in time and 
position. The modelled NO2 columns are further converted using the averaging kernels of 
the OMI observations, to take into account the sensitivity of the observation for NO2 at 
different altitudes. Only retrievals with a cloud radiance fraction (fraction of radiance 
coming from the cloudy part of the pixel) lower than 50% are used.  
Finally, we compare the modelled ammonia distributions to novel satellite retrieved 
ammonia columns from IASI as developed by (Van Damme et al., 2014a).  Here we used 
the  NH3 vertical column densities (VCDs) retrieved from the IASI-A morning overpass 
observations (i.e. 09:30 Local Time) which have footprints between 12km x 12 km at 
nadir and up to 20 km x 39 km at the outermost angles. To select the observations with 
the highest quality we only use retrievals with a thermal contrast above 12 K and an 
relative error less than 100%. For each retrieval a simulated value was constructed 
matching the satellite pixel in time, position and shape following (Van Damme et al., 
2014b). Although the satellite offers in principle daily coverage we compare the annual 
average modelled and retrieved ammonia VCD as the uncertainty in individual retrievals 
remains rather high. Unfortunately, dedicated evaluation of this product is hardly 
available. First evaluations using FTIR-instruments shows that the IASI-product may 
underestimate the actual ammonia columns by about 30% (Dammers et al., 2016). 
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Part I. Impact of updated emission inventories 

I.1 Introduction 
For this study we have compared model results using either the MEIC emission inventory 
or the MarcoPolo inventory. The runs have been performed for 2014, the year for which the 
MarcoPolo inventory has been made available. For the run using MEIC emissions we have 
used the MEIC emissions from 2010 as these were the most recent available to us. As some 
emissions have decreased and other have increased between 2010 and 2014, this may result 
in biases in the modelled fields when using the MEIC emissions. 

I.2 Differences in emissions 
MarcoPolo deliverable D.4.2 presents the produced MarcoPolo emission inventory and 
identifies the main differences between the MEIC 2012 and the MarcoPolo 2014 
inventories. Below we have copied some plots from D4.2 highlighting these differences.  
 
Focussing on the yearly total emissions in the domain, the largest deviations are observed 
for particulate matter. The PM2.5 and PM10 emissions differ by approximately 40%, with 
the larger value observed in the satellite based emissions. For nitrogen dioxide, the 
difference is approximately 25%, with lower totals for the satellite based emissions. For 
SO2 and VOC, both emission datasets differ at most 15%. 
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Figure 1 Comparison of the yearly total anthropogenic emissions contained in the MIX-MEIC 2012 
inventory (blue) and the 2014 MarcoPolo low resolution inventory (green). Also the biogenic emissions 
in the MarcoPolo inventory are shown (dark red). For lay-out reasons, the results for CO are not 
shown. All emissions are provided in ton/year. (Figure taken from Deliverable 4.2) 
 
Figure 2 shows the monthly profiles of the emissions. For PM2.5. the seasonal cycle in 
both emission inventories is similar. However the emissions in the MarcoPolo inventory are 
much higher than in the MEIC inventory for January and March, and much lower in 
February, July and September. For NOx emissions the seasonal cycle is very different in 
both inventories. However it should be noted that absolute differences are much smaller (up 
to 15%) than for PM2.5 (up to 30-40%). The updated inventory generally shows higher 
emissions in summer and lower in winter. For VOC emissions this is the other way around: 
updated emissions are higher in winter and lower in summer. The differences in VOC 
emissions are much larger (up to 40%) than in the NOx emissions. The changes in the 
updated SO2 emissions are small. Main feature is a ~7% decrease of the emissions in 
February. This decrease of emissions in February is visible in PM2.5, NOx and SO2.  
 



  

MarcoPolo 
  

REF : D4.3 
ISSUE : 1.0 
DATE : 13/12/2016 
PAGE : 10 of 36 

 

  

