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ABSTRACT: The stringent emission controls during the APEC 2014 (the Asia-
Pacific Economic Cooperation Summit; November S—11, 2014) offer a unique [~ ~ A~ | Data em'ss'o
opportunity to quantify factors affecting fine particulate matter (PM, ) pollution E ; /;/ Assimilation § R
over North China. Here we apply a four-dimensional variational data assimilation [ ) =)= ‘ 2 A

system using the adjoint model of GEOS-Chem to address this issue. Hourly
surface measurements of PM,  and SO, for October 15-November 14, 2014 are ™

e GEOS-Chem
assimilated into the model to optimize daily aerosol primary and precursor Model and its Adjoint emissions
emissions over North China. Measured PM, § concentrations in Beijing average 50.3 4
ug m~> during APEC, 43% lower than the mean concentration (88.2 ug m™) for
the whole period including APEC. Model results attribute about half of the
reduction to meteorology due to active cold surge occurrences during APEC.
Assimilation of surface measurements largely reduces the model biases and
estimates 6%—30% lower aerosol emissions in the Beijing—Tianjin—Hebei region
during APEC than in late October. We further demonstrate that high PM, 5 events
in Beijing during this period can be occasionally contributed by natural mineral dust, but more events show large sensitivities to
inorganic aerosol sources, particularly emissions of ammonia (NH;) and nitrogen oxides (NO,) reflecting strong formation of
aerosol nitrate in the fall season.

1. INTRODUCTION (the Capital of China) and Tianjin surrounded by Hebei,
Rapid industrialization and urbanization in China has led to Shandong, and Shanxi provinces that are all heavily populated
rapid growth in emissions of air pollutants. The resulting severe and industrialized. Beijing is located on the northwest of the
air pollution has become one of the greatest environmental North China Plain, with the west, north, and northeast
concerns in China.' ™ In particular, the record-high haze events directions adjacent to the Yanshan Mountain." Annual averaged
occurring in January 2013 over eastern and northern China PM, 5 concentration in Beijing reached 89.5 yg m™ in 2013, far
have drawn worldwide attention on PM, ¢ (particulate matter exceeding the Chinese ambient air quality standard of 35 ug
with aerodynamic diameter less than or equal to 2.5 ym), the m™> for the annual PM, 5 concentration.'” In September 2013,
major air pollutant of haze.”™" Due to its fine size, PM, ; can be the Chinese State Council issued the “Action Plan on Air

inhaled deeply into the lungs, causing adverse effects on human
health including respiratory diseases and premature mortal-
ity.” ™ Tt also impacts the atmospheric visibility and climate
through scattering or absorbin% the solar radiation and acting as
cloud condensation nuclei.'"

Pollution Prevention and Control”, which set a strict target for
the BTH region with the PM, s concentrations to be reduced
25% by 2017 relative to 2012."* Achieving this target requires a
better understanding of the factors affecting PM, 5 air pollution

The North China Plain, particularly the Beijing—Tianjin— over the BTH region.
Hebei (BTH) region, is facing urgent need to control high
PM, ; air pollution. Figure S1 (Supporting Information) shows Received: June 15, 2016
the topography of the North China Plain and locations of the Accepted: July 19, 2016
major cities in the region. It includes the mega-cities of Beijing Published: July 19, 2016
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PM, 5 includes directly emitted primary aerosols as well as
secondary aerosols that are produced in the atmosphere
through chemistry of precursor gases. A number of studies
have examined the sources contributing to the PM,; air
pollution over the North China Plain using trajectory
clustering,”'* measurement-based receptor models such as
positive matrix factorization,”* and sensitivity simulations with
a chemical transport model.”'® However, considerable
discrepancies exist in current estimates of the source
contributions, including the relative importance of local
production versus regional transport,”'® and contributions
from different emission sectors.”'” These methods generally fail
to fully consider the nonlinear chemistry of aerosol formation
and transport processes, or ignore uncertainties in the model
simulations such as those owning to uncertainties in the
emissions used in the model. In this study, we will apply a four-
dimensional variational (4D-Var) data assimilation system
using the GEOS-Chem chemical transport model and its
adjoint model to overcome these limitations.

