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A regional haze with daily PM2.5 (ﬁne particulate matters with diameters less than 2.5 μm)
exceeding 500 μg/m3 lasted for several days in January 2013 over North China, offering an opportunity
to evaluate models. Observations show that inorganic aerosols (sulfate, nitrate, and ammonium) are the
largest contributor to PM2.5 during the haze period, while sulfate shows the largest enhancement ratio of
5.4 from the clean to haze period. The nested-grid GEOS-Chem model reproduces the distribution of PM2.5
and simulates up to 364 μg/m3 of daily maximum PM2.5. Yet on average, the model is a factor of 3 and 4
lower in PM2.5 and fails to capture the large sulfate enhancement from the clean to haze period. A doubling
of SO2 emissions over North China, along with daily meteorology corrections, would be required to
reconcile model results with surface SO2 observations, but it is not sufﬁcient to explain the model
discrepancy in sulfate. Heterogeneous uptake of SO2 on deliquesced aerosols is proposed as an additional
source of sulfate under high-relative humidity conditions during the haze period. Parameterizing this
process in the model improves the simulated spatial distribution and results in a 70% increase of sulfate
enhancement ratio and a 120% increase in sulfate fraction in PM2.5. Combined adjustments in emissions,
meteorology, and sulfate chemistry lead to higher sulfate by a factor of 3 and 50% higher PM2.5,
signiﬁcantly reducing the model’s low bias during the haze.

Abstract

1. Introduction
PM2.5 (ﬁne particulate matters with diameters less than 2.5 μm) is known to harm human health and
public welfare by causing haze and visibility degradation. PM2.5 is a mixture of a variety of chemical
species (i.e., inorganic aerosols, organic aerosols, black carbon, dust, and sea salt), which all have different
climate implications through radiation and cloud. The air quality guideline for PM2.5 suggested by the
World Health Organization (WHO) is 25 μg/m3 for 24 h mean [World Health Organization, 2005]. In recent
years, regional haze with PM2.5 levels exceeding tenfolds of the WHO standard has become the largest air
quality concern in China. China established its ﬁrst PM2.5 National Ambient Air Quality Standard in 2012
(75 μg/m3 for 24 h mean) and has begun to regularly monitor and report PM2.5 concentrations in major
cities since late 2012. Many recent publications present measurements of chemical compositions of PM2.5
and optical properties during the regional haze periods over China [Sun et al., 2006; Shen et al., 2009; Tan
et al., 2009; Kang et al., 2013; Zhao et al., 2013; He et al., 2014]. The secondary inorganic aerosols (mainly
sulfate, nitrate, and ammonium, SNA) and the organic matter (OM) are found to be the most important
species in PM2.5 during the haze [Wang et al., 2006; Zhao et al., 2013]. Recent observations from Beijing
indicate that the fraction of secondary particles, including SNA and secondary organic aerosols (SOA),
increases steeply during high PM2.5 episodes [Tan et al., 2009; Zhao et al., 2013]; and particularly, the
proportion of SNA in PM2.5 increases as PM2.5 concentrations increase [He et al., 2014; Zheng et al., 2014].
To better protect the health of millions of people, the challenge remains whether we understand the
formation mechanism of high PM2.5 episodes well enough to guide the formation of effective
control strategies.
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Figure 1. (a–f) Surface PM2.5 and (g–k) sulfate concentrations in January 2013. Observations of PM2.5 are shown in Figure 1a. Locations of Group A (black triangles)
and Group B (red circles) cities are shown in Figure 1l. The black boxes in Figure 1b indicate North China (NC) and South China (SC). Please refer to Table 2 for
descriptions of different model simulations.
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Figure 2. (a) Surface PM2.5 concentrations and (b) sulfate fraction in PM2.5 as a function of latitude in China. PM2.5 observations are shown in black, the standard model simulation in red, and the gamma_run T2 in blue. Please refer to Table 2 for
descriptions of different model simulations.

January 2013 witnessed a regional haze with daily PM2.5 exceeding 500 μg/m3 over North China, which lasted
for multiple days threatening the health of more than 150 million people [Jiang et al., 2014]. This month was
regarded to be the most polluted month since 2001 [Wang et al., 2014a]. While large SO2 emissions and
meteorological anomalies (such as the high-pressure system localized over this region) are suggested as causes
of the severe haze [Yang et al., 2013], the formation mechanism of high PM2.5 during the haze is not well
understood. This January episode offers an interesting opportunity to test current understanding of sources and
the formation mechanism of PM2.5 in winter over this region as reﬂected in current state-of-the-art chemical
transport models (CTMs). Previous model evaluations are typically based on observations taken in developed
regions (e.g., US and Europe) where PM2.5 levels are substantially lower. Other than the occasions of dust storm
and biomass burning plumes, current CTMs have rarely had the opportunity to be confronted with such high
levels of PM2.5 on a regional scale where anthropogenic emissions dominate. The ﬁrst question to be
investigated in this study is whether current CTMs can reproduce the timing, spatial scale, and concentration
levels of PM2.5 in the haze episode of January 2013 in China. We show in what follows that the GEOS-Chem CTM
has some success in simulating PM2.5 in January 2013 but signiﬁcantly underestimates the enhancement of
inorganic aerosols, particularly sulfate, during the severe haze period. The modeling analysis, in combination with
observational constraints, is used to identify key processes contributing to the severe PM2.5 episode over China in
January 2013.