  
Figure 2 Monthly profiles of the four pollutants for which emissions are directly based on satellite 
estimates (top left: PM2.5, top right: NOx, bottom left: VOC, bottom right: SO2). For each pollutant, 
the figure shows the profile for the MIX-MEIC 2012 inventory (blue) and the anthropogenic emissions 
contained in the MarcoPolo 2014 low resolution inventory (red). 
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Figure 3 provides a comparison between the sector split of the total anthropogenic annual 
emissions contained in the MarcoPolo and the MIX-MEIC 2012 inventory. There are substantial 
differences in the source attribution of the total annual emissions. For particulate matter, the 
differences are rather small, but for the other pollutants there are major distinctions. In comparison 
with the MIX-MEIC 2012 inventory, the MarcoPolo inventory contains in general more residential 
emissions and less industrial emissions. The reason hereof is the different spatial distribution of the 
emissions, as the satellite based emissions are much more concentrated on large cities. This trade-
off between the industrial and residential emissions is the largest for VOC, but it is also clearly 
existing for SO2 and particulate matter, and, to a lesser extent, for nitrogen dioxide. Finally, the 
relative importance of transportation is much larger in the MarcoPolo inventory, in comparison with 
the MIX-MEIC 2012 inventory.  
 

  

  
Figure 3 Comparison of the sector split of the yearly total emissions contained in the low resolution 
MarcoPolo emission inventory (right) and the MIX-MEIC 2012 inventory (left), for the five sectors 
contained in both inventories (from bottom to top: industry, power, residential, transportation and 
agriculture). Results are shown for NOx (top left), PM2.5 (top right), SO2 (bottom left) and VOC 
(bottom right). 
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Figure 4 shows the distribution of yearly NOx and PM2.5 emissions for the two 
inventories. It is clear that the PM2.5 emissions are much higher in the MarcoPolo 
inventory over all source regions. For NOx we see lower emissions in the MarcoPolo  
inventory, especially near the Shanghai area, but also in the background area between 
Beijing and Shanghai. 
 

 
Figure 4 Distribution of yearly total PM2.5 (upper plots) and NOx emissions (lower plots) from the 
MEIC (left) and MarcoPolo (right) inventory. 
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I.3 Impact on modelled NO2 

 
We first evaluate the impact of the updated emissions by comparing the modelled fields 
with tropospheric NO2 column fields from the OMI satellite instrument. Figure 5 shows 
that the yearly average modelled NO2 columns are smaller with the updated emissions 
which agrees with the 25% lower total emissions for NOx. While generally the model was 
overestimating the NO2 columns in central and Northern China, with the updated emissions 
the model is now underestimating the NO2 columns, especially around Beijing. The large 
overestimation over Shanghai is strongly decreased to values comparable to OMI. The 
underestimations of the model over some hotspots along the yellow river are not removed 
with the updated emissions.  

                        

 
Figure 5 Yearly averaged tropospheric NO2 columns from OMI satellite observations (left), colocated 
model values with MEIC emissions (middle) and colocated model values with MarcoPolo emissions 
(right) and observations minus model values (bottom row, in 1e15 mlc/cm3)). 
 
Figure 6 and Figure 7 show a scatterplot and a monthly comparison for the Beijing and 
Shanghai areas. As mentioned before for Beijing the initial overestimation by the model is 
turned to a large underestimation with the updated emissions. For Shanghai however the 
updated emissions lead to an improved absolute agreement with the OMI data. The 
seasonal patterns are not largely altered over these areas despite the change in seasonal 
pattern visible in the average emissions over the entire country from Figure 2. Over both 
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areas the MarcoPolo emissions seem to miss the increase at the end of the year which is 
visible when using the MEIC emissions.  
 
 

 
Figure 6 Scatterplot of modelled tropospheric NO2 columns  versus OMI satellite observations for the 
province of Beijing and Shanghai in 2014. In blue and green the model results using the MEIC and 
MarcoPolo inventory respectively. 
 

 
Figure 7 Timeseries of monthly mean NO2 columns from OMI (red) and collocated model values from 
LOTOS-EUROS model with MEIC (blue) and MarcoPolo (green) emissions for Beijing and Shanghai 
in 2014. 
 
Because the OMI tropospheric NO2 columns have been used in the emission inversion, the 
evaluation based on OMI data is not fully independent. To have a more independent 
evaluation we have also compared the model results to groundbased observations from the 
Shanghai environmental Monitoring Center (SEMC)  in Shanghai and IAP in Beijing 
(Figure 8).While we have seen a large decrease in the modelled tropospheric NO2 columns, 
the surface concentrations in both cities have increased. This may be due to the change in 
sector split in the emissions. The increased contribution of traffic emissions at the surface 
can counteract the decrease in total emissions which for different source sectors are 
attributed to higher levels (100-500 m for power sector and industry). On average the 
results from the run with MarcoPolo emissions are closer to the observed concentrations. In 
the first few months the satellite based emission inventory leads to higher NO2 
concentrations that are much closer to the observed high concentrations, however in the last 
part of the year the produced MarcoPolo inventory does not lead to a similar improvement.  
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Figure 8 Scatterplot and timeseries from modelled daily surface NO2 versus surface observations from 
the SEMC in Shanghai and IAP in Beijing. In blue and green the model results using the MEIC and 
MarcoPolo inventory respectively. 
 