Chemical transport models are valuable tools for investigat-
ing air pollution, and evaluation using in situ measurements is
an important and routine component of their application.
Somewhat less routine, and more challenging, is evaluation of
the source-receptor relationships in such models. Such
relationships are critical for informing air quality decision-
making, but routine monitoring alone is insufficient to verify
them. Fortunately, there are occasionally unique opportunities
to test model estimates of how air pollution responds to
emission changes. These include several cases offered by the
temporary emission control measures enforced by the Chinese
government to ensure good air quality for major events, e.g,,
the Sino-African Summit in early November 2006,'”'® the
Beijing 2008 Summer Olympic Games.'”™>* More recently,
Beijing held the Asia-Pacific Economic Cooperation (APEC)
Summit on November 5—11, 2014. Stringent emission control
measures were applied in Beijing and its surrounding regions
during November 3—12, 2014 to improve air quality, in
particular to reduce the PM, air pollution. These measures
included the suspension of production by factories, cutting the
number of on-road vehicles by half in Beijing and neighboring
provinces, assigning holidays for public-sector employees,
among other measures.””** The resulting air quality in Beijing
showed notable improvements during the APEC week, which is
called the “APEC blue”. Quantifying the effectiveness of
emission controls on PM, 5 air pollution in this period will be of
great value for future policy making.

Here we use a nested-grid version of the GEOS-Chem global
chemical transport model (CTM) and its adjoint model' >
with horizontal resolution of 1/4° X 5/16° (~25 km) to
interpret the surface PM,; measurements from the China
National Environmental Monitoring Center (CNEMC) during
October 15—November 14, 2014 (before and during APEC).
The CNEMC started to release real-time hourly concentrations
of SO,, NO,, CO, ozone (0y), PM,, and PM,; in 74 major
Chinese cities in January 2013, which further increased to 189
cities in 2014. We assimilate the surface hourly PM, ¢ and SO,
measurements into the GEOS-Chem model to optimize the
aerosol primary and precursor emissions at daily time scale.
This provides a top-down constraint on the magnitude of
emission changes. Model sensitivity simulations are used to
differentiate the impacts of emission reductions and meteorol-
ogy on the PM,; concentrations. We further examine the
sensitivity of PM, 5 concentration in Beijing to the optimized
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emissions for an improved understanding of the sources
contributing to Beijing’s PM, 5 in fall.

2. METHODOLOGY

2.1. GEOS-Chem Forward Model. We update and apply a
4D-Var data assimilation system using the GEOS-Chem
chemical transport model (CTM) and its adjoint model. The
GEOS-Chem CTM (http://geos—chem.org) is driven by
GEOS-FP assimilated meteorological data from the NASA
Global Modeling and Assimilation Office (GMAO). The
GEOS-FP data are available with a temporal resolution of 3 h
(1 h for surface variables and mixing depths) and a horizontal
resolution of 1/4° X 5/16°. We use a nested-grid version of
GEOS-Chem>®?” with the native 1/4° X 5/16° horizontal
resolution over the East Asia (70°E-140°E, 15°N-55°N) and 2°
X 2.5° over the rest of the world.

The model includes a detailed tropospheric ozone-NO,-
hydrocarbon-aerosol chemistry as described by Park et al.”* and
Mao et al.”” Aerosol and gas-phase chemistry are coupled
through heterogeneous aerosol chemistry parametrized as
reactive uptake coefficients,” aerosol effects on photolysis
rates,”’ and gas-aerosol partitioning of total NH; and HNO,
calculated with the RPMARES thermodynamic equilibrium
model.”> Model simulated PM,; includes aerosol sulfate,
nitrate, ammonium, black carbon (BC), organic carbon
(OC), and fine dust. BC and OC are emitted in hydrophobic
forms, and converted to hydrophilic forms subject to wet
deposition with an e-folding time of 1 day.””** Mineral dust in
the model is distributed in four-size bins (radii 0.1—1.0, 1.0—
1.8, 1.8—3.0, and 3.0—6.0 um) with the natural mineral dust
emissions computed online using the mobilization scheme
described by Fairlie et al.”> Wet deposition of aerosols follows
the scheme of Liu et al,,*® and dry deposition is calculated with
a standard resistance-in-series model as described by Wesely®”
for gases and Zhang et al.*® for aerosols.

