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ABSTRACT:High-resolution (e.g., 5 km) emission data of nitrogen PHLET NOx Emission (kg NO, km2 h-%)
oxides (NQ = NO + NO,) provide localized knowledge of pollution P
sources for targeted regulations, yet such data are lacking or inaccurate over -
most regions at present. Here we improve our PHLET-based invétrsion ; i \
method to derive NCemissions in China at a 5-km resolution in summer

2019, based on the TROPOMI-POMINO satellite product of nitrogen

dioxide (NQ) columns. With low computational costs, our inversion

explicitly accounts for theeets of horizontal transport and nonlinear

chemistry. Wend numerous small-to-medium sources related to nfifior A )
roads and small human settlements at relatively lmmce levels, in :
addition to clear emission signals along major transportation dges,— o S
consistent with road line density and Tencent location data. Many small- =g e ———
to-medium sources and transportation emissions are unclear or missing in

the spatial distributions of four widely used emission inventories. Our emissianmigue reference for targeted emission
control.

KEYWORDS:NO, emission, high resolution, satellite, China, TROPOMI

INTRODUCTION such as population density tend to be decoupled with NO
emissions at high resolutions, since large emission sources tend
to be away from populous city ceritéAsiso, up-to-date high-
rg_solution proxies can be dult or impossible to obtain; for
example, gridded population density data in China are

Tropospheric nitrogen oxides (NONO + NO,) are a major

short-lived air pollutant.t Apresent, its emissions are
dominated by anthropogenic sources around human sett
ments of various sizesSince the anthropogenic emissions

vary dramatically with intricate human activities from place geg\e/gp?rc]iebazg? tc\JA?OtP:jeegggglst tlg ?gg\?vn estimates .of NO
place, high-resolution (i.e., 5 km) emission data are critical for P » t0p 0

understanding the environmentakats of local human eemr:z}st'iggs(\?gsDesc; r?gvseaktjzlgfmr:tgggﬁ::rpﬁ{ﬁ?ér?;gllil(;?)'j down
activities. Such Qata provide a funda}menta_ll basis f_or hi Boroaches assuming local mass balance (LMB) without
resolution (e.g., city- or county-level) air quality modeling an

i licit considerations of horizontal transport and nonlinear
assessment and targeted emission control. However, up-to- P

g . T . . « chemistry cannot work properly at high resolutions as the
hlgh resolution NQemissions data are still lacking over moste ect of horizontal transport becomes signt® ** More
regions of the world.

Bottom-up inventories are widely used to estimate No_sophlstlcated methods such as Kalman Filter and Adjoint use

T L : e . Jterative simulations of 3-dimensional chemical transport
emissions, by combining regional (e.g., provincial) aCt'V'hﬁodels (CTMs) to account for pollution transport and

data, emission factors, and spatial proxies to dOWﬂSCﬁlg
emissions to individual locations. These inventories are subjgg
to large uncertainties in emission factors and activity datadom
Although much ert has been made to locate large point
sources in China in a latest 1-km resolution inventory fG—— - _
2013" about 50% of the total N@missions remain relying on Special IssueUrban Air Pollution and Human Heal
proxy-based downscaling. wé spatial scales, the proxy-basedzeceived: November 13, 2021

downscaling approach cannot work well, because emissionsaf@sed: March 1, 2022

related to these proxies in complex waysreit choices of  aAccepted: March 4, 2022

proxy can lead to large eliences in the spatial distribution of

NO, emissions.Studies have shown that common proxies

linear chemistty.*® These methods require expensive
putational resources, and are thuzuitito apply to large
ains (e.g., East Asia) at high-resolutions (e.g., 5 km).
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Figure 1.Methodological owchart of our emission retrieval process. Details of PHLET-based emission inversion in each subdomain an
subsequenttering to obtairianthropogeniemissions are shown in the bottom boxes. The orange arrows show the iterative process to retrieve
the LNS (Local Net Source, emission minus loss) on°ax0®85 grid and determine the lifetime parameters in each subdomain. The blue
arrows show the iterative process to retrieve the LNS qremiéSions on a 0708 0.05 grid.

A few low-cost inversion methods have been developetting GEOS-Chem NOsimulations, air temperature, wind
recently,” ?* often for the purpose of estimating individual speed, and leaf area index (LAl) data. Third, regional
point source¥. '%** The exponentially moedid Gaussian background of NOVCDs are estimated and subtracted
(EMG) model is used to isolate point sources and requiresfeom the adjusted TROPOMI NQ@lata, in order to better
large number of sampté# regression model based on,NO reveal the local hot spots of NGourth, gridded NO
column wind speed relation is developed for a particulagmissions are derived by applying PHLET and its adjoint
topography, and it does not account for the nonlinear model to the adjusted, debackgroundeg\kEDs. Finally, to
dependence of chemical lifetime on, Bllundance. Another  extract the anthropogenic sources, lter the derived
development is the divergence-based model that is dependeftission data using spatial proxies of human activity.
on prescribed xed NQ lifetime and CTM-based MO, Tropospheric NO, VCDs Retrieved from TROPOMI.
ratios.**? Our previous wofRdevelops another fast inversion The TROPOMI sensor is on board the sun-synchronous
approach based on a singgli2-dimensional PHLET (Peking Copernicus Sentinel-5 Precursor satellite. With a swath of 2600
University High-Resolution Lifetime-Emission-Transportkm TROPOMI conducts space-borne remote sensing of NO
model that takes into account horizontal transport and thgiobally on a daily basis, with an equator crossing time at 13:30
nonlinear lifetime-abundance relationship; yet in that studjyca) timé&? It has an unprecedentedly high horizontal
the method is only applied to a small domain (508 KOO resolution, with a pixel size of 8.5 kn? at nadir (3.5x

