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Abstract. Extensive fossil fuel combustion in rapidly devel-
oping cities severely affects air quality and public health. We
report observational evidence of decadal changes in the ef-
ficiency and cleanness of bulk combustion over large cities
in mainland China. In order to estimate the trends in en-
hancement ratios of CO and SO, to NO,; (ACO/ANO; and
ASO,;/ANO>) and infer emergent bulk combustion prop-
erties over these cities, we combine air quality retrievals
from widely used satellite instruments across 2005-2014.
We present results for four Chinese cities (Shenyang, Bei-
jing, Shanghai, and Shenzhen) representing four levels of ur-
ban development. Our results show a robust coherent pro-
gression of declining to growing ACO/ANO; relative to
2005 (—5.440.7 to +8.343.1% yr~!) and slowly declining
ASO;/ANO, (—6.0+1.0to —3.4+ l.O%yr_l) across the
four cities. The coherent progression we find is not evident in
the trends of emission ratios reported in Representative Con-
centration Pathway (RCP8.5) inventory. This progression is
likely due to a shift towards cleaner combustion from indus-
trial and residential sectors in Shanghai and Shenzhen that is
not yet seen in Shenyang and Beijing. This overall trend is
presently obfuscated by China’s still relatively higher depen-
dence on coal. Such progression is well-correlated with eco-
nomic development and traces a common emission pathway
that resembles evolution of air pollution in more developed
cities. Our results highlight the utility of augmenting observ-
ing and modeling capabilities by exploiting enhancement ra-
tios in constraining the time variation in emission ratios in
current inventories. As cities and/or countries continue to so-
cioeconomically develop, the ability to monitor combustion

efficiency and effectiveness of pollution control becomes in-
creasingly important in assessing sustainable control strate-
gies.

1 Introduction

Urban agglomeration, particularly megacities (i.e., cities
with >10 million inhabitants), are expected to continue
growing (in size and number) over the coming decades
(Jalkanen, 2012; World Bank, 2015). Anthropogenic activi-
ties are most intense in megacities, accompanied by immense
energy consumption mainly in the form of fossil fuel com-
bustion (Mage et al., 1996; Kennedy et al., 2015). These lead
to enhanced emissions of air pollutants, greenhouse gases,
and waste energy, largely impacting air quality (AQ), cli-
mate, and ecosystems (Baklanov et al., 2016; Lelieveld et al.,
2015). At present, estimates of city- to national-scale emis-
sions from fossil fuel combustion remain uncertain, espe-
cially in rapidly developing regions where combustion is still
poorly characterized due to the lack of detailed information
on energy use, combustion practices, and pollution control
strategies (Streets et al., 2013; Creutzig et al., 2015). This
is also confounded by larger uncertainties on other sources
of pollution that may be associated with urbanization (e.g.,
deforestation, agriculture, and fires). These alone prevent us
from accurately assessing the changes in atmospheric com-
position due to anthropogenic activities at scales that are
relevant to AQ, energy, and environmental policy (National
Academies of Sciences, Engineering, and Medicine, 2016).
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Such is the case for cities in China even with the scien-
tific attention the country has received in the past decades.
As China grew into the world’s second largest economy, its
rapid development resulted in substantial emissions (Richter
et al., 2005) and more frequent occurrences of severe pollu-
tion events in many of its megacities, most notably Beijing
(Guo et al., 2014). These affect not only local AQ and pub-
lic health but are also reported to impact the hemispheric to
global atmospheric environment (Lin et al., 2014; Verstraeten
et al., 2015). Along with the growth of these cities is a grow-
ing body of evidence of decreasing emissions and associated
pollution levels in some cities in China. This points to impor-
tant changes in AQ as a result of development, AQ manage-
ment, and regional to national socioeconomic initiatives em-
bodied within its Five-Year Plans (FYP) (Reuter et al., 2014;
Krotkov et al., 2016; van der A et al., 2017; Sun et al., 2018;
Koukouli et al., 2018). However, these changes in AQ as a
result of efforts to control air pollution are still obfuscated at
present by the increase in combustion activities, along with
uncertainties in bottom-up emission inventories and diversity
in economic structure and growth across cities (Wang and
Hao, 2012; Mi et al., 2017). Monitoring these reductions at
the city scale remains a challenge, especially when narrowly
viewed within the context of a single pollutant, and more so
when attributing them to a particular emission sector.

Fossil fuel emissions from an evolving megacity follow
a pattern that can be potentially monitored and refined, by
combining observational constraints on combustion activ-
ity (abundance of combustion products) with efficiency and
effectiveness of pollution control strategies or “cleanness”
(enhancement ratios of these products) (Silva and Arellano,
2017; Silva et al., 2013; Hassler et al., 2016; Tang et al.,
2018, 2019), alongside information on the state of socioe-
conomic development (e.g., gross domestic product (GDP)
or income) and a priori estimates from bottom-up emission
inventories. In particular, the cleanness of combustion of a
known fossil fuel type can be determined stoichiometrically
by measuring the relative abundance of intermediate prod-
ucts such as carbon monoxide (CO), nitrogen oxides (NO,),
sulfur dioxides (SOj), and soot particles with final prod-
ucts like carbon dioxide (CO,). Please see the Methods sec-
tion for more details. Most of these products are currently
monitored as criteria pollutants by surface measurement net-
works and as tracers of pollution by satellite remote sens-
ing (Streets et al., 2013; Duncan et al., 2014). In fact, these
combustion products are revealed in space as very distinct
bulk enhancements over a megacity metropolitan location in
marked spatial contrast with the city’s surroundings (Bechle
et al., 2011; Lamsal et al., 2013). At a scale of a megacity
being monitored from space, these enhancements are analo-
gous to smoke plumes coming from a stationary smokestack.
And so, observations of these megacity plumes enable us to
monitor bulk anthropogenic activity and transboundary pol-
lution. They have also been used in recent years to refine
the spatiotemporal distribution of emissions (Lamsal et al.,
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2013; Hakkarainen et al., 2016; Ding et al., 2017); to indi-
cate bulk combustion efficiency, inter-megacity differences,
and fire phase (Silva et al., 2013; Silva and Arellano, 2017,
Tang and Arellano, 2017); and to infer fossil fuel CO; emis-
sions (Konovalov et al., 2016) among others. From an annual
to decadal standpoint, it is reasonable to interpret the long-
term changes in spatial covariations between these observed
pollutant enhancements within the megacity to reflect domi-
nant shifts in bulk combustion characteristics (e.g., changes
in fuel mixture and technology practice), which can then be
indicative of an emission pathway for a given megacity (e.g.,
Parrish et al., 2002; Parrish, 2006; Russell et al., 2012; Silva
et al., 2013; Hassler et al., 2016; Silva and Arellano, 2017).
Data sampling and collocation issues, as well as retrieval in-
formation content and chemical nonlinearities between these
pollutants, do not quite manifest at decadal scales more than
emission changes, especially when treated as a smokestack
in the analysis.

In this study, our goal is to uncover space-based evidence
of dominant shifts in the cleanness of bulk combustion of
large cities across the recent decade (through these ratios),
associate these shifts with particular sectors, and identify a
common emission pathway across these cities. Along the
same line of studies on environmental Kuznets curves (EKC,
Stern, 2004) and human development (Lamb et al., 2014),
we attempt to connect this pathway to economic growth by
finding a power-law relationship between the ratios observed
for each major city in China and the city’s GDP per capita.
As cities in China grow, emissions from fossil fuel combus-
tion evolve accordingly depending on the rate and type of
socioeconomic development, technological innovation, and
environmental policies (Chan and Yao, 2008; Bechle et al.,
2011; Zhang et al., 2012; Wang and Hao, 2012; He and
Wang, 2012; Luo et al., 2014; Koukouli et al., 2018; Sun
et al., 2018). This evolution however cannot be reflected at
shorter timescales. As a basis for comparison, pollution con-
trols adopted in developed countries like the United States
and Europe, which followed a progression from first control-
ling SO,, CO, and then NO, (Crippa et al., 2016), reflect
some aspects of decadal-scale sustainable development that
can be brought to light in the case of China.

We analyze the emergent patterns of the cleanness of bulk
combustion in the past decade (2005-2014), based on en-
hancement ratios between intermediate products of combus-
tion (ACO/ANO; and ASO;/ANO;) observed within each
megacity and urban agglomeration in China. We use gridded
monthly-averaged satellite retrievals of total columns of CO
from Measurement of Pollution In The Troposphere (MO-
PITT), tropospheric columns of NO; from Ozone Monitor-
ing Instrument (OMI), and planetary boundary layer (PBL)
columns of SO, from OMI to derive monthly estimates of
these ratios. We conduct spatial regression analysis and sub-
sequently derive estimates of the decadal trends of these
ratios using time series analysis. We then compare these
trend estimates to inferred trends from a couple of model-
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derived abundance ratios and several emission ratios from
current bottom-up emission inventories, including estimates
based on the Representative Concentration Pathways sce-
nario (RCP8.5) (Riahi et al., 2011). We also conduct a simple
inverse analysis to update the contribution of major emission
sectors in RCP8.5 to fit our estimates of decadal changes in
enhancement ratios. Section 2 describes data and methods
used in this study. Results and discussions are presented in
Sect. 3. Section 4 is summary and implication of this study.