2. Observed and Simulated Characteristics of PM2.5 During the Winter Haze
2.1. Observations
Daily PM2.5 mass concentrations in 74 Chinese cities in January 2013 were obtained from China Ministry of
Environment Protection (MEP) [http://www.pm25.in/]. Figure 1a shows the locations and monthly mean
surface PM2.5 concentrations, and Figure 2a shows the latitudinal gradients of PM2.5 concentrations for the
74 cities. Monthly mean PM2.5 exceeded 75 μg/m3 (China’s National Ambient Air Quality Standard for
24 h mean PM2.5) at 64 cities. PM2.5 levels are higher over North China (NC; north of 34°N) than over South
China (SC) (Figure 1b shows the domains of NC and SC). The day-to-day variation of mean PM2.5 averaged
over two city groups over NC (Groups A and B) is presented in Figure 3. The Group A cities (11 cities)
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Figure 3. Time series of observed and simulated PM2.5 concentrations of the (a) Group A cities and (b) Group B cities over
North China. Locations of the Group A and Group B (red circles) cities are shown in Figure 1l. Observations are shown
in black, standard model simulation in red, the emission_run simulation in magenta, and the gamma_run simulations in
green (T1), blue (T2), and cyan (T3). Please refer to Table 2 for descriptions of different model simulations.

are located over the edge of North China Plain or coastal regions, and the Group B cities (8 cities) are in the
Beijing-Tianjin-Shijiazhuang city cluster (Figure 1l). The most severe pollution period is a 6 day episode
during 10–15 January 2013, affecting both Groups A and B cities. During this episode, daily PM2.5 at ﬁve
cities exceeded 500 μg/m3 for multiple days and the maximum daily PM2.5 was 711 μg/m3 in Xingtai.
The mean PM2.5 for Groups A and B cities was 202 μg/m3 and 356 μg/m3 during this episode, respectively.
We choose this severe haze episode as the focus of our study.
The MEP data does not provide chemical compositions of PM2.5. Chemical compositions of PM2.5 were
measured at a site on campus of Tsinghua University in Beijing (TU site, lat 40°19′, lon 116°19′) during 9–17
January 2013 [Cao et al., 2014]. The PM2.5 samples were taken with a high ﬂow sampling instrument on a daily
basis, with chemical compositions analyzed in the laboratory. Daily mean mass concentrations of sulfate,
nitrate, ammonium, organic carbon (OC), and elementary carbon (EC) observed at TU are presented in
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Figure 4. Daily mean mass concentrations of PM2.5 chemical constituents at the TU site during the time period of 9–17
January 2013. (a) Observations and the (b) standard model simulation.
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Table 1. Observed and Simulated Enhancement Ratio of PM2.5 Species at the TU Site

Observation
Standard model simulation
Emission_run
Gamma_run T1
Gamma_run T2
Gamma_run T3

Sulfate

Nitrate

Ammonium

SNA

OC

EC

PM2.5

5.4
2.1
2.3
3.8
3.9
3.5

3.3
2.1
2.2
2.1
2.0
1.4

3.9
2.0
2.1
2.5
2.5
2.3

4.2
2.1
2.3
2.7
2.7
2.5

2.0
1.8
2.3
2.3
2.3
2.3

2.4
2.3
2.5
2.5
2.5
2.5

3.2
1.9
2.2
2.6
2.6
2.5

a

The enhancement ratio is deﬁned as the mean concentrations during the haze divided by those during the clean period.

Figure 4a. The sum of the ﬁve components is used to denote the PM2.5 mass at TU. The days before and after
the haze period (10–15 January) are deﬁned as the clean period (9, 16, and 17 January).
Table 1 presents the mean enhancement ratios (deﬁned as the mean concentrations during the haze
divided by those during the clean period) of the PM2.5 chemical compositions at TU. All measured PM2.5
constituents had enhancements of more than a factor of 2 during the haze. The enhancement ratio is 4.2
for SNA and 5.4 for sulfate, a much larger ratio than that of carbonaceous aerosols (OC and EC). When
scaled to total PM2.5 mass (Figure 5a), sulfate had the largest increase from the clean period (15%) to haze
period (28%), whereas the fractions of OC and EC showed a decrease during the haze. This observation
suggests that secondary inorganic aerosols, especially sulfate, are the key chemical drivers for this particular
winter haze episode. This ﬁnding is in accordance with recent publications on chemical compositions of PM2.5
measured during other winter haze periods over China [Sun et al., 2006; Tan et al., 2009; Du et al., 2011; Han et al.,
2013; Zhao et al., 2013; He et al., 2014].
2.2. Model PM2.5 Evaluation
We use the nested-grid GEOS-Chem CTM (version 9-01-01) with a spatial resolution of 0.5° × 0.667° [Chen et al.,
2009] to simulate surface PM2.5 in January 2013, with chemical boundary conditions provided by the
GEOS-Chem global simulation at a resolution of 4° × 5°. The nested-grid domain is 70°E–150°E, 11°S–55°N.
GEOS-Chem includes a fully coupled treatment of tropospheric ozone-NOx-VOC-aerosol chemistry [Park
et al., 2004]. Gas-aerosol phase partitioning of the sulfate-nitrate-ammonium-water system is calculated
using the ISORROPIA II thermodynamic equilibrium model [Fountoukis and Nenes, 2007]. Formation of
SOA is implemented by Liao et al. [2007]. Mineral dust aerosols are simulated using the dust entrainment
and deposition mobilization scheme, as described by Fairlie et al. [2007]. Monthly anthropogenic emissions of
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Figure 5. Mean mass fraction (%) of chemical components in PM2.5 during the clean and haze periods at the TU site: (a) observations; (b) the standard simulation;
(c) the emission_run; (d) and the gamma_run T1, (e) T2, and (f ) T3. Refer to Table 2 for descriptions of different model simulations.
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Table 2. A Summary of All the Simulations in This Study
Simulation Name
Standard simulation
DoubleSO2 run
Emission_run

