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Abstract. Multiannual satellite measurements of tropo- son of our indirect top-down estimates of the £€&mis-
spheric NQ columns are used for evaluation of g@mis-  sion changes with the corresponding bottom-up estimates
sion changes in China in the period from 1996 to 2008. In-provided by the EDGAR (version 4.2) and Global Carbon
direct top-down annual estimates of €@missions are de- Project (GCP) glomal emission inventories reveals that while
rived from the satellite N@column measurements by means acceleration of the COemission growth in the considered
of a simple inverse modeling procedure involving simula- period is a common feature of both kinds of estimates, non-
tions performed with the CHIMERE mesoscale chemistry—linearity in the CQ emission changes may be strongly ex-
transport model and the GAo0-NOy emission ratios from aggerated in the global emission inventories. Specifically,
the Emission Database for Global Atmospheric Researctihe atmospheric N@observations do not confirm the exis-
(EDGAR) global anthropogenic emission inventory and Re-tence of a sharp bend in the emission inventory data time
gional Emission Inventory in Asia (REAS). Exponential series in the period from 2000 to 2002. A significant quan-
trends in the normalized time series of annual emissiongitative difference is revealed between the bottom-up and
are evaluated separately for the periods from 1996 to 2001ndirect top-down estimates of the G@mission trend in
and from 2001 to 2008. The results indicate that the boththe period from 1996 to 2001 (specifically, the trend was
periods manifest strong positive trends in the xC€nis-  not positive according to the global emission inventories,
sions, and that the trend in the second period was signifibut is strongly positive in our estimates). These results con-
cantly larger than the trend in the first period. Specifically, firm the findings of earlier studies that indicated probable
the trends in the first and second periods are best estimatddrge uncertainties in the energy production and other activ-
to be in the range from 3.7 to 8.3 and from 11.0 to 13.2 %ity data for China from international energy statistics used as
per year, respectively, taking into account statistical uncerthe input information in the global emission inventories. For
tainties and differences between the £20-NOy, emission  the period from 2001 to 2008, some quantitative differences
ratios from the EDGAR and REAS inventories. Compari- between the different kinds of estimates are found to be in
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the range of possible systematic uncertainties associated witmhonoxide (CO) measurements were found to be helpful for
our estimation method. In general, satellite measurements afonstraining CO emissions (e.g., Arellano et al., 2004; Pétron
tropospheric N@ are shown to be a useful source of infor- et al., 2004; Heald et al., 2004; Kopacz et al., 2010), and
mation on CQ sources collocated with sources of nitrogen satellite observations of methane (gkvere used to validate
oxides; the corresponding potential of these measurementand improve CH bottom-up emission estimates (e.g., Berga-
should be exploited further in future studies. maschi et al., 2007, 2009; Monteil et al., 2011). It was
also demonstrated (e.g., Curci et al., 2010; Lee et al., 2011;
Palmer et al., 2003; Dufour et al., 2009; Millet et al., 2008;
Stavrakou et al., 2009) that satellite measurements can pro-

1 Introduction vide useful information about emissions of several important
organic gases.
The rapid increase in atmospheric carbon dioxide{20On- Numerous studies (e.g., Rayner and O’Brien, 2001; Pak

centration due to anthropogenic emissions is commonly recand Prather, 2001; Houweling et al., 2004; Chevallier et al.,
ognized as one of the major driving forces of global warm-2007; Kadygrov et al., 2009; Hungershoefer et al., 2010;
ing (IPCC, 2007). Good knowledge of G@nthropogenic Nassar et al., 2011) studied the potential of satellite; CO
emissions into the atmosphere and their long-term changesieasurements as a source of information ony; Gmis-
is therefore indispensable to any scientific study or sciencesions and natural sinks. It has been demonstrated from model
based policy actions aiming at prediction and control of cli- studies that inversions of such measurements could facili-
mate change. tate improvements of COemission estimates on large (con-
Presently, C@ and other greenhouse gas (GHG) emis-tinental) scales. At the same time, it has also been found
sions on different temporal and spatial scales are reportethat emission estimates derived from £€atellite observa-
in many international (e.g., Olivier et al., 2005; GCP, 2010; tions are especially sensitive to model and measurement er-
Ciais et al., 2010; Janssens-Maenhout et al., 2012) and naers (e.g., Houweling et al., 2010). This sensitivity reflect-
tional (e.g., Oharaetal., 2007; Zhao et al., 2012; Huang et al.ing the large lifetime and relatively small variability (typi-
2011) inventories. Such inventories are based on combinagally, less than 5 %) of C©columns in the atmosphere seri-
tion of available statistical information on activities in dif- ously hinders estimation of G@missions and their changes
ferent sectors of the economy (such as transport, industriegn finer (regional) scales. Similar limitations also exist in
energy production, etc.) with emission factors for individ- the case of C@inversions based on ground-based measure-
ual processes and fuel types. There is, however, evidence ahents (Enting, 2002), with these measurements being more
inaccuracies in the available statistical information, leadingprecise but more sparse than the satellite remote sensing data.
to errors in corresponding emission estimates. For example, The focus of this paper is the evaluation of multiannual
Akimoto et al. (2006) and Guan et al. (2012) discuss pos-changes in C@ emissions from China. According to Bo-
sible underestimation of fossil fuel G@missions in China den et al. (2011) and other inventories, China has recently
due to inaccuracies in official information on the fossil fuel become the world leader in total G@missions. However,

(in particular coal) consumption. there are strong indications (see, e.g., Gregg et al., 2008;
An alternative way to obtain emission estimates of,CO Guan et al. 2012) that the uncertainty in the available CO
and other trace gases is provided by the inverse modelingmission inventory data for China is rather large (15-20 %).

approach (Enting, 2002). Emission estimates derived fromOur idea is that indirect but still useful information about
trace gas observations by means of atmospheric models cahe CQ emissions changes can be derived from satellite
improve knowledge of the GHG balance (e.g., Schulze et al. measurements of tropospheric N@olumns. Indeed, on
2009), and help in pinpointing possible uncertainties and in-the one hand, it was shown earlier that such measurements
consistencies in the bottom-up inventories. For brevity, emis-clearly reflect local “hot spots” and long-term changes in an-
sion estimates constrained by atmospheric measurements atteropogenic NQ emissions in China (Richter et al., 2005;
referred below to as “top-down” estimates, while more tradi- Wang et al., 2010, 2012; Zhang et al., 2007; Lin, 2012).
tional emission estimates based on emission inventories ar®n the other hand, both GGnd NG, have many common
referred to as “bottom-up” estimates. sources associated with fossil fuel and other fuel combus-
In the last decade, the inverse modeling approach hasion, and therefore temporal changes in anthropogenic emis-
rapidly been gaining popularity due to the advent of satel-sions of these species should be related. Importantly, due to
lite measurements of various trace gases in the troposphetée relatively short lifetime of N@ NO, atmospheric ob-
(Burrows et al., 2011). In particular, satellite measurementsservations are less affected by the long-range transport from
of nitrogen dioxide (NQ@) have been widely used to retrieve distant emissions than G@neasurements, and therefore in-
spatial structure and trends of emissions of nitrogen oxidegerpretation of the N@observations is more straightforward
(e.g., Martin et al., 2003; Muller and Stavrakou, 2005; Kono- and robust.
valov et al., 2006, 2008; Kurokawa et al., 2009; Wang et al., The idea to estimate Gmissions by analyzing observa-
2007; Napelenok et al., 2008; Miyazaki et al., 2012), carbontions of co-emitted species is not new (see, e.g., Rivier et al.,
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2006), and has already been exploited in several studies. F& Data

example, Brioude et al. (2012) used aircraft measurements

of several species (CO, NQand SQ) to estimate C@ 2.1 Data of satellite measurements

emissions from Houston. Earlier, Palmer et al. (2006) and ) )
Suntharalingam et al. (2004) used the correlation betweer{Ve Used tropospheric Nzolumn amounts retrieved as de-
CO and CQ instantaneous observations during aircraft cam-Scribeéd by Richter et al. (2005) at the Institute of Environ-
paigns to improve spatial allocation of N®@mission sources Mental Physics and Remote Sensing, University of Bremen
in eastern Asia, including China. Unlike the mentioned stud-Tom measurements performed by the GOME (1996-2002)
ies, we do not exploit possible correlation between atmo-(Burrows et al., 1999) and SCIAMACHY (2003-2008)
spheric concentrations of G@nd co-emitted species, which (Bovensmann et al., 1999) instruments onboard the ERS-2
in the considered specific case of N®eing used as a and ENVISAT satellites, respectively. Specifically, we qsed
“tracer” of CO, emissions is probably rather small because the standard monthly data products (GOME tropospheric ex-
the behavior of N@ in the atmosphere is strongly affected €SS NQ columns version 2 (NGf, 2005) and SCIAMACHY
by chemical processes. Instead, the assumed relation b&CPOSpheric excess N@olumns version 0.7 (Richter et al.,
tween CQ and NG emissions is specified using data of 2005) provided on a regular.grld with the resolution of
emission inventories. To relate N@missions to the N9  0-5° x 0.5° and 0125’ x 0.125 in the cases of GOME and

observations we employ a mesoscale chemistry—transporeC/AMACHY data, respectively. The same data have al-
model and a simple inverse modeling method similar to thaff€2dy been used in several previous studies aimed at evalua-

used in Konovalov et al. (2010) for studying N@mis- t|pn of long-term cha_nges of NCemissions in different re-
sion trends in megacities. Accordingly, our estimates opCO 9ions of the world (Richter et al., 2005; He et al., 2007; Kim

emission changes are obtained by merging the top-down et &, 2006, 2009; Konovalov et al., 2008, 2010). The initial
timates of NQ emission changes and bottom-up estimatesnNominal horizontal resolution of the GOME measurements is

of the NO,-to-CO, emission conversion factors. Such £0 320x 40kn?, and almost global coverage is achieved within

emission estimates can therefore be considered either as iffiree days. The SCIAMACHY measurements have a higher

direct top-down or hybrid estimates combining the top-downominal horizontal resolution of 60 30 kn?, but a longer
and bottom-up information. global coverage period of about six days.

