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Adjoint method
Synoptic weather patterns

source sectors, the adjoint method attributes the daily BC concentrations during typical severe haze events (in
winter heating season) in Beijing largely to residential emissions (48.1-62.0%), followed by transportation

(16.8-25.9%) and industry (19.1-29.5%) sectors. In terms of regionally aggregated source influences, local emis-
sions in Beijing (59.6-79.5%) predominate the daily surface BC concentrations, while contributions of emissions
from Beijing, Hebei, and outside BTH regions are comparable to the daily BC concentrations at the top of PBL
(~200-400 m). Our adjoint analyses would provide a scientific support for joint regional and targeted control pol-
icies on effectively mitigating the particulate pollutions when the dominant synoptic weather patterns are

predicted.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

China has been frequently suffering from severe particulate pollu-
tions during recent years, particularly in the Beijing-Tianjin-Hebei
(BTH) region with the rapid industrialization and urbanization (Li
etal, 2019; L. T. Wang et al., 2014; Y. Wang et al., 2014). Although the
frequency of severe haze days (observed daily mean surface fine partic-
ulate matter PM, 5 concentrations larger than 150 pg m—>) has been de-
creasing because of the Chinese Air Pollution Prevention and Control
Action Plan released in 2013, observed daily surface PM, 5 concentra-
tions in BTH can still reach 500 pg m > due to large anthropogenic emis-
sions (e.g., S. X. Wang et al., 2014) and unfavorable meteorological
conditions (e.g., Li et al., 2018; Li et al., 2019). Understanding sources
of particulate pollution is thus essential for emission control strategies
and air quality planning in China.

Black carbon (BC), as an important PM, s component, has consider-
able impacts on air quality and human health (e.g., Anenberg et al.,
2011; Smith et al,, 2009). Because of its strong absorption of solar radi-
ation, BC acts as the third largest contributor to climate change
(e.g., IPCC, 2013; Ramanathan and Carmichael, 2008). It has been pro-
posed that BC reduction may immediately slow down the global
warming and simultaneously improve air quality and public health
(Anenberg et al,, 2012; Bond et al.,, 2013; Shindell et al., 2012). The ob-
served annual mean BC concentrations in BTH are more than 5 pg m >
(Chen et al., 2016; X. Y. Zhang et al., 2012) and daily BC concentrations
in severe particulate pollution episodes can exceed 30 ug m™> (e.g., Jin
et al,, 2014; Wu et al., 2016). Previous studies have shown that BC en-
hances the occurrences of severe haze pollution events through the
“dome effect” (Ding et al., 2016). The existence of BC induces heating
in the upper planetary boundary layer (PBL) and resulting decreases
surface heat flux and substantially depresses the development of PBL
(Ding et al., 2016; Liao and Liao, 2014; Wendisch et al.,2008). BCis a pri-
marily emitted species and thus a good tracer to understand the sources
and formation mechanisms leading to severe particulate pollutions.

Previous modeling studies on BC source attribution in China are
mainly based on back-trajectory receptor models (e.g., Lu et al., 2012;
Y. Wang et al., 2017; Zhang et al.,, 2013; X. Zhang et al,, 2015; Zheng
et al., 2019), tagged tracer/region method (e.g., Chen et al., 2015; J. Li
et al., 2016; Wang et al., 2015; Yang et al., 2017), or sensitivity simula-
tions with perturbed emissions using a chemical transport model
(CTM) (e.g., K. Li et al., 2016; L. T. Wang et al., 2014). Back-trajectory
method can generally reliably attribute sources on continental scales
as model integration error enlarges with modeling time increased (D.
Liu et al., 2015). Tagged tracer and sensitivity simulations are computa-
tionally limited in the numbers of emission sectors and source regions
and thus require unaffordable computational time. The adjoint model
offers a computationally efficient method to attribute sources of chem-
ical species at the spatial and temporal resolutions of the CTM (Henze
et al.,, 2007, 2009). A single run of the adjoint model can compute the
sensitivity of aerosol concentrations at a receptor site (or an average
over a region) and time (or an average over a time period) to global
emissions at the CTM resolution (Qi et al,, 2017; L. Zhang et al,, 2015).

A number of studies have shown that certain types of large-scale
synoptic patterns would easily cause the formation and maintaining of

severe particulate pollutions in BTH (Li et al., 2019; Miao et al., 2017;
J. P. Zhang et al., 2012; Y. Zhang et al., 2016). To our knowledge, few
studies have systematically examined BC source attribution in BTH dur-
ing different types of severe haze events classified by the associated syn-
optic weather patterns. Here we apply the GEOS-Chem model and its
adjoint to interpret the BC sources in BTH during the typical types of se-
vere haze events. We classify the typical severe haze events based on as-
sociated synoptic weather patterns using principal component analysis
(Li et al, 2019; Miao et al.,, 2017; J. P. Zhang et al., 2012). The adjoint
method then attributes the daily BC concentrations at the surface and
at the top of the PBL in BTH during typical severe haze events to emis-
sions from different source sectors and from local versus regional trans-
port at the model spatial and temporal resolutions. Targeted emission
control measures thus can be implemented when the dominant synop-
tic weather patterns are predicted.