km) of the Yangtze River Delta in China. 5.5 kmi since August 2018).
_ In thls study, we improve our P_HLET-based emission e use the tropospheric N@CD data in summer (June
inversion approachiand apply it to Asia (70140E, 15 August) 2019 from the POMINO-TROPOMI prodiict.

55°N) at a horizontal resolution of 0.060.05 in summer Compared to the KNMI ccial product (TM5-MP-DOMINO
(June dA”g“S?] 2019 based o T%QPO'\Q!'F.’OM'NO 2N§>f OFFLINE v1.1.0), POMINO-TROPOMI explicitly accounts
VCD data. The PHLET model and its adjoint are used 10k, o ¢ ects of aerosols and surfaceatance anisotropy on
emission inversion. In addition to explicit uncertainty estlmatqe\%2 retrieval, and adopts a priori N@rtical proles at a

at individual steps of the inversion, we include tests based : ; :
NO, VCDs simulated by GEOS-Chem to further evaluate thgﬁhch higher horizontal resolution (25 km versus 100 km). As

overall reliability of our approach. We then analyze the derivSJesu“’ POMINO shows a smaller bias o S than the

emissions for mainland China usirghigh-resolution spatial cial product relative to the MAX-DOAS measurefents,
: - weghigr P and has more valid data especially in polluted situations with
proxies of human activity and four widely used bottom-u

; . Reavy aerosol and Bl@adings (e.g., 60% more pixels with
Inventories. NO, VCD > 5x 10" molecules cr).

Here we conduct a slight update upon POMINO-

MATERIALS AND METHODS TROPOMI. The horizontal resolution (25 km) of the a priori

Figure 1shows the methodologicadwchart. First, N  vertical prole data of aerosols and N@dopted in the
VCDs from TROPOMI are adjusted according to OM} NO POMINO-TROPOMI retrieval process is coarse relative to the
data to reduce the potential systematic bias. Second, thige of TROPOMI pixels. This leads to @i jumps in the
adjusted TROPOMI NOVCDs are used to estimate gridded pro les among pixels adjacent to the edges of the 25 km-
NO,/NO, ratios, based on a regression model established bgsolution grid cells. To reduce theat on retrieved NQwe
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interpolate the N©and aerosol prtes to a 5 km-resolution the right-hand side highlights local hot-spots above the

grid (Supporting Information (SI) Figure) S1 regional background of Bl@nd the second term represents
The o cial KNMI TROPOMI NQ product is signcantly the regional N@background. The use of LAl represents the

underestimated (25%0%) globally>** ?® Although PO- e ects of biogenic volatile organic compounds on the NO

MINO-TROPOMI reduces such underestimation, we choosehemistry and

to conduct further correction with the help of POMINO-OMI S| Table Ssummarizes the regression resliSigure S3

v2.0.1 N@data’” *° According to validation based on MAX- shows the scatter plot of the @D, ratio explicitly

DOAS measurements, POMINO-OMI Nfata contain small  simulated by GEOS-Chem and the ratio predicted based on

biases (3%)7° °° and OMI NG are often used to help the regression model. Clearly, the regression model captures

evaluate TROPOMI dataSpecically, we sample the OMI  the GEOS-Chem simulated }XID , ratio (R = 0.97, RMSE

and TROPOMI NQ VCD data for summer 2019 within the = 0.03 or 5%). The regression model is then applied to the

study domain at a horizontal resolution of & 2525 (given gridded, adjusted POMINO-TROPOMI N@CDs to derive

that the pixel size of OMI is £24 kn# at nadir), regress the the respective local NSO, ratios at the 0.95x 0.0%

two data sets to obtain the slope (1.08) and intercep®(0.29 resolution. According to the RMSE above, use of the predicted

10 molecules c) (R= 0.94 Sl Figure Syaand then use  ratio is assumed to contribute 5% of ,N@Ds to the
the slope and intercept to adjust TROPOMI data on @X0.05 jnversion error.