Since CQ emission trend estimates obtained in this study Preprocessing of the “standard” monthly datasets included
are based on observations (even though some emission invefi€veral steps described below. First, the global data were re-
tory data are also involved), they are to a significant exten@ridded to a &° x 0.5° regional grid focusing on China.
independent from similar estimates provided by emission in->€cond, “empty” grid cells (in which measurements are
ventories. Taking this into account, we believe that our in-MiSSiNg, €.g., because of clouds) in each of the monthly
direct top-down (or hybrid) C®emission estimates can be datasets were filled in by means of a temporal or spatial
helpful for detecting and elucidating possible uncertaintiesinterpolation. Specifically, an empty grid cell in a given
and/or inconsistencies in alternative bottom-up emission esmonthly dataset was assigned with either the average over
timates and in inventory data that are used to relatg i@l the two nearest months or (if the data for those months
CO, emissions in our analysis. Specifically, a disagreemen@r€ also missing) the average over the eight closest grid
between the hybrid and bottom-up estimates in our case ma§€!ls of the same month. Finally, to ensure the consistency
indicate (assuming that our estimates of N@nissions are of NO2 columns measured with different spgtlal resolution,
sufficiently accurate) that either the inventory data for,cO the SCIAMACHY monthly data were spatially smoothed
emissions or the assumed relationship betweep@@ NG, ©n the longitudinal plane in the same way as in Kono-
emissions (the N@to-CO, emission conversion factor) or valov et al. (2010) to simulate th(_a.smoothmg introduced by
both are insufficiently accurate. Note that we did not evaluatéh® GOME measurements. Specifically, the smootfiethd
absolute values of NQor CO, emissions from China; only ©riginal ¢® NO; columns are related as follows:
their temporal changes from a baseline year value are exam- om o _1
ined here. Due to this, our results are expected to be rathers or
insensitive to poorly known biases in the modeled and meas® ~ ;’C"—mﬂpf [;pk} :
sured NG columns as long as these biases remain constant = B
with time during the study period. _ exp[—} ((j — m) cogy) )2} "

The data used in our analysis are described in Sect. 2 2 A ’

The method is outlined in Sect. 3. Our estimates opb@ad

NOx emission trends in China are presented in comparisorwhere the lower subscripts specify the longitudinal grid cell
with corresponding data of several emission inventories inindex (counting along a constant latitude), is the num-
Sect. 4. The potential uncertainties of our results and theiber of grid cells on the longitudinal plane within 320 km
possible implications are discussed in Sect. 5. Finally, the(the typical resolution of the GOME measuremenis)is
main findings of this study are summarized in Sect. 6. the latitude, and. is the effective distance scale. The value
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of A was estimated in Konovalov et al. (2010) to be of (1997, 2002, and 2008) in this study. Details can be found
0.85+0.16 by minimizing the mean squared difference be- elsewhere (Wang et al., 2013).
tween the smoothed NOcolumns (from SCIAMACHY) The emission inventory data outlined above are considered
for 2003 and the original N@columns (from GOME) for  below in comparison with corresponding estimates based on
2002 over 12 urban agglomerations situated in Europe andatellite measurements. Focus is given to the data of the
in the Mediterranean. Note that our results concerning to-global emission inventories (EDGAR and GCP) that have di-
tal emissions from a very large region (such as the eastrect implications for climate change research. Data of the re-
ern part of China) considered in this study are found to begional emission inventories (REAS and PKU-CO?2) are used
quite insensitive to the choice of the value ofAs it has  in this study mainly for sensitivity tests and as a source of
been shown previously (Richter et al., 2005), the GOME supportive information. A thorough comparative analysis of
and SCIAMACHY data averaged over East China are suf-the different global and regional emission inventories is be-
ficiently consistent (even without smoothing of the SCIA- yond the scope of this paper.
MACHY data), and their combined time series can therefore
be used for evaluation of corresponding emission change2.3 Simulated data
The smoothing procedure involving a sufficiently accurate
estimate of is more important when emissions from smaller To evaluate the relationship between the tropo-
regions (such as China’s provinces) are evaluated, but thispheric NG columns and N@ emissions, we
study is not aimed at obtaining accurate quantitative estiused the CHIMERE chemistry—transport model
mates of emissions for individual Chinese provinces. (www.Imd.polytechnique.fr/chimeje =~ CHIMERE is
a mesoscale Eulerian three-dimensional model that takes
into account all important processes determining the evolu-
tion of nitrogen oxides in the troposphere, such as a number
of gas-phase and heterogeneous chemical reactions, dry
We used annual emission data from several emissiorand wet deposition, advection, turbulent diffusion, and
databases, including the Emission Database for Global Atdeep convection. Parameterizations of these processes in
mospheric Research, version 4.2 (EDGAR v4.2), the Globathe model are described in several papers (e.g., Schmidt
Carbon Project (GCP) international inventories, the Regionakt al., 2001; Bessagnet et al., 2004; Hodzic and Jimenez,
Emission Inventory in Asia (REAS), and a new global data 2011).
product for CQ emission by combustion processes (PKU- The simulations were performed with a horizontal resolu-
CO2) compiled at Peking University. GGnd NQ emis-  tion of 1° x 1° for 12 layers in the vertical (up to 200 hPa pres-
sions are available from the EDGAR v4.2 (EC-JCR/PBL, sure level). The model domain covered the East Asia region
2010) database both as the national totals and on a grid witfrom 58.250 to 141.750 E and from 20.250to 65.750 N)
the resolution of @° x 0.1°. GCP (GCP, 2010) provides only including continental China. Meteorological data were ob-
total national carbon emission estimates. The data from theained from the WRF-ARW model (Skamarock et al., 2005;
EDGAR v4.2 gridded and GCP country-averaged emissionWicker and Scamarock, 2002), which was run with a hori-
inventories cover the whole period addressed in this studyontal resolution of 9& 90kn? and driven with the NCEP
(1996-2008). The methods used in the EDGAR and GCPReanalysis-2 data. Chemical processes were simulated with
emission inventories are described in detail elsewhere (e.gthe MELCHIOR2 chemical mechanism. Boundary condi-
Olivier et al., 2001; Janssens-Maenhout, 2012; Ciais et al.tions for gases and aerosols were taken from climatologi-
2010). cal runs of LMDZ (Lott et al., 2005; Hourdin et al., 2006)
The “historical” emission estimates by the REAS inven- and GOCART (Ginoux et al., 2001; Chin et al., 2000, 2002),
tory were available (both on a grid and as the national to-respectively. Anthropogenic emissions were specified using
tals) as the version 1.11 (v1.11) data (Ohara et al., 2007) fothe EDGAR v4.2 data, biogenic emissions were based on
the years from 1980 to 2003 and as the version 2.1 (v2.1}the MEGAN global inventory (Guenther et al., 2012). Along
data (Kurokawa et al., 2013) for the years from 2000 towith the “baseline” scenario, where both anthropogenic and
2008. In this study, we independently considered the timebiogenic emissions were taken into account, the model was
series of the national total emissions from REAS v1.11 andalso run with zero anthropogenic emissions in China.
REAS v2.1 for the 1996—2001 and 2001-2008 periods, re- In order to be consistent with satellite data, which are
spectively. Such periods are chosen consistently with the pedescribed in Sect. 2.1, the modeled N&lumns for each
riods used in our trend analysis (see Sects. 3 and 4.1). model grid cell are taken between 10 and 12 h of local solar
The Peking University (PKU-CO2) emission inventory time and only on days with insignificant cloud cover. Since
consists of gridded C®emissions from combustion pro- the total cloud cover was not used in the CHIMERE simu-
cesses over the globe, using county-level fuel data in Chinalation, we use a selection criteria based on threshold value
it was established for the year 2007, and updated withof the radiation attenuation coefficient. Specifically, we dis-
the new county-level data in China for three years onlyregarded days on which reduction of solar radiation due to

2.2 Data of emission inventories
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clouds was larger than 30 %. The same criterion was used in

our earlier studies (Konovalov et al., 2005, 2006). The sim-

ulated NQ columns were smoothed in the same way as

the SCIAMACHY data. NO, columns: molec./cm?*10'%: CHIMERE: 2008
Figure 1 presents the spatial distributions of the simulated

and measured NOcolumns over China (before smooth-

ing). It can be seen that CHIMERE reproduces the data

derived from satellite measurements rather adequately, al- urumqi

though the agreement is obviously not perfect. In particular,

the model systematically underestimates the,NOlumns 36"

over the most polluted industrial regions in the eastern part

of China. Systematic underestimation of satellite measure-

ments of NQ columns over China by simulations was found 54

earlier in other studies employing different models (e.g., Ma

et al., 2006; He et al., 2007; Lin et al., 2010; Lin, 2012), and

was interpreted as mostly being a consequence of a corre-

sponding bias in NQemission inventories for China.