2. Methods
2.1. GEOS-Chem and its adjoint

The GEOS-Chem global 3-D CTM is driven by assimilated meteorol-
ogy from the Goddard Earth Observing System (GEOS) of the NASA
Global Modeling and Assimilation Office (GMAO) (Bey et al., 2001).
Here we use GEOS-Chem version 8-02-01 and its adjoint model version
35 (available at http://geos-chem.org) driven by the GEOS-FP assimi-
lated data with a temporal resolution of 3 h (1 h for surface variables
and mixing depths) and a horizontal resolution of 0.25° x 0.3125°.
This fine resolution may better represent the heterogeneity in topogra-
phy and emissions over BTH and improve the model simulations of
urban air pollution discussed in the present study (L. Zhang et al.,
2015, 2016). Following our previous BC modeling studies (Mao et al.,
2015, 2016, 2017), we conduct ‘offline’ simulations of carbonaceous
aerosols for computational expediency during October 2012-2017 at
both 2° x 2.5° (globally) and 0.25° x 0.3125° (nested over Eastern
Asia, 60°-150°W longitudes, —11°-55°N latitudes) horizontal resolu-
tions. The first three months are used for initialization. The detailed
model parameterizations for BC simulation are discussed by Mao et al.
(2016).

The global monthly anthropogenic emissions of BC are from the
Hemispheric Transport of Air Pollution (HTAP, http://edgar.jrc.ec.
europa.eu/htap_v2/index.php? SECURE = 123, Janssens-Maenhout
et al,, 2015) for 2010. We update the monthly anthropogenic BC emis-
sions in China with the Multi-Resolution Emission Inventory (MEIC,
Zheng et al., 2018) of China at 0.5° x 0.667° horizontal resolution. BC
emissions of MEIC are available for 2013-2017 and includes four an-
thropogenic emission sectors (residential, industry, transportation,
and power plant). We summarize the annual emission inventories of
BCin China in Table 1, which shows that residential, industry, and trans-
portation are three major emission sectors in China, accounting for
48.2-52.2%, 25.5-34.8%, and 16.9-24.4% of annual total anthropogenic
BC emissions, respectively. The contributions from power plant are
less than 3% in different emission inventories. For MEIC emission inven-
tory, the emissions from power plant in China only account for less than
0.1% of the total anthropogenic emissions. Under the strict emission
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Table 1
Summary of annual BC emission inventories in China (Gg C yr~"). Values in the parentheses (%) are the relative contributions from individual emission sectors to total BC emissions.
Reference Year Industry Residential Transportation Power plant Biomass burning Total
This work 2013 608 (34.8) 841 (48.2) 294 (16.9) 2(0.1) 59 (3.3) 1804
MEIC 2014 523 (32.7) 791 (49.5) 284 (17.7) 1(0.1) 85(5.0) 1684
GFEDv4 2015 424 (29.3) 748 (51.5) 277 (19.1) 1(0.1) 76 (5.0) 1526
2016 348 (26.5) 686 (52.2) 278 (21.2) 1(0.1) 53 (3.9) 1366
2017 319 (25.5) 626 (50.0) 306 (24.4) 1(0.1) 57 (4.3) 1309
HTAP 2010 550 (31.8) 893 (51.6) 270 (15.6) 18 (1.0) N.A. 1731
Luet al. (2011) 2010 501 (27.1) 936 (50.6) 283 (15.3) 21(1.1) 109 (5.9) 1850
2008 510 (28.6) 888 (49.7) 259 (14.5) 19(1.1) 110(6.1) 1786
Qin and Xie (2012) 2009 735 (39.1) 777 (41.3) 241 (12.8) 11 (0.6) 117 (6.2) 1881
Wang et al. (2012) 2007 646 (33.1) 988 (50.7) 188 (9.6) 51(2.6) 78 (4.0) 1951
Zhang et al. (2009) 2006 575 (31.8) 1002 (55.3) 198 (10.9) 36 (2.0) N.A. 1811

reduction measures, the annual BC emissions in China from MEIC de-
crease from 1.74 Tg C in 2013 to 1.25 Tg C in 2017. The decreasing
trend in anthropogenic BC emissions is largely due to the decreasing
emissions in residential and industrial sectors. Compared with previous
anthropogenic BC emission inventories in China in Table 1, emissions
from the residential and industry sectors decrease significantly in
MEIC while those from transportation sector increase. The BTH is one
of the highest BC emission regions in China, accounting for ~15% of the
China's annual total BC emissions (Fig. S1). The anthropogenic BC emis-
sions in BTH are mainly from residential (41.9%), industry (37.0%), and
transportation (21.0%) emission sectors in MEIC averaged for
2013-2017. The contributions from power plant in BTH are less than
0.1% in MEIC. The annual total anthropogenic BC emissions in the BTH
region decrease by 39% from 2013 to 2017 (Fig. 1). The corresponding
industry and residential emissions of BC in BTH decrease by 54.3% and
40.8%, respectively, while emissions from transportation sector show a
slight increase by 1.3%.