0.05 grid. To obtain valid data from both sensors, we remove Removal of Regional Background NQ VCDs. NO,

the pixels with cloud fa!d‘ance fraction _exceeding 50%, Wilhhissions from lightning and aircrafts as well as vertical
AOD larger than 3, or with raw anomaly issues (for OMI dat?ransport of ground-emitted N@an lead to NQat high

only), following normal practice™ S| Figure S2bpresents it des (ie.. in the free tro .
.e., posphere). Over the anthropogenic
the POMINO-TROPOMI N@ VCDs before and after the source regions, although the N@loft has a lower

adjustment. The mean value of ,NGCDs is increased by - :
: . concentration than the N@ear the ground, it has a longer
0
31.2% by the adjustment, and thus the underestimate I|?etime, experiences stronger winds, and thus exhibits a

reduced. . o 9
. . : smoother horizontal distribution pattérithe NO, aloft
We map the pixel-by-pixel (i.e., Level-2) POMWO'prOVideS an important regional background. To reduce its

TROPOMI NG, data to a 0.05x 0.03 grid. Following I'P uence on our high-resolution emission inversion and better
Kong et al. (2019), we use a special oversampling approac eal emission hot spots, we remove the likground

to properly assign each irregularly shaped pixel to respec 15 ore the emission retrieval process.

grid cells. We also calculate a satellite conversion mat . ; ; I
(SCM) to facilitate subsequent conversion from PHLET- /e identify the regional background contribution tg NO

modeled NQ data on the 0.05x 0.05 grid to each VCD at each 0.05x 0.05 grid cell as follows. First, we
TROPOMI pixel and then back to each PHLET grid cell. Th&alculate the 1% quantile value of its surrounding grid cells
SCM accounts for the erence in shape, size, and geolocatioVithin 500 km, with the consideration that,NWer clean
between each satellite pixel and PHLET grid cell. The use 8f¢as are mainly contributed by the background. We then

SCM ensures exact matching of satellite and PHLET modeficulate a 500-km moving average of the 1%-quantile data to
data, which is important for high-resolution emissiorféduce noise in the regional background data. This leads to

inversiort° background NOQVCDs varying from 0.68 10" to 1.38x
Derivation of NO, to NO, Ratio. Inversion of NQ 10" molecules cri over the study domain, with an average of

emissions from NO/CDs requires knowledge on the,NO  0.90 x 10 molecules cm. The backgro;md removal
NO, ratio ), which has often been assigned a constant valygocedure is assumed to contribute 8.300"° molecules

of 0.76 without accounting for its spatially heterogeneon ° to the inversion erroBl Figure S2g@resents thenal
dependence to the N@hemistry®?**? To better link NQ (i.e., postadjustment, background-removed)\IDs to be
VCDs and NQ emissions, here we establish a regressioused in the subsequent emission inversion.

model to estimate the NINO, ratio at each location for High-Resolution NQ, Emission Inversion. Two main
subsequent emission inversion. The regression is basedst@ps to derive NOemissions based on the adjusted,
GEOS-FP assimilated 2-m air temperafliyeaid lower  debackgrounded NO/CDs are shown at the bottom of
tropospheric (0500 m above the ground) wind speell ( Figure 1 including (1) emission inversion by the 2-
data® reprocessed MODIS v6 LAl dit& and NG and  dimensional model PHLET and its adjoint, and (2) extraction
NO, concentrations from GEOS-Chem v1¥ 8ifulations  of anthropogenic contributions to the derived emissions.

for summer 2019 driven by GEOS-FP meteorological data.ln the rst step, our PHLET-based retrieval is not applied to
GEOS-Chem runs at a horizontal resolution of 0.3125the whole study domain (7QL4CE, 15 55°N) at once,
longitudex0.25 latitude (seeS| Section )1 and all other  which would otherwise lead to a substantial increase in the

data are regridded to this resolution. computational costs and in the uncertaintited parameters
describing the nonlinear relationship between\@D and
- gzoz 1+ bIn(Gio)+ W AF - LAl +f lifetime. Rather, we divide the study domain into 405
1+r NOg subdomains (sizing & & 5° each Sl Figure S4to ensure
1) localization oftted lifetime parameters and reduce computa-

. tional costs. The size of each subdomain is the same as in Kon
Here, Cyo, refers to tropospheric NCDs, Ko, refers to et al. (2019¥° The adjacent subdomain$ ¢ 5°) overlap ’
the averagéyo, within a distance of 125 km of each grid cell.each other by Z2.%n longitude and/or latitude. For each grid
The coe cients to betted includes, b, ¢ d, andf. Each o#, cell, its derived emission is determined as the average of
b, andf has one value for over land and the other value for ovemission values derived from individual subdomains encom-
seaf is the oset, and is the residual error. Thest term on passing the grid cell, weighted by the square of the reciprocal
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Figure 2 Horizontal distribution of anthropogenic N@issions over China from our PHLET-based emission estimate for summer 2019 at 0.05
x 0.05 (a), MEIC for summer 2017 at 022560.25 (b), PKU-NQ, for summer 2014 at 0.2 0.1 (c), EDGAR for summer 2015 at°0x10.1°