48

3 Method

The first step of our method is the estimation of interannual
changes in anthropogenic N@missions. Following Kono- 48
valov et al. (2010), we define

Cij R al.jEi(NoX)j + Cibj,
i €{1.12}, j € {1996.2008, 2

36°

whereC is the monthly mean total tropospheric N©ol-

umn amount measured by satellites over a considered region 2¢
for the monthi and the yearj; ENY) is the corresponding
anthropogenic NQamount emitted in the same region and
month; « is the sensitivity of the N@ columns to changes

of the NQ, emissions; anc® is the “background” level of

the tropospheric N@column amounts, which is not related Fig. 1. Annual mean tropospheric NO column amounts

to anthropogenic emissions in the given region and month(mo|ecu|es(101scm—2) simulated with the CHIMERE modéh)

Note thater can be interpreted as the effective lifetime of anq derived from SCIAMACHY measuremerts) for the year
NO» columns with regard to both chemical and transport pro-200s.

cesses.
Similar to Eq. @) we can define the relationship between

the modeled N@columns and N@ emissions: where
k
NOy)k i
Ch ™ ot Epy " + Ci th="T0, 5)
i €{1.12}, k € {1996.2008, (3) %mi

and the yearg andk can, in the general case, be different.
Accordingly, the estimated total annual emissiEH\,'OX),

in the yearj can be expressed through the monthly emission

specified in the model for the yearas follows:

where the subscript: denotes the modeled values corre-
sponding to the observed ones in ER). (After replacing
CP anda by CP, andam, respectively, in Eq.2) and after
combining Eq. 2), and Eq. 8), we can establish the follow-

ing relationship petween the inferred monthly emissions andE(NOX)j B £ (NOWK cl—cyh
those assumed in the model: t = Z mo ok _ obky Sij )
' ' i=1 ( mi mi)
£NOw g0k (€] cPhy o+ j.k € {1996.2008. (6)
' Mmook, - ey We evaluatedCn, and C2 by means of the CHIMERE
ie€{1.12}, j, ke {1996.2008, (4) chemistry—transport model under following assumptions:
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1. The impact of NQ emitted in a previous month on values of¢ for different years by linearly interpolating be-
the NG columns in a given month is negligible (note tween unity and its values calculated (employing Etp ex-
that in principle this impact could be reflected®ﬁ1). pressem) with j = 2008 andc = 1996 by using the EDGAR

v4.2 emission data for the respective years. An impact of

seasonal variability of emissions on the pldetime is dis-
regarded. Note that in most of previous studies employing

3. The long-term changes in natural NGemissions Satellite NQ measurements to infer N@missions and their
(from soil, wildfires, and lightning) are much smaller changes (e.g., Martin et al., 2003; Konovalov et al., 2006;
than the trends in anthropogenic emissions and can b&vang et al., 2007; Ghude et al., 2008; Lin et al., 2010; Lin,

2. The transport of N@ into a considered region from
outside is also negligible.

disregarded. 2012), the effects of chemical nonlinearities were neglected
_ . . entirely.
4. The impact of interannual changes in the N®@lumns To estimate annual combustion @@missions,Et(COZ),

and the NQ lifetime due to meteorological variabil-  from the NG emissions, we define the average N©-CO,
ity on the NG emission estimates defined by E6) ( emission conversion factor (for a given yearas
is small (in particular, in comparison with the impact

of uncertainties in the measured and modeled;NO Et(Coz)J' _
columns) and can also be disregarded. Fl= PEOCRTAR € {1996.2008. (8)
t

These assumptions, which, in our opinion, are sufficiently ) o ) )

reasonable and justifiable (see Sect. 5) in view of results 1he ratio of CQ emissions in two different years can then
of numerous previous studies employing satellite,;N@a-  0€ estimated as follows:

surements, allowed for us to get sufficiently accurate mul-E(coz)j 7 p(NOWJ
tiannual estimates of the NGemissions in a computation- — ~ L ,
ally efficient way. In particular, we have avoided multian- EI(COZ)k FkEt(NOX)k
nual simulations, which would be computationally too ex-
pensive in our case. Taking these assumptions into accoung final lis the ind d luati f busti
Cm andCB, could be calculated in one year-round model run. ur final goal Is the independent evaluation of combustion

To avoid specific assumptions regarding the seasonal cycle o?fc?j] emllsstl_on trendslbcy:/ means of d'ﬁfrentt approx_|fr_n?jt|gns
anthropogenic NQemissions, the simulations are performed of the relative annual Cfemission estimates specified by

without seasonal variation of the anthropogenic,\gmnis- Eq. (9)'. The simulations. and corresponding estimations were
sions (that is, withEm; = const for a given year). A possible made independently with = 1996 andk = 2008. The cor-
seasonal variation of the real anthropogenic,Nmissions responding different estimates of the emission trends were

in the given region is, however, not disregarded, and is take ound to be almost indistinguishable; for definiteness, the re-

into account in the satellite measurement inversions define&ultS reported be'OV.V e 1996'
by Eq. 6). In this study, estimates of the conversion factors are pre-

: ; : ; scribed from the EDGAR v4.2 inventory for the baseline es-
Accordingly, after settindEm; = constin Eq. §), the ratio : -
gy NGy In Eq. €) ! timates and, additionally, from the REAS (v1.11 and v2.1)

of NOx emissions in two different years can be estimated a . o
x y Slnventory (see Sect. 2.2). The behavior of the emissions

J.k €{1996.2008, 9)

here the ratio of the NQemissions is defined by Eqr)(

follows: ; . .
_ factors along with the evolution of the corresponding,NO
. 122 (¢} -ct) ¢k and CQ emissions in China in the period from 1996 to
Et(NOX)-’ =1 (Cryi—Cm) 1 2008 are presented in Fig. 2. It is noteworthy that accord-

the NG and CQ emissions are rather similar (especially be-
fore 2003). This fact illustrates the usefulness of considering
By fixing a value ofk, we define a reference year and ob- NOx emissions as a proxy for GGemissions. Some devia-
tain time series of NQemissions related to those in the refer- tion in the NG and CQ emission changes after 2003 (and
ence year. If the N@lifetime values for different years were a corresponding increase of the conversion factor) is mainly
the same, the values ofdefined by Eq.5) could be assumed due to the introduction of NQemission abatement measures
to be equal unity { = 1), and Egs. 4), (6), and {) could (catalytic reduction or combustion modification), as reported
be accordingly simplified. In reality, however, even when thee.g., by Zhang et al. (2007).
above assumption (4) are correct, some changes in the NO Note that in addition to the assumption listed above, our
lifetime can be caused by chemical nonlinearities as a resulsimulations do not take into account N@missions from
of seasonal and annual changes in anthropogenic emissionigghtning and wildfires. The potential impact of these emis-
Taking into account that the effects of chemical nonlineari- sions on our estimates is also discussed in Sect. 5. Note also
ties in our case were found to be rather small (see the corthat, in contrast to emissions from wildfires, N@nd CGQ
responding discussion in Sect. 5), we approximated monthlyemissions from agricultural biomass burning are taken into

Et(NOx)k T 12 (ckcbk ) » J.k €{1996.2008. (7) ing to both EDGAR and REAS, the long-term changes in
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thropogenic part (including both seasonal and multiannual

S T I B B B B changes). Indeed, if any relative variations in the background
_@450 - 128 ©° and anthropogenic part of N@olumns were identical, then
E”400 = 126 S there would be no need to differentiate between them or to
:5’350 [ ‘8 |, , 5 subtract the bac_kground from the Fotal (_:olgmns in order to
2 L W B PN 2 evaluate trends in the anthropogenic emissions.

300 1, ® Case lll is specified in the same way as case | except that
2250 71? @ the seasonal variation in the measured,dGlumn amounts
5 ook q18.2 in a reference year is assumed to be entirely due to a corre-
st 168 sponding variation in the NQlifetime (or in other words,
g 150 - J14 L; it is assumed that the seasonal variation of anthropogenic
‘2100 1., & NOy emissions is absent). To satisfy this assumptiOp,
‘g - 175 in the formulations discussed above is replaced \@tfor
|50 N 1! the reference year. Accordingly, after modifying Ed), (ve
bl Lo L L | obtain in such a case
1996 1999 2002 2005 2008 _ )
year ECPT AT -
@—® Conversion factor (EDGAR) %% CO, (REASv1.11) E(Coz)k ~ 12Fk Z [ (Ck o Cbk) ij:| ’
E-mNO, (EDGAR) Conversion factor (REASv2.1) t i=1 ! me
4—¢ CO, (EDGAR) NO, (REASV2.1) j,k € {1996.2008. (20)
+—+ Conversion factor (REASv1.11) CO, (REASV2.1)
4—ANO_ (REASVI.11) Similar to the estimates provided by EqS) @nd Q),

the sensitivity of the trends derived from EqgLO[ to
the choice of the reference year is found to be rather small

emissions in China and the behavior of the corresponding-NO (in con”!pgrison with statistical uncertainties of the trends).
t0-CO, emission conversion factdF (see Eq.8) according to T Or definiteness, we choose= 1996, and evaluaw as de-

the EDGAR v4.2 and REAS (v1.11 and v2.1) emission invento- Scribed above.
ries. The emissions are normalized to their values in 1996. Note that Finally, to address the possible uncertainties in thg-NO
the v1.11 of the REAS inventory was used for the first (1996-2001)to-CQO, conversion factors, we consider case |V, where
period analyzed in this study because the REAS v2.1 inventory waghe conversion factor is calculated with the REAS inventory.
not available for this period. We believe that these such defined four variants of our es-
timation procedure characterize the range of possible sys-
tematic uncertainties in our estimates, although the exact
account in the EDGAR inventory (as the sector 4F) and inbounds for systematic uncertainties (see also the discussion
our simulations. in Sects. 4.1 and 5) can hardly be determined.

