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Abstract. Vertical column densities (VCDs) of tropospheric July. Overall, anthropogenic emissions are found to be the
nitrogen dioxide (NQ) retrieved from space provide valu- dominant source of NQover East China with important im-
able information to estimate emissions of nitrogen oxidesplications for nitrogen control.

(NOy) inversely. Accurate emission attribution to individ-
ual sources, important both for understanding the global bio-

geochemical cycling of nitrogen and for emission control, 1 |ntroduction

remains difficult. This study presents a regression-based

multi-step inversion approach to estimate emissions of NO Nitrogen oxides (NQ=NO+NQ,) are important con-
from anthropogenic, lightning and soil sources individually stituents in the troposphere affecting the formation of ozone
for 2006 over East China on a 0:2bngx 0.2% lat grid,  and aerosols with significant consequences on air quality, cli-
employing the DOMINO product version 2 retrieved from mate forcing and acid deposition. They are emitted from an-
the Ozone Monitoring Instrument. The inversion is done thropogenic combustion sources as well as natural sources
gridbox by gridbox to derive the respective emissions, tak-from lightning, soil and biomass burning. Understanding the
ing advantage of differences in seasonality between anthroindividual contributions of anthropogenic and natural emis-
pogenic and natural sources. Lightning and soil emissionssions is critical both for evaluating the effects of NOn

are combined together for any given gridbox due to theirthe global environment and for forming appropriate emission
similar seasonality; and their different spatial distributions control strategies in polluted areas like East China.

are used implicitly for source separation to some extent. The Satellite remote sensing provides data for vertical column
nested GEOS-Chem model for East Asia is used to simulatejensities (VCDs) of nitrogen dioxide (NQin the tropo-

the seasonal variations of different emission sources and imsphere. The data can be used to estimate emissions pf NO
pacts on VCDs of N@for the inversion purpose. Sensitivity from the top-down perspective supplementing the bottom-up
tests are conducted to evaluate key assumptions embeddedégtimate (e.g. Martin et al., 2003, 2006; Jéeed al., 2005;

the inversion process. The inverse estimate suggests annugliiller and Stavrakou, 2005; Richter et al., 2005; Wang et
budgets of about 7.1 TgNK39 %), 0.21 TgN £61 %), and  al., 2007; Zhang et al., 2007; Stavrakou et al., 2008; Zhao
0.38 TgN (65 %) for the a posteriori anthropogenic, light- and Wang, 2009; Lin et al., 2010a, b; Lin and McElroy,
ning and soil emissions, respectively, about 18-23 % highep010, 2011; Wang et al., 2012). Much attention has been
than the respective a priori values. The enhancements in arpaid to China due to its large and rapidly growing anthro-
thropogenic emissions are largest in cities and areas with expogenic emissions (e.g. Richter et al., 2005; Martin et al.,
tensive use of coal, particularly in the north in winter, as ev-2006; Wang et al., 2007; Zhang et al., 2007; Stavrakou et
ident on the high-resolution grid. Derived soil emissions area|., 2008; Zhao and Wang, 2009; Lin et al., 2010a, b; Lin
consistent with recent bottom-up estimates. They are lesgnd McElroy, 2010, 2011; Wang et al., 2012). Retrieved
than 6 % of anthropogenic emissions annually, increasing to/CDs, however, include contributions from all sources of

about 13 % for July. Derived lightning emissions are aboutNQy, requiring additional information and assumptions in
3% of anthropogenic emissions annually and about 10 % indistinguishing individual sources.
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2882 J.-T. Lin: Space-based source attribution for nitrogen oxides

Several inversion studies have attempted to separate amiobally) with the largest difference over the tropics; the
thropogenic from other sources of NOespecially soil study did not specify the magnitude of lightning emissions
sources, based on measurements from the Global Ozonaver China.

Monitoring Experiment (GOME) instrument (Jaéglet This study presents a new method to inversely derive
al., 2005; Miller and Stavrakou, 2005; Wang et al., emissions of NQ for 2006 over East China (101.25-
2007; Stavrakou et al.,, 2008), the Scanning Imaging126.25 E, 19-46 N; see Fig. 1) from anthropogenic, light-
Absorption Spectrometer for Atmospheric CHartographY ning and soil sources individually based on satellite re-
(SCIAMACHY) instrument (Miller and Stavrakou, 2005; trievals of NG columns and simulations of the global chem-
Stavrakou et al., 2008), and the Ozone Monitoring Instru-ical transport model (CTM) GEOS-Chem. Emissions from
ment (OMI) (Zhao and Wang, 2009). Jaegi al. (2005) biomass burning are not constrained since they are unimpor-
and Wang et al. (2007) proposed two different methods totant over East China (Wang et al., 2007; Lin et al., 2010a).
separate anthropogenic, soil and biomass burning emissions regression-based multi-step inversion approach is used to
month by month with no attempt to constrain lightning emis- derive emissions for all months, exploiting information on
sions. Jae@ et al. (2005) assumed the a posteriori non-the seasonal variations of individual sources simulated by the
lightning emissions to be solely anthropogenic if the a pri- CTM. The satellite data are taken from the DOMINO product
ori anthropogenic emissions exceed 90 % of the a priori to-version 2 (DOMINO-2) retrieved by the Royal Netherlands
tal emissions or if they exceed the a posteriori non-lightningMeteorological Institute (KNMI) from the Ozone Monitor-
emissions. Otherwise, differences between the a posterioiing Instrument (OMI) (Boersma et al., 2007, 2011). The
and a priori emissions were attributed to soil or biomassnested GEOS-Chem model for East Asia (Chen et al., 2009)
burning sources. A similar criterion was adopted by Zhaois used to calculate VCDs of NQin response to vari-
and Wang (2009) to differentiate anthropogenic and soilous emission sources for the inversion purpose. The top-
emissions. Wang et al. (2007) distinguished anthropogenieclown emissions are derived at a relatively fine resolution of
and soil sources using prescribed values for errors in the #.25 long x 0.25 lat allowing for a more detailed analysis
priori anthropogenic emission data. Specifically, if the a pos-of the spatial distribution of emissions, compared to previ-
teriori non-lightning non-biomass burning emissions exceedous studies (Jaegket al., 2005; Niller and Stavrakou, 2005;
the a priori anthropogenic emissions plus errors (assumed twang et al., 2007; Stavrakou et al., 2008; Zhao and Wang,
be 40-60 %), the differences are attributed to soil sources2009).

Miller and Stavrakou (2005) and Stavrakou et al. (2008) The paper is organized as follows. Section 2 presents the
used an adjoint modeling approach for source attribution.satellite product. Section 3 describes the CTM and com-
Wang et al. (2007) suggested that soil emissions over Eagbares simulated VCDs with retrieved values. Section 4 de-
China amounted to 0.85 TgN per year for 1997-2000, differ-scribes the inversion process in detail and analyzes the re-
ing significantly from other inverse estimates (Jaegf al.,  sulting top-down emissions for anthropogenic, lightning and
2005; Muller and Stavrakou, 2005; Stavrakou et al., 2008; soil sources. It also evaluates the effects of key assumptions
Zhao and Wang, 2009; L. Jaéglpersonal communication, made during the inversion process. Section 5 presents the
2011; C. Zhao and Y. Wang, personal communication, 2011)a posteriori emissions in comparison with previous inverse
Soil emissions derived from the inverse modeling also dif-and bottom-up estimates. Section 6 concludes the present
fer from the bottom-up estimates (Yienger and Levy, 1995;analysis.