2 Data and methods
2.1 Study region

We consider all 31 provincial capitals and five special cities
(Beijing, Shanghai, Shenzhen, Tianjin, and Chongqing) in
mainland China for our analysis. These cities comprise the
main urban agglomerations in the country (see Fig. 1 for
coverage). For purposes of finding long-term emergent pat-
terns on its emission characteristics, we focus our analysis
to 12 representative urban agglomerations. These 12 cities
cover the four economic regions of China (i.e., east coast:
Beijing, Tianjin, Shanghai, Guangzhou, Shenzhen; central
China: Wuhan, northeast China: Harbin, Shenyang; and
western China: Chengdu, Chongqing, Xian, Hohhot). Based
on prior information from RCP8.5 and the National Bureau
of Statistics of China (http://data.stats.gov.cn, last access:
22 March 2019), these cities already exhibit largely diverse
pollution and economic development attributes illustrated in
Fig. 1 as differences in magnitude, sectoral, and temporal dis-
tribution of emissions and GDP per capita for 2005 to 2014
between these cities. Our goal is to assess whether the long-
term patterns that are seen in these a priori emission estimates
are consistent with observations. We also consider Los Ange-
les and other large cities in the United States (New York City,
Chicago, Houston, Phoenix, Boston, Seattle, and Miami) for
comparison.

2.2 Data

The main datasets used in this study are summarized in Ta-
ble 1. This includes multiple satellite retrievals, representa-
tive emission inventories, and a couple of model simulations
and chemical reanalysis.

2.2.1 Satellite retrievals and data processing

We use the NASA Terra Measurement of Pollution In
The Troposphere (MOPITT) version 6, Level 2, multi-
spectral (thermal infrared/near infrared) retrievals of car-
bon monoxide (CO) total columns for CO (Deeter et al.,
2014), tropospheric column retrievals from NASA Aura,
Dutch Ozone Monitoring Instrument NO, (DOMINO) v2.0
for NO; (Boersma et al., 2011) and the Ozone Monitoring
Instrument (OMI) planetary boundary layer (PBL) SO;, ver-
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sion 3, Level 2 (Krotkov et al., 2006). We collect daily MO-
PITT CO, OMI NO,, and OMI SO, retrievals that are avail-
able within a 2° x 2° area around each city center. This radius
is selected to cover the extent of each city based on NO; foot-
prints (Bechle et al., 2011; Lamsal et al., 2013) and geopo-
litical maps of city boundaries. We grid each set of retrievals
into 0.1° x0.1° grids that commensurate to the finest retrieval
resolution among MOPITT and OMI. We then average them
across each month to minimize spatiotemporal collocation is-
sues (see Table 1 for differences in sampling of MOPITT and
OMI). As a result, there are 400 points for each species (CO,
SO;, NO») per city and month. We note that these retrievals
have been used in the past to study decadal changes for indi-
vidual (or a pair of) pollutants but not to derive enhancement
ratios (e.g., Krotkov et al., 2016). While CO retrieved from
thermal infrared (TIR) radiances is mostly sensitive to free
tropospheric CO, it has also been reported to be capable of
observing lower tropospheric CO, especially when retrieved
jointly from TIR and near-infrared (NIR) radiances (Worden
etal., 2010; Deeter et al., 2014). We recognize, however, that
retrievals of SO, from OMI have been reported to exhibit
low sensitivity to weak SO; signals, in particular to less than
30 to 70 kTon yr~! of point source emissions (Krotkov et al.,
2016). While our spatial and temporal smoothing, along with
anchoring our SO, analysis with NO; data (please see later
description of our regression analysis), should help in en-
hancing the SO, signal from cities with low SO, emissions,
these SO, retrievals are useful as large SO, abundances are
still observed across the majority of cities in China (Krotkov
et al., 2016). We also use CO retrievals from the Infrared
Atmospheric Sounding Interferometer (IASI), Level 2 (De
Wachter et al., 2012), and tropospheric column NO; from
FP7 QA4ECV OMI v1 (Boersma et al., 2017) to verify con-
sistency in our trend estimates.

We note that using 2° x 2° area to represent cities does lead
to slight overlap over Guangzhou and Shenzhen, Beijing, and
Tianjin. This does not affect our analyses of emission inven-
tories because we apply geopolitical maps of city boundaries
to calculate emissions for each city (see Sect. 2.2.2). This
does have an impact on our analyses of satellite observations
because we use all the grids in the 2° x 2° area to conduct
the spatial regression. However, we do not expect the over-
lap to significantly change our results because (1) the over-
lapped area is relatively small; (2) the overlapped cities are
sometimes considered together as a whole region because of
their similarities and connections (for example, the Jing-Jin-
Ji megalopolis and the Pearl River Delta); and (3) the over-
lapped cities are in the same classes with similar patterns
based on our analyses (i.e., Beijing and Tianjin are both in
class 2, while Guangzhou and Shenzhen are both in class 4;
Table 2).
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Table 1. List of satellite products and emission inventories used in this study. All these datasets are re-gridded into 0.1° x 0.1° if not originally
at this resolution. This version of CHASER-LETKF does not provide emissions of SO5.

Dataset and data availability

Spatial and temporal Relevance to study

resolution & main reference
NASA Terra MOPITT CO version 6, L2, TIR/NIR 22km x 22 km CO total column
https://www?2.acom.ucar.edu/mopitt™ (2000 to present) 10:30 daily (Deeter et al., 2014)
Aura/OMI SO2 Total Column 1-orbit L2 v003 NRT 13 km x 25 km PBL column amount SO,
https://aura.gsfc.nasa.gov/omi.html* (2004—present) 13:45 daily (Krotkov et al., 2006)
Dutch OMI NO, (DOMINO) data product v2.0 13km x 25km NO; trop. column
http://www.temis.nl/airpollution/no2.htm1* (2004 to present) 13:45 daily (Boersma et al., 2011)
QA4ECYV OMI NO, data product version 1 13km x 25km NO; trop. column
http://temis.nl/qadecv/no2col/no2regioomimonth_v2.php* (2004 to present)  13:45 daily (Boersma et al., 2017)
IASI Level 2 FORLI XCO 12km x 12km CO total column
https://navigator.eumetsat.int/product/* (2007 to present) 09:30 daily (De Wachter et al., 2012)
European Commission EDGAR version 4.3.1 0.1° x0.1° CO, SOy, NOy emissions
http://edgar.jrc.ec.europa.eu/overview.php?v=431* (1970 to 2010) sectoral, annual (Crippa et al., 2016)
IIASA RCPs 0.5° x 0.5° CO, SO, NO, emissions
http://www.iiasa.ac.at/web-apps/tnt/RcpDb* (1850 to 2100) sectoral, monthly (Riahi et al., 2011)
REAS v2.1 0.25° x 0.25° CO, SOy, NO, emissions
https://www.nies.go.jp/REAS/* (2000 to 2008) sectoral, monthly (Kurokawa et al., 2013)
HTAP v2 0.1° x 0.1° CO, SOy, NO, emissions

http://edgar.jrc.ec.europa.ew/htap_v2/* (2008 and 2010)
CHASER-LETKF
https://ebcrpa.jamstec.go.jp/~miyazaki/tcr/* (2005 to 2014)

sectoral, monthly (Janssens-Maenhout et al., 2015)
2.8° for longitude and  CO and NO, emissions

the T42 Gaussian grid ~ (Miyazaki et al., 2017)

for latitude, daily

* Last access date: 22 March 2019.

2.2.2 Emission inventories and model simulations

Multiple bottom-up emission inventories for CO, NO,, and
SO, are analyzed, namely the Emission Database for Global
Atmospheric Research (EDGAR; Crippa et al., 2016), Rep-
resentative Concentration Pathways (RCP8.5; Riahi et al.,
2011), Regional Emission inventory in ASia (REAS) ver-
sion 2.1 (Kurokawa et al., 2013), and Hemispheric Transport
of Air Pollution (HTAP; Janssens-Maenhout et al., 2015).
We also use top-down emission estimates of CO and NO;
from the Tropospheric Chemical Reanalysis (TCR) based on
the CHASER-LETKF assimilation system (Miyazaki et al.,
2017). Since these emission inventories have different spa-
tial resolutions (see details in Table 1) and are available in
the form of fluxes (units in kilograms per square meter per
second), we upscale or downscale them by simply regrid-
ding into 0.1° by 0.1° cells similar to our approach for satel-
lite data to facilitate comparison. We then consider all cells
within the 2° by 2° area around the city center. For annual
emissions, we only take the sum of all cells within the geopo-
litical boundary of the city (see Fig. 2). All of the cities ex-
tend to an area less than the 2° by 2° that we set as our city
domain.