Biomass burning emissions of BC are taken from the Global Fire
Emissions Database version 4 (GFEDv4; van der Werf et al., 2017)
with a monthly temporal resolution. The annual biomass burning emis-
sions of BC are 53.0-84.6 Gg C in China and 1.8-2.1 Gg C in BTH for
2013-2017, accounting for 3.3-5.0% of total BC emissions in China and
~1.0% in BTH (Figs. 1 and S1). Previous studies (Fu et al.,, 2012; M. Liu
et al., 2015; Yin et al., 2019) have pointed out that biomass burning
emissions retrieved from satellite burnt area data, such as GFED, are sig-
nificantly underestimated the seasonal agriculture waste burning in
northern China, especially in early summer.

We use the GEOS-Chem adjoint model to attribute BC sources in
BTH. The GEOS-Chem adjoint model has been validated and applied in
source attribution of chemical species and emission optimization in a
number of studies (e.g., Kopacz et al., 2011; Mao et al., 2015; Qi et al.,
2017; L. Zhang et al., 2015, 2016). The adjoint model provides a compu-
tationally efficient approach to calculate the sensitivity of aerosol con-
centrations (e.g. BC concentrations at a given site) to global emissions
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Fig. 1. Annual BC emissions (Gg C yr~!) in Multi-Resolution Emission Inventory (MEIC)
from four anthropogenic emission sectors (residential, industry, transportation, and
power plant) and in Global Fire Emissions Database version 4 (GFEDv4) in Beijing—
Tianjin-Hebei for 2013-2017.

at the spatial and temporal resolutions of the model (e. g. BC emissions
at 0.25° x 0.3125° horizontal resolution and hourly temporal resolu-
tion) simultaneously backwards in time. The detailed introduction of
GEOS-Chem adjoint model are discussed by Henze et al. (2007, 2009)
and L. Zhang et al. (2015).

2.2. Observations

Previous validations have shown that the GEOS-Chem model can
reasonably capture the decadal, interannual, and seasonal variations of
BC concentrations in China (Fu et al., 2012; K. Li et al., 2016; Mao
et al., 2016). We further evaluate the ability of GEOS-Chem model to
simulate the day-to-day variations of BC concentrations in BTH by
using ground-based measurements of daily BC concentrations at two
urban stations: Beijing Weather Modification Office (BWMO, 39.94°N,
116.28°E, 30 m) for 2013-2014 and for August 2016-2017 and Peking
University (PKU, 39.99°N, 116.31°E, 55 m) for August-December 2017
(Chang et al., submitted), and also at one rural site Xianghe (XH,
39.80°N, 116.96°E, 35 m) in Hebei province for February 2013-March
2015 (Ran et al., 2016). The locations of the sites are shown in Fig. S2.
Aerosol absorption coefficients are measured every 5 min at 880 (532)
nm at BWMO and XH (PKU) stations by Magee Aethalometer, based
on the changes in optical attenuation before and after the atmospheric
aerosol collected. BC mass concentrations are then directly converted
from aerosol absorption coefficients using the mass absorption cross
section of 16.6 (8.28) m? g~ ! at BWMO and XH (PKU) stations and
corrected for the loading effect.

PM, 5 concentrations used in this study (shown in Fig. S2) are mea-
sured based on the micro-oscillating balance method and the 3 absorp-
tion method by Ministry of Ecology and Environment of China
(available from: http://106.37.208.233:20035/), which have been
widely investigated to understand the particulate pollution in China
(Song et al,, 2017; J. D. Wang et al,, 2017; Y. G. Wang et al., 2014;
Zhang and Cao, 2015). There are 78 sites in the BTH region with hourly
measurements of surface PM, 5 concentrations, which are available
from April 2013. The daily mean surface PM; 5 concentration at each
site is calculated only when more than 20 h of valid observations are
available during that day.

2.3. Classification of synoptic weather patterns for severe haze events

The obliquely rotated principal component analysis in the T-mode
(T-PCA, Huth, 2000) has been proved to be a reliable classification
method to investigate the synoptic weather patterns for the haze events
in China (Lietal., 2019; Miao et al.,,2017; Xuet al., 2016; J. P. Zhang et al.,
2012). The principle of T-PCA is to calculate eigenvectors of the input
data by singular value decomposition for classifying typical patterns
(Miao et al., 2017). We use in the present study the cost733 software
package (http://cost733.met.no) of T-PCA to classify the prevailing cir-
culation patterns during the severe haze events in BTH for April
2013-2017. The input data are sea level pressure and geopotential
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height at the 500 hPa and 850 hPa levels in eastern Asia (20-70°N,
70-130°E) with a horizontal resolution of 0.25° x 0.25° and a temporal
resolution of 6 h obtained from the European Centre for Medium-Range
Weather Forecasts, ERA5 datasets (ECMWEF, https://cds.climate.
copernicus.eu/cdsapp#!/search?type=dataset).