Yan et al., 2003, 2005; Hudman et al., 2012; Steinkamp and

Lawrence, 2011); in particular, they are 50—-300 % larger than

the Yienger and Levy (1995) estimate. According to Jaegl 2 VCDs of NO, retrieved from OMI

et al. (2005) and Wang et al. (2007), soil emissions may be

as large as 40-50 % of anthropogenic emissions in summeFhe KNMI DOMINO-2 product offers a level-2 dataset for
for East Asia in 2000 and for East China in 1997-2000, re-VCDs of NG, derived by three main steps involving the
spectively, with significant implications for the global bio- calculation of slant column densities (SCDs), tropospheric
geochemical cycling of nitrogen. SCDs, and tropospheric VCDs (Boersma et al., 2007, 2011).

The magnitude of lightning emissions is difficult to es- The derivation relies on information on air mass factors
timate (Boersma et al., 2005; Schumann and Huntrieser(AMFs) to convert the tropospheric SCDs to VCDs. The
2007), especially on the regional scale with significant vari-AMFs are interpolated from a look-up table (LUT), and are
ations in lightning occurrences from one year to anothersubjectto errors in the predetermined information for clouds,
(Schumann and Huntrieser, 2007). Most inverse estimategerosols, surface albedo, the a priori vertical profile 0bNO
did not attempt to constrain lightning emissions (Jaegi ~ surface pressure, and surface height. The reader is referred
al., 2005; Wang et al., 2007; Zhao and Wang, 2009; Lin etto Boersma et al. (2007, 2011) for detailed derivation of the
al., 2010a, b; Lin and McElroy, 2010). The inverse model- product.
ing by Stavrakou et al. (2008) suggested lightning emissions Errors in retrieved VCDs are derived mainly from the cal-
to be 50-80 % larger than their a priori values (3 TgNYyr culation of SCDs and its tropospheric portion over cleaner
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to 25x ~140kn? at the edges of the viewing swath. This
study excludes pixels with cloud radiance fraction exceeding
50% (Boersma et al., 2007). In addition, it only uses data
from the 30 pixels around the swath center (with a cross-
track length less than 30 km), allowing for a better analysis
of the spatial distribution of VCDs within short distances.
It consequently changes the swath width in use to about
800 km so that global coverage is achieved roughly about
every three days. Note that the pixel sizes here are much
smaller than the GOME (320 40 kn?) and SCIAMACHY

(60 x 30 kn?) instruments used in previous inverse estimates
(Jaegk et al., 2005; Mller and Stavrakou, 2005; Wang et al.,
2007; Stavrakou et al., 2008).

45°N

40°N

35°N |-

30°N |-

25°N

20N 3 Simulations of GEOS-Chem

3.1 Descriptions of model simulations

This study uses the nested model of GEOS-Chem
Fig. 1. Regional specifications with provincial boundaries for East (version 08-03-02;http://wiki.seas.harvard.edu/geos-chem/
China. Also presented are its subregions, provinces and prOVi”C%dex.php/MainPagéor East Asia run at a horizontal resolu-
level municipalities discussed in the text: the Yangtze River DeltatiOn of 0.667 long x 0.5° lat with 47 layers vertically (Chen
(YRD), the Pearl River Delta (PRD), the Sichuan Basin, the Bo- , | 2609) The mbdel is run with the full.aNOw-CO
] . X X~ -

hai Sea, Beijing (BJ), Shanghai, Hebei, Henan, Shandong, Shanx|, . ) . L
Ningxia, Inn:er-?\/l(ong)olia, ar?d Sichuan. On the backgrougd is the OC'_HOX_Chemlsuy' Itis driven by the aSSIm”a,tEd meteo-
annual mean VCDs of Nfrom the DOMINO-2 product. rolog_lcal fields of GEOS_—S_ take_n from the National Aero-
nautics and Space Administration (NASA) Global Model-
ing and Assimilation Office (GMAQ). Vertical mixing in the
planetary boundary layer follows the non-local scheme (Lin
regions, and are mainly from the calculation of AMFs for and McElroy, 2010) accounting for the varying magnitude of
polluted regions (Boersma et al., 2007). Compared to vermixing from stable to unstable states of the boundary layer.
sion 1, DOMINO-2 incorporates a variety of improvements Convection is parameterized based on a modified version
on the LUT, surface albedo, and the a priori vertical pro- of the Relaxed Arakawa-Schubert scheme by Moorthi and
file of NO2 (Boersma et al., 2011). It also includes a cross- Suarez (1992) (Rienecker et al., 2008). The lateral boundary
track stripe correction and a high-resolution dataset for surconditions are updated every 3 h using results from associ-
face height. As a result, systematic biases found in ver-ated global simulations af%ong x 4° lat horizontally.
sion 1 are reduced significantly in DOMINO-2 (Boersma  Annual anthropogenic emissions of NQ@arbon monox-
et al, 2011). The overall error for retrieved VCDs in ide (CO) and non-methane volatile organic compounds
DOMINO-2 is estimated to be about 30 % (a relative error) (VOC) are taken from the INTEX-B dataset for 2006 pro-
plus 0.7x 10" molec. cnT? (an absolute error), likely with  vided by Zhang et al. (2009), including sources from power
a magnitude larger in winter than in summer (Boersma et al.plants, industry, transportation and the residential sector.
2007, 2011, Lin and McElroy, 2010, 2011, Lin et al., 2010a). Emissions from the residential sector are further assumed to
In this study, the relative error is assumed to vary nonlinearlyvary month to month accounting for heating related emis-
from 30 % in summer to 50 % in winter based on the follow- sjons that depend on ambient air temperature (Streets et al.,
ing formula: 0.3+0.2< (1—sin(i/10xm)), wherei =0, 1,  2003). They, however, contribute only 6 % of anthropogenic
2,3,4,5,5, 4,3, 2,1, 0 for months from January to De- sources of NQ on the annual basis (Zhang et al., 2009).
cember. This information will be employed for purposes of Emissions from power plants, industry and transportation are
emission inversion; and the assumed seasonality will be evalneld constant across the seasons since the seasonality is rel-
uated in Sect. 4.6. atively small and is not included in the INTEX-B dataset.
In this study, the daily level-2 data from DOMINO-2 are The impact of such simplification is found to be small (see
gridded to 0.25long x 0.25 lat, which are averaged then Sect. 5). The diurnal variations of individual sources follow
to obtain monthly mean VCDs for subsequent emission in-Lin et al. (2010a) and Lin and McElroy (2010, 2011).
version. The level-2 dataset includes measurements at 60 Natural sources of NQ include lightning, soil and
viewing angles corresponding to 60 ground pixels, and thebiomass burning. Emissions from biomass burning are taken
pixel sizes increase nonlinearly from ¥4 kn? at nadir  from the year-to-year varying monthly dataset of GFED2
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(van der Werf et al., 2006); their magnitudes are negligibleemissions vary with vegetation type (Olson, 1992), temper-
for NOy over China (Wang et al., 2007; Lin et al., 2010a) as ature and precipitation. The N-pulsing is determined by the
the relatively low combustion temperature does not allow foramount of precipitation over lands containing dry soils prior
significant production of NQ@ In 2006, the emission budget to the precipitation (Yienger and Levy, 1995). It is noted
for East China is only about 0.013 TgN. that GEOS-5 simulates very well the seasonal variability of