Gamma_run T1
Gamma_run T2
Gamma_run T3

Description
Model standard simulation with the 2013 inventory
SO2 emissions from the standard simulation are doubled over NC and reduced by 30% over SC.
Changes are applied uniformly throughout January.
Total monthly emissions of SO2, OC, and EC (anthropogenic portions only) from the standard run
are increased by 100% over NC; SO2 emissions over SC are reduced by 30%; NOx and NH3
emissions are the same as those in the standard run. The meteorology correction factors are
applied on a day-to-day basis to emissions of SO2, NOx, NH3, OC, and EC over NC.
4
3
Emissions are the same as in the emission_run; γ = 10 when RH = 50%, γ = 10
when RH = 50%; γ increases linearly with RH from 50% to 100% (equation (2)).
3
2
Emissions are the same as those in the emission_run; γ = 10 when RH = 50%, γ = 10
when RH = 50%; γ increases linearly with RH from 50% to 100% (equation (2)).
2
1
Emissions are the same as those in the emission_run; γ = 10 when RH = 50%, γ = 10
when RH = 50%; γ increases linearly with RH from 50% to 100% (equation (2)).

NOx and SO2 over China are taken from the inventory of Zhang et al. [2009] for 2006, with adjustments of a
57% increase in NOx and an 8% decrease in SO2 to represent the emissions in 2013 [Wang et al., 2013b]. NH3
emissions are from Streets et al. [2003] for 2000 with a reduction of 30% as recommended by Huang et al. [2012]
for China and seasonality as implemented by Fisher et al. [2011]. Errors in the model representation of too
shallow nighttime mixing depths are corrected following Walker et al. [2012]. The nested-grid GEOS-Chem CTM
has been evaluated and applied to the analysis of SNA and black carbon over China [Wang et al., 2013b, 2013a;
Kharol et al., 2013]. Table 2 summarizes several different simulations conducted in this study.
Simulated surface PM2.5 concentrations are compared with observations both spatially and temporally
(Figures 1–3). The model reproduces the observed distribution in surface PM2.5 with a spatial correlation
coefﬁcient (R) of 0.63 and a mean bias of 39% (Figure 1). The maximum daily PM2.5 is 364 μg/m3 in the
model, a factor of two lower than the observed maximum although remaining remarkably high. The model is
particularly successful in predicting both the latitudinal gradient in PM2.5 across 30°N and the location of
maximum concentrations over NC (Figures 1 and 2). The model has an R of 0.82 and a mean bias of 16%
for cities over SC. For NC, the model has a better performance in simulating the day-to-day variation of
PM2.5 for Group A cities (R = 0.9, bias = 36%) than the Group B cities (R = 0.45, bias = 46%) (Figure 3). The
Group B cities are located in the most polluted city cluster, and emissions from this region are underestimated
in the model. Similar to the GEOS-Chem model, the regional-scale Community Multi-scale Air Quality model
was found unable to reproduce the high PM2.5 concentrations over Group B cities [Wang et al., 2014a].
Figures 4 and 6 compare observed and simulated chemical compositions of PM2.5 at TU on a day-to-day basis.
The model is too low by several folds in simulating chemical compositions of PM2.5 during the haze period,
yet the bias is comparatively much smaller during the clean period. For sulfate the model is a factor of 4 too low
during the haze. Since we only have observations from a single site in the urban area to compare with grid
cell (~40 × 50 km2) average model predictions, the following analysis and discussion are emphasized on
evaluating and subsequently improving the model’s ability to reproduce the key chemical features of the haze
rather than the absolute concentrations.
First, the model fails to reproduce the large increase of sulfate fraction in PM2.5 during the haze (Figures 5a
and 5b). The model shows this fraction to remain the same from the clean to haze period, suggesting a
missing sulfate source during the haze. The model’s overestimate of the nitrate fraction in PM2.5 is caused by
the model’s underestimate of absolute concentrations of PM2.5. Second, the simulated enhancement ratio
for sulfate is 2.1, not only lower by a factor of 2.6 than the observed ratio (5.4) but not signiﬁcantly different
from that of EC (2.3). EC is a primary pollutant with common anthropogenic sources as SO2 (e.g., residential
coal and diesel vehicles), yet subject to little chemical processing in winter. The model’s lack of sulfate
enhancement relative to EC suggests that the model’s discrepancy is more likely related to sulfate chemistry
rather than physical accumulation (such as stagnation), as physical accumulation tends to exert similar
effects on different aerosols. Third, the simulated fraction of sulfate in PM2.5 increases from north to south,
a coincidence with the decrease of model bias in surface PM2.5 (Figure 2b). This implies an important role
played by sulfate regarding the model’s predictability of total PM2.5.
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Figure 6. (a) Daily mean PM2.5, (b) sulfate, (c) nitrate, (d) OC, and (e) EC concentrations at the TU site. Observations are in
black, the standard simulation in red, the emission_run in magenta, and the gamma_run simulations in green (T1), blue
(T2), and cyan (T3). (f) Daily cloud fraction over North China from the model (red), ECMWF reanalysis (blue), and MODIS
retrieval (green). Please refer to Table 2 for descriptions of different model simulations.