We also use model data for CO and NO; from the Com-
munity Atmosphere Model with Chemistry (CAM-chem;
Gaubert et al., 2016) and TCR to derive CO and NO, abun-
dance ratios associated with the bottom-up emissions used
in these models (i.e., RCP in CAM-Chem and EDGAR in
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CHASER). The associated retrieval averaging kernels and
prior information are applied to the daily-averaged model CO
and NO; vertical profiles of mixing ratios from CAM-chem
and CHASER, along with appropriate spatial interpolation
and/or partial column integrations. Since the spatial resolu-
tion (about 2-3°) of CAM-chem and CHASER outputs that
we analyze are far coarser than 0.1°, we only consider the
associated abundance ratio rather than deriving enhancement
ratio across the months when non-stationarity and nonlinear-
ity issues are more likely to exist.

2.3 Deriving enhancement ratios using spatial
regression analysis

For each city, we regress the gridded monthly-average CO
and SO; to NO; to calculate monthly enhancement ratios
(ACO/ANO; and ASO,/ANO3;). We use NO» as our con-
trol variable as NO» has the shortest lifetime (hours) among
these products. Except for lightning, NO,. is mostly produced
from high-temperature anthropogenic combustion processes.
And because of its short lifetime, it is observed as distinctly
and spatiotemporally local surface enhancements, with rela-
tively very low background concentrations. Along with the
availability of NO, retrievals from satellites at fine spa-
tial scales and over long periods, NO, allows us to effec-
tively identify intra-megacity combustion activities and de-
fine the urban extent (Bechle et al., 2011; Lamsal et al.,
2013; Hakkarainen et al., 2016). In other words, NO, is

www.atmos-chem-phys.net/19/4269/2019/
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Figure 1. Time series (2005-2014) of RCP8.5 combustion-related emissions of NOy (first quad), CO (second quad), and SO (third quad)
all in units of grams per year per square meter and GDP per capita (fourth quad) in units of CNY 10° per capita per year for each of the
12 select major cities (red dots) in mainland China. The scales of each quadrant are indicated in the legend (lower left of the map). The total
emissions for each combustion product are broken down into four major sectors: energy, industry, land transport, and others, which is the
sum of agriculture, residential and commercial, and waste treatment and disposal). The GDP per capita is also broken down into primary
(direct use of natural resources), secondary (industry and manufacturing), and tertiary (service) sectors. Each blue dot corresponds to one of
the 36 designated provincial capital and special cities in mainland China.

a good proxy for combustion activity. We use a reduced
major axis regression (Smith, 2009) to estimate the slopes
(Ay/Ax) representing enhancement ratio across the spatial
extent of the megacity and intercept (y°€) for CO and SO»
representing the background levels when there is no com-
bustion (within the megacity and free tropospheric contri-
bution). This follows the approach introduced by Fujita et
al. (1992) and Parrish et al. (2002). However, we note that
we use the spatial covariations of these species relative to
NO, rather than their temporal covariations as in previous
studies. Please see Sect. 3 for implications of this approach.
We only consider statistically significant and positive slopes
as we are focusing on sources and not sinks of these combus-
tion products. These monthly ratios are then averaged across
the year for analysis and archived for time series (decadal)
analysis (see Sect. 3). Note that they can be considered to be
comparable to emission ratios when observations are taken at
or near the source and if they are normalized to account for
air mass variations (Fujita et al., 1992; Parrish et al., 2002;
Parrish, 2006; Hassler et al., 2016). Here, we normalize all
ratios to 2005 values.

It is important to note that we view each large city as a
big smokestack that emits an aggregate of combustion prod-
ucts that can then be observed by satellite remote sensing

www.atmos-chem-phys.net/19/4269/2019/

as column-integrated quantities. The spatial (0.1°) covaria-
tion in this aggregate within the 2° radius is interpreted as
a bulk characteristic of spatially heterogeneous combustion
sources within the megacity. Monthly enhancement ratios
are hence interpreted as the linear sensitivity in CO or SO,
to intra-megacity spatial variations in combustion activity as
defined by NO;. We emphasize that these enhancement ra-
tios are not derived using time covariations but spatial co-
variations to minimize potential non-stationarities (e.g., dif-
ferences in lifetimes between species) and influence of free
tropospheric signatures in MOPITT CO, which should be re-
flected as part of a larger-scale contribution to CO ¢ in this
analysis given that we anchor the regression on OMI NOs.
Possible confounding factors such as biogenic sources of CO
in a megacity are also minimized in our analysis by treat-
ing CO data only when NO> is observed since NO; is not
largely co-emitted from CO biogenic sources. Although spa-
tial and temporal smoothing can minimize the effect of light-
ning (NOy) and fires (NO, and CO) since they are emitted
intermittently relative to anthropogenic combustion, our find-
ings must be interpreted to represent changes in bulk com-
bustion cleanness over a megacity rather than specific com-
bustion cleanness.

Atmos. Chem. Phys., 19, 4269-4288, 2019
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Table 2. Summary of percent rate of change for select cities in China and the United States. Numbers that follow the + sign are standard

erTors.
Satellite observations
Annual rate of change (% yr—!)

Average GDP Annual rate

(CNY/capita/year of change

for Chinaand (CNY/capita/year

USD/capita/year for China and

for USA) USD/capita/year

for USA)
City Class CcoO NO, SO, ACO/ANO,; ASO,;/ANO,
Shenyang 1 66293 8279 —0.13+0.25 516+£140 —-1924+093 —-535+0.74 —6.03+£1.02
Xian 1 39594 5854 —0.61+0.22 745+221 —-4.68+1.78 —473+£144 —7.55+1.06
Chengdu 1 48722 7221 —1.184+0.52 6.93+133 —445+199 —444+225 —-9.58+3.67
Hohhot 1 77744 10315 —0.21£0.23 749+£3.71 -241+£129 -347£1.78 —5.68+1.12
Chongging 1 23706 3848 —0.58£0.41 5.65+£1.20 —-7.79+2.18 —-3.11+£149 —-7.67£1.40
Tianjin 2 91503 13723 —0.18+£0.28 6.09+143 —-291+144 —-3.36+1.61 —5.46+2.08
Beijing 2 106474 11820 —0.37£0.28 3.15£1.70 —-2.04+1.16 —-2.86+1.07 —549+1.42
Harbin 2 35578 4079 0.07+0.25 282+1.73 —-035+1.13 —-2.694+2.05 —651+£1.75
‘Wuhan 2 67785 10940 —0.70+0.16 6.87+£190 —4.19+1.53 —-1.83+2.14 —-7.23+1.19
Shanghai 3 115027 10809 —0.344+0.22 258+1.50 —4.32+1.23 1.40£2.03 —3.99+1.44
Guangzhou 4 129455 14741 —-1.264+031 -3.07£0.76 —7.00+1.01 7.61£630 —4.80+1.24
Shenzhen 4 352018 25958 —1.01£0.20 —-1.77+£0.72 —-5.50+£1.09 826+£3.08 —3.40+0.98
Los Angeles - 59943 215 —-0.47£0.18 —4.00+0.60 0.23+0.29 7.34+1.31 13.3+1.69
New York - 60760 516 —-0.44+£0.19 -3.67£0.72 —-14240.54 4.98 +1.64 7.97+1.39
Chicago - 57078 —137 —-0.28+0.18 —-3.30+0.55 —0.67+0.51 7.88+1.84 1.48£2.63

RCP8.5 emissions
Annual rate of change (% yrfl)