The Egs. 7) and @) employed in the context of the as-  To evaluate emission trends, we built exponential approx-
sumptions listed above and with the N@-CO, conver-  imations A exp(x?), with A andx being the optimized pa-
sion factors evaluated with the EDGAR v4.2 inventory con- rameters of the fits, andbeing the time in years) of the an-
stitute the baseline case (case I) of our estimation methodiual estimates provided by Eq¥)(@nd @) independently
The emission estimates inferred in this way depend on the agor the two periods 1996-2001 and 2001-2008. The approx-
sumed seasonal variations of the Nfdetime that are im- imations were not constrained with any a priori information.
plicitly evaluated by the chemistry—transport model. How- The two periods were chosen taking into account a sharp
ever, as it is discussed below in Sect. 4.1, our evaluatiorpend in the time series of the EDGAR v4.2 emissions for
yields stronger seasonal variation of anthropogenic emisChina (see Fig. 2) between 2000 and 2002. The uncertainty
sions than suggested by bottom-up emission inventories, an@f the exponential trends was estimated with the 95 % confi-
the possibility that this difference is due to some model un-dence level under the typical assumption that deviations from
certainties cannot be definitely ruled out. Accordingly, to the approximations satisfy the normal distribution. Note that
take into account possible effects of these uncertainties ofvhile using an exponential approximation, we assume that
our emission trend estimates we consider additional case8 relative rate of actual emission changes is nearly constant.
(cases Il and I11) of our estimation method. This rate (in units of percent per year) is estimated as a value

Specifically, to assess the impact of the backgroung NO of the coefficient. Such estimation is valid in our case since
columns on our estimates we consider a hypothetical casthe obtained values af are much smaller than unity.

(case II) WhereCE1 in Eq. (7) is set to be zero. Effec-
tively, this case also addresses a situation where the rela-
tive changes in the background part of the measured NO
columns are the same as the relative changes in their an-

Fig. 2. Multiannual evolution of the C®and NQ, anthropogenic
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a 1 ) ) 1 ) ) 1 ) ) 1 ) ) 1
3.6} _— ]
B (1) This study: case |
Ne) v (2) This study: case IT T
% 32F 4 (3) This study: case III ]
o - ® (4) This study: case [V T
< 2.8 A (5EDGAR -
% - ¢ (6)GCP e
Tsﬂ 2.4 @ (7)PKU-CO2 -
2 . > (8) REAS 4
g 2F -
72]
.2 i T
£ 1.6 .
o [ ]
o 12F .
08 [ 1 1 1 | 1 1 | 1 1 | 1 1 1 ]

1996 1999 2002 2005 2008
year

trends (%/year)
1996-2001 2001-2008 1996-2001 2001-2008

(1)7.0£1.3  12.2+1.0 (5)-0.6£0.3  10.5+0.4
(2)4.8£1.1  11.2+0.8 (6)-0.140.6  9.9+0.7
(3)7.2£1.4  12.2+0.9 (8) 1.6£0.6  10.4+0.5

(4)4.9+1.2 11.9+0.9

Fig. 4. Multiannual exponential total anthropogenic £€&mission

’L'_Ss' 190 : 112 -,—124,—, trends in China derived from satellite measurements and calculated

with the EDGAR v4.2, GCP, and REAS (v1.11 and v2.1) data for
the periods from 1996 to 2001 and from 2001 to 2008. Note that
the REAS v1.11 and v2.1 data are shown for the abovementioned
Fig. 3. The provinces of China taken into account in the analysis of periods, respectively. Additionally, the PKU-CO2 data are shown
the spatial distribution of emission changes for different thresholdsgy three years (1997, 2002, and 2008). All the data are normalized
levels, [NQ]c, of the (depicted in the plots) annual mean measuredig the values from 1996. Note that only relative changes (not abso-
tropospheric N@ column amounts for year 200@1) [NO2]c = 1x lute values) of emissions are evaluated in this study; thus the dif-
10 molecules cm?, and(b) [NO2]. = 5x 101> moleculescm?.  ferences between the top-down and bottom-up emission estimates
cannot be unambiguously attributed to certain years.

0 4 8 12 16 20 24 28

4 Results
4.1 Quantitative analysis of multiannual emission where, due to that, our emission estimates would be too un-
trends certain.

The indirect top-down (hybrid) estimates of the multi-
Our estimates presented in this subsection address a large rennual trends in C®emissions (see E®) are presented
gion (see Fig. 3a) covering the eastern industrial provincesn Fig. 4 in comparison with corresponding bottom-up
of China and providing (according to EDGAR v4.2) more CO, emission data of the EDGAR v4.2, GCP, REAS and
than 98 % of the total anthropogenic gé&missions in China. PKU-CO2 emission inventories. It can be seen that while
The definition of the region was based on the administra-the EDGAR v4.2 and GCP emission inventories demonstrate
tive provincial map of China so that it includes 27 out of zero trends (insignificant negative tendencies) in the period
32 provinces. We selected all provinces where the annuafrom 1996 to 2001, our estimates in all the cases consid-
mean and spatially averaged tropospheric,MOlumns re-  ered show a strong and significant positive trend (specifically,
trieved from the SCIAMACHY measurements in 2008 ex- 7.0+ 1.3 % per year in baseline case (case I). The difference
ceed a threshold valugNO]¢) of 10 molecules cm?. of our baseline estimate for this period with the £€mis-
Such a selection allowed for us to disregard the provincession trend calculated with the REAS v1.11 data is smaller
where the anthropogenic contribution to the N€@lumns is  but still considerable. This difference cannot be accounted
too small compared to contributions of natural factors andfor by the difference between the conversion factors from
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the EDGAR v4.2 and REAS v1.11 emission inventories (cf. 3pF 7 T T r T
casesland IV in Flg 4). | W (1) This study: case I
In the second period (from 2001 to 2008), all the bottom- )3k (2) This study: case II
up and hybrid estimates show large positive trends. Our base- L t 8 Egéi‘fyz case Il
line estimates indicate that the increase of,Gfnissions hak > ()REAS
in China (1224+1.0% per year in case |) during this pe- ’
riod was almost twice as large as that in the previous period.
The trends in the bottom-up emission inventories fall into
the range of divergence and uncertainties of the different hy-
brid estimates. It may be noteworthy that the trends estimated
for case Il are only insignificantly different from those esti-

1.6

NO, emissions related to 1996
[\
)

mated for case |. This means that our baseline estimates of 1.2 - .
the CQ emission trends are insensitive to possible uncer- i A .
tainties in the simulated seasonal variation of AN¥@lumns. (IR S T T T T
Note that qualitatively similar results were found with lin- 1996 1999 2002 2005 2008
ear approximation of the trends (not shown). Moreover, we year
found that linear and exponential trend lines are almost in- trends (%/year)
distinguishable. It should be kept in mind that only relative 1996-2001 2001-2008  1996-2001 2001-2008
changes rather than absolute values of emissions are evalu- (1)6.6£0.9  11.5+0.9 (4)-0.60.3  8.5+£0.3
ated in this study. Although the differences between relative (3)7.0409  9.9+0.8 (135503 58204
changes of emissions are inevitably associated with a devia- 3oF P r rrrrr ]
tion in absolute values (as itis evident in Fig. 4), the deviation | (1) NO, annual J

(2) NO, winter

(3) NO, summer

(4) anthr. NO, winter
(5) anthr. NO, summer

in absolute values cannot be unambiguously attributed to cer-
tain years. For example, according to our results, the bottom-
up CQ emissions may, in principle, be quite accurate in
2008 but overestimated in earlier years. It is equally possi-
ble that they may be accurate in 1996 and underestimated in
later years.

The important result of our analysis is that satellite mea-
surements confirm the accelerating and nonlineag 0is-
sion trend in China, which is manifested by emission inven-
tory data. However, our analysis also reveals strong quanti-
tative differences between the hybrid and bottom-up emis- -
sion estimates for the first time period evaluated. These
differences may be indicative of important uncertainties in
the emission inventories, such as major uncertainty in activ-
ity data (annu_al fu_el sta_tist_ics, industrial productior_l sta_tistics, trends (%/year)
etc.), uncertainty in emission factors, and uncertainty in con- 19962001 2001-2008 19962001  2001-2008
trol abatement. 4)63+1.1  11.1+1.1

To clarify major factors contributing to our estimates of Do o (577508  8.840.9
CO, emission trends, we have performed a similar analysis (39504 5702
but in the case of NOemissions. The measurement-basedFig. 5. (a) Multiannual exponential trends in the anthropogenic
estimates of N@ emissions are obtained using the sameNOy emission in China (1-3) derived from satellite measurements
formulations as our estimates of @@missions, but with in cases I-lll of the estimation procedure, respectively, and (4,
F =1 (see Fig. 5a). In parallel, we have evaluated trends di5) evaluated using the EDGAR v4.2 and and REAS (v1.11 and
rectly in the measured Nolumns (see Fig. 5b) separately v2.1) inventories along witl{b) multiannual exponential trends
in the cold (1 November—31 March) and warm (1 May— in Fhe measgred tropospheric N@olumns averaged over East
30 September) seasons (these seasons are referred to bel&v,'na (see Fig 3a) ann_u_ally (1) and seasonally for the cold (2) and
for brevity, as winter and summer, respectively). It can bey\/arm (3) seasons. Additionally, the plgf) demonstrates the trends

hat the behavi f th d db in the estimated anthropogenic part of the measured tropospheric
seen that the behavior of the top-down and bottom-up esN02 columns for the cold (4) and warm (5) seasons. Note that

timates of NQ emissions is qualitatively and even quanti- he REAS v1.11 and v2.1 data are shown for the periods from 1996

tatively (taking into account the uncertainty of the trends) { 2001 and from 2001 to 2008, respectively. All the data are nor-
similar to the behavior of the respective hybrid estimates ofmalized to the values from 1996.