(d), and CEDS for summer 2019 af & 9.5 (e). Three small areas are enlarged to highlight the local signals (I: Beijing; Il: Hetao Plain; III:
west Xinjiang).
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of the distance between the grid cell center and eadatonducting thetting procedure at other quantile thresholds

subdomain center.
Emission Inversion in Each SubdomainWithin each %

(0.1% and 2%, sééTable S3We then apply the determined
lifetime parameters to rederive LNS and estimate NO

x 5° subdomain, we improve the PHLET-based inversioemissions on a 008 0.05 grid.

method® to quantify NQ emissionsHigure ). The model is

Uncertainty in Emission and Lifetime Estimates.The

based on the following equations that account for emissions)certainty in NQ emissions derived in each subdomain

nonlinear chemistry, horizontak, ande ectivé di usion of
NO,, as detailed in Kong et al. (2019):

@:mx,w.uxys-(v(x»(c,xw

£ KxY Cx¥ O )
“ C(x y

L(x, )y = EX ¥yS —

Y= BxXYS o xy @3

Sa((x y-Lx y+ KC.xX)YS X’C{))':‘; Y, ki+ ¢

M(ny)-L(x y + KkC x)y

2
l: 1,where x y) O

comes from three major sources; a step-by-step uncertainty
estimate follows Kong et al. (2619yith necessary updates
detailed irSI Table S3First, the uncertainty in gridded NO
VCDs is associated with the N@trieval process for each
pixel, subsequent long-term averaging fara¥@ removal of
the NG, background. Since the pixel-spebiO, data are
then temporally averaged, the random component of errors is
reduced. Combining data from multiple days is a common
practice for top-down emission asses tS” 29 to
reduce the ect of random errors and missing values in
satellite data sets.

Second, the PHLET-related uncertainty is derived from
temporal averaging of pl@ver summer 2019, assumption of
stable N@ (emission equals loss) at the overpass time of

2
N ey ) satellite, tting for the NGQ/NO, ratio, and assumption of the
1 1 2-dimesional process with long-term average horiaontal
—==+k and eective diusion. These two error sourcegech the
c () estimate of LNS, with individual sources of errors added in

Here, eq 2 presents the governing equation for,:N@ 3 quadrature to establish the diagonal of error covariance matrix

de nes the local net source (LNS, emission minusdos$); of the cost function in PHLET Adjoint.

describes the nonlinear relationship between lifetime and VGD! Nird, the uncertainty associated with division of the LNS

of NO,; andeq 5de nes the lifetimeC refers to the NQ into emission and loss is derived frtimg of the relationship

VCD, L the LNSE the emissior, the NO/NO, ratio, the between NQVCD and lifetime. A uniform relation between

lifetime, . the VCD-dependent chemical lifetime, latiie ~ NO2 VCD and NQ lifetime is assumed and derived in each

loss rate constant due to deposition. The valkes,&f, and subdomain of°5x 5° to retain local features of the nonlinear

¢ are to be tted. V denotes the mean wind vector over the chemistry. In reality, the VCD-lifetime relationship within a

study time period (summer 2019), &ndenotes the ective ~ Subdomain may not exactly follow a single parametrized

di usion coecient tensor to account for horizontal transportformma_- The associated error Isewtgd in part in the

by the residual winds deviating from the temporally avera%é‘cerf‘a"?ty oftted parameters and lifetimes. W that the

wind eld.V andK are derived from the GEOS-FP 3-hourly NOx lifetimes tted from (up to) four subdomains covering

wind eld data near the surface $00 m above the ground, each grid cell are within 15% for most grid cells, with an

as a common practté&®2%%” 9 at a horizontal resolution of ~average of 10.8%. The respective error is reduced by averaging

0.3125 longitudex0.25 latitude. As an improvement upon the results (weighted by the square of the reciprocal of the

Kong et al. (2019¥ here we add a scaling factor(0.5) to distance between each grid cell and the subdomain center)

adjust the values of diion coe cients, after testing @rent ~ from those four subdomains. _

values from 0.1 to 1.0. A test applying the emission inversiod-0r most grid cells, emissions estimated from four

procedure to GEOS-Chem simulated, NODs shows that subdomains are weighted averages, so are their uncertainties.

unscaled coesients would lead to an overestimate in theS! Figure S5ashows the spatial distributions of emission

horizontal transport of N@nd thus in the horizontal gradient uncertainties (1) in absolute and relative terms, respec-

of derived NQemissions. tively. As expected, the 2<j:1bsPIute uncertainties tend to be larger
Based on the PHLET model, its adjoint and the adjustedby Up to 7.66 kg N&xm “h ) over high-emission grid cells,

debackgrounded POMINO-TROPOMI N®@CDs, we rst and the relative uncertainties tend to be larger over low-

derive the LNS on a 025 0.2 grid in order to t the emission grid cells. The spatial correlation between the derived

lifetime parameter,(a, b, andc in eq 4. Fitting the emissions Higure ) and their absolute uncertainti€s (

lifetime parameters based on the LNS data at a resolution fggure S9as about 0.55. _ o