Global anthropogenic and natural emissions in the model
follow our previous studies on the U.S. background ozone and
nitrogen deposition.39’40 For anthropogenic emissions over
China, we use the Multiresolution Emission Inventory of China
for the year 2010 (MEIC; http://www.meicmodel.org)
developed by Tsinghua University*"** except for NH,
emissions that are from the REAS-v2 inventory® but with an
improved seasonal variability as described in Zhao et al.**
Following Zhu et al.” the NH; emissions from fertilizer use
and livestock are increased by 90% in the daytime and reduced
by 90% at night to account for the diurnal variability. The
anthropogenic primary PM, s emissions described by Lei et al.**
are implemented as the fine dust in the model."> This
anthropogenic primary PM,; is mainly fine dust emitted
together with BC and OC from combustion activities, and it
does not include fugitive dust. Figure S2 shows the spatial
distribution of anthropogenic emissions of NO,, SO,, NHj,
black carbon (BC), organic carbon (OC), and fine dust in
October over the North China Plain. With the fine horizontal
resolution of 1/4° X 5/16° (~25 km), the model better
resolves the heterogeneous emission patterns. High emission
rates of those pollutants generally correspond to the locations
of the cities, except for NH; emissions which are mainly from
agricultural activities.

Formation of secondary organic aerosols (SOA) as simulated
by the GEOS-Chem model is found to be severely under-
estimated in China likely due to missing precursor emissions or
formation pathways.*® Further developments to the SOA
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simulation in GEOS-Chem to include SOA from semivolatile
and intermediate volatile organic compounds®” lead to lower
global SOA burdens, and have not been extensively evaluated in
China. Thus, we do not simulate SOA in the model for this
study; instead, we include an estimate of SOA mass in the
model’s total PM,; using measured SOA/POA (primary
organic aerosols) ratios. Submicron aerosol (PM;) measure-
ments conducted by Sun et al.*® in the north of Beijing during
October 15—Noevember 13, 2014 showed that SOA account
for 17%—23% of the surface PM; concentrations with SOA/
POA ratios ranging 1.28—2.0 before APEC and 0.52—0.61
during APEC. Concurrent aerosol measurements reported by
Zhang et al** found similar SOA mass contributions with
SOA/POA ratios of 1.56 before APEC and 1.0 during APEC.
Here we estimate SOA by scaling simulated OC with the
measured mean SOA/POA ratios from the two studies (1.57
before APEC for all model simulations and 0.71 during APEC
in the optimized simulation). While we acknowledge that large
uncertainties exist in the estimated SOA concentration by
ignoring the SOA sources and chemical processes which are
highly dependent on atmospheric conditions, this approach
provides a relatively unbiased estimate of total PM,  for our
adjoint analysis and thus mitigates the impact of neglecting
SOA on the source attribution for the other aerosol
components presented here. As our understanding of SOA
matures, future studies may better quantify the impact of SO,
and NO, emissions on catalyzing SOA formation;*” at
present, estimates of the contributions of these species to PM, ¢
may instead be considered a lower bound.

Previous studies have also shown that the GEOS-Chem
model tends to overestimate surface concentrations of aerosol
nitrate most likely due to high biases in simulated HNO,
concentrations.””> "> Here we follow Heald et al.”' by lowering
the simulated HNOj; concentrations by 25% in the model to
correct the nitrate bias. While overestimates of NO, emissions
in the model could also cause the high nitrate bias, comparisons
of simulated versus measured tropospheric NO, columns
during this period (as will be discussed in Figure S3) indicate
the NO, emissions are reasonable.

2.2. Data Assimilation Based on the Adjoint Model.
The adjoint of GEOS-Chem, first developed by Henze et al,*
includes components of transport, gas-phase chemistry, and
heterogeneous chemistry to fully represent the aerosol
simulation.”>* Tt has been tested and applied in a number of
studies to quantify aerosol sensitivities and to improve aerosol
emission estimates.”>*>**™>° Our previous work has extended
the GEOS-Chem adjoint to the fine 1/4° X 5/16° horizontal
resolution and applied it to quantify the sources of wintertime
PM, 5 over the North China Plain."