COy, emissions presented in Fig. 4. This is an expected re-
sult, taking into account the assumed behavior of the con-
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version factor (see Fig. 2) discussed above. It is noteworsult means that our baseline estimates are almost insensitive
thy that although the difference between the trends estimatetb the estimated or assumed seasonal variation of anthro-
with and without taking into account the background level pogenic NQ emissions. The reason for this insensitivity is
of NO> columns (that is, the difference between cases | andllustrated in Fig. 5b. It is seen that although the trends in
1) is rather considerable, the trends constrained by the satelthe NG, columns for the cold season are much larger when
lite data are statistically different from the corresponding compared to those for the warm season, the trends in the an-
trends of the EDGAR v4.2 NQemissions in the period thropogenic part of N@columns (obtained after subtraction
from 1996 to 2001 in the both cases. The difference be-of the background N@columns from the total columns) are
tween the trends derived from satellite data for case Il andalmost the same both in summer and winter. Accordingly,
calculated with the REAS v1.11 data is almost insignificant.the trend in the annual anthropogenic emissions turns out to
Similar to the estimates of the G@mission changes, all be insensitive to the assumed contribution of N&nissions
of the considered estimates of the N@mission changes changes in different seasons. Note that, taking into account
show large positive trends in the second period. The trendshe seasonal variations in the measured and simulated NO
in the bottom-up emission inventories (EDGAR v4.2 and columns (see Fig. 6a), our results indicate that the most plau-
REAS v2.1) fall into the range of divergence of different top- sible explanation for the slower growth of the (total) tropo-
down estimates. spheric NQ columns in summer is a significant contribution
Our results concerning multiannual changes inK\@is- of biogenic emissions (which probably do not experience any
sions in China are qualitatively consistent with the resultssignificant trends; see also Sect. 5) to the tropospherig NO
of earlier studies involving analysis of multiannual satellite columns during the warm season. Some additional explana-
measurements over China. In particular, an accelerating antions of the seasonal difference between the trends in (total)
rapid growth of NQ column amounts over China in the late tropospheric N@ columns derived from satellite measure-
1990s—early 2000s was found by Richter et al. (2005), Hements are discussed in Zhang et al. (2007).
et al. (2007), and Zhang et al. (2007). Quantitative compar- The seasonal cycles of N@missions for the years 1996
ison of results of the different studies is, however, difficult and 2008 estimated in the base case (case |) and in the ad-
because of differences in areas and periods considered, aitional test case (case IlI) of our method are shown in
well as in methods of trend evaluation. It is noteworthy that Fig. 6b. The anthropogenic NGemissions are estimated in
Zhang et al. (2007) compared satellite measurements of troboth cases to be considerably larger in winter than in sum-
pospheric N@ columns with data of an original emission in- mer. Specifically, the ratio of the maximum and minimum
ventory that is based on results of a reanalysis of combustiomonthly NQ, emissions is found to be of 3.2 and 1.7 in
sources and an improved “dynamic” methodology allowing 1996 and 4.2 and 3.5 in 2008 in cases | and Il, respectively.
for changes in both activities and emission factors. Their in-The considerable increase in the amplitude of the estimated
ventory data (which unfortunately were not available for this seasonal variation of NOemissions from 1996 to 2008 in
study in a numeric format) manifest larger changes in an eastease Il is consistent with the strong seasonal differences in
central China region over the period from 1996 to 2001 multiannual changes of NCcolumns. That is, if the back-
(~ 12 %) than the EDGAR v4.2 and GCP data consideredground NQ is not explicitly taken into account (as in case
here, but those changes are still much smaller than the corrdt), the strong increase in NOcolumns in winter is “con-
sponding changes in the N@olumns derived from GOME  verted” into the increase of the N@mission seasonal vari-
measurements~(31 %). Based on the SCIAMACHY mea- ation.
surements, Lamsal et al. (2011) estimated the annual growth Our baseline estimates of the ratios of the maximum and
rate in the Chinese NCemissions in the period from 2003to  minimum monthly anthropogenic emissions in China are
2006 to be 8% per year. This estimate is rather close to oumuch larger than available estimates of the similar ratios
estimate for case Il (0.6 % per year), but is significantly based on the bottom-up inventories. Specifically, the ratio of
smaller than the trend estimated for case L$1#10.9% per  total anthropogenic emissions in China in December to emis-
year). Although such a comparison can hardly be conclusivesions in July is of 1.3 according to Zhang et al. (2007) and
because of the difference in the periods considered by Lamsaif 1.2 according to an earlier study (based on similar statisti-
et al. (2011) and in this study, these results are qualitativelycal data) by Streets et al. (2003). Somewhat larger maximum
consistent with the fact that a contribution of the backgroundmonthly ratios are derived for fuel combustion emissions in
NO; (independent on the anthropogenic Némnissions) to  East Asia ¢ 1.5) by Jaeglé et al. (2005, Fig. 6c) and for to-
the measured N&columns was not explicitly taken into ac- tal emissions (including biogenic soil emissions) for a north-
countin Lamsal et al. (2011), similar to our case Il. ern China region~{ 2.1) by Wang et al. (2007, Fig. 7a)
As it is noted in Sect. 3, the different cases of our estima-from the GOME NQ data using the GEOS-CHEM global
tion procedure were specified in order to characterize possiehemistry—transport model for estimation of the Nide-
ble systematic uncertainties in our estimates. In this sensdjme. Note that our case Il estimate for the year 1996 is much
it is especially noteworthy that the difference between ourmore similar to the estimate made by Wang et al. (2007,
estimates for cases | and Il is almost negligible. This re-Fig. 7a) for the years 1997-2000 than our case | estimates.
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Fig. 6. The seasonal variation in N@olumn amounts derived from
satellite measurement&) and simulated with CHIMERE with
(Cm) and without anthropogenic NGemissions Cb) in China(a)

and the estimated seasonal cycle of anthropogenig &l@issions

in 1996 and 2008 for cases | and Il of the estimation mettid
The NGO, columns and N@ emissions are averaged over the eastern
China region shown in Fig. 3a. Note th@, are calculated without
any seasonal variation in anthropogenic emissions. Note also th
oscillations in the plofb) are most probably due to uncertainties in
the monthly emission estimates.

Fig. 7. Multiannual time series of the normalized gQotal
anthropogenic emissions in China obtained frqe) satellite
measurements for case | of the estimation procedure (ajhd
the EDGAR v4.2 emission inventory, along with corresponding ex-
aﬁonential approximations over the whole period from 1996 to 2008.

derestimation of the tropospheric N@olumns in the mea-

surements. As explained above, we try to ensure that the main
This could be expected because case Il effectively addressessults of this study are sufficiently robust by considering si-
the estimates of the seasonal cycle in total (anthropogenieultaneously several different variants of our estimation pro-
plus biogenic) N emissions that were evaluated by Wang cedure. The results presented above indicate that the back-
et al. (2007). The wintertime maximum in the total NO ground NGQ columns and corresponding trends for cases |
emissions should indeed be less pronounced than that in amnd 11l are more likely to be overestimated than underesti-
thropogenic emissions because biogenic (microbial) emismated. Indeed, further significant increase of the background
sions in China have a distinctive maximum a summer. NO> columns in our estimations would lead to a much

We cannot exclude, however, that the seasonal variatiorstronger trend in the anthropogenic N@missions in sum-

of the anthropogenic Nemissions in our case | estimation mer than in winter. However, such a considerable positive
may be overestimated due to some unidentified systematidifference between the trends in summer and winter could
overestimation of the background M©@olumns (e.g., dueto not be easily explained (e.g., by considering the dynamics
overestimated biogenic NGemissions) in the model or un- of emission from major economic sectors; see Sect. 4.2) and
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would be in contradiction with the available bottom-up NO sion changes is accelerating much more smoothly in the case
emission estimates for China (Zhang et al., 2007), whichof the satellite-based emission estimates than in the case of
demonstrate very similar changes both in winter and sum-the emission inventory data between 2000 and 2002. There-
mer. On the contrary, smaller (than in case 1) or increasing infore, we can conclude that the existence of the discussed
time background N@columns would enable diminishing of sharp bend in emission time series is not corroborated by
the difference between our estimates of the seasonal cyclesatellite measurements.