City Class ECO ENOy ESO, ECO,/ENO,  ESO;/ENOy
Shenyang 1 1.28+0.17 5.85+0.39 —040+0.15 —-290+0.24 —-3.94+0.49
Xian 1 0.75£0.11 454+£031 —-047+£0.16 —-2.63£0.21 —-3.454+043
Chengdu 1 0.334+0.07 4.10+£0.28 —0.58+£0.17 —-2.69+£0.22 —-3.324+0.42
Hohhot 1 1.14+0.14 1.72£0.12 —-0.694+0.14 —-0.50£0.03  —2.06+0.25
Chongging 1 0.65+0.10 399+027 —-1214+0.25 —-2414+0.18 —3.73+£0.49
Tianjin 2 1.22+£0.17 538+£034 —-1.544+031 —-2.73+£0.20 —4.49+0.60
Beijing 2 1.23+£0.18 583+038 —1.30+0.28 —2934+0.22 —4.50£0.59
Harbin 2 0.89+0.11 4.07+0.29 —-0.724+0.18 —2.28+0.18 —3.414+0.43
Wuhan 2 0.74+0.11 396+£0.27 —-1.214£0.25 —-2334+0.17 —-3.71+£048
Shanghai 3 —0.87+0.04 263+£0.19 —-2.73+0.46 —2.794+0.22 —4.25+0.60
Guangzhou 4 —0.06 +£0.04 344+£023 —-0.87+£0.20 -2.63+£0.21 —3.22+041
Shenzhen 4 0.20£0.06 2.54+0.19 —-0.69+0.17 —1.89+0.14 —-2.58+£0.33
Los Angeles - —-556+030 —4914+0.19 —-596+0.54 —1.17+£0.10 —-1.95+0.41
New York - —6.00+£0.29 —577£025 —-6.60+0.52 —-0.50+0.05 —1.80£0.33
Chicago - —5504+032 —499+027 —-6.53+0.66 —0.944+0.05 —2.89+0.46

2.4 Time series analysis and curve fitting

The focus of this work is to study the long-term changes
in the spatial covariations of these monthly-averaged ra-
tios of CO and SO; to NO;, as expressed in terms of en-
hancement ratios. We hypothesize that at a decadal scale
the changes in covariations reflect the dominant changes in
megacity emission characteristics. We use two approaches
to calculate the decadal trend in our normalized estimates
of these ratios. For linear trend analyses, we use robust re-
gression using iteratively reweighted least squares (Holland
and Welsch, 1977). This minimizes the influence of outliers
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relative to a traditional least-squares fit, especially when the
relationship is not fully linear. We also use another trend
analysis algorithm in our subsequent inverse analysis. In-
stead of using the annual mean values and estimating the
linear trend across 2005-2014, we estimate the associated
decadal trends in ACO/ANO; and ASO;/ANO; using the
seasonal trend decomposition with LOESS (locally weighted
scatterplot smoothing) or seasonal-trend decomposition us-
ing LOESS (STL) algorithm (Cleveland et al., 1990). This al-
gorithm separates the seasonal, interannual, and decadal con-
tributions of monthly ratios. We use the smoothing windows
for the decadal, interannual, and seasonal trends of 121, 25,
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Figure 2. Spatial regression analysis of satellite retrievals of
CO and SO; to NO, by season (blue: March-May, MAM; red:
June—August, JJA; green: September—November, SON; orange:
December—February, DJF). The left column shows an example of
scatter plots and linear regression for Beijing (a, b, ¢) and Los An-
geles (d, e, f). The center column corresponds to the changes across
2005 to 2014 in the ratios calculated for a given season. The right-
most column panels show the city domain (2° x 2°) with the geopo-
litical extent of the city of Beijing and Los Angeles.

and 5 months, respectively, based on analysis of CO decadal
trends in Jiang et al. (2018). As in Gaubert et al. (2017),
we test several other windows and found consistent temporal
patterns across cities. For nonlinear curve fitting, we use ro-
bust least-square regressions with the least absolute residuals
(LAR) method (within the cftool function in MATLAB) to fit
a power-law function to the annual-mean ratios and GDP per
capita. This method also minimizes the influence of extreme
values on the fit.

2.5 Inverse analysis

We conduct an inverse analysis of the long-term trends in
monthly enhancement ratios to further expound our findings
by associating the overall changes with sectoral changes. In
this case, we are interested in finding the decadal contribu-
tion of the time series (2005-2014) of monthly statistically
significant enhancement ratios that are derived from our pre-
vious regression and time series analysis. We decompose the
a priori estimate of the monthly emission ratio of CO to NO,
(and SO; to NO, ) from RCP8.5 as a product of (a) ratio of ef-
fective emission factors for each of the four sectors (namely
energy, industry, transport, and others) and (b) fractional con-
tribution of NO; emissions from each sector to the total NO,
emissions for all four sectors. We then use a two-step Monte
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Carlo-based Bayesian inversion method to estimate effective
emission factors and fractional contribution of NO, emis-
sions from each sector. Please refer to Appendix A for a short
derivation of this decomposition and Appendix B for details
of the inverse analysis.

3 Results and discussions

3.1 Observed patterns of enhancement ratios in
Chinese and US cities

In this subsection, we present observed patterns of enhance-
ment ratios in Chinese and US cities. We firstly show spatial
regression analysis of satellite retrievals of the ratio of CO
and SO, to NO; by season (taking Beijing and Los Angeles
for demonstration) in Fig. 2. Although naturally produced
CO and NO;, like biogenic CO and lightning NO, introduce
a strong seasonality in these ratios even within the megacity,
we find that when we average the monthly ratios using only
the months corresponding to a particular season (i.e., more
fires and lightning during the summer), we still find a simi-
lar temporal pattern (albeit different in magnitude) in derived
ACO/ANO; and ASO,/ANO; (see Fig. 2). This is reason-
able as these CO as well as SO, enhancements are domi-
nantly from combustion-related processes that co-emit NO;
by our study design, pointing to the robustness of analyzing
annual-mean ACO/ANO; and ASO;/ANOx.

Shown in Fig. 3 are linear trends of annual-mean
ACO/ANO; and ASO,/ANO; relative to 2005 values in
four Chinese cities. These cities are representative of a cer-
tain level of urban development across mainland China. The
four levels in this study are defined using broad clustering
between the average GDP per capita per year and the rate of
change in ACO/ANO; that is derived from satellite obser-
vations. This is shown in Table 2, where a general rule result-
ing from this analysis would be a classification mainly based
on GDP per capita per year, except for Harbin and Wuhan.
Combustion-related activities in Shenyang, Beijing, Shang-
hai, and Shenzhen can be characterized to follow a progres-
sion from heavy to light manufacturing, export processing,
and service industries (Chan and Yao, 2008). For this anal-
ysis, Shenyang, Beijing, Shanghai, and Shenzhen represent
the progression across the 12 select cities of increasing GDP
per capita along with decreasing to increasing ACO/ANO,
(—5.44+0.7 to +8.3+3.1 %yr‘l) and decreasing rate of
ASO,/ANO, reductions (—6.0+ 1.0 to —3.4+£1.0% yr~!)
relative to 2005 (Fig. 3 and Table 2). This pattern in enhance-
ment ratios is not evident in the rate of change in CO, SO,
and NO; column abundance, for which we find increasing
rate of decrease in CO (—0.1£0.3 to —1.0£0.2%yr™ ")
and SO, (—1.9£09to —5.5+1.1% yr_l) abundance, along
with a decreasing rate of increase in NO, abundance from
Shenyang (+5.241.4 % yr~') to Shenzhen (1.840.7 % yr—!)
(Table 2). This is consistent with previous studies of these
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Figure 3. Changes in annual-mean enhancement ratios (black) from MOPITT and OMI retrievals of ratios of CO to NO, (top) and SO,
to NO, (bottom) for select cities in China and the US relative to 2005. Its associated emission ratios (ECO/ENO, and ESO,/ENOy)
from RCP8.5 (red) and EDGAR4.2 (blue) and the top-down estimate from CHASER (orange) and model-simulated abundance ratios from
CHASER (purple) and CAM-Chem (green) chemistry transport models are superimposed. Gray areas are 90 % confidence intervals of the
linear fit (black lines). The four Chinese cities represent the four classes/levels of urban development across 12 selected cities in China.

species. In fact, we find a decreasing-to-increasing pattern
in the derived enhancements of CO due to combustion (i.e.,
ACO¢omp = (CO— CObg)), across these four levels of devel-
opment.