2.3. Evaluation of Model Meteorology
GEOS-Chem is driven by the assimilated meteorology from the Goddard Earth Observing System (GEOS-5) of
NASA Global Modeling Assimilation Ofﬁce. Important meteorological factors relevant to haze formation
include temperature, relative humidity (RH), wind speed, wind direction, and planetary boundary layer (PBL).
Here we evaluate these meteorological factors in the model using meteorology observations from National
Meteorological Information Center (NMIC) of China.
Table 3 summarizes the model’s performance in comparison with monthly mean meteorological variables
averaged over a total of 676 NMIC sites in China. The comparison statistics includes the spatial correlation,
normalized mean bias (NMB), and mean normalized bias (MNB) as introduced by Zhang et al. [2012]. The
model shows a strong correlation with observed RH (R = 0.64) and temperature (R = 0.96), with MNB and
NMB within ±10% for both variables. The model shows a poorer correlation with observed wind speeds and
tends to overestimate wind speeds under low wind conditions.
Figure 7 compared the observed and simulated meteorology at selected meteorological sites over NC.
The model successfully reproduces the day-to-day variations of RH, temperature, and wind speeds with
correlation coefﬁcients larger than 0.8 (Figures 7a and 7b). The model shows a bias of within ±20% for
both RH and temperature, yet a relatively larger bias for wind speeds (NMB = 37.6%). The model
reproduces the frequency distribution of wind directions over NC with a correlation coefﬁcient of 0.75. As
shown in both observations and the model, North and NNW winds are most frequent in January 2013
over NC. As shown in Figure 7, the model discrepancy in the selected meteorological variables is

Table 3. Observed and Simulated Meteorological Variables in January 2013 at 676 Meteorology Monitoring Sites From
the National Meteorological Information Center (NMIC) of China

T (°C)
RH (%)
Wind speed (m/s)
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Observation Mean

Model Mean

Spatial Correlation

Model MNB

Model NMB

2.8
63.2
1.9

3.0
64.8
2.0

0.96
0.64
0.34

6%
6.6%
19.2%

3.2%
2.5%
4.6%
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(c) wind speed, m/s

R=0.83
NMB=37.6%
MNB=31%
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obs
model
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Figure 7. Day-to-day variations of surface (a) RH, (b) temperature, and (c) wind speed and (d) frequency distribution of
wind directions over NC in January 2013. Observations of RH, temperature, and wind speeds are averages from 84 NMIC
meteorology monitoring sites over NC. Frequency distribution of wind directions are compiled from 15 sites with close
proximity to the PM2.5 sites over NC. Observations are shown in black and model results in red. The model’s temporal
correlations with observations and biases (MNB and NMB) for RH, temperature, and wind speed are also shown.

systematic across different days in January. Given that the model exhibits similar capacities in simulating
meteorology for both the clean and haze periods, we argue that the model’s particular ineffectiveness
in predicting PM2.5 and sulfate during the haze period cannot be attributed to its systematic bias in
meteorology. Additional evidence to support our argument is that the model successfully reproduces the
observed enhancement ratio of EC from clean to haze days (Table 1), which is mainly associated with
changing meteorological conditions.
The PBL height is a key parameter affecting pollutant concentrations near the surface. The GEOS-Chem
model predicts that the average PBL height during the period 10–15 January 2013 is 275 m over NC and
290 m over Beijing. Huang et al. [2014], based on the National Climate Data Center reanalysis, indicated an
average PBL height of 234.2 m over Beijing during the same period, comparable to the GEOS-Chem value.
Wang et al. [2014], using aerosol lidar measurements at an urban site in Beijing (CAS/IAP site), reported the
daily maximum PBL height over Beijing of 400–800 m during 10–13 January 2013. By comparison, mean
afternoon PBL from GEOS-Chem is 573 m over NC. Since we do not have sufﬁcient observations of PBL to
evaluate the model, we conducted a sensitivity analysis which indicates that a 50% decrease in the PBL depth
during the haze period (10–15 January) will result in a 64% increase of sulfate and a 61% increase of PM2.5
concentrations at the surface over NC. Although this shows a relatively large sensitivity, it is still far from
sufﬁcient to explain a factor of 2.5 underestimation in simulated concentrations during the haze period. In the
absence of PBL observations, we will take an indirect approach in section 3.2 to compensate for potential
errors in meteorology through the adjustment of precursor emissions of PM2.5.

3. Sulfate Formation During the Winter Haze
The analysis above presents that enhanced sulfate formation is one of the key chemical drivers contributing
to the severe haze episode during 10–15 January 2013, and the model has difﬁculty reproducing this. This
section will focus on reconciling sulfate simulations with the observational constraints presented above
through the analysis of precursor emissions and sulfate chemistry. Mechanistic understanding will be obtained
with regard to the key factors responsible for sulfate enhancement during the haze period.
3.1. SO2 Simulation
Sulfate formation is determined by SO2 concentrations. NOx is another important precursor of inorganic
aerosols. In this section we examine the model’s ability in simulating SO2 and NOx using daily concentrations
of SO2 and NO2 observed at 74 cities colocated with the PM2.5 sites. As shown in Figures 8a and 8b, the model
WANG ET AL.

©2014. American Geophysical Union. All Rights Reserved.