in NOy emissions and the abovementioned estimates based The origin of the strong nonlinearity in the G@nd NG,

on the bottom-up information (as in case Il). An increase inemission trends found in the emission inventory data can be
the background N®in time could be due to an increase in better understood after considering the dynamics of individ-
soil NOk emissions (see Sect. 5), which is probably muchual sectors of the EDGAR v4.2 emissions for China. The an-
smaller than that in anthropogenic emissions but still is notthropogenic C@ and NQ, emissions from different sectors
entirely negligible. As has already been mentioned aboveand their fractions in the total anthropogenic emissions are
a positive difference between the trends in the estimated anpresented in Fig. 8 as a function of time. In addition, Fig. 8
thropogenic part of the measured N©@olumns in winter  also shows the ratio of CQOemissions to NQ emissions in
and in summer could partly be explained in such a case bylifferent sectors; these ratios are analogous to thg-té©

the factors discussed by Zhang et al. (2007). Therefore, base@O, emission conversion factor shown in Fig. 2. It is evident
on the analysis described in this section, and also taking intdhat according to EDGAR v4.2 the dominant sectors (at least
account possible contributions of some other kinds of sys-since 2003) providing up to about 70% (80 %) of the total
tematic uncertainties (see Sect. 5) to our estimates, we be20O, (NOy) emissions in China are the sectors “public elec-
lieve that actual trends in the anthropogenic,\Ngnissions tricity and heat production” (PEHP) and “manufacturing in-
in China are most probably bounded by our estimates ob<dustries and construction” (MIC), although the “residential

tained for cases | and . and other” sectors also provide an important contribution to

the CQ emissions. Considering the dynamics of the normal-

4.2 Analysis of nonlinear features of the multiannual ized emissions in the most important sectors, we find that
emission trends the quasi-neutral C&£and NQ, emission trends in the period

from 1996 to 2001 are due to compensation of the growth

A prominent feature of the time series of the bottom-up of emissions in the PEHP sector by the decrease of emis-
CO, emission estimates is the abovementioned sharp bendions in the MIC sector. After 2001, there is an acceleration
in the period from 2000 to 2002. Visually, this feature un- of the growth in the PEHP sector, and an upward tendency
derlines the existence of the two different regimes of,CO appears also in the MIC sector. The combined result of these
emission evolution in China: the first regime is associatedchanges is the appearance of the sharp bend of the total CO
with a neutral/slightly decreasing G@mission trend, while  and NQ, emissions in the period from 2001 to 2002.
the second regime corresponds to a strongly positive and al- Importantly, the dynamics of both G@nd NG emissions
most linear trend. Such different regimes should likely bein the major sectors looks very similar. This fact explains
associated with some fundamental changes in economic adhe similarity of the evolution of the total CGnd NG emis-
tivities. Although our results confirm that the G@mission  sions in the considered period (see Fig. 2), and justifies us-
trend was accelerating in China during the considered perioding measurement-based information on ;Némissions for
the difference between the trends in the periods 1996-200&valuating changes in GCGemissions. There are, however,
and 2001-2008 in the case of the top-down estimates is muchome quantitative differences in the evolutions of the,CO
smaller than that in the case of the bottom-up estimates.  and NG, emissions in the same sectors. In particular, it may

The considerable difference in the behaviors of the hybridbe noteworthy that C®emissions grow considerably faster
vs. the bottom-up C®emission estimates is further demon- than the NQ emissions in the PEHP and the road transport
strated in Fig. 7. Specifically, we have again fitted our esti-sectors. These differences are reflected in the behaviors of
mates (for case I) and the EDGAR v4.2 data with exponentiaboth the CQ-to-NOy emission ratios shown in Fig. 8e and
curves, but this time without splitting the whole period 1996— the (to a smaller degree) N@o-CO, emission conversion
2008 into two stages. We considered as criteria for goodnestctor shown in Fig. 2.
of the fit (i) the uncertainty of the coefficieht(see Sect. 3) Unlike CO, emissions from the major sectors (PEHP and
and (ii) the sum of squares of deviations of logarithms of MIC), CO, emissions from the “other sectors” do not exhibit
the fitted data from the corresponding fits,igSThe ob-  any strong nonlinearity, and therefore that cannot contribute
tained exponential fits are shown in Fig. 7. Both the criteriato the strong nonlinearity of the total G@&missions. The
indicate that the dynamics of our hybrid emission estimates i9ehavior of NQ emissions from the “other sectors” is similar
much more consistent with a smooth exponential trend thario that of CQ emissions except for a deviation in 2003. This
the behavior of the EDGAR data. In other words, these re-deviation has no impact on the discussed behavior of the total
sults show that, in agreement with a simple visual inspectiolNOx emissions in the period from 2000 to 2002.
of the time series of our estimates, the relative rate of emis-
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We can conclude that if the contributions of the PEHP andinventories. The scatterplots are presented separately for
MIC sectors to the total emissions from China are indeedthe two subsets of provinces depicted in Fig. 3. The first
predominant, then our estimates presented above can be cosdbset of provinces (see Fig. 3a) has been considered
sidered as evidence that the acceleration of emission changabove. The provinces in the second subset feature consid-
in these sectors in the period from 2000 to 2002 was muctlerably larger threshold magnitudes of mean JN®lumns
smaller than suggested by the emission inventories. One regfNO>]. = 5 x 101°molecules cm~2) than the first subset
son can be found in the activity data, which are for,N®d  ([NOz]. = 1 x 10°molecules cm~32).

CO, mainly coming from international energy statistics. Itis It is evident that any positive correlation between our es-
commonly seen that fuel statistics do not operatively follow timates of the emission ratios for the years 2008/2002, and
up rapid changes, but suffer a short changeable time lag, ithe EDGAR v4.2 data ratio is absent. Negligible or nega-
particular in the case of fuel shifts, which have happened withtive correlation takes place also between the EDGAR and
residual fuel oil and bituminous coal in the Chinese cementPKU-CO2 data. These results reflect the fact that accord-
production sector. Due to this inconstant time lag, the rapiding to EDGAR v4.2, the spatial distribution of the emis-
changes that appeared in emission inventory data in the pesion changes is almost constant over these six years, while
riod from 2000 to 2002 might actually occur earlier and be both of our hybrid estimates and the PKU-CO2 bottom-
smoother. At the same time, our results presented in the predp data for different provinces are rather inhomogeneous
vious section confirm that the rates of emission changes ir{see Fig. 9). Note that the distribution of the EDGAR v4.2
periods from 1996 to 2001 and from 2001 to 2008 were in-emission data is performed with sector-specific spatial proxy
deed significantly different, as is indicated by all of the con- datasets that are kept constant over time. As such, Fig. 9b
sidered emission inventories. visualizes only the impact of relative change in fraction of
the different sectors, but not yet any urbanization process
4.3 Analysis of the spatial structure of the long-term  that might explain the spatial inhomogeneity of the emis-
emission changes sion changes. The agreement of our estimates with the PKU-
CO2 data is noticeably better (although yet far from perfect).
The results presented in the previous section address chang8&gecifically, the correlation coefficient)(is of 0.23 and 0.46
of emissions in China on the national scale. Taking into ac-for the first and second subsets of provinces (with the num-
count previous studies it seems reasonable to expect that, dueer of provinces included being 28 and 14), respectively.
to the short atmospheric lifetime of NQOsatellite measure- A likely explanation of the larger correlation coefficient for
ments of tropospheric Nfcolumns can reflect the changes the smaller subset of highly polluted provinces is that smaller
of NO, (and, correspondingly, C emissions on even magnitudes of N@columns are associated with larger rela-
finer regional scales. Specifically, we performed estima-tive uncertainties caused by absolute errors in the retrievals
tion of the CQ and NG, emissions changes by applying (e.g., due to a bias in estimation of a stratospheric part of
Eqg. ©) to the data averaged separately over different Chines¢he measured total NOcolumns) and in simulations (e.qg.,
provinces. Effects associated with chemical nonlinearitiesdue to uncertainties in biogenic emissions).
were disregarded (that iswas set to be equal unity). Spatial  The fact that our estimates demonstrate much better agree-
aggregation of our emission estimates on the provincial levement with the data of the PKU-CO2 inventory than with
gives us an opportunity to use for comparison the provincethe EDGAR v4.2 inventory may be considered as indica-
averaged data of the PKU-CO2 inventory. Rather than evaltion that our estimates are sufficiently reasonable. Indeed,
uating emission trends (which is impossible to do with if our estimates were completely noisy, they would not be
the PKU-CO2 data available only for three years for this able to manifest a considerable correlation with any inde-
study), we have estimated the ratios of emission changes fgpendent data. On the other hand, the same fact can be con-
the pairs of years 2008/2002 and 2002/1997. The D  sidered as evidence that the spatial structure of real emis-
COy emission conversion factors involved in such estimationsion changes in the period from 2002 to 2008 is consider-
were evaluated in accordance to E8) éeparately for the ably better reproduced in the PKU-CO?2 inventory than in
years 1997, 2002 and 2008 with the EDGAR v4.2 inventory,the EDGAR v4.2 inventory. This result could indeed be ex-
as in case | of our estimation method. To reduce the randonpected because the PKU-CO2 inventory is based on detailed
uncertainties, the top-down estimates were preliminary averstatistical information for individual counties of China (thus
aged over three consecutive years around the indicated yearsven finer than the provincial level), while the EDGAR v4.2
That is, to get a more reliable estimate for, e.g., the yeaiinventory operates with the national fuel statistics, which are
2008, we have averaged the annual emission estimates ovent all distributed to the point sources, but which uses proxy
the years 2007, 2008, and 2009. data for, e.g., the residential sector. Interestingly, the corre-

The magnitudes of the ratios of the top-down £€nis-  lation coefficient between our estimates of £€nission ra-
sion estimates in the year 2008 to those in 2002 are pretios and the PKU-CO2 data increases from 0.46 to 0.52 when
sented in Fig. 9, and also plotted in Fig. 10 versus the simthe conversion factors are assumed to be constant both in
ilar ratios calculated with the EDGAR v4.2 and PKU-CO2 time and space (this case is not shown). That is, applying
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Fig. 9. Magnitudes of the ratio of the top-down satellite-based, @@ission estimates in the year 2008 to those in 2@)2long with
the similar ratios calculated with the EDGAR v4l2 and PKU-CO2 inventorie&).