 
IAP also provides observations for the cities of Tianjin, Shiazhuang, Chengde, and 
Qinhuangdao. Figure 9 shows the seasonal cycles for Beijing and the other 4 cities 
provided by IAP and modelled by LOTOS-EUROS. While the improvement from using the 
MarcoPolo emissions is clear in the first half of the year in Beijing. This improvement is 
not seen for the other stations. The strong increase of concentrations in winter in Tianjin, 
Shiazhuang and Chengde is not reproduced by the model with neither emission inventory. 
We know that many chemistry transport models have difficulty in reproducing the build-up 
of high concentrations in stable weather conditions with low boundary layers (Stern et al., 
2008).  
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Figure 9 Modelled monthly surface NO2 versus IAP surface observation (red line) in Beijing (BJ), 
Tianjin (TJ), Shiazhuang (SJZ), Chengde (CD), and Qinhuangdao (QHD). In blue and green the model 
results using the MEIC and MarcoPolo inventory respectively. 
 
 

I.4 Impact on modelled SO2 
The SEMC and IAP institutes also provide surface observations of SO2 from the same 
stations as for NO2. While the country total annual SO2 emissions do not differ 
substantially, we do see some higher SO2 concentrations over Shanghai and lower SO2 
concentrations over Beijing modelled with the MarcoPolo emissions (Figure 10).  This can 
be due to regional changes in emissions or changes in the split over different source 
categories. Also changes in emissions of other constituents can lead to changes in SO2 
concentrations through chemical reactions. 
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Figure 10 Scatterplot and timeseries from modelled surface SO2 versus surface observations from the 
Shanghai environmental Monitoring Center (SEMC) in Shanghai and Institute of Atmospheric Physics 
(IAP) in Beijing. In blue and green the model results using the MEIC and MarcoPolo inventory 
respectively.  
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Figure 11 Modelled monthly surface SO2 versus IAP surface observation (red line) in Beijing (BJ), 
Tianjin (TJ), Shiazhuang (SJZ), and Qinhuangdao (QHD). In blue and green the model results using 
the MEIC and MarcoPolo inventory respectively. 
 
Figure 11 shows the seasonal cycles for Beijing and 3 other cities provided by IAP and 
modelled by LOTOS-EUROS. The differences between both model runs are generally 
small and it’s hard to draw any conclusions on the best performance. Again the 
underestimation of winter built-up of concentrations is clearly visible. The altitude at which 
the emissions are inserted in the model also can play a crucial role here. We performed a 
test run with altered vertical emission profiles, where more emissions are inserted at lower 
altitudes in the model. Figure 12 shows the large influence of using a different vertical 
emission profile. Although the comparison with observations with the new profiles 
improves in winter, it also leads to an overestimation from spring onwards. More 
knowledge on the altitude of the emissions from different sources is required to allow better 
performances of the model. 

 
Figure 12 Monthly surface SO2 versus IAP surface observation (red line) in Shiazhuang (SJZ). In blue 
and yellow the model results using the standard and altered vertical emission profiles respectively. 
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I.5 Impact on modelled aerosols  

We first evaluate the impact of the updated emissions by comparing the modelled fields 
with AOT columns from the MODIS satellite instrument. Figure 13 shows that the yearly 
average modelled AOT columns are higher with the updated emissions which agrees with 
the ~40% increase total emissions for PM. While the model was showing a substantial 
underestimation over the areas with highest AOT values with the MEIC emissions as input, 
the model is showing agreement and overestimation of the yearly average AOT when using 
the MarcoPolo emission inventory.  
 

 
Figure 13 Yearly averaged AOT columns from MODIS satellite observations (left) model with MEIC 
emissions (middle) and model with MarcoPolo emissions (right) and observations minus model values 
(bottom row). 
 