0.25 x 0.25 rather than 0.05x 0.05 reduces noise in the Sl Figure S5cfdrther shows the horizontal distributions of
tted parameters. Ta the lifetime parameters, as detailed in €Stimated lifetimes and their absolute uncertainties The

Kong et al. (2019F we make use of the relatively clean lifetimes are about 1.3.5 h over most of the high-emission

regions where the emission is small enough to be neglectégions of East Asia and South Asia, with uncertainties of 0
and thus the LNS is dominated by the loss term (1.5 h. The lifetimes are the highest (>5 h) over regions of low

- L. . anthropogenic emissions such as the oceans and Mongolia, so
L(x,y) S %). These small-emission, clean regions, Pog g

are their uncertainties (>3 h). Especially over land, the
are selected as having low,N@Ds (<1.5¢< 10" molecules lifetimes are smoother in space than the respective emissions.
cm?) and low LNS values (at 1% quantile). The lifetime We further use GEOS-Chem simulations to test the
parameters are then derived through nonlinear quttirtde reliability of our emission inversion approach, following
for the 1%-quantile LNS data as a function of VCDs. Th&ong et al. (2019 First, we use the nested GEOS-Chem

tting-related uncertainty for derived emissions is estimated b$2.9.3° to simulate the NOVCDs around the overpass time
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of TROPOMI in summer 2019 on a 0.3125gitudex0.25 Regionally, NOemissions are the highest over the North
latitude grid over Asia. A brief description of model setup i8hina Plain (including Beijing, Tianjin, Hebei, Henan,
presented irSl Section .1The simulated NQVCDs are Shandong, Jiangsu and Anhui provinces), which contributes
shown inS| Figure S6aThen the simulated VCDs are 30.1% (7.4% 1.71 Tg NQ a %) of the total emission in
regridded to 0.05¢< 0.05 and debackgrounded, following the mainland China. In the northeast, emission sources gather
procedures described above for TROPOMI data. Finally, veeound the G1 Expressway connecting the provincial capitals
apply our emission inversion approach to derive the emissiasfs Liaoning, Jilin and Heilongjiang provinces. The three
at 0.08 x 0.053, regrid them to 0.312%ongitudex0.2% provinces together contribute 11.4% (28169 Tg NQ
latitude ! Figure S§band compare them to the emissions a %) of the total emission in mainland China. Emissions are
used in GEOS-Chersl( Figure S§at the same resolution. also large in the Yangtze River Delta (including Shanghai,
S| Figure S6ghows that the derived emissions match theliangsu, Anhui, and Zhejiang provinces) and Guangdong
GEOS-Chem emissions, with a correlationcieet of 0.94,a  Province (encompassing the Pearl River Delta), contributing
slope of 0.97 and a normalized mean bias.8%. 10.7% (2.64 0.76 Tg NQ a ) and 3.1% (0.7% 0.23 Tg
The above test with GEOS-Chem does not apply th&lO, a!) of the total in mainland China, respectively. In the
averaging kernels (AKs) of POMINO-TROPOMI. Given thatwestern regions, large emission sources are evident around the
the AKs are embedded in satellite MOD data, we conduct major cities (e.g., provincial capitals).
another test in which we apply the POMINO-TROPOMI AKs More importantly, there are cleae-scale features at this
to the GEOS-Chem N@ro les and sample the GEOS-Chem resolution. The emission hot spots are obvious at the urban
NO, VCDs accordingly, before using them as input to retrievareas of each city. There are signi emissions along the
NO, emissions. [Note that since there are missing values ira c lines connecting major cities across the country, most
satellite data, this unavoidablcss the subsequent test.] The apparently over the west and south, consistent with the road
resulting retrieved NGCemissions still agree well with the line data setq| Figure S91,cOur emission data also reveal
original emissions used in GEOS-CHem@.92 and NMB = numerous small-to-medium sources spreading across the vast
3.7%,S| Figure 97 There are some underestimates overareas of the country, which are hardly seen in bottom-up
parts of southern China and overestimates over parts of th&entories (see next section). These emissions are often in the
North China Plain, similar to the test without applying the AKsuburban and rural areas and near small roads, consistent with
(SI Figure 96 This result indicates a minoruence of AKs.  the distributions of nighttime lighSI( Figure S9aand
Extraction of Anthropogenic Contributions from Tencent location dat&( Figure S9d
Inferred Emissions. Over the study domain, the derived Comparison with Bottom-up Anthropogenic Emis-
emissions on a 0% 0.05 grid contain the contributions  sjon Inventories. We further compare the derived anthro-
from anthropogenic, biomass burning (opes) and soil  pogenic emissions to four bottom-up anthropogenic invento-
sources. To further identify anthropogenic sources, we subtrgig, including the Multi-Resolution Emissions Inventory of
from the derived emissions the contributions of biomasshina (MEIC v1.3, for summer 2017 at 02%.253),4%3
burning and soilj| Figure S8For this purpose, we adoptthe the Emission Database for Global Atmospheric Research
soil NQ, emissions from Weng et al. (202@hd the biomass (EDGAR V5.0, for summer 2015 at°0x 0.1),** the
burning emissions from GFED4these emissions are Community Emissions Data System (CEDS v2021_04_21, for
interpolated to 0.05x 0.05 by area weighting, and they summer 2019 at 0.% 0.5),%> and Peking University NO
together contribute about 11% of the emission total over ’[I‘(q;>|<u.|\|ox v2, for summer 2014 at 04 o_1°)_46 For each
study domain. inventory, we use available data in the year closest to 2019.
Then, we examine whether the resitaiathropogenic ~ According to CEDS, the emissions decrease by 11.9% from
NO, emissions match three main proxies for human activitgn14 to 2017 with high spatial correlat®r (L.00) between
including nighttime lightS{ Figure S9atra c line data %I the two years, and by 3.2% from 2017 to 2RZ9 1.00).
Figure S9b)cand Tencent locationS( Figure S9d The According to MEIC, the emissions in 2017 are lower than in
proxy data are describedirSection and regridded to 0.05 2014 by 14.8%R(= 0.99). The interannual variability in the
x 0.03 by area weighting. We remove the emissions on grighatial patterns of bottom-up emissions is negligible.
cells for which none of the proxies indicate any human Figure 2compares the horizontal distributions oérent
activities figure ). For mainland China, the emissions emission data. Our emissions regridded to lower resolutions
removed amount to about 10%. Note that those emissioRge shown i Figure S10The MEIC (21.15 Tg Nga b),
removed may not necessarily be of natural origin or artifact pbGAR (26.37 Tg NgQa %), CEDS (22.83 Tg Nga %) and
inversion; they are excluded due to lack of ancillary data fPKU—NQ (25.04 Tg NQ a %) emission totals for mainland