the conversion factors from EDGAR v4.2 reduces the corre’5 Discussion
lation rather than increases it. This fact might be considered
as indication of uncertainties in the conversion factors, but

the difference is rather insignificant to allow for us to make N this section, we discuss possible reasons for the dis-
any firm conclusions. agreement between our estimates of ,Gihd NQ, emis-

A similar analysis was performed for the ratio between SION ¢hanges and the data of the emission inventories. Ob-
the years 1997/2002. Results of this analysis that are noY!oUsly. such disagreement may be either due to (1) biases in
presented here do not contain any evidence that one ofur loP-down emission estimates, (2) errors in the bottom-up
the emission inventories is considerably more accurate thaffStimates from emission inventories, or (3) uncertainties in
the other over that period. Specifically, correlations with our € Poth kinds of estimates. Since the focus of this paper is
top-down estimates were found to be almost negligible botro" the measurement-based emission estimates, possible un-
with the PKU-CO2 and EDGAR v4.2 data. It seems unlikely certainties in emission inventory data are discussed only very
that this result is due to a significantly different level of un- Priefly. _ .
certainties in our top-down estimates. A more likely expla- _ Uncertainties in our top-down estimates of £@mis-
nation is that both the PKU-CO2 and EDGAR v4.2 data for SioN trends may f:ontaln both random and' syste_matlc parts.
this period are very uncertain because of serious potential '€ Fandom partis evaluated above (see Fig. 4) in a standard

flaws in available statistical information about economic ac-Wfay asthe uncertgmtydof an exponential If'tdto the t:jme series
tivities. Possible major errors in the statistical information ©f Measurement-based estimates. |t includes random uncer-
used as input data for inventories of emissions in China havdainties in satellite data as well as cumulative uncertainties

already been discussed in previous publications (Akimotoassociated with any kind of random interannual fluctuations

et al., 2006; Zhang et al., 2007; Gregg et al., 2008: GuanOf « andCP (see Eq2) in the real atmosphere that are not
etal., 2012). reproduced by our model. Systematic uncertainties may be

due to biases and errors in the input-satellite and model data,
and may also be associated with the assumptions mentioned
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in the previous section. In particular, our estimates may also
be affected by systematic uncertainties in the conversion fac-
tor F. * o 1.8
Systematic uncertainties associated with inverse modeling 6 __ ® % J
are usually difficult or even impossible to quantify in a reg-
ular way due to their complicated character and the limited
knowledge about possible contributing factors. This remark
fully applies to the given inverse modeling study as well. Be-
low we discuss possible systematic uncertainties, and exam-
ine their potential impact on results of our analysis mainly in
a qualitative way; any quantitative estimates provided below
are rough and should be considered with caution.
Systematic uncertainties in satellite data include (1) re- .
trieval errors due to neglected changes in optical properties 1
of the atmosphere and the surface and (2) any other uniden- i
tified drifts in the data records (e.g., due to aging of satel- 0
lite instruments). These kinds of uncertainties in the multian-
nual satellite data for tropospheric N©olumns over China
were earlier addressed by Richter et al. (2005), who argued -
that a possible bias introduced by these factors to the trend§9- 11-Monthly values of the lifetimed; see Eq3) of the tropo-
in NO, columns retrieved from the GOME measurementsspherlc NG columns over the East China as evaluated with the

S . - . CHIMERE model using the EDGAR v4.2 emission data for the
over China is insignificant in comparison to the magnitude

. . . years 1996 and 2008, along with the corresponding value%ﬁg
of the trend in the period from 1996 to 2002. There is no (see Eqb) for different months. Note that some irregular variations

evidence that this conclusion may be invalid in the case of, ¢29% are mainly due to meteorological variability.
a longer time series considered in the given study.

The assumptions involved in our simple inverse modeling
procedure (see Sect. 3) are based, in particular, on the ex008 were scaled with the scale factor ranging from 0.3
perience of earlier studies exploiting satellite measurementgy 1. Such scaling represents the broad range of estimated
of tropospheric N@ columns. This experience makes us be- NO, emission changes in the period from 1996 to 2008 (see
lieve that uncertainties associated with these assumptionsig. 53). It is found that although the response of the an-
cannot explain the strong disagreement between our estihyal mean N@ columns over East China to the N@mis-
mates of CQ emission trends and corresponding data ofsjon changes is not exactly linear, the deviation of the rela-
emission inventories. Specifically, some potential uncertain+jye changes in the anthropogenic part of the calculated NO
ties in our estimates can be associated with nonlinearity OE0|umnS from the relative Changes in the anthropogenig NO
the relationship between the N@missions and the tropo-  emissions was rather small (less than 11 %). This result in-
spheric NQ columns. Similar to virtually all earlier stud- gicates that a probable positive relative bias that could be
ies employing satellite measurements for estimation ok NO introduced by chemical nonlinearities in the magnitudes of
emissions (e.g., Martin et al., 2003; Boersma et al., 2008,gmission trends presented in Figs. 4 and 5a if the VOC emis-
Konovalov et al., 2008; Lin et al., 2010; Kim et al., 2006, sjons were constant would be unlikely to exceed 11 %, and
2011), we assume that nonlinearity of this relationship iscannot explain the differences with the bottom-up inventory
small (even though we do not disregard it completely as ex-ata.
plained in Sect. 3). Figure 11 shows values of the;Nit@- Note that in principle the nonlinearity of the relationship
times () evaluated in CHIMERE for different months with petween NQ emissions and N©columns may be due to
the 1996 and 2008 data of the EDGAR v4.2 emission in-changes in the NQlifetime and the N@/NOy partition-
ventory. It can be seen that indeed, according to the modejg, which may to some extent compensate each other. In
calculations, the lifetime changes over the considered pegyr case, it is found that the increase of N@missions is
riod are rather small with a magnitude of the maximum dif- associated with faster than linear increase of;N©Olumns
ference (in February) being less than 15%. Note that thes@veraged annually due to the increase of the Nfatime.
lifetime changes reflect not only changes in Némission  The changes of the NGINO ratio are found to be quite in-
but also in emissions of volatile organic compounds (VOC). significant (less than 3 %). These results suggest that the at-
To assess potential nonlinear effects associated with chang@gospheric photochemistry in China is, on the whole, pre-
of only NO, emissions, we additionally performed simula- gominantly in the so-called high-NOregime (Sillmann,
tions of NG, columns with the CHIMERE model under dif- - 1999).
ferent levels of anthropogenic N@missions. Specifically,
the EDGAR v4.2 anthropogenic N@missions for the year

1996
2008)

NO, lifetime (a), hours
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Additional simulations were made to examine a possi-(which were recently estimated by Lin (2012) to be about
ble effect of changes in emissions of volatile organic com-two times smaller than soil emissions in China in 2006) and
pounds (VOC) on our estimates. Specifically, along with from wildfires (which, taking into account GFED3.1 (van der
the baseline simulations performed with the 1996 and 2008Nerf et al., 2010) data and estimates from Lin (2012), con-
EDGAR v4.2 emissions, we performed two model runs tribute, on average, less than 10% to the total natural NO
where the VOC emissions were swapped between the 1996missions) could hardly result in more accurate estimates of
and 2008 datasets. The results of these runs indicate thahe NOQ, and CQ emission trends in our case. Note that pos-
a small nonlinearity in the response of the annual,NO sible uncertainties i|¢ﬁ1 may not only be due to uncertain-
columns to the N emission changes between 1996 andties in the natural emissions but also due to uncertainties as-
2008 is almost completely compensated by the correspondsociated with other factors and processes (such as boundary
ing changes in the VOC emissions, since an increase irtonditions, vertical transport scheme, chemistry and deposi-
VOC emissions decreases the Nidetime, and vice versa. tion). Note also that the magnitude of the annual soilyNO
A possible interpretation of these findings, which are in emissions in East China in CHIMERE (0.37 TgNVj is
agreement with simulations performed earlier in Konovalovin very good agreement with the recent top-down estimate
et al. (2010), is that the increase in VOC emissions can lead0.38= 65 % Tg N yr-1) reported by Lin (2012) for the same
to an increase of OH concentration and the decrease of region, and is also in agreement (taking into account the un-
in Eg. ) due to the increased rate of M@onversion into  certainty range) with the corresponding bottom-up estimate
HNOs. (0.50+25% TgNyr1) calculated in Lin (2012) by using

It should be noted as a caveat that effects of chemicah new parameterization of soil N@missions developed by
nonlinearities in the N@-NOy relationship may be sensi- Hudman et al. (2012). An impact of possible uncertainties in
tive to the model grid resolution (Valin et al., 2011). For ex- C% on the results of our analysis has already been discussed
ample, a considerably larger (than in this study) nonlinearityin Sect. 4.1.
of the relationship between the N@olumn and the NQ Any direct evidence of changes in biogenic N@&mis-
emissions in China was reported by Stavrakou et al. (2008)sions in China during the considered period is not yet avail-
based on global model simulations performed witl? & 5° able. Nonetheless, the changes in biogenic N@issions
resolution (which is 25 times lower than the spatial res-are unlikely to exceed the changes in fertilizer consumption,
olution of the simulations in this study), they found that which, according to the World Databanhtip://databank.
the lifetime of the NQ columns increases in January (by worldbank.org/ddp/home.glo has increased in China in
more than 10 %) and decreases in July (by more than 25 %the period from 2002 to 2008 (similar data for an earlier pe-
due to anthropogenic emissions changes between 1997 anibd have not been available) by about 25 % (from 373 up to
2006. Note that, in principle, our test results and the results168 kg per hectare of arable land). This is three times less
by Stavrakou et al. (2008) may be different due to the dif- than the supposed increase in anthropogenig Biissions
ferences in the treatment of the backgroundoN®®lumns  (see Fig. 2). Taking into account that the total annual soil
(specifically, they are excluded in our analysis but apparentlyNOy emissions specified in our model for China are from 8 to
not excluded in Stavrakou et al., 2008). Nonetheless, everl5 times smaller than the total Chinese anthropogenic emis-
taking the simulations by Stavrakou et al. (2008) into ac-sions NQ emissions in the 1996—2008 period, the impact of
count, it appears that a decrease of thgNfetime in winter ~ a possible trend in soil NOemissions on our estimates of
and its increase in summer tend to compensate each otherhanges in anthropogenic N@nd CQ emissions is indeed
such that the remaining bias in the derived trend in annualikely to be rather negligible (less than 10 %). An upper limit
NOy emissions is unlikely to exceed 15 %. for the uncertainty associated with a possible trend in soll