3. Simulated BC and model evaluation

We have systematically evaluated the performance of GEOS-Chem
model in BC simulations in China (K. Li et al., 2016; Mao et al., 2016).
Simulated BC concentrations in China are likely underestimated be-
cause of coarse resolution of the CTM and the biased low anthropogenic
emissions (e.g., Bond et al., 2013; Fu et al.,, 2012; Mao et al., 2016). In
Fig. 2, we further evaluate the ability of the GEOS-Chem model to cap-
ture the daily variations of BC in BTH. To compare with observations,
model results are sampled at the corresponding locations of the stations
and the periods when the measurements are available. The correlation
coefficients between observed and simulated daily BC concentrations
are 0.58 at BWMO for 2013-2014 and for August 2016-2017, 0.61 at
PKU for August-December 2017, and 0.40 at XH for February 2013-
March 2015. Compared to observations, GEOS-Chem simulated BC con-
centrations are biased low by —1% at PKU, —23.3% at BWMO, and
—26.9% at XH. The bias in the present model results is smaller than
the low biases from previous GEOS-Chem studies, i.e., Fu et al. (2012),
K. Li et al. (2016), and Mao et al. (2016). The fine resolution model
and latest emission inventory used in the present study likely improve
the model versus observation comparisons.

Fig. 3 shows the scatter plots of simulated and observed daily BC
concentrations at three stations for each season. Model performance is
further evaluated by the seasonal correlation coefficients between
model results and observations. The seasonal correlation coefficients
are within the range of 0.30-0.59 at BWMO, 0.52-0.72 at PKU and
0.36-0.51 at BWMO. Model performance is best in December-
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Fig. 2. Observed (black) and simulated (red) daily surface BC concentrations (ug m—>) at
(a) Beijing Weather Modification Office station for 2013-2014 and for August 2016-2017,
(b) Peking University station for August-December 2017, and (c) Xianghe station for
February 2013-March 2015. Also shown are the correlation coefficients (r) between
observed and simulated BC concentrations. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

January-February (DJF) with correlation coefficients ranging from 0.51
to 0.72 and is worst in June-July-August (JJA) with the correlation coef-
ficients from 0.30 to 0.52. All the correlation coefficients are statistically
significant with 95% confidence from a two-tailed Student's t-test. The
better model performance at the two rural sites in DJF when anthropo-
genic emissions dominated implies that the MEIC anthropogenic emis-
sions prescribed in the model appear to be acceptable. The poor
correlations in JJA thus can be partially attributed to the biomass burn-
ing emissions of BC being underestimated in the model, especially in
rural regions. The severely underestimated agricultural waste burning
in GFEDv4 in early summer is likely a large seasonal source in northern
China (M. Liu et al.,, 2015; Yin et al., 2019).

4. Dominant synoptic weather patterns of severe haze events in BTH

The severe haze days are defined in the present study as observed
daily mean surface PM, 5 concentrations larger than 150 pg m > follow-
ing the previous studies (Cai et al., 2017; Li et al., 2019). For classifica-
tion of typical circulation patterns, we examine 167 large-scale severe
haze events when more than 6 cities in BTH (13 cities in total) experi-
enced severe particulate pollution from April 2013 to 2017. The fre-
quencies of the severe haze days (Fig. 4) are 62.3% in DJF, 26.3% in
September-October-November (SON), and 10.8% in March-April-May
(MAM). We use T-PCA classification method to categorize the corre-
sponding synoptic weather patterns of the 167 severe haze days to
four dominant types for the region. Types WSH_W (weak Siberian
High in the west), SH_N (Siberian High in the north), and SSH_NW
(strong Siberian High in the northwest) are the dominant synoptic
weather patterns in BTH, accounting 46.1%, 22.8%, and 23.9% of the se-
vere haze days, respectively. Type LP_W (low pressure system in the
west of BTH) is only responsible for 7.2%.