We have minimized the influence of interannual varia-
tions due to meteorology (e.g., changes in air mass) by an-
alyzing molar ratios (e.g., moleCO/moleNQO;) rather than
absolute molar concentrations (e.g., moleCO/moleair; Par-
rish et al., 2002, 2006). As the co-emitted species (i.e., CO,
SO, and NO») are subject to the same meteorological con-
ditions (affecting transport, dilution, and lifetime), their en-
hancement ratios are expected to be less sensitive to meteo-
rology compared to the absolute molar concentrations. This
is supported by the fact that decadal ACO/ANO; as well
as ASO,/ANO; for different seasons have similar trends
(Fig. 2). Previous studies have also proven that the ratios
compared to the concentrations themselves are relatively im-
mune to changing meteorological conditions, and can pro-
vide insights into the magnitude and temporal trends of the
emissions (Parrish et al., 2002, 2006, 2009; Silva et al., 2013;
Hassler et al., 2016). In addition, they can be directly com-
pared to the corresponding emission ratios under certain cir-
cumstances. However, we note that even though the ratios de-
rived from satellite observations are relatively less sensitive
to meteorology, the methodology cannot eliminate all the im-
pacts from meteorology. The enhancement ratios may be im-
pacted by the meteorological conditions because lifetimes of
different air pollutants may respond to meteorological con-
ditions differently. Nevertheless, we believe such an impact
should not influence our main conclusions for the following
two reasons. (1) Our analysis focuses on decadal trends in-
stead of short-term trends. As shown by a previous study,
meteorology also plays an important role on relatively short
timescales, but meteorology probably plays a lesser role in
the longer-term trends (Krotkov et al., 2016). (2) The satellite
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retrieval samples are taken over the megacities (right above
strong emission sources) instead of downwind of the pollu-
tion sources, making them more representative of megacity
sources.

Normalizing these ratios to 2005 values should have also
minimized the impact of the differences in the magnitude of
these ratios between these cities. The impact of meteorology
on inferred decadal trends through variations in columnar
abundance is more evident when absolute magnitudes of sin-
gle species are analyzed. In addition, potential drifts of biases
in time (caused by systematic errors in the instrument and/or
retrieval algorithm) cannot account for the differences in the
temporal pattern that we find across these cities. Such biases
should be commonly reflected in all cities, yet we see differ-
ences between cities. In fact, we find a very similar progres-
sion pattern when we use the Infrared Atmospheric Sound-
ing Interferometer (IASI) CO retrievals (De Wachter et al.,
2012) instead of MOPITT or OMI QA4ECV (Boersma et al.,
2017) instead of OMI DOMINO. Interestingly, we find that
the increasing enhancement ratio of CO to NO» in Shenzhen
(and to a lesser extent in Shanghai) remarkably resembles
the relative changes in CO-to-NO; ratios in more developed
megacities (Los Angeles and New York) and several urban
agglomerations in the United States (see Fig. 3e for Los An-
geles and Table 2 and Fig. S1 in the Supplement for all other
select cities). More importantly, the increasing pattern that
we see in Los Angeles (~ +7 %+ 1 % yr~!) relative to 2005 is
generally consistent with the increasing trend (~ 44 % yr~!)
after 2007 of a ground-based CO-to-NO, enhancement ra-
tio in Los Angeles as reported by Hassler et al. (2016). It
is a common understanding that modernization brings about
larger energy use coupled with higher economic productivity
but poorer environmental quality (i.e., increasing abundance
of pollutants). However, the changes in lifestyle concomi-
tant with human development result in a shift to fewer ac-
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tivities (including increased use of renewable energy), along
with more efficient and cleaner combustion and changes in
fuel types (coal to natural gas) (Mazur and Rosa, 1974). This
eventually leads to increases in relative sensitivities of CO
and SO to NO». Similar to previous studies suggesting emis-
sions of CO, SO;, and NO, and their ratios can be indica-
tors of modernization to some extent (Krotkov et al., 2006;
Russell et al., 2012; Luo et al., 2014; Hassler et al., 2016),
our finding on this progression in ACO/ANO; serves as
satellite-based evidence of a dominant shift in the cleanness
of bulk combustion in a more economically developed city
within a developing country like China.

Conversely, there is no clear difference in the observed en-
hancement ratios (ASO;/ANO;) and derived enhancements
of SO, due to combustion (ASO>¢omp) between cities. The
sensitivity of SO, to NO; relative to 2005 in Shenzhen does
not follow the increasing pattern in Los Angeles (Fig. 3b).
Unlike ACOc¢omb, ASO2comb in all four Chinese cities still
shows a decreasing trend relative to 2005 while ASO2¢omb
in Los Angeles shows an increasing pattern consistent with
its ACOcomb- There is a striking difference in absolute mag-
nitudes in SO, abundance between these cities (as has been
reported), reflecting large-scale differences in combustion
practice. Yet, the low SO, abundance in Los Angeles also
makes it difficult to detect possibly large SO, point sources
(Krotkov et al., 2016). Enhanced SO signal can still be de-
tected as the spatial first-order derivatives of SO, with NO,
at a megacity scale should not be largely (nonlinearly) in-
fluenced by its absolute magnitude. We find that there is a
tighter correspondence between SO, and NO, abundance in
Chinese cities than in US cities. This might suggest differ-
ences in fuel use as SO; is mainly produced within a megac-
ity from burning of sulfur-containing fossil fuel (mostly coal,
oil, and natural gas) and to a smaller extent from industrial
processes (e.g., smelting). Here, we postulate that the ab-
sence of an apparent shift in ASO,/ANO; across the four
Chinese cities is due to continuing heavier reliance of these
cities (and China) on coal burning relative to the United
States (Wang and Hao, 2012; Bhattacharya et al., 2015; Qi
et al., 2016; Yang et al., 2016; Sun et al., 2018; Zheng et
al., 2018). In terms of the sectoral share, the majority of
NO, emissions over the Los Angeles basin are from trans-
port according to a recent fuel-based inventory (Hassler et
al., 2016), whereas fossil fuel combustion (from power gen-
eration and industry) is the most dominant NO, source in
China (Sun et al., 2018). In terms of the energy share, it was
estimated that coal accounted for about 69 % and 23 % of
the total primary energy consumption in China and the US
in 2005, respectively. Actions including usage of low-sulfur
coals, installation of flue gas desulfurization (FGD) facili-
ties, and closing of small units have been taken to reduce
coal-related emissions in China. The aforementioned proce-
dure to reduce SO; in China is most likely to be the dominant
driving factor of the declining ASO,/ANO; (Li et al., 2018;
Zheng et al., 2018). While there are ongoing activities regu-
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lating coal-related emissions, coal consumption in China has
continued to increase in the past decade (Qi et al., 2016; Yang
et al., 2016). In terms of mass, it has increased by 70 % from
2005 to 2014 (Korsbakken et al., 2016). Conversely, the use
of coal in the US has been found to be slightly decreasing
along with previous adoption of SO control technologies
(Taylor et al., 2005). In addition, previous studies have re-
ported recent reduction in NO, emissions over China since
2011 based on satellite observations and emission inventories
(Liu et al., 2016; van der A. et al., 2017). The installation
of selective catalytic reduction (SCR) equipment at power
plants and new emissions standards for vehicles both con-
tribute to the NO, emission reduction (Liu et al., 2016; van
der A. et al., 2017; Wu et al., 2017). Conversely, based on
our analysis of decadal trends (2005-2014), only NO; over
Shenzhen decreased overall in the decade, while 10-year av-
erage changes in NO; over Shenyang, Beijing, and Shang-
hai were overall positive (Table 2). Intra-decadal changes as
reported in Liu et al. (2016) (from increasing to decreasing
NO, emissions around 2011) do not contradict the derived
10-year trend in this work, especially over Shenyang and
Beijing where NO, emissions were still rapidly increasing
during the first half of the decade (2005-2011). The changes
in SO, emissions and NO; emissions together contribute to
the trends of ASO,/ANO; that we found. Positive ANO;
and negative ASO» produce negative ASO/ANO; over the
three cities; while negative ASO, and negative ANO, (albeit
smaller in magnitude) still produce negative ASO,/ANO;
but of smaller magnitude over Shenzhen than ASO,/ANO;
over the other cities (Table 2). This indicates a stronger influ-
ence of the changes in SO, emissions (as reflected in ASO»)
in the decreasing trends of these ratios.