10,432

Journal of Geophysical Research: Atmospheres

10.1002/2013JD021426

50oN
45oN

(a) obs SO2

(b) std SO2

o

40 N
35oN
30oN
25oN
20oN
15oN
10oN o
80 E

100o E
0

120o E
8

16

24

32

40

48

50oN
45oN

56

64

72

80

[ppbv]

60

[ppbv]

(d) std NO2

(c) obs NO2

40oN
35oN
30oN
25oN
20oN
15oN
10oN o
80 E

100o E
0

120o E
6

12

18

24

30

36

42

48

54

Figure 8. Spatial distribution of monthly mean surface concentrations of (top) SO2 and (bottom) NO2 over China in January
2013. Observations are shown in left, and the standard model simulations are shown in right.

underestimates mean SO2 over NC by 50% while overestimates it over SC by 30%, resulting in a spatial
correlation of only 0.32 with observations. The overall model bias is 10% for SO2 concentrations over China
as a whole. When compared with monthly mean NO2 distributions, the model shows a better spatial
correlation (0.5) and a smaller bias (5%) (Figures 8c and 8d).
The day-to-day variations between observed and simulated SO2 and NO2 over NC are shown in Figure 9.
In comparison with mean SO2 observations at Groups A and B cities, the model shows good temporal
correlations of 0.6 and 0.85, and mean biases of 48% and 37%, respectively. The model has a relatively
good ability in simulating the day-to-day variability of NO2 over NC (Figures 9c and 9d) with a much smaller
bias, suggesting a low bias in NOx emissions. The good temporal correlation with regard to SO2 and NO2
observations, particularly for Group B cities, provides additional evidence for the model’s ability in simulating
the day-to-day changes in meteorology.
The underestimation of SO2 over NC is a legitimate reason for the model underestimation of sulfate
concentrations. To mitigate the mean bias in SO2, monthly total anthropogenic emissions of SO2 in the
model are increased by 100% over NC and decreased by 30% over SC. This is referred to as the “doubleSO2_run.”
The resulting changes in simulated SO2 concentrations (Figures 9a and 9b) are sufﬁcient to eliminate
the mean model bias of SO2 for January as a whole, although model discrepancy still exists at the daily level
and there is a 10% overestimation for Group B cities. A 100% increase of SO2 emissions results in a 60%
increase of sulfate over NC. The impact of the increase in SO2 emissions on sulfate will be presented in
more detail in section 3.3.
3.2. Meteorology Correction
Anthropogenic emissions of SO2 are not expected to vary signiﬁcantly on a day-to-day basis in January. Since
the doubleSO2_run has successfully corrected for the mean bias of SO2, the remaining model discrepancy in
SO2 at the daily level can be presumably attributed to model errors in meteorology (such as PBL and wind
speeds) and transport which cannot be corrected directly. As indirect measures to correct for such model
errors, day-to-day adjustment factors are applied to SO2 emissions from the doubleSO2_run in order to
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Figure 9. Daily SO2 concentration at (a) Group A cities and (b) Group B cities; Daily NO2 concentration at (c) Group A cities
and (d) Group B cities; (e) the daily meteorological correction factors over NC derived from SO2 analysis. Observations are in
black, the standard simulation in red, the doubleSO2_run in dashed green, and the emission_run in magenta. Refer to
Table 2 for descriptions of different model simulations.

reduce the model discrepancy in SO2 on a daily basis. These daily adjustment factors, referred to as meteorology
correction factors (MCFs), are calculated for NC as a whole based on the relative difference between the
observed NC-mean SO2 concentrations (CSO2_obs) and simulated mean SO2 concentrations from the
doubleSO2_run (CSO2_doubleSO2_run) on individual days (t); that is, MCF(t) = CSO2_obs(t)/CSO2_doubleSO2_run(t).
Figure 9e presents the times series of the derived MCFs over NC. They range from 0.6 to 1.5 and have a mean
value of 1.0. The meteorology correction factors tend to be larger than 1.0 during days of high PM2.5 levels,
yet they rarely exceed 1.4 on those days. This suggests that the model error in meteorology is a signiﬁcant
contributing factor for the model underestimate of PM2.5 during the haze, but not a dominant one.
For validation, applying the meteorological correction factors to NOx emissions improves the NO2 simulation, as
shown in Figures 9c and 9d. For example, after the meteorological correction factors are applied, the
temporal correlation of the model with daily NO2 observations at Group B cities increases from 0.46 to 0.81.
This ﬁnding suggests that the meteorological correction factors derived from SO2 can be applied to
anthropogenic emissions of other species in the model.
3.3. Emissions
In this section we construct an improved emission scenario incorporating the bias correction schemes applied
to SO2 emissions and meteorology derived above. First, the relative changes in SO2 emissions derived in
section 3.1 (i.e., a +100% increase over NC) are applied to the total monthly emissions of not only SO2 but also
OC and EC from the standard run. Emissions of NOx and NH3 are not adjusted because analysis of NO2
simulation indicates a small bias in NOx emissions, and NH3 emissions in winter are small. The reason why
OC and EC emissions in January are increased by the same percentage (e.g., +100% over NC) as SO2 is given by
the following considerations: (1) the model underestimates OC and EC at the TU site to a large extent similar to
sulfate; (2) we do not have enough observations of OC and EC over NC to constrain their emissions separately
(TU is only one site); and (3) OC and EC share some common sources as SO2 in winter (e.g., coal combustion).
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Table 4. Observed and Simulated Mean Concentrations (μg/m ) of Sulfate, Nitrate, and PM2.5 During the Clean and Haze
Periods at the TU Site
Sulfate