Fig. 5 shows the sea level pressure and 10 m wind field, as well as the
geopotential height and corresponding wind field at 850 hPa and
500 hPa levels for the four typical large-scale synoptic patterns. In
type WSH_W, the dominant seasons for the severe haze days are DJF
(49.4%) and SON (40.3%). The Siberian High is weak and high pressure
centers on Xinjiang autonomous region. Eastern China is controlled by
the uniform pressure and thus weak pressure gradients and relatively
weak winds, which are favorable for the accumulation of haze pollu-
tions. In type SH_N, the frequency of the severe haze days is highest in
DJF (89.5%). The central pressure of the relatively strong Siberian High
is about 1056 hPa. The cold high locates over Mongolia, moves east-
ward, and passes through northern China. Eastern China is located in
the southern part of this cold high. In type SSH_NW, 80.0% of severe
haze days occur in DJF. The cold high originates in Siberia and moves to-
ward southeast. The Siberian High is stronger than that in SH_N, with a
central pressure of 1064 hPa extends to northeastern China. SON ac-
counts for 66.7% of the severe haze days in type LP_W. The Siberian
cold high is extremely weak and has few influences on eastern China.
Eastern China is influenced by a weak high centered over the Sea of
Japan and a low pressure centered over Mongolia, which lead to south-
erlies in BTH.

In WSH_W, SH_N, and SSH_NW three dominant circulation types,
severe haze events are most frequent in DJF and BTH is controlled by rel-
atively week winds, mostly westerlies, southerlies, and sometimes east-
erlies, which are not conducive to pollution diffusion in the region and
might easily lead to the high aerosol concentrations. The simulated
daily surface BC concentrations in Beijing are 8.3 ug m—> in WSH_W,
7.5ug m~> in SH_N, and 8.9 pg m~> in SSH_NW, respectively, averaged
for each type of large-scale severe haze events in DJF. The corresponding
values in SON are 5.8, 3.6, and 6.5 ug m >, respectively. Those values in
severe haze events are much higher than the seasonal mean of simu-
lated daily surface BC concentrations in Beijing, which are only
5.0 ug m—> DJF and 3.5 ug m—> in SON.

All four circulation types show some similar patterns at 850 and
500 hPa, consistent with those reported by Li et al. (2019), which
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favor the formation and maintenance of severe haze pollutions. An an-
ticyclone located over the East China Sea at 850 hPa (Fig. 5b) leads to
the southerlies in eastern China; a weak East Asia trough at 500 hPa
(Fig. 5¢) induces the relatively weak meridional winds and westerlies
prevailing in northern China.

According to the T-PCA classification results, we select typical severe
haze days for source attribution based on the following two criterions:
(1) the synoptic weather pattern remains the same type for more
than four consecutive days previous to each selected day; (2) measure-
ments are available in the selected days and the differences between the
observed and simulated daily surface BC concentrations are within +
20%. Three typical severe haze days are thus selected for source analysis
hereinafter: November 26, 2014 (WSH_W), December 16,2013 (SH_N),
and February 15, 2014 (SSH_NW). Fig. S3 compares the sea level pres-
sure and 10 m wind field from ERAS5 for identifying prevailing synoptic
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Fig. 4. Seasonal frequency (%) of four types of severe haze days in Beijing-Tianjin-Hebei
for April 2013-2017. Four types of synoptic weather patterns are WSH_W (weak
Siberian High in the west), SH_N (Siberian High in the north), SSH_NW (strong Siberian
High in the northwest), and LP_W (low pressure system in the west of BTH).

types and from GEOS-FP for driving GEOS-Chem model. For each se-
lected severe haze event, the circulation patterns in the two reanalysis
data show the similar meteorological characteristics, which are also
generally consistent with the corresponding type of averaged synoptic
patterns shown in Fig. 5a.

5. Sources of BC in typical severe particulate events

Fig. 6 shows the contributions from four anthropogenic emission
sectors (residential, transportation, industry, and power plant) and bio-
mass burning emissions to daily surface BC concentrations in Beijing
(the grid cell covering the center of Beijing: 39.99°N, 116.31°E, open
star in Fig. S2) on three typical severe haze events, November 26,
2014 (WSH_W), December 16, 2013 (SH_N), and February 15, 2014
(SSH_NW). The contributions are integrated backward for one week
from the severe haze days as computed by the GEOS-Chem adjoint
model at 0.25° x 0.3125° horizontal resolution and hourly temporal res-
olution. The total values summed up over the model domain (Fig. 6 left
panel) approximate (differences within +10%) the daily surface BC con-
centrations from forward model simulations in Beijing on the severe
haze days. Daily contributions from local and regional influences and
from different emission sectors are shown in Fig. 7. We further summa-
rize in Table 2 the relative contributions integrated backward for one
week to daily BC concentrations in Beijing on the severe haze days.
Fig. S4 shows the BC emissions (Gg C) in MEIC and in GFEDv4 for the
month when each selected haze event occurs.