3.2 Inconsistencies with a priori estimates

The satellite-based ACO/ANO; patterns are inconsistent
with emission- and model-based ratios (Figs. 3 and S1, Ta-
ble 2). As previously introduced, estimates of the ratios
of emissions can be related to observed ratios of enhance-
ments when these observations are taken at or near the
source. In this case, we assume that a megacity is a big
smokestack emitting mostly combustion-related pollutants
(i.e., CO, NO,, and SO;) that can be observed from space
with MOPITT and OMI. In addition, NO, is considered to
be the dominant form of NO, that can be observed at this
scale. From a global atmospheric chemistry modeling (chem-
istry transport models, CTMs) perspective, the associated
abundance over megacities is represented as one to four dis-
crete vertical column(s) assuming spatial resolution of these
CTMs of 1 to 2°. While recognizing the associated month-to-
month variability in ACO/ANO, and expected differences
in how these ratios should be compared, the trends in emis-
sion ratios relative to 2005 of CO to NO, from bottom-
up emission inventories (EDGAR4.2 and RCPS.5) and top-
down emission estimates (CHASER; Miyazaki et al., 2017)
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do not appear to follow the progression (i.e., decreasing to
increasing ACO/ANO; relative to 2005 from Shenyang to
Shenzhen; Fig. 3). This is also true for the ratios of CO
to NO, abundance from CAM-Chem and CHASER CTMs,
which are mostly consistent (except in Los Angeles) with
the trends of their associated emission ratios (i.e., CAM-
Chem and CHASER emissions are based on the RCP8.5
and EDGARVv4.2 inventories, respectively). The a posteriori
emission ratios in Beijing from Miyazaki et al. (2017), which
uses CHASER-LETKEF to assimilate MOPITT CO and OMI
NO; retrievals among other retrievals, also appear to initially
follow the emission ratios from EDGAR. Furthermore, the
ratios of SO, to NO, emissions from RCPS8.5 follow the
trend of ASO,/ANO; in Chinese cities but tend to diverge
in Los Angeles, whereas the emission ratios from EDGAR
exhibit a lack of trend in China and Los Angeles. A closer
look at linear trends of the ratios for each sector in RCP8.5
(Fig. S2) reveals inconsistencies in the trends, which cannot
be addressed by simple scaling activity levels in bottom-up
inventories (Zheng et al., 2018). All these differences under-
score the need to reduce uncertainties in representing time-
varying emission activity and emission factors in CTM in-
puts. There is also a need to quantify errors in model physics
and dynamics in transforming emissions to abundance, as
well as in data assimilation and inverse methods in integrat-
ing observations into models including representativeness of
these retrievals. Here we highlight the need to improve not
only the accuracy but also the consistency of AQ predic-
tions across pollutants in megacities. Initial results from an
improved set of multi-species data assimilation runs using
CHASER-LETKEF show better agreement with the trends in
ACO/ANO; (Miyazaki et al., 2017). Such improvements
highlight an under-explored utility of available observational
constraints on the changes in emission ratios. We emphasize
here that while these differences are expected and have been
previously reported, our findings highlight the need to fo-
cus on improving model treatments of the dynamic nature of
emission factors in these megacities.

3.3 Combustion emission pathway for Chinese cities

We define the combustion emission pathway as a trajectory in
time of the overall changes in emissions due to combustion
with respect to socioeconomic development (e.g., Riahi et
al., 2011; Steinberger et al., 2012; Li et al., 2016; Marangoni
et al., 2017). In this section, we identify a common combus-
tion emission pathway across these four levels of develop-
ment and associate them with sectoral changes through in-
verse analysis. We will briefly describe the inverse analysis
of the ratios in Sect. 3.3.1, present our findings on combus-
tion emission pathway in Sect. 3.3.2, and elucidate the driv-
ing factors by means of time traces in sectoral emission ratios
in Sect. 3.3.3.
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3.3.1 Inverse analysis of the ratios

We conduct an inverse analysis of the ratios shown in Fig. 3
to further expound on these patterns, by associating them
with sectoral changes. Please see details of the matrix—vector
product and inversion methodology in Sect. 2.5 and Ap-
pendix B. The result of this inversion is a set of a posteri-
ori time series estimates of sectoral CO-to-NO, and SO;-to-
NO; ratios, such that the corresponding time series estimates
of the total CO-to-NO, and SO;-to-NO, ratios match the
decadal trends of ACO/ANO; and ASO,/ANO; inferred
from these satellite retrievals. Again, we note that we use the
STL-inferred decadal trend as the data to fit (not the monthly-
mean ratios or the linear trend in Fig. 3), as these are the most
appropriate data for analyzing long-term changes in emission
sectors.

3.3.2 Combustion emission pathway

The results of our inverse analysis are presented in Fig. 4.
This figure consists of five 2-D line plots of a posteriori
(solid) and a priori (dashed) time series of SO,-to-NO, emis-
sion ratios (ESO, /ENO, ) on the y axis versus corresponding
values of CO-to-NO, emission ratios (ECO,/ENO;) on the
x axis. The five plots correspond to the annual total (Fig. 4a)
and sectoral emission ratios (Fig. 4b to e) of each of the four
cities selected in Fig. 3. The time series, which is normal-
ized to 2005 values, starts at the origin (1.1) and ends at
the arrow tip of the line. Each 2-D plot also contains an in-
set showing the corresponding emission trajectory for Los
Angeles. Figure 4a is similar to Fig. 3 but plotted jointly
and with the a posteriori time series of emission ratios now
corresponding to the time series of enhancement ratios (i.e.,
STL-inferred decadal trend). We find that the progression in
combustion characteristics across these four cities is clearly
evident from this diagram and very consistent with the lin-
ear trends in Fig. 3. In Shenyang, both ESO,/ENO, and
ECO,/ENO, are decreasing relative to 2005 at a faster rate
(as represented by the length of the line) than in Beijing. Con-
versely, we see a clear shift in Shanghai and most notably in
Shenzhen to a slightly decreasing ESO,/ENO, and increas-
ing ECO,/ENOy, leading their emission trajectories toward
a different state of combustion cleanness. The combustion
emission ratios in Los Angeles (and other cities in US) are,
however, different than in Shanghai and Shenzhen. In partic-
ular, we find ESO,/ENO,. and ECO,/ENO; in Los Angeles
to be both linearly increasing relative to 2005 values. And
so, there is a progression of decreasing to increasing sensi-
tivities of CO and SO to NO, from Shenyang to Shenzhen
to Los Angeles (gray semicircular trace in Fig. 4a) relative
to 2005 that appears to be related to socioeconomic develop-
ment consistent with the current understanding of human de-
velopment pathways (Lamb et al., 2014). In this case, it may
be a consequence of air quality management practice and im-
proved efficiency in China (Sun et al., 2018; van der A et al.,
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Figure 4. Joint traces of the annual changes in a priori (dotted line) and a posteriori (solid line) estimates of ECO/ENO, (x axis) and
ESO,/ENOy (y axis) relative to 2005 for the four selected Chinese cities (Shenyang: green; Beijing: blue; Shanghai: orange; Shenzhen:
purple) representing four levels of urban development. These traces are presented as line arrows (with the origin at x = 1, y = 1 and endpoint
corresponding to the years 2005 and 2014, respectively) for total emission ratios (a) and four sectoral ratios (b—e). The other sector is the sum
of mostly residential and commercial areas along with agriculture and waste treatment and disposal. The inset for each panel represents the
associated traces for Los Angeles, which is added as basis for comparison. In each panel, the different quadrants (lower left, lower right, and
upper right) correspond to decreasing ECO/ENOy and ESO,/ENOy, increasing ECO/ENO, but decreasing ESO; /ENOy, and increasing
ECO/ENOy and ESO,/ENOy relative to 2005, respectively. The gray semicircular arrow in panel (a) represents our suggested common

combustion emission pathway for Chinese cities.

2017) and the US (Hassler et al., 2016; Russell et al., 2012).
Altogether, this leads us to suggest a common combustion
emission pathway for the megacities in mainland China, that
begins with a reduction in SO,, followed by CO, and con-
tinues with a reduction in NO, and potentially in volatile or-
ganic compounds (VOCs) later on. To illustrate, we still see
increases in NO, abundance in Shenyang although CO and
SO, are already decreasing, whereas in Shenzhen, we see
NO;, starting to decrease (at a faster rate) along with decreas-
ing CO and SO, abundance. The rate at which SO;, CO, and
NO, are decreasing is not at a level that is observed in Los
Angeles. And so, while the satellite data reveal a combustion
emission pathway in these Chinese megacities, these cities
have yet to reach conditions that are at par with megacities in
more developed cities in the US and Europe. It is worth not-
ing that the a priori estimates from RCP8.5 do not follow this
pathway, even for Los Angeles, suggesting inconsistencies
and necessary updates on temporal changes in emission fac-
tors, effectiveness in pollution control technologies, and/or
more information on fuel use mixtures in this emission in-
ventory. It also appears that the pathway represented in RCP
is similar to all cities and resembles the emission pathway for
Beijing more.