We use the GEOS-Chem adjoint model to provide a
framework of data assimilation combining measurements and
the model to optimize the aerosol emissions. The forward
model can mathematically viewed as a numerical operator F:
V.1 = FE(y, x), where y, is the vector of all tracer
concentrations at time step n, and x is the vector of model
variables to be optimized, such as emissions. This optimization
is accomplished by minimizing the cost function (J), given by
the following:

J&) = (Fx) -y, )'s. "(Fx —y,) + x—x)

Sa_l(x - xa) (1)
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Here y,;, is the vector of measurements, x, is the vector of a
priori emissions, and S, and S, are the error covariance matrices
of the a priori and the observation system, respectively.

We use the CNEMC surface measurements of PM, and
SO, (http://113.108.142.147:20035/emcpublish/) at 46 cities
in North China, which includes 13 cities in the BTH region
(Figure S1). Each city has several monitoring sites; here we
have averaged them to each city for representing a regional
condition and for comparison with the model. We do not use
the NO, measurements at those sites in this study because they
are monitored by the chemiluminescence analyzer equipped
with a molybdenum converter that can overestimate NO,
concentrations by more than 50% due to interferences from
other nitrogen species.56

For each day of October 15—November 14, 2014, we
conduct a separate inversion by assimilating the hourly
CNEMC surface measurements of PM, and SO, for that
day into the model to optimize the mean anthropogenic aerosol
emissions averaged over a S-day period backward (the vector x
in eq 1) to account for the lifetime of surface PM, . The
anthropogenic aerosol emissions include both primary (BC,
OC, fine dust) and precursor species (SO,, NO,, NH;) as
described above (Figure S2). We do not optimize natural
mineral dust emissions because the source regions mainly
locate in the western China, beyond our focused domain
(Figure S1). A forward sensitivity simulation with natural
mineral dust emissions turned off shows that there is one strong
dust event impacting North China during this period (on
October 17—18 as will be discussed below) and contributions
of natural dust to PM, 5 in Beijing are less than 1 ug m™> during
APEC.

For the emission optimization, we assume the a priori error
covariance (S,) to be uncorrelated, and the uncertainties to be
100% for NH; emissions and 50% for the other species,
reflecting the uncertainties in their bottom-up estimates as well
as the relative emission changes due to the control
measures.””*' The observational error covariance (S,,,)
represents the sum of the measurement error, the representa-
tion error, and the forward model error.”” We follow the
relative residual error (RRE) method”” and estimate the
variance of the observational error based on the statistics of
differences between measurements and model results with the a
priori emissions. The observational errors are estimated to be
22—85 pug m~* for PM,  and 16—96 g m™> for SO, among the
measurement sites.

The adjoint model of GEOS-Chem calculates the gradient of
the cost function (V,J) numerically. This gradient calculation is
then used iteratively to minimize the cost function ] with the
quasi-Newton L-BFGS-B optimization routine.”® The optimi-
zation is considered to have converged when the cost function
decreases by less than 1% in consecutive iterations. It typically
takes 10—12 iterations to converge, with values of the
converged cost function reduced by 25—40%.