In terms of regionally aggregated source influences (Fig. 7 left
panel), local emissions in Beijing predominate (by 59.6-79.5%) the
daily surface BC concentrations on three severe haze days. Emissions
in Hebei and Tianjin provinces account for 12.7-24.2% and 1.8-5.1%, re-
spectively. The geographical distribution of adjoint sensitivity indicates
pollution transport from regions outside BTH (Fig. 6). The sources over
Shanxin and northwestern of Shandong provinces contribute about
9.9% in type WSH_W. In type SH_N, sources outside BTH only contribute
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Fig. 5. Synoptic weather patterns for severe haze days in Beijing-Tianjin-Hebei for April 2013-2017. (a) sea level pressure (SLP, hPa) and wind field (m s~') at 10 m, (b) geopotential
height (GH, m) and wind field at 850 hPa, and (c) geopotential height and wind field at 500 hPa. Four types of synoptic weather patterns are WSH_W (weak Siberian High in the
west), SH_N (Siberian High in the north), SSH_.NW (strong Siberian High in the northwest), and LP_W (low pressure system in the west of BTH).

4.1% of daily surface BC concentrations, mainly in Shandong and Inner
Mongolia provinces. Sources in four provinces around BTH (Shandong,
Henan, Shanxin, and Inner Mongolia provinces) account for 13.7% in
type SSH_NW. The geographical distribution pattern of source contribu-
tion to daily BC concentrations for each severe haze event is consistent
with the corresponding 10 m wind field in BTH shown in Fig. S3. Our re-
sults are generally consistent with those from L. Zhang et al. (2015),
which used the GEOS-Chem model (at 0.25° x 0.3125° horizontal reso-
lution) and its adjoint and MEIC emissions for year 2010 to attribute the
surface PM, 5 over northern China to sources from different source

sectors and source regions for January of 2013-2015. The estimated sur-
face PM, 5 concentrations in Beijing during January 2013-2015 were
largely impacted by local emissions (52.8%), and considerably influ-
enced by sources in Hebei (26.1%) and Tianjin (6.7%) provinces and
sources transported further away (14%).

By emissions sectors (Fig. 7 right panel), residential sources
(48.1-58.9%) are the major emission sector contributing to daily surface
BC concentrations in Beijing during severe haze days, followed by emis-
sions from transportation sector (20.8-25.9%) and industry
(19.1-25.9%). For local sources in Beijing, transportation sector accounts
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Fig. 6. Contributions to daily surface BC concentrations (ug m~2) in Beijing on three typical severe haze days from four anthropogenic emission sectors (residential, industry,
transportation, and power plant) and biomass burning emissions, computed by the GEOS-Chem adjoint model integrated over (a) November 10-16, 2014 (type WSH_W, weak
Siberian High in the west), (b) December 10-16, 2013 (type SH_N, Siberian High in the north), and (c) February 9-15, 2014 (type SSH_NW, strong Siberian High in the northwest).

for 15.7-20.0% of daily surface BC concentrations on severe haze days,
and is thus more important than local industry sources (9.4-13.5%).
For sources of regions outside Beijing, the contributions from industry
emissions (5.6-17.8%) are larger than those from transportation sector
(2.2-5.9%). The contributions from power plant are less than 0.1% of
daily surface BC concentrations on severe haze days in Beijing.

The uncertainties exist in source attribution of BC concentrations
during the severe haze events, partially due to the discrepancies be-
tween GEOS-Chem simulated and observed BC concentrations. Other
possible reasons include large uncertainties in both anthropogenic and

biomass burning emissions and also changes of emissions in different
seasons and in different years. During the winter heating season (No-
vember-March) in BTH, residential emissions account for 56.2% of
total anthropogenic emissions averaged for 2013-2017, and thus be-
come the dominant contributor to the daily surface BC concentrations
in the three selected severe haze events. For non-heating season
(April-October), monthly averaged residential emissions are only
27.7% of those in heating season and 25.3% of total anthropogenic emis-
sions. The sources from industry and transportation sectors in non-
heating season are 48.0% and 26.7% of total anthropogenic emissions.
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Fig. 7. Time-dependent daily contributions to daily surface BC concentrations (ug m~3, going backward for one week and integrating over every 3 h) in Beijing: (left) from Beijing, Tianjin,
and Hebei three provinces and the regions outside Beijing-Tianjin-Hebei; (right) from four anthropogenic emission sectors and biomass burning emissions integrated over the model
domain. Results are computed by the GEOS-Chem adjoint model for three typical severe haze events: (a) November 16, 2014 (type WSH_W, weak Siberian High in the west),
(b) December 16, 2013 (type SH_N, Siberian High in the north), and (c) February 15, 2014 (type SSH_NW, strong Siberian High in the northwest).

It is therefore inferred that the contribution from industry, residential,
and transportation sectors would be comparable to daily BC concentra-
tions during severe haze events in non-heating season (early autumn
and late spring). For severe haze events during more recent years, the
contribution from residential sector to BC concentrations is likely
smaller than those during the selected haze events in 2013 and 2014,
as the significant reduction of residential emissions in MEIC from 2013
to 2017.