Figure 14 and Figure 15 show a scatterplot and a monthly comparison for the Beijing, 
Shanghai, Shijazhuang and Tianjin areas. On average the agreement with MODIS 
observations is much better when using the MarcoPolo inventory. The correlation 
coefficient is slightly better when using the MEIC inventory. The seasonal patterns do not 
change much when using the MarcoPolo inventory, except for the peaks of emissions in 
January for all 4 sites and in March for Shijazhuang and Shanghai. Except for Shanghai this 
leads to a large overestimation of the AOT in January. As we know we are missing aerosols 
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in the model (e.g. no secondary organic aerosols (SOA), resuspended dust), thus an 
overestimation of aerosol values is not expected. 

 
Figure 14 Scatterplot of modelled tropospheric AOT columns  versus MODIS satellite observations for 
the province of Beijing, Shanghai, Shijazhuang and Tianjin in 2014. In blue and green the model 
results using the MEIC and MarcoPolo inventory respectively. 
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Figure 15 Timeseries of monthly mean AOT columns from MODIS (red) and collocated model values 
from LOTOS-EUROS model with MEIC (blue) and MarcoPolo (green) emissions for Beijing, 
Shanghai, Shijazhuang and Tianjin in 2014. 
 

 
Figure 16 Scatterplot of modelled tropospheric AOT columns  versus MODIS satellite observations for 
the province of Beijing for January (left) and May (right) 2014. In blue and green the model results 
using the MEIC and MarcoPolo inventory respectively. 
 
In general the model run with MarcoPolo emissions seem to have better agreement with 
MODIS AOT observations in the spring and summer period, but a very large 
overestimation in the winter months January and December. This high overestimation can 
also be seen in scatter plot for January in comparison to a very nice agreement in e.g. May 
(Figure 16). 
 
Again we have also compared our results with independent groundbased observations.  
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The comparison with observations from SEMC and IAP in Figure 17 shows that the 
underestimation when using MEIC emissions is replaced by an overestimation when using 
the MarcoPolo inventory. From the timeseries we can conclude that the overestimation is 
mainly present during some specific months.  
The same conclusion can be drawn from the comparison to US embassy PM2.5 data in 
Shanghai, Beijing, Guangzhou and Shenyang (Figure 18 and Figure 19). For Guangzhou 
the comparison looks reasonable with only small differences from using different emission 
sets but for the other locations some extreme overestimations of observed concentration 
occur with values of up to 2000 µg/m3 in January in Beijing when using the MarcoPolo 
inventory. It seems that the emission inversion is hampered by e.g. high altitude dust 
aerosols during some months of the years, while for other months the emission inversion is 
providing more realistic emission data. It can be possible that high AOT values due to dust 
aerosols are attributed to local surface emission sources, leading to overestimated emissions 
and resulting modelled concentrations at the surface.  

 
Figure 17 Scatterplot and timeseries from modelled surface PM2.5 versus surface observations from 
the Institute of Atmospheric Physics (IAP) in Beijing (upper plots) and Shanghai environmental 
Monitoring Center (SEMC) in Shanghai (lower plots). In blue and green the model results using the 
MEIC and MarcoPolo inventory respectively. 
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Figure 18 Timeseries of observation minus modelled surface PM2.5 in Shanghai, Beijing, Guangzhou 
and Shenyang. In blue and green the model results using the MEIC and MarcoPolo inventory 
respectively. 
 
 

 
 
Figure 19 Monthly timeseries of surface PM2.5 from US embassy stations (red) and from the LOTOS-
EUROS model in Shanghai, Beijing, Guangzhou and Shenyang. In blue and green the model results 
using the MEIC and MarcoPolo inventory respectively. 
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I.6 Conclusion impact updated emissions 
 
The updated emission inventory from MarcoPolo seems to produce realistic results for NO2 
and SO2. While the updated emissions lead to lower NO2 columns and better agreement 
with OMI satellite data, the impact at the surface in most cases is an increase of NO2 as the 
source splits are changed. For the first part of 2014 over Beijing the updated emissions lead 
to better agreement with observations however, the updated emissions do not lead to a 
consistent improvement over all regions and seasons. 
 