2.3. Calculation of Adjoint Sensitivity of PM,; to
emissions. The adjoint model is also used to calculate the
sensitivities of PM, concentrations in Beijing to aerosol
emissions at the model 1/4° X 5/16° resolution, using the
emissions constrained from the 4D-Var data assimilations. The
adjoint method provides a computationally efficient way to
calculate the sensitivity of model variables (e.g, daily mean
PM, s concentration at a model grid cell denoted as H) to all
model parameters (e.g, emissions denoted as x). Briefly, we
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Figure 1. Time series of measured vs GEOS-Chem simulated hourly surface PM, s (left panels) and SO, (right panels) concentrations at three cities:
Beijing, Tianjin, and Shijiazhuang (see Figure 2 for their locations) during October 15-November 14, 2014. The shaded area represents the APEC
time period (November S—11). Measurements (dots and black lines) are compared with model results with prior emissions (blue lines) and with
optimized emissions (red lines). Also shown is a sensitivity simulation with anthropogenic emissions over the Beijing—Tianjin—Hebei (BTH) region
reduced by 30% in the APEC period (purple lines). Numbers inset are mean concentrations averaged over the time period and during APEC.
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Figure 2. Surface mass concentrations of PM,; averaged over 2 weeks: November 5—11 (the APEC week) and October 22—28, 2014.
Measurements from CNEMC (circles) are overplotted over model simulations with the prior (left column) and optimized emissions (right column).
The observation versus model correlation coefficient (r) and root-mean-square error (RMSE) are shown inset.
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Figure 3. Comparison of measured (black) and GEOS-FP (red) hourly 10-m temperature, relative humidity (RH), 10-m wind speed and direction
(top four panels) over the surface of Beijing during October 15—November 14, 2014. The shaded area denotes the APEC time period. Arrows in the
first panel indicate the cold surges identified by rapid decreases in temperature and RH. Mean values for the whole period and for APEC (in
parentheses) are shown inset. The bottom two panels show the GEOS-FP sea-level pressure with winds at 850 hPa overplotted averaged over this

period (left) and the APEC week (right).
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define the adjoint sensitivity variables as 20 = (X)
representing the sensitivity of H to model emissions, and

T

/1;,)= (gy—H) representing its sensitivity to the initial
0

conditions. The adjoint model computes the variables

simultaneously backward in time following:

T
- OF
An 1: o )X An
’ (ay(y”‘l )] ' @
n—1 __ a_F T n n
/1x - (ax (Yn_l; X)) /1y + lx (3)

OF T OF T
Here (;(yﬂ_l, x)) and (;(yﬂ_l, x)) are the transpose of

the model Jacobian matrices with respect to y, and x.

3. RESULTS AND DISCUSSION

3.1. Measurements and Model Simulations in the
APEC Period. Figures 1 and 2 show the measured and model
simulated PM, 5 and SO, concentrations over the North China
Plain. Figure 1 shows time series of hourly PM,; and SO,
concentrations at three cities (Beijing, Tianjin, and Shijiaz-
huang) in the BTH region during the period of October 15—
November 14, 2014, and Figure 2 compares the spatial
distribution of PM, 5 concentrations averaged for two one-week
time periods: November 5—11, 2014 (APEC) and October
22-28, 2014. The spatial distribution of SO, concentrations is
shown in Figure S3. Measured PM, s concentrations in Beijing
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averaged 88.2 g m™ for this whole time period and were 43%
lower (50.3 ug m™*) during the APEC week. Similar reductions
of PM, 5 were shown at Tianjin and Shijiazhuang cities during
APEC. As shown in Figure 2, comparing with averaged PM, g
concentrations in late October, the reductions during APEC
primarily occurred over the BTH region. Li et al.”* also found
that VOC concentrations over Beijing were reduced by 44%
during APEC relative to the time periods before and after
APEC.

The model simulations with the prior emissions and with the
optimized emissions after assimilating the measurements are
also shown in Figures 1 and 2. The prior model results simulate
81.9 ug m™ for the whole period and 60.4 ug m~> for APEC in
Beijing. This simulated lower value during APEC explains about
56% (21.5 pug m™>) of the observed reduction, reflecting
differences due to meteorology as will be discussed in the next
section. The prior model results generally overestimate the
measured PM,; concentrations during APEC, but under-
estimate their values averaged over the whole period.
Assimilating the measurements into the model largely reduces
the model biases. As we can see for Beijing, the model biases for
PM, 5 are reduced by 65% (from —6.3 to —2.2 ug m™>) in the
whole period and by 32% (from +10.1 to +6.9 ug m™) in
APEC. The optimized model results also show improved
agreement with the measurements over the North China
domain with higher correlation coeflicients and lower root-
mean-square errors (Figures 2 and S3).