Production of NQ from lightning is determined by the precipitation and air temperature (Fig. 3a). Fertilizer derived
flash rate multiplying the yield of nitric oxide (NO) from emissions are limited to agricultural lands and are distributed
each flash. In GEOS-Chem, the NO vyield is latitude de-evenly over the growing season (May to August north of
pendent: over the Asian continent, the yield is set to be28 N and all year long in the tropics) (Yienger and Levy,
500 moles per flash north of 38l reducing to 260 moles 1995; Wang et al., 1998). They are assumed to be 2.5%
per flash south of 35N (Martin et al., 2006; Hudman et of the total amount of fertilizer use taken from the country
al., 2007), based on previous observational constraint thabased statistics of the Food and Agriculture Organization of
the NO yield in the tropics is lower than in the midlatitude the United Nations (FAQ); for China, the fertilizer data rep-
(Huntrieser et al., 2006). The total (intra-cloud and cloud- resent the year 1990 (Wang et al., 1998). As normally as-
to-ground) flash rate is determined by convective cloud topsumed, fertilizer associated emissions are considered to be
height to the 4.9th power over lands free of snow and ice,part of natural sources in this study for comparison with an-
as formulated by Price et al. (1997). The total amount ofthropogenic emissions relating to combustion.
lightning induced emissions is distributed vertically with a  Averaged over East China, the a priori anthropogenic
backward “C-shape” profile (Ott et al., 2010). Horizontally, emissions of NQ are relatively constant across the seasons,
as the flash rate depends on cloud properties that are highlywhile lightning and soil sources reach maximum values in
parameterized, it is subject to large uncertainties particularlysummer and are not important in winter (Fig. 2). On the an-
for individual locations. Alternate lightning parameteriza- nual basis, the a priori anthropogenic emissions of &
tions based on cloud mass flux or convective precipitationabout 5.8 TgN yr! over East China; and lightning and soil
(Allen and Pickering, 2002) were found not to improve the emissions are only about 3—6 % of anthropogenic emissions
simulation of lightning distribution (Hudman et al., 2007). (Table 1). In July, lightning and soil emissions increase to
To improve the simulation, a horizontal adjustment is takenas large as 10-13 % of anthropogenic emissions (Table 1).
for each model gridbox based on the OTD/LIS satellite mea-Locally, anthropogenic emissions exhibit a seasonal pattern
surements of lightning flashes (Sauvage et al., 2007; Murrayhat is negatively or weakly correlated with the seasonality
etal., 2009, 2010, 2012). For each month, the mean flash ratef lightning and soil emissions (Fig. 3b). The spatial correla-
over 2004—-2008 is set as the monthly climatology derivedtion between anthropogenic and lightning or soil emissions is
from the satellite measurements from 1995 to 2005; whilelower than 0.36 in all months, with a value larger in summer
the interannual variability is determined by the year-to-yearand much lower in winter.
varying cloud heights taken from the GEOS-5 meteorologi- A total of five 1-yr simulations for 2006 were conducted
cal fields (note that measurements for north 6f¥%re de-  to quantify VCDs of NQ from anthropogenic, lightning, soil
rived from the OTD instrument available in 1995-2000). The and biomass burning sources, as shown in Table 2. For con-
constraint on the monthly climatology is meaningful since no sistency with satellite retrievals, model VCDs in each day
significant trend of lightning activities is found based on the are obtained by regridding modeled B@t each vertical
satellite measurements (Sauvage et al., 2007; Murray et allayer to 0.25long x 0.25’ lat, sampled from gridboxes with
2009, 2010, 2012). Over East China, convection and prevalid satellite retrievals, and applied with the averaging ker-
cipitation amount are both driven by the seasonal transitiomel from DOMINO-2. The daily data are averaged then to
of the East Asian Monsoon and thus are highly correlatedobtain monthly mean values for each gridbox.
month to month. Figure 3a shows that GEOS-5 captures the Potential sources of model errors include emissions of
observed seasonal variation of precipitation and near-surfacBlOx, emissions of other pollutants affecting the chemistry
(2m) air temperature, likely indicating that the seasonality of NOy, the chemical mechanism for NOthe scheme for
of convection is simulated reasonably well, at least on themixing in the boundary layer, and the meteorological fields.
regional mean basis. It is expected thus that the seasorFhe total model error from factors other than emissions of
ality of lightning activities is likely reasonably reproduced NOy is estimated to be about 30-40 % (Martin et al., 2003;
by GEOS-Chem, although large uncertainties still exist as-\Wang et al., 2007; Lin and McElroy, 2011); in this study, the
sociated with the exact magnitude and timing of lightning value of 40 % is taken for the inversion purpose.
emissions.

Soil emissions are based on the Yienger and Levy (1995)
scheme with the canopy reduction factors described by Wang
et al. (1998). They include sources due to microbiological
processes producing Naturally as well as those associ-
ated with use of chemical fertilizers and manure. The net
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Fig. 2. Seasonal variations of the a priori, top-down and a posteriori anthropogenic, lightning, soil and total emissiong of NO
(10 molec. cnm2h~1) over East China for 2006.

Table 1. Emission budgets over East China (TgN) derived from various inversion calculations.

Annual July
Case Description
Anthro.  Lightning Soil Anthro.  Lightning Soil
A priori 5.763 0.174 0.324 0.479 0.0507 0.0627
Total errors in a priori emissions 60 % 100% 100% 60 % 100% 100%
1 Top-down (base case) 8.016 0.228 0.424 0.646 0.0623 0.0810
2 Use level-2 retrieval data from all 60 pixels 7.789 0.223 0.415 0.633 0.0616 0.0793
3 Re-allocate group 2 gridboxes to group 1 8.169 0.201 0.370 0.665 0.0529 0.0693
(and thus skip step 2 in Fig. 6)
4 Re-allocate group 2 and 3 gridboxes to 7.720 0.203 0.373 0.642 0.0534 0.0698
group 1 (and thus skip steps 2 and 4 in Fig. 6)
5 Assume constant retrieval errors across the seasons 8.306 0.220  0.400 0.668 0.0596 0.0754
6 Assume seasonality of anthropogenic emissions 7.830 0.259 0.480 0.640 0.0706 0.0911
according to Table 9 of Zhang et al. (2009)
7 Use soil emissions from Hudman et al. (2012) 7.876 0.202  0.506 0.636 0.0537 0.0797
8 Keep lightning emissions unchanged 7.950 0.174 0.645 0.644 0.0507 0.1145
9 Keep soil emissions unchanged 8.105 0.238 0.324 0.655 0.0657 0.0627
10 ShiftQm | andm s backward by 1 month 8.029 0.212  0.375 0.641 0.0564 0.0702
11 ShiftQm | andQm, s forward by 1 month 8.001 0.204  0.397 0.641 0.0542 0.0756
12 ShiftQm | backward by 1 month 7.991 0.222 0.401 0.636 0.0599 0.0757
13 ShiftQp, | forward by 1 month 7.975 0.210 0.405 0.640 0.0559 0.0775
14 ShiftQm,s backward by 1 month 7.958 0.224  0.410 0.634 0.0614 0.0777
15 ShiftQm,s forward by 1 month 7.943 0.226  0.423 0.627 0.0620 0.0803
16 Reduce magnitude 6fy, | andQm,s 8.089 0.309 0.470 0.660 0.0835 0.108
17 Reduce magnitudes &y | 8.024 0.287 0.416 0.653 0.0772  0.0965
18 Reduce magnitudes ¥ s 8.075 0.242  0.462 0.652 0.0665 0.0887
19 Increase convection of anthropogenic Ny 50 % 7.984 0.218 0.408 0.638 0.0595 0.0777
Sum in quadrature of percentage deviation of 7.2% 58.3% 67.9% 7.4% 58.1% 68.7%
Case 2-19 relative to Case 1
Errors in top-down emissions due to assumptions 12.3% 59.1% 68.7% 12.4% 589% 69.4%
during the inversion process alone
Total errors in top-down emissions 51.5% 77.4% 84.9% 51.5% 773% 85.5%
A posteriori 7.060 0.208  0.382 0.575 0.0580 0.0733
Total errors in a posteriori emissions 39.1% 61.2% 64.7% 39.1% 61.2% 65.0%
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Table 2. Descriptions of VCDs of N@ from individual sources derived from model simulations.