For PM, it seems that the emission inventory contains too large PM emissions for certain 
months of the years, over certain regions within China. For example in January over 
Beijing these updated emissions lead to overestimation of surface PM2.5 with up to 2000 
µg/m3. Because of these large discrepancies the use of the updated PM emission inventory 
is not recommended until issues have been resolved and an update of the inventory has 
taken place.  
To this end the source apportionment of PM over China which is discussed in part II, is 
based on the MEIC emission inventory. 
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Part II. PM source apportionment over China 

II.1 Source apportionment set-up  
 
LOTOS-EUROS includes a source apportionment technique to track the origin of 
particulate matter components and its precursor gases (Kranenburg et al., 2013). This 
module uses a tagging approach similar to the approach taken by Wagstrom et al. (2008), 
tracking the contribution of a predefined set of emission categories through the model 
simulation. For reactive components the preserved atoms of N, S, and C are tracked 
through the chemistry. The labels can be defined flexibly discriminating e.g. 
countries/provinces, sectors or fuel type. Hence, besides the concentration of each tracer 
also the corresponding fractional contribution of each label is calculated. For details and 
validation of this source apportionment module we refer to Kranenburg et al. (2013). 
Previous applications to particulate matter and its precursors are documented in Banzhaf et 
al. (2015), Hendriks et al. (2016, 2013) and Schaap et al. (2013).  
The model was ran for the year 2013 using ECMWF meteorological data to drive the 
model. Through a one-way nesting procedure a simulation over East-China was performed 
on a resolution of 0.25° longitude by 0.125° latitude, approximately 21 by 15 km2. This 
domain (see Figure 21) is nested in a larger domain covering China almost entirely with a 
resolution 1° longitude by 0.5° latitude, approximately 84 by 56 km2. Chemical boundary 
conditions for the coarse resolution domain were taken from the MACC global modelling 
framework (Flemming et al., 2009). Here we study the origin of PM in terms of area as 
well as source sector. We have tracked the 5 main source categories as well as the 
emissions from Beijing and Shanghai. To be able to assess the contributions of the regions 
around the cities the larger areas Tianjin-Hebei (TH), Yangtze River Delta and Pearl River 
Delta were labelled separately (see Figure 21). This resulted in 35 labels, including labels 
for natural emissions such as desert dust and sea-salt and for influx from outside the model 
domain. The labels are listed in Table 1. 
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Figure 20. Map of high resolution run domain (red square) and label domains (Pink = Beijing, Green = 
Tianjin-Hebei, Red= Shanghai, Yellow = Yangtze river delta, Orange = Pearl River Delta). 
 
 
Table 1. Overview of labels applied in the source apportionment run 
Labelled domains  5 Source Sectors 
Beijing – 5 source sectors  Energy 
Tianjin-Hebei – 5 source sectors  Residential combustion 
Shanghai – 5 source sectors  Industry 
Yangtze River delta – 5 source sectors  Transport 
Pearl River delta – 5 source sectors  Agriculture 
Rest of China – 5 source sectors   
Outside China – no sector division   
Natural (sea salt, desert dust, forest fires)   
Outside model domain – (lateral boundary,  
top boundary, initial model condition) 
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II.2 Validation of concentration fields 
 
The source apportionment was performed for the year 2013, which is different from the 
year 2014 for which the impact of updated emissions was made. The modelled 
concentrations of PM and its precursors for 2013 have been validated with both satellite 
and surface observations . For a detailed description of validation results we refer to 
(Timmermans et al., 2016). The main conclusion is that the model is able to capture the day 
to day variability in PM2.5 as induced by synoptic meteorology. The model is however 
underestimating the PM levels, with largest underestimations in the winter period, as can be 
seen in Figure 22. The underestimation is attributed to: 

- Underestimation of residential combustion due to additional heating in the winter 
- Uncertainties in dust emissions from desert areas as well as dust AOT calculations.  
- Resuspension of dust due to traffic and other anthropogenic activities which is not 

taken into account in the model.   
- SOA formation which is not included in this model version 
- Reduction of radiation in very polluted situations  
- Difficulties in modeling air pollutant build up in very stable weather conditions 
- Increased heterogeneous chemistry during haze, not taken into account in the 

model. 
 

 
Figure 21 Comparison of LOTOS-EUROS (red line) daily PM2.5 with in-situ observations (blue line) 
from the US embassy stations  at Beijing (top) and Shanghai (bottom) in 2013 
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These conclusions are supported by the comparison to the PM composition data from 
Peking university obtained during two campaigns in 2013 at the sites of Baoding and 
Dezhou. The statistical comparison of modelled values with these observations shows that 
the winter underestimation, which is especially large in Baoding, is partly due to missing 
organic aerosols in the model. But the gap in PM2.5 can not be filled with the gap in OM or 
other observed components. It is also clear that the high PM levels are not solely due to the 
observed components listed in the table, but also due to non observed components such as 
primary PM2.5 and dust.  
  