Observations
Standard_run
Emission_run
Gamma_run T1
Gamma_run T2
Gamma_run T3

Nitrate

PM2.5

Clean

Haze

Clean

Haze

Clean

Haze

12.7
5.3
7
8.2
9.3
15.1

69.2
11.3
16.4
31
36.3
52.4

11.7
16.5
17.5
13.5
13
11.7

38.8
33.6
39.1
28.3
26
16.5

67.9
36.6
43.2
39.7
40.7
45.6

219.6
73.5
97.8
102.6
106.2
112.5

We acknowledge that such a simple adjustment of OC and EC emissions cannot bring the model to completely
match with OC and EC observations at TU (Figures 6d and 6e), but it signiﬁcantly mitigates the model bias at
that site. A thorough investigation of the model’s large discrepancy in OC and EC during the haze period is
outside the scope of this work.
Second, the meteorology correction factors are applied to introduce day-to-day changes in anthropogenic
emissions of all species over NC, including SO2, NOx, NH3, OC, and EC. The day-to-day meteorology
correction factors are applied on top to total monthly emissions of SO2, OC, and EC which have already
been adjusted in the ﬁrst step. After the two steps, adjusted emissions of PM2.5 precursors are used as
model inputs and the resulting changes in simulation are referred to as the emission_run (Table 2).
Compared with the standard run, the monthly mean PM2.5 concentrations in the emission_run are higher by
an average of 35% for NC and show a better spatial correlation with observations (Figure 1c, R = 0.65).
Simulated sulfate concentrations are increased by 60% over NC (Figure 1h). The model bias of PM2.5
decreases from 36% (standard run) to 27% for Group A cities, and from 51% to 39% for Group B cities.
It also shows that during the haze period simulated sulfate and PM2.5 concentrations at the TU site are
increased by 45% and 33%, respectively (Table 4).
Although the emission_run improves the simulation of PM2.5 concentrations and distributions, it still
cannot reproduce the important features of sulfate during the haze. The sulfate enhancement ratio in the
emission_run increases to 2.3 from 2.1 in the standard run, still more than a factor of 2 lower compared
with the observed value (5.4) but not different from that of EC (Table 1). The emission_run does not reproduce
the fractional increase of sulfate in PM2.5 from the clean to haze period (Figure 5c).
3.4. Sulfate Formation
Reconciling the model results with the observed sulfate enhancement during the haze period can be achieved
only by increasing chemical formation of sulfate. In the standard simulation, sulfate formation includes in-cloud
oxidation of SO2 by hydrogen peroxide (H2O2) and ozone (O3) and SO2 oxidation by OH in the gas phase.
The reaction rate of aqueous phase SO2 oxidation in the cloud is typically faster than that of the gas phase
oxidation. The cloud fraction (CF) and related parameters such as cloud liquid water content (LWC) are
important parameters that determine the in-cloud formation rate of sulfate. The day-to-day variation of CF over
NC from the GEOS-Chem model is presented in Figure 6f. By comparison, CFs from the ECMWF (European
Centre for Medium-range Weather Forecasts) reanalysis and the MODIS (Moderate Resolution Imaging
Spectroradiometer) satellite retrievals are also shown. The mean CF during the period of 9–17 January in the
GEOS-Chem model is similar to that from the ECMWF reanalysis, while MODIS indicates a much larger CF which
may be due to the retrieval bias in winter [Zhao and Girolamo, 2006; Kotarba, 2009]. A notable difference is
that the model does not show an increase of CF on 14 January as indicated by ECMWF and MODIS. Since
the in-cloud oxidation in GEOS-Chem is parameterized upon LWC, a sensitivity analysis with a 20% increase in
the GEOS-Chem LWC is conducted, which results in a 14% increase of simulated sulfate concentrations, still far
from sufﬁcient to explain the large bias of sulfate on 14 January.
As in many other CTMs, in-cloud SO2 oxidation by O2 catalyzed by transitional metal irons (TMI) [Alexander
et al., 2009] is not included in the GEOS-Chem simulation presented here. He et al. [2014] indicated that dust
accounted for an average of 10% in PM2.5 in Beijing during the period of 9–14 January 2013, whereas the
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GEOS-Chem simulates only 10 μg/m3 of dust concentrations in Beijing. However, the analysis above indicates
that cloud fraction over NC during the severe haze episode is not signiﬁcantly different from that during
the clean conditions (Figure 6f). Therefore, additional in-cloud oxidation process is not expected to increase
the enhancement ratio of sulfate in the model.
The severe haze period is found to have higher RH (Figure 7a). Under high RH conditions that typically prevail
during the haze [Sun et al., 2013b], preexisting deliquesced aerosols provide a potential environment other
than clouds for aqueous phase SO2 oxidation. A number of studies suggest that the conversion of SO2 to
sulfate via heterogeneous reactions on the surface of aerosols can be very signiﬁcant in the presence of
catalyst (such as TMI) or alkaline gases like ammonia under appropriate RH [Chameides and Stelson, 1992;
Berglen et al., 2004; Li et al., 2011; Wang et al., 2012b; Harris et al., 2013]. SO2 conversion rate on these
particles is found to range from 1% h1 [Kasibhatla et al., 1997; Turšič et al., 2003, 2004; Berglen et al., 2004]
to 5% h1 [Turšič et al., 2003]. However, this pathway is not well established mechanically and is not widely
adopted by current CTMs.
The heterogeneous reaction of SO2 on the surface of dust aerosols is relatively well studied in the literature
[Usher et al., 2002, 2003; Song et al., 2007; Li et al., 2011; Wang et al., 2013b; Harris et al., 2013; He et al., 2014;
Dentener et al., 1996; Zhang and Carmichael, 1999; Bauer and Koch, 2005; Fairlie et al., 2010; Wang et al.,
2012a]. The complex heterogeneous reaction is usually parameterized in CTMs as a pseudo ﬁrst-order
reaction of SO2, with the most important parameter being the uptake coefﬁcient, γ [Jacob, 2000]. The reaction
rate constant K (s1) is calculated as follows [Song et al., 2007; Wang et al., 2012a]:
K ¼ ½R=Di þ 4=ðv i γÞ1  A