The prior model overestimates SO, measurements over
Beijing and Tianjin by a factor of 2—3, while comparisons at
other cities over the North China Plain show smaller model
positive biases (Figure 1 and Figure S3). There might be several
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Figure 4. Correction factors in the optimized anthropogenic emissions of fine dust, NO,, and SO, relative to the prior emissions (Figure S2)
averaged for November 5—11 (the APEC week) and October 22—28, 2014. Values in parentheses represent the total emission changes integrated
over the BTH region. The gray circles in the top-left panel denote the locations of monitoring cities.

reasons causing the large model high biases at the two
megacities. First, the model uses the MEIC anthropogenic
emissions for the year 2010. SO, emissions in China have
shown a decreasing trend in recent years mainly due to
installation of flue gas desulfurization (FGD) systems at coal-
fired power plants.””* The trend is the largest over the North
China Plain with SO, emissions in this region decreased by
more than 20% within 2005—2010. Second, the monitoring
sites in the two megacities may not well represent a larger
spatial area covered by the model horizontal resolution. Wang
et al®' conducted ground-based MAX-DOAS measurements of
SO, at a rural station near Beijing in 2010—2013. They
reported monthly mean surface SO, concentrations in the
range of 40—82 ug m™> (15-30 ppbv) in October and
November, comparable to our model results of 35.9 g m™ in
Beijing. The model may also miss some chemical mechanisms
or oxidants that oxidize SO, to sulfate®” that requires further
observational and modeling studies to identify.

Bottom-up estimates suggest that during the APEC period
anthropogenic emissions are reduced by more than 40% in
Beijing and by 30% in surrounding regions.’® This is evident by
satellite observations of tropospheric NO, columns that
commonly used to constrain surface NO, emissions. Huang
et al® analyzed the OMI NO, column measurements and
found that NO, column concentrations over Beijing and
southern Hebei were 36% lower during APEC than those
before APEC. Figure S4 shows OMI measured NO, tropo-
spheric columns averaged over two time windows before
(October 16-31, 2014) and during APEC (November 5—11,
2014), comparing to both prior and optimized GEOS-Chem
model results applied with OMI averaging kernels. The OMI
versus model discrepancies are distinctly different for the two
periods. The simulated NO, tropospheric columns over the
BTH region show on average a negative bias of —12% for
October 16—31 but a positive bias of 9% for the APEC week,
indicating NO, emission reductions during APEC. Model
results with the optimized emissions show reduced model
biases providing an independent evaluation of the inversion.

3.2. Meteorological Variations and Emission Reduc-
tions. Assessing the impact of emission reductions on the
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PM, ¢ concentrations can be complicated by the variability of
meteorological conditions. A prominent feature in Figure 1 is
that PM, s concentrations over the BTH cities show periods of
about 7 days with PM, 5 slowly accumulating in the first several
days followed by a rapid decrease. This is determined by the
episodic incursion of cold midlatitude air (“cold surges”)
associated with the East Asian winter monsoon.”>*® The cold
surges are linked to the southeastward expansion of the
Siberian high, and are most frequent in spring and fall. Figure
SS illustrates the passage of a cold surge and its influences on
the surface PM, g concentrations over the North China Plain
during November 4—7, 2014. On November 4, the daily mean
PM, 5 concentration in Beijing reached 124 yg m™ when the
dominant surface winds over the BTH region were southwest.
The winds switched to northwesterly over the next 2 days with
the arrival of a cold surge and rapidly ventilated the pollution
over this region. The daily mean PM, 5 concentration in Beijing
decreased to 13 ug m™> on November 6.