Case Descriptich

1Qm Simulated by including emissions from all sources

2 Simulated by including all but lightning emissions
3 Simulated by including all but emissions from lightning and fertilizer associated

soil sources, i.e. only including anthropogenic, non-fertilizer soil and biomass burning sources
4 Simulated by including emissions from anthropogenic and non-fertilizer soil sources only

5Qmaa Simulated by including anthropogenic emissions only
6Qn, Casel-Case?2

7Qm;s (Case 2- Case 3)+(Case4 Case 5)

8Qmyp Case3-Case4

* Emissions from all sources are always included for pollutants other than NO

3.2 Comparison between simulated and retrieved VCDs 4 Inversion of anthropogenic, lightning and soil
of NO» emissions

Figure 4 compares retrieved VCDs with simulated values4.1 Method
(from all sources; Case 1 in Table 2) for January, April, July,
October and annual average for 2006. Retrieved VCDs aré\s discussed in Sect. 3.1, anthropogenic emissions gf NO
large in regions with more advanced economic and industriain East China exhibit weak seasonality and natural emissions
development and/or dense population, including the coastaléach maximum values in summer and minimum in winter
and neighbor provinces from Beijing to Shanghai, the Pearl(Fig. 2). In addition, the lifetime of NQis shortest in sum-
River Delta and the Sichuan Basin. Spike values are evidenfner and longest in winter as a result of varying photochem-
over major cities. In addition, retrieved VCDs vary across ical activity (Martin et al., 2003; Lin et al., 2010a; Lin and
the months significantly, reaching maximum values in Jan-McEIroy, 2010). This results in minimum values in summer
uary and minimum values in July. for VCDs of NO; of anthropogenic origin and maximum val-
GEOS-Chem captures fairly well the spatial distributions ues for NQ from natural sources, as simulated by GEOS-
of retrieved VCDs in different seasons (Fig. 4). TRé Chem (Fig. 5). Averaged over East China, natural sources
for spatial correlation between modeled and retrieved VCDscontribute to about 30 % of the total abundance of;N®
reaches 0.64 for January and 0.53 for July (Table 3). Theluly and August, in contrast to their negligible contributions
smaller correlation in July is in part because the nativein winter months. This characteristic is exploited here to es-
horizontal resolution of the CTM (0.66Tong x 0.5 lat) is  timate anthropogenic and natural emissions separately.
not fine enough to capture the large spatial variation of The inversion here involves a multi-step process based on
VCDs within short distances resu|ting from the short life- @ Weighted multivariate linear regression analysis facilitated
time of NO, (Martin et al., 2003; Lin et al., 2010a). Spa- by several supplementary procedures. It is done gridbox by
tial smoothing of 5 gridboxes by 5 gridboxes (i.e. P.&fg gridbox to derive the respective emissions. The regression
by 1.25 lat) results in a significant enhancement of model- is described in Sect. 4.1.1. The complete inversion process
retrieval correlation in July with th&? increasing to 0.67. is described in Sect. 4.1.2 together with the supplementary
The improvement o2 due to the smoothing is moderate in Procedures.
January, compared to July, since the lifetime ofN€longer
and the spatial variability of VCDs within short distances is
smaller and better simulated by GEOS-Chem.
GEOS-Chem underestimates the magnitude of retrieve
VCDs particularly over polluted regions in wintertime
(Fig. 4). The range of simulated VCDs is also narrower than
the retrieved range: spatially, the modeled maximum VCD is
lower than the retrieved maximum with the minimum being
higher (Table 3). Averaged over East China, model VCDs
are about 20 % lower than retrieved values in July and aboui
36 % lower in January (Table 3).

4.1.1 A weighted multivariate linear regression analysis
for each gridbox

cNeglecting horizontal transport and assuming a linear rela-
tionship between the total VCD of NGnd VCDs from indi-
vidual sources, the retrieved VCD of N@r a given gridbox

(of 0.25 long x 0.25 lat) in a given month can be approxi-
mated as the sum of modeled VCDs from individual emission
ources, multiplied by certain scaling factors, and a random
rror term:

Qr = KaQm,a+ K12m,| + KsQm,s+ KpS2mb+¢€ (1)

whereQm=Qma+ mi+ 2m.s+ Cm.b-
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Table 3. Statistics for retrieved and modeled VCDs of plid January and July 2006.

Spatially smootheii

Mean Median Min Max Intercept Slop€ R2%C Intercept Slop€ R2C

January
Retrieved 5.63 254 0.03 62.27
Modeled 3.62 223 0.09 27.62 0.87 0.49 0.64 0.79 0.50 0.70
Predicte@ 4.89 2.38 0.05 58.12 0.28 0.82 0.83 0.35 0.79 0.88
Sensitivit)fJ 5.37 2.87 0.10 45.03 0.53 0.86 0.81 0.42 0.87 0.88
July
Retrieved 2.34 1.67 0.06 31.16
Modeled 1.87 147 0.23 10.93 0.61 0.53 0.53 0.47 0.59 0.67
Predicted 2.39 165 0.26 31.11 0.16 0.95 0.86 0.06 0.96 0.91
Sensitivity 2.26 1.65 0.31 31.32 0.30 0.84 0.66 0.14 0.89 0.81

@ predicted from the regression-based inversion.

b sensitivity simulation using the top-down emissions.

¢ With respect to retrieved VCDs.

d After 5 gridboxes by 5 gridboxes horizontal smoothing.

Here Q; denotes retrieved VCD of Nf) andQ2,,, denotes  to be the same in conducting the regression analysis. Under
modeled VCD. The error termis assumed to follow a nor- these assumptions, Egs. (1)—(3) reduce to:
mal distribution with zero mean and standard deviation (

equal to the sum in quadrature of errors fr@p and Qn,. §r = KaS2m.at Ki(Qm1+Qms) +2mb+e “)

The subscripts “a”, “I", “s”, and “b” indicate anthropogenic, Qp=kaQm.a+k(2mi+Rms) +Lmp (5)

lightning, soil, and biomass burning sources of Nf&spec-

tively. The VCD that can be predicted from the inversion Et=kaEaa+ki(Eal+ Eas)+ Eab (6)

processp) is: The regression model here provides a basic statistical tool to
calculateky andk;. It is necessary to determine the ranges

$2p = kaS2m,a+Ki€2m,| +ksCm,s+koS2m,b @ of ka andk, to facilitate the regression analysis; without such

here eactt is an estimate of the correspondiicand is to constraints the derived scaling factors may be unrealistic for
w ' ' pondifgand certain gridboxes (too high, too low or even negative)is

b_e determmed by the inverse modeling. The tppjdovv.n eMiS3et to range from 0.33 to 3 reflecting that uncertainties in an-
sion (Ey) is calculated as the sum of the a priori emissions

from individual sources multiolied by corresponding scalin thropogenic emissions are normally moderate for individual
factors: P y P 9 9 gridboxes. Uncertainties in natural emissions are expected to

be larger than those in anthropogenic emissions, theréfore
_k X k k 3 is set to vary between 0.2 and 5. A larger range allowable for
Et=kakaa+tk Ea|+ksEas+koEab C (e.g. 0.1-10) results in more extreme valuek drf several

Here alinear relationship is assumed for each source betweeSFﬁarse locations with very low emissions, and has negligible
P pacts on the top-down emission budgets for East China.

emissions of N@ and VCDs of NQ. Q, Qm ando are !

known variables, and they vary from one month to the next.4 1 2 A multi-step inversion process beyond the