Table 2 Statistical comparison of simulated aerosol concentrations and speciated observations from 
Peking University. 

 
Dezhou Baoding   Dezhou Baoding 

  summer winter summer winter 
 

summer winter summer winter 

  PM2.5 
 

NO3 

observation 73.6 169.7 74.5 223.6 
 

12.0 23.8 11.2 20.6 
simulation 56.3 61.4 59.2 56.0 

 
18.3 12.6 18.5 8.7 

bias -17.3 -108.4 -15.2 -167.6 
 

6.3 -11.2 7.3 -11.9 
relative  bias -23.5 -63.8 -20.4 -75.0  52.9 -46.9 65.3 -57.6 

  EC 
 

SO4 

observation 1.7 4.1 2.8 6.1 
 

24.5 24.5 20.1 18.4 
simulation 2.1 5.4 2.6 5.6 

 
10.6 2.4 10.0 1.8 

bias 0.5 1.3 -0.2 -0.5 
 

-13.9 -22.1 -10.0 -16.5 
relative  bias 27.5 32.2 -8.0 -7.9  -56.7 -90.3 -50.0 -90.0 

  OM/POM 
 

NH4 

observation 6.2 41.1 11.5 74.0 
 

12.2 17.5 9.7 15.7 
simulation 3.0 10.0 3.8 10.5 

 
9.2 4.6 9.1 3.2 

bias -3.2 -31.1 -7.8 -63.5 
 

-3.0 -13.0 -0.6 -12.4 
relative  bias -51.3 -75.6 -67.3 -85.8  -24.2 -74.0 -6.1 -79.4 
 
 
The PM2.5 source apportionment provided below therefore provides a best estimate using 
currently available LOTOS-EUROS modelling techniques and emission information, albeit 
only for the modelled fraction. In the future, time series of PM composition needs to be  
evaluated in detail to better assess the performance of the model system.     

II.3 Source apportionment results 
 
Table 3 shows the 2013 yearly averaged contributions to modeled PM2.5 and PM10 for the 
grid cells located over the center of Beijing and Shanghai. About half of the modeled 
PM2.5 is coming from the municipality itself. For PM10, the local contribution is slightly 
lower due to the contribution from the natural sources: dust and sea salt. About a quarter of 
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the PM2.5 comes from the surrounding provinces and the remaining quarter comes from 
long range transport and natural sources. Our estimate of the local contribution is at the 
lower range of available studies. Other model studies directed at Beijing and Shanghai 
found contributions of 52-72% of the city itself (Lang et al., 2013; Li et al., 2015; Zhang et 
al., 2015). An overview of source apportionment results released by five different cities 
(Beijing, Tianjin, Shijiazhuang, Jinan and Shanghai) indicate local contributions between 
64 and 84% (Wei et al., 2015). The main source of PM 2.5 in Beijing is residential 
combustion, additional large source contributions from industry and transport are present. 
In Shanghai the largest contribution to PM2.5 is from industry, also residential combustion 
and transport contribute substantially to the yearly average PM2.5. 
 
Table 3 Source category and area contributions (in %) to total PM2.5 and PM10 in Beijing and 
Shanghai in 2013.  

Local Regional Long 
range 

transport

Total Local Regional Long 
range 

transport

Total

PM2.5 49.2 25.7 21.1 100.0 44.6 24.7 24.3 100.0
Power sector 0.7 2.2 4.6 7.5 2.3 4.3 4.1 10.7
Residential combustion 20.4 8.2 4.6 33.2 9.4 5.2 6.8 21.4
Industry 6.8 9.7 8.6 25.0 14.7 9.9 9.8 34.4
Transport 19.4 3.3 1.8 24.4 14.7 3.0 2.2 19.9
Agriculture 2.0 2.4 1.5 5.9 3.4 2.3 1.5 7.2
Natural - - - 1.7 - - - 2.3
Outside China - - - 2.4 - - - 4.2
 PM10 42.5 22.8 19.0 100.0 38.7 22.9 22.0 100.0
Power sector 0.6 1.9 4.0 6.5 2.3 4.1 3.7 10.1
Residential combustion 18.1 6.9 4.0 28.9 8.1 4.1 5.5 17.7
Industry 7.4 9.8 8.5 25.7 14.6 10.7 9.8 35.1
Transport 14.9 2.5 1.4 18.7 11.1 2.4 1.9 15.4
Agriculture 1.5 1.8 1.1 4.4 2.5 1.7 1.1 5.4
Natural - - - 13.9 - - - 12.6
Outside China - - - 1.9 - - - 3.9