Table 2

Our previous study by K. Li et al. (2016) used sensitivity simulations
to quantify the contributions from different source sectors to surface BC
in China for 2010 by the GEOS-Chem model at 0.5° x 0.667° horizontal
resolution and with HTAP emissions. Compared with the results from K.
Lietal. (2016) and L. Zhang et al. (2015), the contributions from trans-
portation sector are much larger in the present study while those from
residential and industry sources are smaller, largely because of the
higher emissions in transportation sector in MEIC but lower in

Relative contributions (%) to daily BC concentrations at the surface and at the top of the planetary boundary layer in Beijing on three typical severe haze days from three anthropogenic
emission sectors and from local and regional influences, computed by the GEOS-Chem adjoint model integrated over November 20-26, 2014 (type WSH_W, weak Siberian High in the
west), December 10-16,2013 (type SH_N, Siberian High in the north), and February 9-15, 2014 (type SSH_NW, strong Siberian High in the northwest). Relative contributions from power
plant and biomass burning emissions are less than 0.1% and 0.2%, respectively, and thus not included.

WSH_W SH_N SSH_NW
2014/11/26 2013/12/16 2014/02/15
Surface High Surface High Surface High
Beijing Total 64.1 422 79.5 61.9 59.6 359
Residential 309 211 46.2 38.1 345 215
Transportation 20.0 124 19.6 135 15.7 8.7
Industry 13.1 8.7 13.5 10.1 9.4 5.7
Tianjin Total 1.8 1.9 3.7 53 5.1 7.7
Residential 0.9 1.0 24 33 33 5.0
Transportation 0.3 0.3 0.4 0.5 0.6 0.9
Industry 0.6 0.6 1.0 14 1.2 1.8
Hebei Total 242 39.1 12.7 23.7 21.5 334
Residential 11.7 18.8 7.9 15.2 13.6 21.0
Transportation 43 6.9 14 2.6 2.8 44
Industry 8.2 134 34 5.9 5.1 8.1
Outside Beijing-Tianjin-Hebei Total 9.9 16.7 4.1 9.2 13.7 23.0
Residential 45 7.7 24 5.5 7.3 123
Transportation 14 2.3 0.4 0.9 1.7 29
Industry 4.0 6.8 1.2 2.8 4.7 7.9
Total Residential 48.1 48.6 58.9 62.0 58.7 59.7
Transportation 259 21.8 21.8 17.5 20.8 16.8
Industry 25.9 29.5 19.1 20.2 20.4 235
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residential and industry during recent five years. With an increased
ratio of the transportation sector in the total anthropogenic emissions,
the contributions from transportation sector to BC concentrations likely
keep growing.

Biomass burning emissions account for less than 0.2% of daily surface
BC concentrations during three severe haze events, as biomass burning
emissions are only 0.2% of total BC emissions in heating season in BTH.
In early summer, biomass burning emissions account for up to 4.1% of
total BC emissions in the region and thus become a larger contributor
to BC concentrations. Our estimates of the contribution of biomass burn-
ing emissions are likely underestimated due to severely missing agricul-
tural waste burning in GFEDv4 in northern China (M. Liu et al., 2015; Yin
etal, 2019). Our previous study by K. Li et al. (2016) used biomass burn-
ing emissions from Lu et al. (2011) and also showed that biomass burn-
ing emissions largely from agricultural waste burning may account for
9% of surface BC concentrations in the North China Plain in the SON har-
vest season for 2010.

Daily surface BC concentrations during haze events are most sensi-
tive to sources from the pollution days and their previous 2 days. The
source accumulations in the 3-day periods account for 95.2% of daily
BC concentrations on November 26, 2014 (WSH_W), 99.3% on Decem-
ber 16, 2013 (SH_N), and 93.9% on February 15, 2014 (SSH_NW). Sur-
face BC is most sensitive to local sources in Beijing within 2 days prior
to reaching the receptor site. The Tianjin and Hebei emissions take
about 0-3 days of transport to impact the surface BC in Beijing on the
haze days. Contribution maxima appear on the pollution days for local
sources in Beijing and on the previous one day for emissions in Tianjin
and Hebei. Emissions outside BTH transport 0-5 days before arriving
at Beijing.

Previous studies have shown that BC in the upper PBL favors the for-
mation of the inversion layer and depresses the PBL development, and
thus increases the occurrences and durations of severe haze pollutions
(Ding et al., 2016; Liao and Liao, 2014; Wendisch et al., 2008). We
thus further analyze the daily contributions from four anthropogenic
emission sectors and from local and regional influences (Fig. 8) to
daily BC concentrations at the top of the PBL in Beijing during three typ-
ical severe haze days. The daily averaged PBL heights are about
200-400 m in the three severe haze days. The relative contributions

integrated backward for one week are summarized in Table 2. For emis-
sion sectors (Fig. 8 right panel), residential sources (48.6-62.0%) again
are the major contributor to daily BC concentrations at the top of the
PBL in Beijing during severe haze days, followed by emissions from
transportation sector (16.8-21.8%) and industry (20.2-29.5%).