We show in Figure 3 measured and GEOS-FP data for
temperature, relative humidity, wind speed and direction in
Beijing during October 15—November 14, 2014. The
meteorological measurements were obtained from the National
Climatic Data Center (NCDC) of the National Oceanic and
Atmospheric Administration (NOAA) (http://gis.ncdc.noaa.
gov/map/viewer/). The GEOS-FP meteorological data for all
four variables are in good agreement with the measurements
with only small biases and correlation coefficients greater than
0.9. We follow Liu et al.°® and simply define the occurrence of a
cold surge as a rapid increase in surface pressure associated with
decreases in surface temperature and relative humidity. As
shown in Figure 3, about S cold surges can be identified in the
time period. In particular, two cold surges occurred during the
APEC period on November S and November 11, respectively.
It leads to notable differences in the meteorological variables
between the APEC period and the other weeks (p-values
<0.01), such as observed higher wind speed in APEC (3.0 m
s™' vs 2.6 m s™' averaged for the whole period). This is also
seen from the bottom two panels of Figure 3 by comparing the
sea-level pressure and wind at 850 hPa averaged over the whole
period and the APEC week, with higher sea-level pressure
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Figure S. Sensitivity of surface daily PM, 5 concentrations in Beijing to the optimized aerosol primary and precursor (NH;, SO,, NO,, BC, OC, and
dust) emissions as computed by the GEOS-Chem adjoint model for three pollution events: October 18 (top panels), October 25 (central panels),
and November 10, 2014 (bottom panels). Sensitivity to OC emissions are separated to primary (P) and secondary (S) OC based on measured
POA/SOA ratios as described in the text. The left panels show the sensitivities integrated over time and chemical species at the model 1/4° X 5/16°
grid resolution. The right panels show the time-dependent sensitivities (going backward in time and integrating over every 3 h) to emissions of
different chemical species integrated over the model domain. The dashed and solid lines show cumulated percentage contributions from emissions in

the Beijing municipality and in the BTH region, respectively.

associated with stronger northwest wind in APEC due to the
more active cold surges. We have shown above (Figure 1) that
model results with prior emissions (fixed in time) simulate
about 56% (21.5 ug m™>) of the observed PM, s reduction in
Beijing during APEC, which differentiates the impact of
meteorology on air pollution.

Assimilation of the surface measurements into the model
provides a top-down estimation of the emissions-driven
changes in air pollutants with the different meteorological
conditions fully considered. Figure 4 shows the correction
factors in the optimized emissions relative to the prior
emissions for anthropogenic fine dust, NO,, and SO, over
the North China Plain, and compares the inversion results
averaged for November S—11 (APEC) and October 22-28,
2014. Optimized anthropogenic emissions over the BTH
region show on average 21% decreases for fine dust and 4%
for NO,, in the APEC week. In contrast, emissions in the week
of 22—28 October require 9% increases for fine dust and 15%
increases for NO,; both are significantly higher (p-values
<0.05) than those in APEC. Emission reductions for
anthropogenic emissions of NH;, BC, and OC follow similar
patterns (Figure S6). The emission control measures were
effective in Beijing (33% NO, emission reductions), and
particularly in Shijiazhuang city of the southern Hebei province
(about 80% for fine dust, and 35% for NO,). For SO,, the
optimized emissions show large decreases relative to the prior
emissions in the BTH region, but minor emission changes
between the two time periods (36% vs 35%) as optimization of
the SO, emissions is dominated by the high SO, biases as
discussed above.

Our top-down estimates of emission changes (8%—33%
reduction among different species in Beijing and 6%—30% over
BTH) before and during APEC are similar to yet lower than
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the bottom-up estimates by Liu et al.®> (more than 40% in
Beijing and 30% in surround provinces), reflecting the
effectiveness of joint regional emission controls for mitigating
PM, s pollution over Beijing. The differences can be attributed
to uncertainties in both the bottom-up approach such as the
actual implementation of emission control measures and the
top-down approach such as measurement limits and model
errors. In Figure 1, we also show model results from a
sensitivity simulation with all anthropogenic emissions over
BTH reduced by 30% during APEC. This decrease simulated
PM, ¢ concentrations by 10.6—23.7 ug m™> over the BTH cities,
roughly correcting the prior model high bias in Beijing during
the period.

3.3. Regional Influence and Transport Time. We now
quantify the sources contributing to the PM, 5 concentrations in
Beijing using the adjoint sensitivity computed with the
optimized emissions. Different from source apportionment
methods such as backward trajectories’ and emissions-label-
ing,"” the adjoint sensitivity estimates the consequences of
emission perturbations around the current model state. Figure
5 shows the sensitivities of daily mean surface PM,
concentrations in Beijing (the grid cell covering the center of
Beijing: 39.9°N, 116.3°E) for three pollution days of October
18, October 25, and November 10 in the year 2014. The left
panels show the geographical distribution of the sensitivities
integrated over all aerosol primary and precursor emissions at
each model grid cell. The right panels show the time-dependent
sensitivities (going backward for 120 h) to different aerosol
emissions integrated over the model domain, representing the
accumulating and transport time of PM, 5 sources.