further evaluation. China are all within 15% of ours (24.75 Tg, MG). The
large-scale spatial distribution of our emissions is similar to the
RESULTS AND DISCUSSION bottom-up inventories, while there are much more small-to-

Fine-Scale Characteristics of Derived Anthropogenic medium sources in our emissions.
Emissions.Figure a shows the spatial distribution of derived The most important derence between our emission data
on-land‘anthropogenidNO, emissions over China on a 8.05 and bottom-up inventories lies in tme-scale features. To
x 0.05 grid for summer 2019. We focus the analysis oiilustrate this poinEigure Zhows enlarged emission maps for
Chinese emissions and mask emissions outside the country iivde small areas including Beijing, the Hetao Plain, and west
over the oceans, because the Tencent location data usedXigjiang. In the Beijing areaigure 2 d_l), our data show
facilitate data analysis are less reliable outside China. Tlhege emissions along the trdines connecting Beijing and its
emissions total 24.255.98 Tg NQ a ! (scaled based on the surrounding cities, and the emissions of Beijing concentrated
amounts of days in a summer and a year) for mainland Chimdthin the Fifth Ring Road (denoted by the black circle in
and show clear local details. Figure 2_l, with an average of 6298.07 kg NQkm 2h %).
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Figure 3.Scatter plots for provincial emissions between our and other data sets for 31 provinces in mainland China. Taiwan, Hong Kong,
Macau are not included. The sizes of the circles indicate the GDP value of each province in 2015. The yellow circles stand for the provi
explicitly mentioned in the main text.

There is a clear emission signal around the highway connectingst people in Bayannur City live. Again, these emissions are
the urban center and the Beijing Capital International Airpomissing or not clear in the bottom-up inventories.

(denoted by the white crosgriigure 2_I, with a maximum of In west XinjiangRigure 2 d_lIl), which covers the Aksu
8.85+ 1.59 kg NQkm 2 h Y). These ne-scale features are region and Kuga City, our data show signt emissions
weak or even invisible in the bottom-up inventories, because@@und both the major roads and the minor roads3isee

their lower spatial resolutions and lack of accurate spat_’r%‘fCtion,qur de ni'giqnls of the two road types. This
proxies to allocate provincial-level traemissions to Information is not visible in MEIC, CEDS, and PKU-NO

individual locations. Er?)gs'?nR SAhkosvl\JISaﬁgo}?ue daei:rizs:jooness Ellwlg'? ignérueds gr%s?silgir?sh\fl\rlc?%
In the Hetao Plain of Nei Monggéligure 2 d_lI), our 9 g,

data reveal hiah emissions alond the G6 and G7 Hiah athe minor roads as well as nearby towns and villages. Our data
Ve '9 ISsions 9 '9NWa¥kso show large emissions in Baicheng County (with an average
These signals are vague in MEIC and PKU-EDGAR of 2.78+ 0.79 kg NQkm 2 h %), which is an important place

shows the emissions from G6 but not G7, likely because thi exiraction of rare-earth metal minerals. The emissions
section of G7 was not in operation in 2015 yet. The resolutiofysylting from industrial, transportation and residential

of CEDS is too low to capture such tramissions. To the activities around Baicheng are absent in the bottom-up
north of the highway section shared by G6 and G7, our dajaventories.

show emissions (with an average ofl 64 kg NQkm 2 We further examine the provincial emissions. The scatter
h %) from the towns and valleys close to the Wujia River wherglots inFigure 3show that in Shanghai, Hubei, Zhejiang, and
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Figure 4.Cumulative NQemissions as a function of cumulative GDP across the counties. The counties are arranged from the lowest to t
highest per-capita GDP. The blue dotted line standing for per-capita GDP refeasi®dhehe right. The black dotted vertical line in the main

gure indicates the counties with per-capita GDP below 50 thousand Yuan. The black dotted vertical line in the inlet indicates the counties
per-capita GDP higher than 150 thousand Yuan.