(1)

where R is the aerosol radius (cm), Di is the gas phase molecule diffusion coefﬁcient (cm2/s), vi is the mean
molecular speed (cm/s), and A is the aerosol surface area (cm2).
A wide range of the uptake coefﬁcient γ has been given in the literature, from 104 to 0.1, and it is often
assumed that γ increases as RH increases [Dentener et al., 1996; Zhang and Carmichael, 1999; Usher et al., 2002;
Fairlie et al., 2010; Harris et al., 2013].
We adopt the parameterization in equation (1) to simulate the heterogeneous oxidation of SO2 on
deliquescent aerosols other than dust under haze conditions. Since the emission_run partially corrects
the mean bias of the model, the heterogeneous chemistry is added on top to the emission_run and is
referred to as the gamma_run. Considering the wide range of γ given in the literature, we conducted a
series of sensitivity simulations using three different ranges of γ: 104–103 (gamma_run T1), 103–102
(gamma_run T2), and 102–101 (gamma_run T3). We further assume a linear increase of γ with RH when RH
is between 50% and 100%, as shown in equation (2):
γ ¼ γ_RH50% þ ðγ_RH100%  γ_RH50% Þ= ð100%  50%Þ  ðRH  50%Þ

(2)

where γ_RH50% and γ_RH100% represent the lower and upper range of γ, respectively, adopted in T1, T2, or T3. The
lower limit of 50% for RH is adopted from Sun et al. [2013b] which reported that the sulfur oxidation rate
increases almost linearly with RH when RH is above 50%. We assume the same γ for all the aerosol species. While
some studies assume a dependence of the uptake of SO2 by mineral dust on dust alkalinity [e.g., Liao et al.,
2004], we do not implement this dependence in the heterogeneous uptake by nondust aerosols due to the lack
of concrete evidence from laboratory studies.
Compared with the emission_run, the gamma_run simulations result in sulfate increases ranging from 18.5%
(T1) to 137% (T3), and PM2.5 increases from 4% to 23%, respectively (Figure 1). The gamma_run T3 simulation
reduces the model bias of PM2.5 to 8%. Spatially, the gamma_run simulations correlate better with PM2.5
observations (R = 0.65–0.69 for T1 to T3, Figure 1) than the emission_run and standard simulation. This is
because the parameterization introduces additional variability in aerosols associated with ambient RH. Since
total surface areas of aerosols and RH variability are smaller over SC than NC, the simulated sulfate concentrations
over SC increase (18%–100% from T1 to T3) less than those over NC (40%–150% from T1 to T3) due to
smaller surface areas of aerosols. As a result, the gamma_run successfully preserves the latitudinal gradients
in sulfate and PM2.5 (Figure 2b).
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For Group A cities (Figure 3a), the monthly mean bias of PM2.5 decreases from 27% in the emission_run to 22%
(gamma_run T1) and 11% (gamma_run T3). For Group B cities (Figure 3b), the bias is reduced from 39%
(emission_run) to 36% (T1) and 26% (T3). The key feature of the gamma_run simulations is that they result in
larger increases of PM2.5 during the severe haze period compared to the monthly mean. This is because the
parameterization introduces additional variability associated with ambient RH in addition to the hygroscopic
growth of aerosols. The model still cannot capture the extremely high concentrations of PM2.5 observed on 11
and 12 January at Group B cities. Wang et al. [2014b] suggest that the feedback of PM2.5 on PBL evolution
can contribute about 30% of monthly mean PM2.5 in the Hebei-Beijing-Tianjin region where the Group B
cities are located. The absence of this mechanism in our model may be one reason why the model cannot
capture the highest PM2.5 concentrations. The model’s relative coarse resolution may be another reason.
Simulation results of PM2.5, sulfate, and nitrate at the TU site from the three gamma_run tests are summarized in
Table 4, along with those from the standard run, the emission_run, and observations. T3 produces the largest
sulfate, but nitrate concentrations from T3 are 50% lower than observations, suggesting that γ in T3 is probably
too high, since excessive increase of sulfate removes free NH3 from making ammonium nitrate under the
NH3-limited conditions in winter. Although T2 produces 31% less sulfate than T3 does, sulfate concentrations from
T2 during the haze period are a factors of 2 and 3 higher than those from the emission_run and the standard
run, respectively. T2 has a higher enhancement factor for sulfate than T3 (Table 1). Nitrate concentrations in T2
are much higher than T3. There is a 17% difference in sulfate between T1 and T2 (Table 4).
Figures 5d–5f show that the gamma_run tests result in large increases of sulfate fractions in PM2.5. Sulfate
fraction during the haze period increases from 16.3% in the emission_run to 30% in T1 and 34.3% in T2,
similar to the observed fraction of 31.5%. The T3 test has a more than 50% mass fraction of sulfate in PM2.5,
which is too high compared with observations.
Among the three gamma_run tests, we recommend T2 as the best range of γ from 103 (RH = 50%) to 102
(RH = 100%). Although T3 produces a factor of 3 higher sulfate than the emission_run, there is no increase
of PM2.5 concentration (1%) and sulfate fraction in PM2.5 is overestimated due to an underestimate of
nitrate at TU. T1 results in 70% and 3% higher sulfate and PM2.5 concentrations than the emission_run,
respectively. By comparison, sulfate concentrations in T2 are 106% higher than the emission_run and 193%
higher than the standard run, leading to a signiﬁcant reduction of the model bias. T2 also shows the largest
enhancement ratio for sulfate (3.9) at the TU site.
3.5. Summary and Discussion
In summary, the gamma_run (T2) results in higher sulfate by a factor of 3 and 50% higher PM2.5 during the haze
periods (Table 4), compared with the standard simulation. This brings the model to agree within 50% of
observations at TU, a signiﬁcant improvement from the low bias of factors of 4 and 5 in the standard simulation.
Although adjustments to precursor emissions and meteorology are incorporated in the gamma_run setup,
only through adding the new formation pathway of sulfate on deliquesced aerosols can the model reproduce
the observed increase of sulfate fraction in PM2.5 during the haze period (Figure 5e) and the larger sulfate
enhancement ratio than other species (Table 1), the two key chemical features of the haze which cannot be
simulated by either the standard model or the emission_run.
Based on all the sensitivity simulations conducted above and comparisons with observations, we ﬁnd
emission is the major factor controlling the overall PM2.5 levels over Groups A and B cities in NC. The
emission_run produces 20% higher PM2.5 than the standard run, and the gamma_run contributes an
additional 10% increase. For sulfate, however, chemistry is the largest controlling factor. For NC as a whole,
a 100% increase of SO2 emissions (i.e., emission_run) results in a 60% increase of sulfate, while the new
heterogeneous pathway of sulfate formation produces an additional 70% increase. Analysis of sulfate
concentrations at the TU site during the haze periods reveals that chemistry contribution (150%) is even
larger than emission (42%).
There is no simple way to separately quantify the impact of day-to-day changes in meteorology on PM2.5,
because the chemistry processes are inﬂuenced by meteorological conditions. To assess the role of
meteorology, we conducted a full-month simulation for January 2012 using the same anthropogenic
emissions of January 2013 as in the standard run. Simulated surface concentrations of PM2.5 are on average
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27% higher in January 2013 than in January 2012, suggesting meteorology as an important contributing
factor responsible for the severe haze conditions in January 2013.
The gamma_run (T2) simulation, through combined corrections in emissions, meteorology, and sulfate
chemistry, reduces the model discrepancy in sulfate and PM2.5 from a factor of 4 and 5 to within 50% of
observations during the haze period. The remaining errors of the model are probably due to other compounding
factors. First, due to the NH3-limited conditions in winter, the increase of sulfate caused by the gamma_run
will result in a decrease in nitrate (Table 4). That explains why the gamma_run simulation results in less signiﬁcant
increase of PM2.5 than it does for sulfate. Consideration of other types of positive ions in the model, such as Ca2+
and Mg2+, will allow for more PM2.5 in the gamma_run to further reduce the discrepancy between the model
and observations. Second, we cannot quantify or correct for all the potential errors in meteorology and
model transport. Although the meteorological correction factors are implemented in the emission_run and
gamma_run, these factors are derived from SO2 analysis, thus excluding certain meteorological variables which
may exert larger inﬂuence to aerosols than to SO2. The relative coarse resolution of the model may be another
factor. Third, the model’s discrepancy in simulating carbonaceous aerosols is not investigated in this work,
which also contributes to a large bias in PM2.5.