www.atmos-chem-phys.net/19/4269/2019/

3.3.3 Traces in sectoral emission ratios

Furthermore, the traces in sectoral emission ratios from
RCP8.5 all point to decreasing ratios relative to 2005 and are
primarily driven by the energy (transportation) sector, which
constitutes more than one-third of NO, emissions in Chinese
(US) cities (Fig. 4b to e). Our inversion results in slight ad-
justments in the Chinese energy emission pathway towards
little to no changes in CO-to-NO, emission ratios (Fig. 4b).
Adjustments from the transportation sector are also small in
terms of direction and slower in terms of its rate of change
relative to 2005 RCP values (Fig. 4c). This is certainly not
the case in Los Angeles where CO-to-NO, and SO;-to-NO,
ratios follow quite the opposite pathway of increasing ratios
from the energy sector and increasing CO to NO,, with no
change in SO, to NO, from the transportation sector. This is
expected in the United States because of cleaner fuel stan-
dards (Shindell et al., 2011; Zhang et al., 2012; Kheirbek
et al., 2014; Yang et al., 2016; Paulot et al., 2017). Signifi-
cant shifts on these ratios relative to 2005 are clearly evident
from the industry and other (i.e., agriculture, residential, and
waste) sectors in the cities in China (Fig. 4d and e). Shang-
hai and most notably Shenzhen show a shift to increasing
CO-to-NOj, ratio with a slightly decreasing SO;-to-NO, ra-
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tio that is not reflected in RCP8.5. The emission ratios from
industry and other (mostly residential) sectors need to be ad-
justed significantly in our inversion to match the shifts in ob-
served ACO/ANO; and ASO,/ANO; in these two cities.
As mentioned earlier, tertiary (service) industries including
export processing activities are more dominant in Shanghai
and Shenzhen than in Shenyang. The shift in recent years to
an increasing CO-to-NO, ratio reflects a larger rate of de-
crease in NO, levels than CO from the industrial and resi-
dential sectors of these cities. While a more detailed investi-
gation is warranted to narrowly identify the activities and/or
policies driving this shift (van der A et al., 2017), it is clear
that changes in combustion activity alone cannot account for
these shifts and that updates on emission factors for these
sectors in RCP8.5 are needed. We find that these findings are
robust across a suite of error assumptions in the inverse anal-
ysis. This update applies all the more to all sectors in RCP
emissions for Los Angeles. Again, this is well-supported by
studies like Hassler et al. (2016), where they reported an in-
creasing CO-to-NO, enhancement ratio after 2007 in Los
Angeles along with a 45 % decline of NO, emissions based
on their fuel-based inventory. This is in contrast to decreas-
ing RCP8.5-based MACCity emission ratios that they also
reported for Los Angeles. This increase in enhancement ra-
tios (similar to this work) is attributed to a combination of
factors such as the decrease in NO, from freight traffic ac-
tivity during the US recession and implementation of new
NO, emission control technologies and regulations to meet
Tier 2 emission standards on US light-duty vehicles. They
also noted that differences in the trends of ACO/ANO; are
still observed even between cities from developed countries
like the US and Europe, as these cities differ in terms of trans-
portation practices and lifestyles (e.g., increase in light-duty
diesel vehicles). It is also now conceivable that ACO/ANO;
can be further influenced by shifts in relative importance of
emission sectors (e.g., VOCs in petrochemical and pharma-
ceutical industries) as activity decreases with efficiency, pol-
lution is controlled, and lifestyle changes whenever cities
evolve (McDonald et al., 2018). A recent study (Jiang et al.,
2018) revealing an overestimation in the decrease in U.S.
EPA NO, emissions based on OMI NO; and MOPITT CO
retrievals with U.S. EPA ground station measurements of
NO; also suggests potential changes in “bulk” combustion
characteristics in urban regions of the United States. Along
with these studies, our results suggest that regional to global
emission inventories, which are used as input to predictive
models of atmospheric composition, have to reflect (a) the
evolution of air pollution for a given city (sectoral shifts) and
(b) the differences in combustion practices from city to city
in order to capture these observed magnitudes and variations
in enhancement ratios.
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Figure 5. Annual-mean enhancement ratios (in units of moles per
mole) of CO to NO, (a) and SO, to NO, (b) for all 36 provincial
capitals and cities (2005 to 2014) as a function of its corresponding
annual GDP per capita (in units of CNY per capita per year). The 12
select cities analyzed in this study are plotted in color, where each
color represents four increasing levels or classes of urban develop-
ment (e.g., Shenyang: Class 1; Beijing: Class 2; Shanghai: Class 3;
Shenzhen: Class 4). The rest of the 36 cities are plotted in gray. Su-
perimposed on panels (a) and (b) is a fitted curve (black dashed line)
based on the power-law relationship of the data, which is indicated
in the plot by its corresponding equation.
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Figure 6. Weekly (a) and seasonal (b) cycle of the satellite-based
enhancement ratios averaged for the 12 cities in China (red) and
for eight cities in the US (blue). The error bars stand for standard
deviation across cities.
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3.4 Socioeconomic dependence of urban enhancement
ratios in China

Here, we attempt to connect these emission pathways to
the larger pattern of economic growth across the 31 cap-
ital cities and five special cities in mainland China. We
find in particular a power-law relationship between the ob-
served annual-mean ACO/ANO, (and ASO,/ANO;) and
GDP per capita. This is not to derive an overall EKC for
China, as this in fact requires a very long record of envi-
ronmental quality, but specifically to investigate how eco-
nomic development shapes how clean the bulk combustion
in Chinese cities would be. These enhancement ratios com-
plement abundance and/or emissions of pollutants as tradi-
tional measures of air pollution. Unlike Figs. 3 and 4, our
focus is to illustrate the larger dependence of enhancement
ratios on GDP per capita. As discussed in the Methods sec-
tion, we relate the enhancement ratio of a megacity to the ra-
tio of the product of emission factor (EFspecies) and effective-
ness of control technology (1 — CEgpecies) for CO and NO,
species in the case of ACO/ANO; for example. We use a
robust least-squares regression with a least absolute residu-
als method to fit a curve of the form y = ax¥, where y is
ACO/ANO; or ASO,/ANO; and x is GDP per capita. Our
results are presented in Fig. 5Sa and b for ACO/ANO; and
ASO,/ANOg, respectively. The 12 cities considered in our
analysis of emission pathways are marked with colors cor-
responding to its level of urban development described in
the previous section. Note that the magnitudes of enhance-
ment ratios derived from this work are a factor of 10 higher
than ratios derived from ground-based networks. We attribute
this discrepancy to differences in air mass and volume, repre-
sentativeness, and vertical sensitivity between abundance re-
trieved as total or tropospheric columns and in situ and point
samples in units of mixing ratios. Nevertheless, we find a
strong power-law relationship with GDP per capita having k
coefficients (R> = 0.98) of negative two-thirds and negative
one-half for ACO/ANO; and ASO,/ANO,, respectively.
Likely, the coefficients in ASO,/ANO, will converge to that
in ACO/ANO; as changes in fuel type and SO, controls
should decrease SO, abundance. While each city is unique
and the evolution of air pollution may be different from city
to city, there is also a clear signature of urbanization at the
national level that reflects the influence of economic growth
on the cleanness of bulk combustion. Similar power-law re-
lationships (albeit different coefficients) have been reported
in studies of urban growth and development (Bechle et al.,
2011; Lamsal et al., 2013; Bettencourt, 2013), energy flows
(Creutzig et al., 2015), and carbon emissions (Fragkias et al.,
2013). Our results suggest that enhancement ratios scale with
GDP per capita, with lower GDP per capita like Shenyang
and other cities (gray dots) having higher enhancement ra-
tios, while Shenzhen and other cities (yellow dots) with the
highest GDP per capita in China are among the cities with
the lowest enhancement ratios. As we have shown in Fig. 4
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(and Table 2), the ratios in Shenzhen tend to increase with
time (and GDP) but this increase has its limits and appears
to be dwarfed by cities with the highest enhancement ratios.
We note, however, that identifying a mechanistic rationale
of these negative scaling coefficients is beyond the scope of
this work and hence is not proposed. A unified relationship
cannot also be established across countries as there are ob-
vious differences in socioeconomic and air pollution con-
ditions in China and the US that cannot be accounted for
(Fig. 6). Nevertheless, we suggest incorporating this obser-
vation along with estimates of emissions into future scaling
studies, especially as we move past RCPs and toward re-
cent developments in building more realistic emission sce-
narios that integrate socioeconomic and environmental de-
velopment pathways like the Shared Socioeconomic Path-
ways (SSPs; O’Neil et al., 2014).