Guangdong, our emissions are signtly lower than the similar nding (0.50 versus 0.2B45).(Note that PHLET
inventories. Provincial total of our emissions is lower than tlemissions with and without proxy-badteding show similar
average of the four inventories by 56.5% for Shanghai, 51.88frelations with these proxies.) This suggests that the
for Hubei, 43.6% for Guangdong, and 39.9% for Zhejiangwentories miss emissions in small areas of human activity
These dierences are attributed to the uncertainties in ouassociated with the minor roads; for example, from on-road
inversion and the inventories. On the one hand, oyr NOand o -road transportation, villages, and towns.

emissions might be underestimated in those provinces due to o conrm this point, we conduct two tests with our
possible overestimate in the ,Nietime. A test with the  emission data. Thest test removes our emissions at grid cells
lifetime shortened by 30% (according to its uncertaity in with minor roads but no major roads. It thus reduces the
Figure SSpwould increase the derived emissions by 30%. OBmjssions by 74.5% over these three provinces and 21.3% over
the other hand, there are substanti@reinces among these mainland China, and leads to much improved spatial
inventories reecting their individual uncertainties. Besides.qrelation with the inventoriegiqure 3and S| Figure

these provinces may have experienced larger emissi9M The second test regrids our emissions t6 8.2523

reductions than other provinces over the past few years, §fitqre removing the emissions. This leads to résuiis re
this di erence may not be captured in the mventorlesSla similar to the rst test 61 Figure S)1

H 047
According to the POMINO-OMI data)™” from 2014 to To further evaluate our emission data, we conduct two

2019, the summertime mean NICD decreases by 66.8% e ) 36 cirn).
over Shanghai, 21.7% over Hubei, 27.2% over Zhejiang, agdéic;trllc;n?rl] %Egsz%q%m lg\é}rlzggce)’u:)ii]osslé?s asrllrcTUMEIC

36.1% over Guangdong, while the averageVRD over respectively. The results are compared with the Ministry of

mainland China decreases by 14.0% only. By comparisgq, .
cology and Environment (MEE) surface M®@asurements
MEIC (from 2014 to 2017) and CEDS (from 2014 to 2019) %468 sites. The simulated monthly mean daily mean surface

do not show such stronger-than-national-average decreq%t% . o .
over these provinces, and EDGAR and PKLEN@ot have 2_concentrat_|ons based on our,Nmissions show higher
v provi b v spatial correlation and a smaller bRas 0.49 and NMB =

data in recent years. ~ = .
In the western provinces especially Xinjiang, Xizang, and Néf°7 Versug = 0.46 and NMB = 50%) S Figure S)3in

Monggol, our emissions are sigmitly higher than the the western, less aent provinces such as Xinjiang, Xizang,
bottom-up inventories. Quantitatively, our emissions ar@'d Nei Monggol, the simulation driven by our emissions
greater than the average of the four inventories by 195.2%3phieves an even higher performance gain upon the simulation
Xinjiang, 321.3% in Xizang, and 48.9% in Nei Monggol. Thi@ased on MEICR = 0.54 and NMB = 42% versug = 0.29

result is consistent with the comparisonrferscale features and NMB = 74%). We note that the MEE NO
(Figure } suggesting a large number of small-to-mediunfneasurements are almost entirely for the urban areas and
sources missed by the bottom-up inventories. A furthé@nnot be fully captured by GEOS-Chem simulations‘at 0.25
analysis of spatial correlation with proxy data shows that our 0.3128. Also, the MEE NQO concentrations may be
emission data have much stronger correlation with the densityerestimated due to contamination from oxidized nitrogen
of minor roads over these western provinces than thgpecies such as nitric acid and peroxyacyl riftriveger-
inventories have (0.46 versus 00237; S| Table SR A theless, these comparisons support the advantage of our
respective analysis based on Tencent location data leads &nd@ssion data especially in the les®iat areas.
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Figure 4shows how NQemissions cumulate with county- Geostationary satellite remote sensing such as the Geosta-
level GDP, after mapping the gridded data to each county atidnary Environment Monitoring Spectrometer (GEM3s
arranging the counties from the lowest to the higheshee expected to provide much more information on the diurnal
level (in terms of per-capita GDP). Compared to thevariation of NG useful for emission constraint. Note that the
inventories, our emission data show higher contributions (iurnal variability of emissions is also not or poorly
the total in mainland China) from lowesence counties. represented in bottom-up emission inventories, including
Specically, counties with per-capita GDP lower than 5Ghose analyzed in this study. Second, although our emissions
thousand Yuan contribute 33% of the total GDP, but theghow many high-resolution details of the, N@ission
contribute 58% of the total emission in our data, compared Wistribution, they alone cannot tell the exact source types. This
47% in MEIC, 50% in PKU-N@nd EDGAR, and 56% in is another common limitation of top-down emissions.
CEDS. This is because Nénissions from transportation and Combining top-down emissions with sectorally detailed
small-to-medium sources in these loweace counties are bottom-up data and/or local surveys will be useful to identify
not well represented and often missing in the inventories, dd@urce types for targeted emission control.
to lack of detailed information (e.g., emission activities, Our emission inversion approach is a fast algorithm. After all
emission factors, and locations) on these sburces. input data are prepared, the emission inversion for the whole