By regions (Fig. 8 left panel), local emissions in Beijing (35.9-61.9%)
and emissions in Hebei (23.7-39.1%) are the predominate sources to the
daily BC concentrations at the top of the PBL on the severe haze days,
followed by sources outside BTH (9.2-23.0%) and in Tianjin
(1.9-7.7%). Local emissions in Beijing are more sensitive to BC concen-
trations at the surface while emissions in Hebei and outside BTH are
more important to BC concentrations at the top of the PBL. The source
accumulations on the pollution days and their previous 2 days account
for 89.8-98.8% of daily BC concentrations. Contribution maxima appear
one day previous the pollution days; the sources in Beijing and Hebei
show the largest daily influences by 21.2-38.5% and 16.3-25.0%, respec-
tively. The emissions in Tianjin and Hebei transport 0-3 days before ar-
riving at Beijing and contributions from emissions outside BTH show a
longer tail (~two day time lag).

6. Summary and conclusions

This present study systematically quantified the source contribu-
tions to BC concentrations during the typical types of severe haze events
in BTH for 2013-2017 using the GEOS-Chem model and its adjoint. The
GEOS-Chem model were driven by the GEOS-FP assimilated data with
fine model horizontal resolution (0.25° x 0.3125°) and the MEIC anthro-
pogenic emission inventory in China. We evaluated simulated daily
mean surface BC concentrations by ground-based measurements of BC
concentrations at the three stations in BTH. The GEOS-Chem model rea-
sonably captured the daily variations of observed surface BC concentra-
tions in BTH. The seasonal correlation coefficients between observed
and simulated daily surface BC concentrations were within the ranges
of 0.51-0.72 in DJF and 0.30-0.52 in JJA, indicating that MEIC anthropo-
genic emissions of BC were acceptable prescribed in the model while
biomass burning emissions in GFEDv4 were likely underestimated due
to severely missing agricultural waste burnings.
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Fig. 8. Same as Fig. 7, but for contributions to daily BC concentrations at the top of the planetary boundary layer.
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We also applied T-PCA method by using the sea level pressure and
geopotential height data from the ECMWF ERAD5 to classify the prevail-
ing circulation patterns during the severe haze events. Four dominant
types of synoptic weather patterns were identified in BTH for April
2013-2017, with the largest frequencies of the severe haze days in DJF
(62.3%) and SON (26.3%). Types WSH_W, SH_N, and SSH_NW were
the dominant weather patterns in BTH, accounting for 46.1%, 22.8%,
and 24.0% of severe haze days, respectively. In three dominant circula-
tion types, BTH was controlled by relatively week winds, mostly west-
erlies, southerlies, and sometimes easterlies, which would easily lead
to the high aerosol concentrations in the region.

The adjoint method attributed BC concentrations at the surface and at
the top of the PBL to emissions from different source sectors and from
local versus regional transport at the model spatial and temporal resolu-
tions. Adjoint analyses showed that residential (48.1-62.0%) was the
major emission sector contributing to daily BC concentrations in Beijing
during severe haze days in winter heating season, followed by transpor-
tation sector (16.8-25.9%) and industry sector (19.1-29.5%). For local
emissions in Beijing, sources from transportation sector (8.7-20.0%)
were more important than industry emissions (5.7-13.5%); for sources
outside Beijing, the contributions from industry emissions (5.6-20.8%)
were larger than those from transportation sector (2.2-9.4%).

By source influences summed by regions, local emissions in Beijing
(59.6-79.5%) predominated the daily surface BC concentrations in se-
vere haze days, followed by emissions in Hebei (12.7-24.2%) and out-
side BTH (4.1-13.7%), while emissions of these three regions were all
important to the daily BC concentrations at the top of the PBL, by
35.9-61.9%, 23.7-39.1%, and 9.2-23.0%, respectively. Daily BC concen-
trations during haze events were most sensitive (89.8-99.3%) to sources
on the severe haze days and also their previous 2 days. The contribu-
tions of local emissions in Beijing peaked on the pollution days and
their previous one day. Emissions in Tianjin and Hebei and outside
BTH showed the impact on timescale of 0-3 days and 0-5 days.

Our adjoint analyses of BC are important for understanding the
sources and formation mechanisms of severe haze events in BTH and
support a joint regional control policy for effectively mitigating the
PMS, 5 air pollution. Targeted emission control measures can be imple-
mented when the dominant synoptic weather patterns are predicted.
Differences exist between observed and simulated BC as the uncer-
tainties in model resolutions and emissions. Observation data assimila-
tion would improve the model performance and hence BC source
attribution. Future studies include assimilation of BC measurements
using the adjoint model, such as surface and aircraft BC measurements,
and aerosol absorption optical depths, which would be valuable for air
quality forecasts and emission mitigation measures.
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