By minimizing the sum off{(Qr — Qp)/o 12 in all months, regression analysis

Egs. (1)-(2) serve as a weighted multivariate linear regres-

sion model to determine the scaling factors. Here the scalingo better estimaté, andk,, the gridboxes are allocated to

factors are assumed implicitly to be season independent.  different groups for ancillary procedures supplementing the
Over China, the contribution of biomass burning is very regression analysis. The ratiy/2, differs between winter

small for NQ, thus we do not attempt to constrain the asso-and summer due in part to the season-dependent contribution

ciated emissions: the respective scaling factor is set as unityf natural sources to the abundance of Nddd the relative

Emissions from lightning and soil vary with seasons with magnitudes of errors in the a priori natural versus anthro-

similar patterns (Fig. 2), thus it is difficult to distinguish their pogenic emissions. Thus the seasonally varying ratio is used

contributions accurately based on the regression approacho categorize the gridboxes, followed by a multi-step proce-

Therefore the scaling factors for the two sources are assumedure to calculaté, andk, for all gridboxes (Fig. 6).
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(a) Month-to-month Variation of Meteorology of k| is calculated as the geometric mean of values in the sur-
: 3 rounding 24 gridboxes derived previously. For gridboxes in
E group 2, the regression analysis usually results in unrealisti-
cally low values fork and thus is used to estimatg only
(step 3 in Fig. 6); the value df has been determined at pre-
vious steps. Again, the result is discarded if the regression is
not statistically significant.

The regression approach may not be appropriate for cer-
8f . tain gridboxes with unrealistically larg®,/Q2m, ratios in the
] winter month. This is because the scaling faétplikely has
a significant seasonal dependence as a result of the seasonal-
ity in anthropogenic emissions not fully accounted for in the
a priori dataset. These gridboxes are therefore reassigned to a
third group, where &, is derived for each month as the ratio

25 — Air Temperature (°C)

Black: NCDC Obs.
Red: GEOS-5

0 2 4 6 8 10 12

Gf_ Precipitation (mm d-')

0 2 4 MO:Ith 8 10 12 [Qr - k| (QmJ + Qm’s) - Qm’b]/ Qm’a (Step 4 |n F|g 6) Ten'
tatively, a gridbox is allocated to group 3 if the rafp/Q2m,
(b) Correlation of Anthro. and Lightning+Soil Emis exceeds 3, or if the ratio exceeds 2 wihbeing higher than
45N j 6 x 10> molec. cm?, in the winter month.

As a final step, spatial interpolation is conducted to obtain
ka for gridboxes of groups 1 and 2 where the regression is not
statistically significant (step 5 in Fig. 6).

In group allocation and subsequent inversion process, each
of three winter months (December, January and February) is
paired with each of two summer months (July and August)
to generate a suite of six cases for winter-summer contrast.
(June is not selected since the contribution of natural sources
to the total abundance of NGs not as significant as that in
July or August). Results from the six cases are combined
to obtain final values oky and k. Specifically, results at
a given step available from any or all of the six cases are
geometrically averaged to obtain final valuesgtindk,, if
and only if they have not been derived at earlier steps.

—1H 0.00 0.50 1.00

4.2 Scaling factors estimated for anthropogenic,

Fig. 3. (a) Seasonal variations of monthly mean near-surface (2 m) lightning and soil sources

air temperature and precipitation observed from 284 meteorological

stations over East China and modeled by GEOS-5. The observatioh h€ scaling factors are determined at step 1 for most grid-

data are taken from the global hourly dataset (DS3505) archivedboxes (Figs. 7 and 8). At this step, the valuegadre around

in the National Oceanic and Atmospheric Administration (NOAA) unity in most areas, are consistently larger than 1 over the

National Climatic Data Center (NCDChitp://www7.ncdc.noaa.  southwestern provinces, and vary between 1 and 2 in many

gov/CDO/cdog see Lin et al., 2010b). Data from GEOS-5 are sam- of the remaining areas (Fig. 7). By comparisényvaries

pleq at the meteqrolggcgl stgtions for consistency with the obsermgre significantly from one location to the next (Fig. 8). It

v_atlons. (b) Spatlt_:ll Q|str|but|on of_the month-to-mpnth _correla? reaches maximum values in southern Hebei Province and

tlon bt_atween a priori anthropogenic and natural (lightning + soil) along the northern coasts of the Bohai Sea, which are at-

emissions. . . . . - .
tributable in part to an underestimate in fertilizer-associated
soil emissions in the a priori dataset (see Sect. 4.4 for de-

Gridboxes are assigned to group 1 if the ratidQm for a _tails). The value ok also has spike values at spott.y locations

selected winter month is smaller than the ratio for a selected™ Other parts of East China where natural emissions are nor-

summer month: otherwise they are assigned to group 2. Fomal!y very low. These splkes_are likely artificial results of

gridboxes in group 1, the regression analysis is performed tdhe inversion algorithm, errors in GEOS-Chem,_ a_nd/(_)r errors

calculatek, andk; (step 1 in Fig. 6). Results are discarded if N the satellite product; they however have negligible impacts

the regression is not statistically significant at a significance®” €mission budgets over East China.

level of 0.1 under the Chi-square test. Spatial interpolation

(step 2 in Fig. 6) is then conducted iteratively to detivéor

all gridboxes: for a gridbox with undeterminéd the value

Atmos. Chem. Phys., 12, 28812898 2012 www.atmos-chem-phys.net/12/2881/2012/
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October July April January

Annual Mean

Fig. 4. VCDs of NO, (10*® molec. cn?) for January, April, July, October and annual average for 2006 retrieved from OMI, simulated by
GEOS-Chem with a priori emissions, predicted by the inversion approach, and simulated by GEOS-Chem with top-down emissions. Areas
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outside the territory of China or without valid retrievals are shown in grey.
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Anthropogenic & Total Ligntning Soil
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Fig. 5. Seasonal variations of VCDs of NQ(10° molec. cnT2) over East China for 2006 resulting from anthropogenic, lightning, soil
and total emissions of NPmodeled by GEOS-Chem and predicted by the inversion. Also included is the seasonality of VCDs retrieved
from OMI.

4.3 VCDs of NG, predicted from the inversion process

Steps of Inversion ’ Gridboxes affected

Compared to simulation results, predicted VCDs are much

(1) Regression over al months | - (i”‘;:’x)es ”7(:7';‘:39‘1 31(3)1, a::d closer to retrieved values (Fig. 4). The spatial correlation

for ks and k Lol o e between predicted and retrieved VCDs is much higher than
regression is statistically significant . i X A

l the correlation between simulated and retrieved VCDs, with

the R? increasing from 64 % to 83% in January and from
[(2) Spatial interpolation for ki j for E\Ilgridboxes not determined by (1) j 53% to 86 % in Ju|y (Tab|e 3) Averaged over East China,
l predicted VCDs are within 15% of retrieved values across

the seasons.
N Gridboxes not done at (1) and (4) , and
(3) Regression over all months
E‘“ k j “ Emmw/m,/am)W =1 J

e e 4.4 Top-down emissions
regression is statistically significant

l Figure 9 compares the top-down emissions ofyN@r an-
[(4) Special treatment: ] o g“jt;‘;xfs e thropogenic, lightning and soil sources with respective a pri-
. T ‘m Jwinter ¥ . . . . .
caleulating ks month by month 10 0 S, 58 8 [ 5610 ori emissions for July. Both top—down and a priori datasets
l suggest significant anthropogenic sources over the coastal
provinces from Shanghai to Beijing and over the Pearl River
E(S) Spatial interpolation for ka J for EAII gridboxes not determined by (1)-(43 Delta, resulting in |arge concentrations Of NG@ 10) The