4 Summary and implications

The main goal of this work is to provide observational evi-
dence from Earth-observing satellites of emission pathways
of combustion-related air pollutants, as a result of urban
growth in economically developing countries like China. A
new observational perspective on monitoring one of the ma-
jor consequences of urbanization is introduced, not to replace
existing observing capabilities but to further exploit the in-
formation that is already available. Following the pioneer-
ing work by Parrish et al. (2002), the sensitivities of inter-
mediate products of combustion can be derived from exist-
ing satellite retrievals of air quality (AQ) to inform changes
in bulk combustion characteristics (and consequently emis-
sions) of a megacity. This is especially relevant as the num-
ber of megacities continues to grow in the coming decades,
mostly at locations that lack sufficient AQ monitoring capa-
bilities. Enhancement ratios of CO to NO;, and SO, to NO,
over megacities in mainland China that are derived from MO-
PITT and OMI satellite instruments show a coherent long-
term progression in recent years of decreasing to increasing
ratios relative to 2005. This is well-correlated with economic
development. These trace a common emission pathway that
resembles the evolution of air pollution in more developed
cities in the United States, which is characterized by transi-
tions in energy use and subsequent implementation of pollu-
tion control and regulation. Although we find cleaner com-
bustion as cities in China develop consistent with their Five
Year Plans, this is presently obfuscated by increasing fuel
use, particularly its heavy reliance on coal. We propose the
use of these enhancement ratios derived from existing satel-
lite retrievals to complement existing surface AQ networks,
including carbon-related satellite observing systems, in fur-
ther constraining combustion efficiency and effectiveness of
control technologies and policies. Augmenting existing ca-
pabilities (Saeki and Patra, 2017) is particularly relevant, es-
pecially with the aid of big data informatics and machine
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learning as well as the advent of activities focusing specif-
ically on tracking fossil fuel emissions (like the CO, Human
Emissions project; https://www.che-project.eu, last access:
22 March 2019). While we recognize the current limitations
of these retrievals (e.g., collocation, sensitivity), our findings
appear to be robust across retrievals and methods and are sup-
ported by previous studies using these retrievals in a different
way (Krotkov et al., 2016; Jiang et al., 2018) or ground mea-
surements (Hassler et al., 2016). We strongly suggest that the
capability to monitor relatively long-term changes in atmo-
spheric composition has to be supported and continued with
complementary new satellite and field missions and deploy-
ments (Streets et al., 2013; National Academies of Sciences,
Engineering, and Medicine, 2016).

The relative importance of monitoring combustion effi-
ciency and effectiveness of pollution control increases as a
city and country continue to socioeconomically develop and
become sustainable. Despite past and present studies (Mazur
and Rosa, 1974; Lamb et al., 2014), it is only in the most re-
cent years that we have developed comprehensive and inte-
grated monitoring and prediction systems, which paved new
measures of air pollution and new developments in emission
scenarios like SSPs. For China, more detailed information on
energy use and improved emission inventories is increasingly
becoming available for assessment (Li et al., 2017; Zhong
et al., 2017). As we also recognize some of the challenges
to quantify socioeconomic variables such as the impact of
international trade on air pollution (Lin et al., 2014), eco-
nomic structural upgrading (Mi et al., 2017), greater utiliza-
tion of renewable energy, and even metrics of performance
(Ramaswami et al., 2013), from a physical science perspec-
tive, our results strongly support these new developments.
We find inconsistencies between the long-term spatiotem-
poral patterns of emission ratios from RCP8.5 and model
predictions of abundance ratios and the corresponding pat-
terns derived from observed enhancement ratios. Scientific
improvements in representing the evolution of air pollution
(Lewis, 2018) and emission pathways (Mitchell et al., 2018)
can be made by (1) considering observationally constrained
time-varying emission factors and (2) confronting emissions
and physical models with available data not only for their
accuracy, but also for their consistency in representing both
carbon and AQ-related combustion products.

Data availability. The raw data used in this study are available on-
line (links to satellite data and emission inventories can be found
in Table 1. Annual GDP and population are directly taken from
the China Statistical Yearbook compiled by the National Bureau of
Statistics of China (http://www.stats.gov.cn/english/Statisticaldata/
AnnualData/, National Bureau of Statistics of China, 2018)). Model
outputs and reanalysis data are available from the authors upon re-
quest.
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Appendix A: Combustion emission ratios and their
decomposition

In a combustion process using a hydrocarbon fuel, CO and
elemental carbon (e.g., soot or BC) are produced when com-
bustion is incomplete; otherwise carbon in the fuel is oxi-
dized to CO; (Eq. 1). In addition, NO and NO; are produced
from the oxidation of nitrogen from the fuel itself and from
decomposition of N3 in air at high temperatures (Flagan and
Seinfeld, 2012). Sulfur dioxide (SO») is also produced when
the fuel used in the combustion process contains sulfur (such
is the case for low-grade fuels).

Cx; Hyy O, Ny, Sys + 11 (1 +€) (O3 + 3.76N,)
— n2C0Oz +n3H0 + 1407 + 15Ny + ngCO
+n7NO + ngNOs +n9SO +n19C+... (A1)

Emissions of these intermediate products are typically ex-
pressed as

Ey = Z [As-EFy - (1—CEy )] = z [As-EEF: ], (A2)

N N

where E, is the total mass of emissions for species x, EFy ¢
is its associated emission factor for a specific source/sector
s, and Ay is the activity level of the source. CE, s corre-
sponds to effectiveness of control measure and EEF, ; =
EF, ;- (1 — CEX,S) is the effective emission factor. When we
take the ratio of emissions (Eq. 2) of co-emitted species x
and y,

A -EEF, ,
Ey _ ;[ s v.s] :Z(EEFN)( Ey s ) (A3)
E, [As - EEF, ] EEF, , ’
s

S Ey total

this ratio can be expressed as the sum of the products of
the ratio of effective emission factors (RY5',) and the frac-
tional contribution of emission sector f for species x (fx.s)

(Eq. A3).

Appendix B: Inverse analysis

We decomposed the a priori estimate of monthly emission
ratio of CO to NO, (and SO, to NO,) from RCPS8.5 as a
product of (a) the ratio of effective emission factors for each
of the four sectors, namely energy, industry, transport, and
others (nglfs), and (b) fractional contribution of NO; emis-
sions from each sector to the total NO, emissions ( fy s) for

all four sectors s (s1: energy; s2: industry; s3: transport; s4:
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others). In matrix—vector form, this can be expressed as

ECO/ENO,
ESO,/ENO;

REEF REEF REEF REEF
_ CO/NOy,s1 COP[NOX,SZ COP/NOX-% COI-[NO,HM
= EE EE! EE

EE
Rs6,NOL s RsoyNovs,  RsOyNOws; RSO, /NOL s

fNOx,sl
NOL.5 B1)
INO, 53
NO, 54

or
y = Hx. (B2)

We use a two-step Monte Carlo-based Bayesian inversion
method to estimate both H and x of the following cities:
Shenyang, Beijing, Shanghai, Shenzhen, and Los Ange-
les. We focus our analysis on the decadal trends of the
RCP8.5 CO-to-NO, and SO;-to-NO, emission ratios using
the decadal trends of ACO/ANO, and ASO;/ANO; as ob-
servational data (y). We use the decadal trend of enhance-
ment ratios of CO to NO, and SO; to NO; (derived using
STL), calculate their annual averages normalized to 2005
values, and then take these as our observational (fitting) data.
Our goal is to estimate H and x given y subject to the fol-
lowing constraints: (a) errors in H and x are 10 % and 25 %
of their values, (b) errors in y are 5 % of its value, (c) error
covariances of y and x are uncorrelated and diagonal (S,
Sa), and (d) the sum of x is unity. Since this is an under-
determined inverse problem, we apply prior information on
H and x using the RCP emissions (Hy, x,). We conduct our
inverse analysis in two steps: (1) estimate the most likely H
that results in estimates of x best fitting the decadal trend,
(2) estimate x using the new estimate of H. For Step 1, first,
we draw n = 10000 samples of H assuming its errors are
normally distributed, with mean as its prior and covariance as
the diagonal of its squared errors. Second, we use the maxi-
mum a posteriori (MAP) solution to the Bayesian problem to
estimate x for every sample, i.e.,

a e

-1 N
F=xo+ (HIST Ha+S7") HIS, (v —Haxo)$
_1
= (Hls;'H, +8;") (B3)

We draw a new sample if any of the elements in X are nega-
tive. Third, we take the mean of 100 H samples resulting in
the lowest root-mean-square errors relative to the data. We
use this mean as our new estimate of H (ﬁ). For Step 2, we
apply the same MAP solution using x, and H, = H to esti-
mate X and S. Similar to a Kalman filter, we cycle this pro-
cedure for each year starting from 2006 to 2014. We use the
new estimates of £, H, and S for a given year as priors for
the succeeding cycle with fixed inflation on the covariance
of 1.25 to minimize filter divergence. We note that the ad-
ditional constraints (positive X, sum of X is unity) minimize
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the indeterminacy of the problem. This is supported by post-
inverse analysis diagnostics (i.e., averaging kernels) showing
that elements of X are resolved by the trend data. Since H
is drawn based on Monte Carlo sampling, we do not have a
diagnostic for the relative contributions of the prior and the
data to H. We chose the mean across 100 H values result-
ing in estimates of Hx with the lowest RMSEs relative to the
data. The changes in H relative to H, can be explored in the
sectoral changes shown in Fig. 4. This is especially the case
for Shanghai and Shenzhen where the change in H is larger
than the change in x.
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