4. Conclusion
The analysis of surface PM2.5 observations suggests that enhanced sulfate formation is one of the key
chemical drivers contributing to the severe haze episode during 10–15 January 2013. The GEOS-Chem model
has difﬁculty in reproducing the large enhancement of sulfate concentrations and sulfate fraction in PM2.5
from the clean to haze days. Through analysis of SO2 and meteorology conditions, we derive correction
factors for SO2 emissions and meteorology. A doubling of SO2 emissions over North China, along with daily
meteorology correction factors, is required in the model in order to achieve a low-bias simulation of surface
SO2. However, the corrections on precursor emissions and meteorology cannot fully explain the model’s
discrepancy in sulfate. Therefore, missing chemical formation of sulfate is further suggested as the most likely
candidate to reconcile the model results with observed sulfate enhancement during the haze period.
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We propose that heterogeneous uptake of SO2 on deliquesced aerosols associated with high RH conditions
during the haze period should be added in the model as an important sulfate formation pathway. This pathway
is parameterized in the model using an uptake coefﬁcient, γ, which is a function of RH, and depends on aerosol
surface areas. When RH increases, hygroscopic growth of atmospheric aerosols results in increasing water
content and surface areas, promoting heterogeneous SO2 oxidation to occur on the surface of these aerosols.
Since this reaction is ﬁrst order in SO2, it leads to fast increase of sulfate aerosols which are highly hygroscopic,
creating more surface area for such reactions under suitable RH conditions and causing rapid buildup of
sulfate during the haze period. A suitable range of γ is set between 103 and 102 on the basis of sensitivity test
results. Adding this chemical process to the model results in 70% and 120% increases of simulated sulfate
enhancement ratio and sulfate mass fraction in PM2.5, respectively, therefore improving the simulated
concentration levels and spatial distribution of PM2.5. The combined corrections to emissions, meteorology, and
sulfate chemistry of the model (i.e., the gamma_run T2) result in a factor of 3 higher sulfate and a 50% increase
in PM2.5 during the haze periods. This brings the model to be within 50% of observations during the haze, a
signiﬁcant improvement compared with the factors of 4 and 5 low biases in the standard simulation.
We acknowledge that the model shows some deﬁciencies in simulating carbonaceous aerosols over China.
This topic should be an important issue warranting further investigation.
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