top-down anthropogenic emissions are much higher than the

Fig. 6. Description of the regression-based step-by-step inversiorf Pri0r €émissions in cities and at locations with extensive use

process after gridbox grouping. Values kafare determined at  ©f coal, eSPe?ial_ly in the no_rther_n provinces. .
steps 1 and 2 for all gridboxes artg at steps 1, 3, 4, 5. See In July, emissions from lightning are large in the north as
Sect. 4.1.2 for detailed analysis. a result of strong convection events associated with the sum-

mer monsoon (Fig. 9). Soil emissions are greatest in ma-
jor agricultural areas in Hebei, Henan, Shandong and parts
The special treatment at step 4 is taken mainly for grid-of neighbor provinces (Fig. 9). The top-down estimates for
boxes in and around Shanxi Province and in parts of Ningxiaightning and soil emissions are much larger than the a pri-
and Inner-Mongolia (Fig. 7). These places are main areas iri values at many places of the respective source regions.
China for coal mining and coal-fired electricity generation. In particular, the significant increases in soil emissions over
The large values of, in these places, particularly in win- southern Hebei and along the northern coasts of the Bohai
ter, suggest that the a priori dataset from INTEX-B likely Sea are not likely to be an artificial result of assumptions
underestimates anthropogenic sources related to use of co@mbedded in the inversion process, as they persist during
consistent with the findings of Wang et al. (2010). various sensitivity tests (Cases 1-19 in Table 1). The in-
The final values ok, andk; are determined at step 5 (see creases are consistent with the new bottom-up estimates by
Fig. 7 for January) and step 2 (Fig. 8), respectively, for all Steinkamp and Lawrence (2011) and Hudman et al. (2012),
gridboxes. They are used to calculate the top-down emisand are contributed in part by the intensive fertilizer-derived
sions for respective sources. emissions that are underestimated in GEOS-Chem (Yienger
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Fig. 7. Scaling factors for anthropogenic emissiokg) (determined at steps 1, 3, 4 and 5 of the inversion process described in Fig. 6 and
Sect. 4.1.2. Step 2 does not affégtand thus is not presented. Results at steps 4 and 5 are for January in particular. Areas outside the
territory of China or with undetermined, are shown in grey.

Step 2

45°N |-
40°N |
suon [ e
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Fig. 8. Scaling factors for lightning/soil emissiong) determined at steps 1 and 2 of the inversion process described in Fig. 6 and Sect. 4.1.2.
These two steps decidgfor all gridboxes. Areas outside the territory of China or with undetermipede shown in grey.

and Levy, 1995; Wang et al., 1998; Steinkamp and Lawrencethe VCD of NG, (Fig. 10). This is in part because lightning
2011). More detailed comparisons with Steinkamp andemissions occur at higher altitudes with longer lifetime of
Lawrence (2011) and Hudman et al. (2012) are conductedNOy than near the ground, compensated by a reduced frac-
in Sect. 5.1.2. tion of NO, in NOy. Another factor is the use of averag-
The contribution of anthropogenic sources to the totalind kernel in deriving model VCDs. The averaging kernel
emissions of NQin July is generally consistent between the IS larger for NQ of lightning origin at higher altitudes and
a priori and top-down datasets (Fig. 9). The anthropogenidower for NO, derived from the ground (Eskes and Boersma,
contribution exceeds 80 % over large areas of East China2003). Thus the contribution is enhanced for a given amount

but is lower than 60 % over most of the northwest and Inner-Of lightning emissions to the total abundance of N@om-
Mongolia. It differs from the anthropogenic contribution to Pared to the same amount of emissions from the ground. The

www.atmos-chem-phys.net/12/2881/2012/ Atmos. Chem. Phys., 12, 2@8B§ 2012
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Anthropogenic Lightning Soil Percentage of Anthropogenic in Total
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Fig. 9. The a priori, top-down and a posteriori estimates of anthropogenic, lightning and soil emissiong @f@®4®molec. cnm2 h~1) and
the anthropogenic contributions (in percentage) to total emissions for July 2006 over East China. Areas outside the territory of China are
shown in grey.

effect is evident particularly over the southwest. The in-0.424 TgN for anthropogenic, lightning and soil emissions,
verse modeling study by Lin et al. (2010a) showed that anrespectively. These values are about 39%, 31% and 31%
assumed 100 % increase (0.57 TgNYrin top-down light-  larger than the corresponding a priori estimates. The top-
ning emissions resulted in a 15 % reduction (0.86 TgNyr  down datasets also suggest that both lightning and soil emis-
in top-down anthropogenic emissions for July 2008 over Eastions are less than 6 % of anthropogenic emissions. For July,
China; that is, any N@molecule originating from lightning  the top-down budgets for lightning and soil emissions are
is 1.5 times as likely to be observed by OMI than a;NO 0.0623 TgN and 0.0810 TgN, respectively, about 10% and
molecule of anthropogenic origin, consistent with the analy-13 % of anthropogenic emissions estimated at 0.646 TgN.
sis here. In addition, data for simulated VCDs are sampled
at the time of day of satellite overpass from days with valid 4.5 Improved GEOS-Chem simulations using the
retrieval data; while data for monthly emissions are averaged top-down emissions
over all time of day in all days of the month. The differ-
ent sampling methods and the day-to-day and diurnal vari-The inversion approach presented here assumes a linear rela-
ations in natural emissions may introduce some differencesionship for a given gridbox between the total VCD of NO
between anthropogenic contributions to total emissions anéhind VCDs from individual sources and between emissions of
to total VCDs. Another possible cause is the neglect of hori-NO, and VCDs of NQ. It also neglects horizontal transport,
zontal transport likely introducing uncertainties in source at-which may introduce uncertainties in deriving emissions for
tribution for relatively clean regions, e.g. at many places ofindividual gridboxes. To evaluate the reliability of the in-
Inner-Mongolia. version results, sensitivity simulations of GEOS-Chem were
Table 1 compares the a priori and top-down emission bud-conducted for January and July 2006 by using the top-down
gets over East China for individual sources. Annually, theemissions to drive the CTM. As shown in Fig. 4, VCDs re-
inversion results in budgets of 8.016 TgN, 0.228 TgN andsulting from the sensitivity simulations reproduce the spatial

Atmos. Chem. Phys., 12, 28812898 2012 www.atmos-chem-phys.net/12/2881/2012/
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Fig. 10. VCDs of NO, (1015 molec. cnT?) in July 2006 over East China resulting from anthropogenic, lightning and soil emissions of
NOx and the anthropogenic contributions (in percentage) to the total VCDs modeled by GEOS-Chem and predicted by the inversion. Areas
outside the territory of China or without valid retrievals are shown in grey.

distribution of retrieved VCDs in both months. TIR# for The inversion approach allocates individual gridboxes to
spatial correlation reaches a high level of 81 % for Januarythree groups prior to the regression. The effect of group allo-
and 66 % for July (Table 3). The smaller correlation in July cation was evaluated by two tests, one by re-allocating grid-
is due to the short lifetime of NQsuch that the CTM (at boxes in group 2 to group 1 and the other by re-allocating
0.667 long x 0.5’ lat) is not able to simulate the large spa- gridboxes in both group 2 and group 3 to group 1. The tests
tial variation of NQ within short distances, as discussed suggested that the effect of group allocation is less than 15 %
in Sect. 3.2. After (5 gridboxes by 5 gridboxes) horizontal for top-down lightning/soil emission budgets for East China
smoothing, theR? increases to 88 % for January and 81 % (Cases 3 and 4 in Table 1) with much larger impacts for indi-
for July (Table 3). Averaged over East China, the magnitudevidual locations (not shown).