The impact of NQ emitted in the previous month on emissions is assessed above by means of a special case (case
the NG columns in the given month should be quite neg- 1) of our estimation procedure (see Figs. 4 and 5a).
ligible because of the short lifetime of NQtolumns over To make sure that our estimates of N@nd CQ emis-
China (see Fig. 11). Similarly, the short lifetime of N@re- sion changes are indeed insensitive to the interannual me-
vents it from being transported over large distances. Figure teorological variability (which was disregarded in our es-
clearly indicates that the NOcontent over China is indeed timation procedure), we have performed test simulations
determined mainly by national sources, which are strongestvith meteorological conditions for the years 1997 and 2007.
in its eastern regions. These simulations were performed at an early stage of this

The omitted contribution of the NOemissions from  study by using the EDGAR v4.1 data for 2005. The years
lightning and wildfires can influence our estimates mainly 1997 and 2007 were chosen taking into account the ENSO
through underestimation of the background level of theNO precipitation index (ESPI) (Curtis and Adler, 2000) val-
content over ChinaQ‘Pn). However, our analysis of seasonal ues that were predominantly positive during 1997 but was
differences in the NQ emission trends (see Sect. 4.1) re- mostly negative during 2007. The ESPI index character-
veals no indications thafr:bm is really underestimated. Ac- izes the long-term temporal variability of precipitation in
cordingly, the inclusion of NQ emissions from lightning the eastern Asia region; it seems reasonable to assume that
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fluctuations of precipitation patterns are related to variability tion and consumption. A likely reason for this underestima-
of atmospheric circulation driving air pollution transport pro- tion (as argued in the aforementioned papers) is that activities
cesses. We found that replaciBg, andCP, calculated with  of an increasing number of small private enterprises deal-
the meteorology of year 2007 with those calculated for yearing with coal mining and electricity generation are not prop-
1997 in Eg. {) resulted in very insignificant changes (less erly reflected in national statistics. In particular, while a large
than 1%). This test therefore confirms that the effect of in-number of small coal mines were “officially” shut down in
terannual meteorological variability on our estimates ofNO the late 1990s as a result of a political campaign promoted
and CQ emission changes can be disregarded. by the Chinese government, some of them actually continued

Finally, large uncertainties (biases), which are, however,operating “illegally” (Horii and Gu, 2001). Such a situation
difficult to evaluate, may appear in our estimates of thee CO can explain a possible underestimation of the rate of &l
emission trend due to errors in the conversion fadtor NOy emission change in emission inventories in the period
The comparison of the results obtained with the \N® from 1996 to 2001. Interestingly, the highest £€mission
CO, emission conversion factors calculated with the data ofestimate provided by Guan et al. (2012) for 2008 is only in-
the EDGAR and REAS inventories (see results for cases kignificantly larger than the corresponding estimate provided
and IV in Fig. 4) gives some idea about such uncertainty:by EDGAR v4.2. This fact can be regarded as an indication
specifically, the absolute differences between the €Qis-  that biases in the EDGAR data with respect to our estimates
sion trends estimated with the different conversion factors(see Fig. 4) should probably be mainly attributed to the years
are 2.1 and 0.3 % in the periods from 1996 to 2001 and frombefore 2008.
2001 to 2008, respectively. It is important that using differ- A comparison of the emission inventory data with corre-
ent estimates of conversion factors cannot “reconcile” oursponding measurement-based estimates, which is performed
COy and emission trend estimates with the correspondingn this study, cannot identify any specific problems in
EDGAR v4.2 and GCP data for the first period. Moreover, the bottom-up emission inventory data (for example, the dif-
possible uncertainties in the N@o-CO, emission conver-  ferences between available bottom-up and our top-down es-
sion factors can hardly explain the sharp bend in the evotimates of CQ emissions may be, in principle, either due to
lution of both CQ and NQ, emissions between 2001 and biases in activity data or in emission factors). Nonetheless,
2003, whose existence is not supported by observational evif the emission inventory data were perfectly accurate, then
dence. It is noteworthy that the agreement of both our hybridthe “bottom-up” and “top-down” estimates of G@mission
estimates of C@emission trends and top-down estimates of changes would be in agreement with each other (assuming
NOy emissions trends is considerably better with the corre-that the “top-down” estimates are also sufficiently accurate).
sponding data of REAS inventory than it is with the data of Since this is not the case in the considered situation, our re-
the EDGAR inventory. This is an expected result taking into sults indicate that the current multiannual data o@@d/or
account that the regional REAS inventory is based on moreNOy emission inventories for China may contain major un-
detailed information about emission processes in China tharertainties.
the global EDGAR inventory.

Taking into account the arguments outlined above, we
can conclude that uncertainties associated with our hybrids Summary and conclusions
method in inferring C@ emissions using satellite NOnea-
surements and the input data (including the ,@®NOy This study explores the idea of verification of €@missions
emission ratio) used in our analysis can hardly be respondata by means of satellite measurements of tropospheric NO
sible for all of the considerable differences between the top-column amounts. Indirect estimates of £€nissions are ob-
down and bottom-up estimates of N@nd CQ emission tained from the measurement-based estimates gf &fiis-
changes. In our opinion, the most plausible interpretationsions by applying the emission factors from the EDGAR v4.2
of at least a part of the differences between our estimatesand REAS (v1.11 or v2.1) emission inventories. Using a sim-
and the global emission inventory data is that the evolutionple inverse modeling method, we evaluate the multiannual
of the activity data for China in the global emission inven- changes (trends) in both G@nd NQ, anthropogenic emis-
tories in the first half of the considered period is strongly sions in China in the period from 1996 to 2008. The method
and negatively biased and shows a time lag in the reportis based on a linear relationship between yNénissions
ing of fuel consumption growths (which is common in the and the NQ columns, and it involves the simulations of
case of a fuel shift). Specifically, as it was pointed out ear-the “background” N@ content in the troposphere and of
lier (Akimoto et al., 200; Gregg et al., 2008; Guan et al., a part of the seasonal cycle of N@olumns, which are
2012), the available national energy consumption data usedot related to the anthropogenic N@missions in China
in emission inventories to calculate emissions from the ma-and their seasonal variations, respectively. The simulations
jor sectors (that is, the “public electricity and heat produc- are performed with the CHIMERE mesoscale chemistry—
tion” and “manufacturing industries and construction”) may transport model. The multiannual trends in our indirect
be negatively biased due to underestimation of coal produc*top-down” estimates of C& emissions are compared
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with the corresponding trends calculated with the data ofemissions than the EDGAR inventory, which is based on to-
the “bottom-up” EDGAR v4.2 and GCP global emission in- tal national statistical information.
ventories. The trends are evaluated by means of exponential Although we have attempted to “bracket” our estimates
approximations of the normalized time series of annual emiswith regard to possible systematic uncertainties, and have
sions separately in the periods from 1996 to 2001 and fronconcluded that the major discrepancies between our esti-
2001 to 2008. Additionally, our estimates of the multiannual mates and the data of the global emission inventories are
CO, emission changes are compared with the data of the rednlikely due to possible uncertainties associated with our
gional (REAS) and national (PKU-CO2) emission invento- method and measurement data, it should be kept in mind
ries. that some possible systematic biases are difficult or even im-
Both the indirect top-down and bottom-up emission es-possible to evaluate accurately. Therefore, we recommend
timates indicate that the rate of G@mission changes in considering our estimates with sufficient caution in the same
China was significantly different during the two consid- way as the data of “traditional” emission inventories, which
ered periods (1996-2001 and 2001-2008). Specifically, almay also be subject to potential significant uncertainties. On
the CQ emission estimates demonstrate large positive trendshe other hand, our results clearly indicate that the current
for the second period, while smaller trends (slightly negativeknowledge about C®emissions in China is so far insuffi-
or positive) are found for the first period. ciently accurate. Taking into account that possible inaccura-
However, results of our analysis also suggest that nonlincies in emissions from China, which has grown to become
earity of CQ emission changes over China is strongly exag-recently the world’s largest emitter of GOhave major im-
gerated in the global emission inventories. Specifically, weplications for climate research and prediction, the results of
found no observational evidence supporting the existence obur study call for further research aimed at verification of
a sharp bend in the emission time series in the period fromemission inventories with various satellite and ground-based
2000 to 2002. There are also significant quantitative differ-measurement data as well as at improving available GHG
ences between the different kinds of the £€nission es- emission estimates.
timates. In particular, while the top-down estimates exhibit
a positive and statistically significant trend in the period
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