As shown in Figure 5, high PM, on October 18 in Beijing
with a simulated daily mean of 128 ug m™ was mainly
influenced by dust emissions that account for 71.9% of the total
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adjoint sensitivity. These mostly originated from the Gobi
Desert in southwestern Mongolia and the Badain Jaran Desert
in northern China, and traveled through Inner Mongolia for
about 48—72 h before arriving at Beijing. This pattern has been
identified as a major transport pathway of dust pollution events
in Beijing that are frequently observed in spring and fall.”*®
There was also a smaller dust plume arriving at Beijing this day
originating from the deserts in the western China 4 days ago.
Emissions of other species were responsible for the remaining
28.1% of the sensitivity (NH;: 5.9%, SO,: 3.0%, NO,: 4.1%,
BC: 2.3%, and OC: 12.8% with 7.8% attributed to SOA), and
they were mainly from Beijing local (Beijing municipality) and
Hebei province.

The adjoint sensitivities for the two other pollution days:
October 25 (248 pg m™>) and November 10 (89 ug m™>) show
significant contributions from secondary inorganic aerosols.
The sensitivities to SO,, NO,, and NH; emissions account for
nearly half of the total adjoint sensitivities. NH; emissions
contribute 17.5% and 18.5% of the total sensitivities for the two
cases, and NO, emissions contribute 15.0% and 14.2%.
Contributions from fine dust and OC (including both primary
and secondary) sources are also important, with percentage
values of 25.8% and 27.6% for fine dust, and 25.0% and 24.6%
for OC. The adjoint sensitivities persist backward not only for
the pollution day but also in the previous 2 days, reflecting
significant accumulation and transport of PM, 5 to Beijing in the
3-day period. For the October 25 case, Beijing local sources
emitted during that day only account for 27% of the total
adjoint sensitivity, while sources from Tianjin and Hebei
account for 47% and take 6—72 h to arrive at Beijing. Adjoint
sensitivities for November 10 have a higher local contribution
(39%), and also show strong regional transport influences from
the southern Hebei and other sources spreading over the North
China Plain.

The high model sensitivity to NH; and NO, emissions is
associated with the nitrate formation in fall and winter. The
colder temperature and weaker tropospheric oxidation
capability favors formation of aerosol nitrate. Wang et al.”’
found that nitrate concentrations could be more sensitive to
NH; emissions than NO, emissions in wintertime of the North
China Plain when nitrate formation was limited by NH,
emissions. This is the condition here that there are sufficient
NO, emissions but relatively low NH; emissions in fall. High
nitrate concentrations were also observed in Beijing during this
period,”*** e.g, Zhang et al** reported mean aerosol
concentrations of 13.6 ug m™> for nitrate, 9.8 pg m™> for
sulfate and 6.8 ug m™ for ammonium in Beijing during
October 17-November 12, 2015. Our model results well
capture the mean concentrations for nitrate (14.5 ug m™),
sulfate (9.5 ug m™>), and ammonium (7.6 ug m™>). Although
NO, and its oxidation product HNO; have relatively short
lifetimes and do not transport a long distance, by reacting with
NHj; and forming aerosol ammonium nitrate that has a longer
lifetime, their regional influences are increased.

While this study used model simulations with assimilated
surface measurements of PM,; and SO,, such data is still
limited with regards to aerosol composition to quantify
contributions from different primary and precursor sources.
Future developments will target assimilation of more measure-
ments into the model to provide additional constrains on the
sources of primary and secondary aerosols, such as measure-
ments of aerosol composition, satellite observations of NO,,
and aerosol optical depths (AOD). We have also shown here
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that assimilation of atmospheric composition measurements
using the adjoint model can largely improve the model
simulation, which can be valuable for near-real-time data
analyses and air quality forecasts.
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