of model VCD is about 10 % higher than the predicted value The regression accounts for the seasonal dependence of
in January and about 5% lower in July (Table 3), indicating retrieval errors. A sensitivity test assuming a time invari-
a slight nonlinear relationship between emissions and VCDsant relative error of 30 % resulted in decreases by less than
through the impacts on other species (510zone, etc.) and 5% in top-down lightning/soil emissions (Case 5 in Table 1).
consequently on the lifetime of NGand its partitioning into  Therefore the inversion approach is not sensitive to the sea-

NO and NQ. sonality of retrieval errors assumed here.
The regression here relies on assumptions on the seasonal
4.6 Sensitivity of emission inversion to embedded variations of individual emission sources. Anthropogenic
assumptions emissions from power plants, industry and transportation

. . .. __differ slightly among seasons (Zhang et al., 2009), but are
This section evaluates the effects on the top-down emissionSsc med here to be season independent for simulations of

of several important assumptions taken during the inverSiort[;EOS-Chem The assumption was evaluated by a sensi-
Process, pa_\rtu_:ularly for aSSl_JrrEptlonslon the seasonz_illt)(/jq ivity analysis taking into account the seasonality estimated
\_Fag?ui emiSsion sources. e results are summarize 'By Zhang et al. (2009). Specifically, modeled anthropogenic

aThe_ ) q v includes 30 ¢ the 60 pixels f hVCDs (©2m,a) for individual months were scaled prior to the
IS study only includes 30 out of the 60 pixels from each ;o gjon by the seasonality of total anthropogenic emissions

OMI'sca.n V‘.’ith 'smaller.sizes in gr(jer to bett'er analyze thederived from Table 9 of Zhang et al. (2009). This resulted in
spatial distribution of nitrogen within short distances. The; ... cac by less than 15 % in top-down lightning/soil emis-

top-dovlvn $m|55|on bu_d_g_ets folr |n|d|\_/|dual solurt_:es g&ls:;mlarsions (Case 6 in Table 1). The effect is smaller than 5 % for
to results from a sensitivity calculation employing ata top-down anthropogenic emissions.

from all pixels (Case 2 in Table 1); the differences are larger
for individual locations (not shown).

www.atmos-chem-phys.net/12/2881/2012/ Atmos. Chem. Phys., 12, 2@8B§ 2012



2894 J.-T. Lin: Space-based source attribution for nitrogen oxides

Another test was taken to evaluate the effect of errors in thewith satellite retrievals). Its net effect can be estimated
Yienger and Levy (1995) soil emissions used as our a prioriroughly by comparing N@originating from a given amount
estimate. Specifically, the updated emission data by Hudmanof lightning emissions (i.e. located mostly at high altitudes)
et al. (2012) (see Sect. 5.1.2 for specifications) were use@nd NG from the same amount of anthropogenic emissions
to adjust modeled VCDs from soil source@q(s) prior to (i.e. located mostly in the boundary layer). As suggested
the inversion, by scaling the VCDs for individual gridboxes by Lin et al. (2010a) and discussed in detail in Sect. 4.4,
with the ratios of Hudman et al. (2012) over Yienger and any NO& molecule originating from lightning is 1.5 times as
Levy (1995) soil emissions. As such, the annual top-downlikely to be observed by OMI than a N®nolecule of anthro-
lightning emissions were reduced by 11 % and soil emissiongogenic origin for July 2008 over East China. Thus, doubling
enhanced by 19 % (Case 7 in Table 1). This is because of difthe magnitude of model convection and consequent changes
ferences in seasonality (timing and magnitude) between soiin vertical distribution of NQ will result in a net increase by
emissions estimated by Hudman et al. (2012) and by Yiengeb0 % in modeled convection-associated VCD of N@hen
and Levy (1995). The impacts of emission seasonality areghe averaging kernel is taken into account). To evaluate the
analyzed further below. impact of potential errors in model convection, a sensitivity

Jaegé et al. (2005), Wang et al. (2007) and Zhao andtest enhanced by 50 % the magnitude of convection of an-
Wang (2009) assumed lightning emissions to be simulatedhropogenic NQ in July and August 2006, by tentatively in-
well by the CTM with no attempt to constrain them inversely. creasing by 25 % modeled concentrations of anthropogenic
Under the same assumption, a sensitivity analysis was conNO, above 500 hPa (Case 19 in Table 1). This effectively
ducted by keeping lightning emissions unchanged during théncreased modeled anthropogenic VCDs of N@ver East
inversion process here. This resulted in a 52 % increase itChina by about 7.5% in both months. It consequently re-
the top-down soil emission budget on the annual basis and aulted in a slight reduction in top-down anthropogenic emis-
41 % increase for July (Case 8 in Table 1). sions with reductions by about 4-5 % in top-down lightning

If soil emissions are held unchanged during the inversionand soil emissions (Case 19 in Table 1).
process, the top-down lightning emissions will be increased Errors in top-down emissions attributable to the inversion
by less than 6 % (Case 9 in Table 1). procedure are calculated as the sum in quadrature of percent-

The inversion relies on modeled seasonal variations ofage deviations of all inversion results (Cases 2—19) relative to
lightning and soil emissions for separation from anthro-the base estimate (Case 1), added in quadrature with errors
pogenic emissions. Due to similarity in seasonality, light- resulting from the nonlinearity between emissions of,NO
ning and soil sources cannot be separated unambiguously fand VCDs of NQ that are not accounted for in the sensi-
a given gridbox. A total of nine additional tests were per- tivity tests. The nonlinearity derived errors are taken to be
formed to further analyze the sensitivity of inversion results about 10 % for East China as a whole, based on discussions
to assumptions on the seasonality of lightning and soil emisin Sect. 4.5. Thus, errors in top-down emissions for East
sions, including the timing and magnitude (Cases 10-18 inChina attributed to the inversion procedure are estimated to
Table 1). To test the timing of the seasonalf®y, | andm s be about 12 %, 59 % and 69 % for anthropogenic, lightning
were shifted arbitrarily forward or backward by one month, and soil sources, respectively (Table 1).
separately or in combination, prior to the inversion process
(Cases 10-15 in Table 1). As a result, top-down lightning4.7 Total errors in the top-down emission budgets over
and soil emissions are affected by up to 14 % on the regional ~ East China
mean basis. Another three tests evaluate the magnitude of ) ] ) ) ]
the seasonality, by lowering@m, andQm.s, separately and | N€ inverse estimate here is subject to errors in retrievals,
in combination, by 20 % in spring (March, April, May) and €TOrs in mode! simulations, and errors in the inversion pro-
fall (September, October, November) and 40% in summercedures as estimated from the sensitivity analyses. The total

(June, July, August). These changes have significant impact&or in top—down emission budget over East China is tgken
on top-down lightning and soil emissions: by reduciig | to be the sum in quadrature of the three errors, amounting to

andQms simultaneously, top-down lightning and soil emis- 2P0t 52%, 77% and 85 % for anthropogenic, lightning and

sions were enhanced by about 33—-34 % in July. soil sources, respectively (Table 1). o
Convection lifts pollutants in the boundary layer to the up- We_do not attempt to estimate thfa total errors fo.r individ-

per troposphere affecting the vertical distributions of vari- ual gridboxes as the mpdel and retrieval errors ava|IabIe. here

ous species. The magnitude of convection is highly param-only represent bulk estimates on the regional mean basis.