The inlet ofFigure 4highlights the contributions of most study domain takes about 900 core-hours. And since the
a uent counties to the total emission of mainland Chinagalculation is highly parallelized by dividing the study domain
Counties with per-capita GDP larger than 150 thousand Yugito subdomains, it only takes several actual hours to derive the
contribute 4% of the total GDP and 3% of the total emissioNO, emissions for the whole domain. The reliability and low
according to our data set, in contrast to 2.%.for_ MEIC, PKUcost mean that the approach can be applied to the globe and
NO, and EDGAR, and 1% for CEDS. This is likely becausgther years, allowing a low-cost, timely and reliable derivation

pubs.acs.org/est

transportation emissions are not well captured in thef NO, emissions, variabilities and trends aéapatial scale.

inventories.

DISCUSSION

ASSOCIATED CONTENT

This study improves our PHLET-based inversion approach fo Supporting Information .
estimate NQemissions at a high horizontal resolution (5 km)The Supporting Information is available free of charge at

for East Asia based on TROPOMI-POMING,NMCD data.
Our inversion approach accounts for tleete of horizontal
transport and nonlinear N@hemistry for each location. A
focused emission analysis is done for mainland China,
facilitated by ve spatial proxy data sets of human activity.
Our emission data reveak spatial structures, transportation
signals and many small-to-medium sources which are missing
or poorly represented in four widely used bottom-up emission
inventories.

To date, Chinia e ort to reduce emissions has focused on
more developed regions especially in th& éagiart guided
by bottom-up emission inventories. However, our emissions
reveal numerous small-to-medium sources in lesnta
counties with relatively low per-capita GDP, and these sources
are often missing in the inventories. In the future, emissions in
less auent areas might experience further increases if the
industries move to these aredsr example, as a result of
industrial restructuring and/or as a response of enterprises to
strengthening emission control in moreemt regions:>*
Therefore, ective, targeted control measures to reduce small-
to-medium emission sources in lesgeat areas are an
important further step to protect CH#aatmospheric
environment. To this end, our high-resolution emission data
o er a reference to help track and reduce emissions at places
where bottom-up emission inventories are less reliable.

Our retrieval algorithm can be further improved. First, our
retrieval constrains daily mean emissions using satejlite NO
VCDs in the early afternobit®*®” 39 This is a common

https://pubs.acs.org/doi/10.1021/acs.est.1cQ7723

Examples for interpolated N@ro les (Figure S1);
NO, VCDs before/after adjustments (Figure S2);
Regression model evaluation and predictefNRQ

ratio (Figure S3); lllustration of subdomains (Figure
S4); NQ, lifetime and uncertainties of Ni@etime and
emissions (Figure S5); Evaluation of emission inversion
approach based on GEOS-Chem simulations (Figure
S6); Evaluation of emission inversion approach based on
GEOS-Chem simulations with the AKs applied (Figure
S7); Natural NQemissions (Figure S8); Proxy data of
human activity (Figure S9); Our Nénissions at lower
resolutions (Figure S10); Scatter plots of provincial NO
emissions after removing minor roads from our
emissions (Figure S11); Scatter plots of provincial
NO, emissions after regridding our emissions t9%0.25
0.25 and removing minor roads from our emissions
(Figure S12); GEOS-Chem simulations based on our
emissions and MEIC and comparison with MEE
measurements (Figure S13);Provincia) Hission
amounts (Figure S14); Fitted cagents for regression

for NO,/NO, ratio (Table S1); Uncertainty description
(Table S2); Correlation between proxies and emissions
(Table S3); Model description of GEOS-Chem (Section
1); Description of proxy data of human activity (Section
2) (PDR

practice for polar orbiting satellite-based emission constraint at A ;THOR INFORMATION

any horizontal resolutions. Previous studies have shown that

when proper retrieval approaches are used, emissions infefé@gresponding Author
from morning satellite measurements are within 10% of thoseJintai Lin Laboratory for Climate and Ocean-Atmosphere

inferred from measurements in the afterriodhis o ers
some condence that the intrinsic problem of polar orbiting
satellite remote sensing (i.e., it lacks diurnal variability
information) has a limited ect on the emission constraint.
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