Beijing Shanghai

 
 
Figure 24 and Figure 25 show the seasonal dependence of the source contributions. It is 
clear that residential combustion has a larger contribution during the cold seasons, when 
shallow mixing layers and additional heating during cold spells lead to high concentrations 
of PM. This is especially visible in the first three months over Beijing, where about 60% of 
the PM2.5 is coming from local residential combustion sources. During the summer the 
main sources are industry and transport.  
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Figure 22 Dominant source categories for PM2.5 (upper plots) and PM10 (lower plots) for different 
seasons in Beijing (left column) and Shanghai (right column). 
 

 
Figure 23 Dominant source regions for PM2.5 for different seasons in Beijing (left) and Shanghai 
(right). 
 
 
To investigate the origin of particulate matter at high episodic concentrations the origin and 
composition  is provided as a function of the modelled PM2.5 concentrations (Figure 25). 
In general, the relative contribution of especially nitrate increases with increasing PM2.5 
concentrations, which matches well with experimental data from e.g. Huang et al. (2014) 
and modelling results from Hu et al. (2016). The increasing share of secondary material 
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explains the increasing share of contributions from outside the cities with increasing PM2.5 
levels. In contrast to Shanghai the results for Beijing show a slight increase of the local 
contribution at the highest end of the range which is attributed to the contribution from 
residential combustion, which shows the same pattern. 

   

   

  
Figure 24 Dominant source areas, source categories and aerosol components as function of PM2.5 
concentration for Beijing (left column) and Shanghai (right column)  
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The results are comparable to experimental source apportionment studies (Wei et al., 2015; 
Yu, 2013; Zhou et al., 2016; Zíková et al., 2016).  
Note that road dust resuspension (Bi et al., 2007; Yu, 2013)  and other local sources such as 
construction and demolition works (Chen et al., 2007) are not incorporated into the 
LOTOS-EUROS modelling framework for China yet but may also be important. These 
contributions would lower the bias between model and observations and enhance the urban 
contribution. Another process unaccounted for in the present model version is secondary 
organic aerosol formation. Secondary organic aerosol, with major contributions from 
anthropogenic fossil fuel combustion, may largely contribute to urban organic matter levels 
(Cao et al., 2013). It is to be expected that the secondary nature of SOA may favour 
transport and relatively low urban contributions.   
 
In addition to annual analyses of the source contributions, the source apportionment system 
can also be applied to evaluate the dominant sources for specific events. Figure 26 shows 
the sectoral and regional contributions for a time period in January and one in August 2013 
in Beijing. The first winter period is dominated by local residential combustion emissions, 
while for the second period, there is a mix of contributing sectors: industry, transport, 
power sector and even agricultural and natural sources have considerable contributions for 
some of the peaks. The local contribution for this period is also much smaller and pollution 
transported from surrounding provinces or even further away have become more important. 
 

 
Figure 25 Contribution per source category (upper plots) and region (lower plots) for PM10 for an 
episode in January 2013 (left) and August 2013 in Beijing.  
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II.4 Conclusion source apportionment 

 
The source attribution shows that on average about half of the PM2.5 pollution in both 
cities originates from the municipality itself. About a quarter of the PM2.5 comes from the 
neighbouring provinces whereas the remaining quarter is attributed to long range transport 
from anthropogenic and natural components. Residential combustion, transport, and 
industry are identified as the main sources with comparable contributions allocated to these 
sectors. The importance of the sectors varies throughout the year and differs slightly 
between the cities. During winter urban contributions from residential combustion are 
dominant, whereas industrial and traffic contributions with a larger share of regional 
transport dominate the source apportionment during summer. These results are in 
agreement with previous source apportionment studies and show that for mitigation 
strategies to be effective they should focus on several sectors and combine both local and 
regional scale measures. 
The LOTOS-EUROS system proves to be a powerful tool for policy support applications 
outside Europe as the intermediate complexity of the model allows the assessment of the 
area and sector of origin over long time periods. 
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