eterized in current climate models and CTMs and thus con-

tains large uncertainties (Tost et al., 2010). The importance

of model convection for simulated VCDs of N@riginates

from the altitude dependences of the lifetime of NGhe

fraction of NG in NOy, and the averaging kernel that is ap-

plied to the vertical distribution of N®(when comparing
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5 A posteriori emissions 5.1.1 Comparison with previous satellite-derived soll

emission estimates
The a posteriori emissions are estimated as the average

of the a priori and top-down emissions weighted by the Wang et al. (2007) suggested that soil emissions are about
inverse-square of their respective errors (Martin et al., 2003)0.85 TgN per year for 1997-2000 over East China, amount-
Errors in the a priori emissions are taken to be 60 % for an-ing to 23% of anthropogenic emissions on the annual ba-
thropogenic sources (Wang et al., 2007; Zhao and Wangsis and to as much as 43 % for summer months. In bet-
2009) increasing to 100 % for lightning and soil sources ac-ter agreement with our estimates for East China, #aetg
counting for the large range of current estimates (Boersmal. (2005) found an annual budget €0.40 TgN for 2000,

et al., 2005; Jaeglet al., 2005; Schumann and Huntrieser, and Zhao and Wang (2009) suggested soil emissions to be
2007; Wang et al.,, 2007; Zhao and Wang, 2009; Lin etabout 0.0883 TgN for July 2007 (L. Jaégpersonal commu-

al., 2010a). Errors in the respective top-down emissions araication, 2011; C. Zhao and Y. Wang, personal communica-
taken to be 52%, 77 % and 85%, as derived in Sect. 4.7tion, 2011). The differences are derived mainly from satellite
Note that the error estimates here are conducted for totabroducts and methods to separate anthropogenic and natural
emissions in East China. Errors at individual locations maysources of NQ employed in individual studies.

be much larger for both a priori and top-down datasets; the

derivation however requires more detailed information that5.1.2 Comparison with recent bottom-up estimates for

is not available currently. Therefore the error estimates for soil emissions

regional emission budgets are applied to individual loca-
tions, as a simplified procedure, in deriving the a posteriori
emissions.

Two new bottom-up estimates have been conducted for soil
emissions by Steinkamp and Lawrence (2011) and Hud-

The a posteriori emissions for 2006 over East ChinaMan et al- (2012), improving upon the work of Yienger and

amount to 7.060 TgN:£39 %) for anthropogenic sources, to -€VY (1995) used as our a priori emissions. The new esti-
0.208 TgN (61 %) for lightning sources, and to 0.382 TgN Mates employ Informatlon_from more recent and complete
(£65 %) for soil sources (Table 1). For July, the a posteriorif'e!d measurements to estimate emission factors. They use
budgets are 0.575 TgNHB9 %), 0.0580 TgN£61%), and SOl moisture rather than precipitation amount to separate
0.0733 TgN {65 %), respectively. The temporal and spatial dry and_ wet soil conditions. Hudma_n et al. (2012) also use
distributions of the a posteriori emissions are presented irfCll moisture to calculate the duration and strength of the

Figs. 2 and 9 for comparison with the a priori and top-down N-Pulsing.  The two new estimates include updated infor-
emissions. mation on fertilizer use and vegetation map. For fertilizer

use, Steinkamp and Lawrence (2011) account for its interan-
5.1 Comparison with previous estimates nual variation based on the FAO statistics; while Hudman et

al. (2012) use the latest available gridded dataset from Pot-
That anthropogenic emissions inferred from space are largeter et al. (2010) representative of the year 2000. The two
than bottom-up inventories for China is consistent with re- studies assume about 1.0% and 0.62 %, respectively, of ni-
sults from many previous studies (Jaegt al., 2005; Wang trogen in fertilizers to be emitted as NOfor better com-
etal., 2007; Zhang et al., 2007; Lin and McElroy, 2011). Our parisons with the observation-based estimate by Stehfest and
a posteriori budget for anthropogenic emissions over EasBouwman (2006). Hudman et al. (2012) combine satellite
China is similar to the value of 0.565 TgN for July 2007 es- measurements for the growing season of vegetation and at-
timated by Zhao and Wang (2009). This study further pin-tribute 75 % of fertilizer derived emissions to the first month
points, at a higher resolution, cities and areas with extensivef the growing season. They also consider deposited nitro-
use of coal to be the main regions where bottom-up inven-gen species as an additional fertilizer-like source ofyNO
tories likely underestimate anthropogenic emissions. Eval-Steinkamp and Lawrence (2011) update the leaf area index
uation of lightning emissions is more difficult due to the (LAI) data for calculating the canopy reduction factor; while
large uncertainty in current research (Boersma et al., 2005Hudman et al. (2012) assume no canopy reduction.
Schumann and Huntrieser, 2007) and the significant interan- Our a posteriori soil emissions at 0.382 Tgh6b %) an-
nual variability of lightning occurrences on the regional scale nually is within 25 % of the value of 0.504 TgN calculated by
(Schumann and Huntrieser, 2007). Our a posteriori emisHudman et al. (2012), if canopy reduction is accounted for in
sions are within the range of previous estimates (Boersma dheir estimate (R. Hudman, personal communication, 2011).
al., 2005; Schumann and Huntrieser, 2007; Stavrakou et alQur emissions are also within the range of 0.18-0.97 TgN
2008). suggested by Steinkamp and Lawrence (2011) (see their Ta-

Soil emissions of N@over China are of great interest con- ble 7). In addition, the horizontal distribution of soil emis-

cerning the extensive use of fertilizers. A detailed analysissions is in broad agreement between our a posteriori dataset
is conducted as follows for our a posteriori estimate of soiland the two new bottom-up estimates.
emissions.
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6 Conclusions suggested soil emissions to be more than 40% of anthro-
pogenic emissions in summer of 1997—-2000.

A regression-based multi-step inversion approach is pro- In concluding, anthropogenic emissions are found to be
posed to estimate emissions of N@om anthropogenic, the dominant source of NOover East China for 2006, even
lightning and soil sources for 2006 over East China on ain summer when natural sources reach maximum values. The
0.25 long x 0.25 lat grid. It exploits information on VCDs  contribution of anthropogenic emissions most likely has in-
of tropospheric N@ retrieved from the OMI instrument by ~creased in more recent years due to their rapid growth (Lin
KNMI (the DOMINO product version 2). The nested GEOS- and McElroy, 2011). In the future, the anthropogenic con-
Chem model for East Asia is used to interpret the impacts oftfibution may continue to increase along with the rapid eco-
individual sources on VCDs of N©to facilitate the inver-  nhomic and industrial development, if emission control is not
sion analysis. The inversion is conducted gridbox by grid-taken successfully. The importance of nitrogen control has
box to derive the respective emissions. For any given grid-been recognized by the Chinese government, resulting in
box, anthropogenic and natural sources are separated base@ntrol strategies targeting the power sector. However, the
on their different seasonality; and lightning and soil emis- successfulness of nitrogen control also depends on changes
sions are considered together due to their similarity in seain emissions from other sectors, particularly the industrial
sonality. Differences in spatial patterns between lightningsector for which the current inventories may be subject to

and soil emissions are used implicitly for source separatiormuch larger uncertainties than for the power sector (Zhao et
to some extent. al., 2011). Further research is required to evaluate the ef-

fectiveness of nitrogen control and resulting impacts on the
contributions of anthropogenic versus natural sources to at-
mospheric nitrogen burdens.

The inversion starts by allocating the gridboxes to three
groups based on analyses of the ratio of retrieved over mod
eled VCDs in winter and summer. A multivariate regres-
sion analysis is used then to derive emissions from individ-
ual sources for all months, taking advantage of the seasondicknowledgementsThis research is supported by the National
patterns of different sources determined by the CTM. Ancil- Natural Science Foundation of China, grant 41005078 and
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