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Abstract. Water vapor has been proposed to amplify the
severe haze pollution in China by enhancing the aerosol–
radiation feedback (ARF). Observations have revealed that
the near-surface PM2.5 concentrations ([PM2.5 ]) generally
exhibit an increasing trend with relative humidity (RH) in
the North China Plain (NCP) during 2015 wintertime, indicating that the aerosol liquid water (ALW) caused by hygroscopic growth could play an important role in the PM2.5
formation and accumulation. Simulations during a persistent
and heavy haze pollution episode from 5 December 2015 to
4 January 2016 in the NCP were conducted using the WRFChem Model to comprehensively quantify contributions of
the ALW effect to near-surface [PM2.5 ]. The WRF-Chem
Model generally performs reasonably well in simulating the
temporal variations in RH against measurements in the NCP.
The factor separation approach (FSA) was used to evaluate
the contribution of the ALW effect on the ARF, photochemistry, and heterogeneous reactions to [PM2.5 ]. The ALW not
only augments particle sizes to enhance aerosol backward
scattering but also increases the effective radius to favor
aerosol forward scattering. The contribution of the ALW effect on the ARF and photochemistry to near-surface [PM2.5 ]
is not significant, being generally within 1.0 µg m−3 on av-

erage in the NCP during the episode. Serving as an excellent substrate for heterogeneous reactions, the ALW substantially enhances the secondary aerosol (SA) formation, with
an average contribution of 71 %, 10 %, 26 %, and 48 % to
near-surface sulfate, nitrate, ammonium, and secondary organic aerosol concentrations. Nevertheless, the SA enhancement due to the ALW decreases the aerosol optical depth
and increases the effective radius to weaken the ARF, reducing near-surface primary aerosols. The contribution of the
ALW total effect to near-surface [PM2.5 ] is 17.5 % on average, which is overwhelmingly dominated by enhanced SA.
Model sensitivities also show that when the RH is less than
80 %, the ALW progressively increases near-surface [PM2.5 ]
but commences to decrease when the RH exceeds 80 % due
to the high occurrence frequencies of precipitation.

1

Introduction

Atmospheric aerosols or fine particle matter (PM2.5 ) influences the climate directly by scattering and absorbing the
solar radiation and indirectly by serving as cloud condensation nuclei and ice nuclei (Ackerman, 1977; Ackerman
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and Baker, 1977; Jacobson, 1998, 2002; Penner et al., 2001).
Moreover, high levels of PM2.5 in the atmosphere also cause
severe haze pollution, impairing visibility and exerting deleterious effects on the ecological system and human health
(Chan and Yao, 2008; Zhang et al., 2013; Kurokawa et al.,
2013; Weinhold, 2008; Parrish and Zhu, 2009). In addition
to anthropogenic emissions, the poor air quality is generally
influenced by stagnant meteorological situations with weak
winds and high relative humidity (RH; Flocas et al., 2009;
Quan et al., 2013; Zhang et al., 2014; Bei et al., 2016a, b; P.
Wu et al., 2017; Ding et al., 2017). RH, as an important meteorological factor in the atmosphere, considerably affects the
formation, chemical composition, and physical properties of
atmospheric aerosols (Seinfeld et al., 2001; Hallquist et al.,
2009; Poulain et al., 2010; Nguyen et al., 2011).
As the main constituent in the atmosphere, water vapor directly participates in the atmospheric physical and chemical
processes. Since many components of atmospheric aerosols
are hygroscopic, they take up water as RH increases (Covert
et al., 1972; Pilinis et al., 1989), thereby influencing the
aerosol size distribution, chemical composition, mass concentration, and corresponding optical properties as well as
radiative effects (Im et al., 2001; Carrico et al., 2003; Randles et al., 2004; Cheng et al., 2008). Wang et al. (2016)
indicated that the ratio of SO2−
4 to SO2 exhibits an exponential increase with RH. Tie et al. (2017) showed that the
sulfate, nitrate, and ammonium concentrations increase from
16 to 25 µg m−3 , 15 to 23 µg m−3 , and 11 to 17 µg m−3 , respectively, when RH increases from 60 % to 80 %. Field
measurements in Beijing have demonstrated that the inorganic aerosol fraction increases with increasing RH (Wu et
al., 2018). In addition, water vapor also serves as an important medium in the formation of secondary aerosols (SA)
through liquid-phase reactions and heterogeneous reactions
(Seinfeld and Pandis, 1986; Pilinis et al., 1989). For example, Li et al. (2017) indicated that the aerosol liquid water
(ALW) induced by the wet growth could play a significant
role in the sulfate formation and emphasized the importance
of bulk aqueous-phase oxidation of SO2 in ALW and heterogeneous reaction of SO2 on aerosol surfaces involving
ALW. ALW also plays an important role in secondary organic aerosol (SOA) formation (Hastings et al., 2005; Healy
et al., 2009; Kamens et al., 2011; Koehler et al., 2004). Numerous studies have investigated the effect of RH on SOA
formed from different aromatics during their photochemical
oxidation processes (Blando and Turpin, 2000; Cocker et al.,
2001a, b, c; Seinfeld et al., 2001; Zhou et al., 2011; Jia and
Xu, 2014). Furthermore, Zhang et al. (2015) revealed that,
as the RH increases from 40 % to 85 % in the Yangtze River
Delta of China, the aerosol scattering and backscattering coefficients increase by 58 % and 25 %, respectively, and the
calculated aerosol direct radiative forcing caused by hygroscopic growth increases by 47 %.
In recent years, China has experienced persistent haze pollution with unprecedentedly high PM2.5 concentrations durAtmos. Chem. Phys., 19, 8721–8739, 2019

ing wintertime, particularly in the North China Plain (NCP;
Chan and Yao, 2008; He et al., 2001; Kan et al., 2012; Guo
et al., 2014; Wang et al., 2014; Fu et al., 2014). A conceptual model based on the aerosol–radiation feedback (ARF)
has been established to interpret the wintertime heavy haze
formation, in which water vapor is considered to play a key
role in the progressive accumulation and formation of PM2.5 .
In winter, when the atmospheric condition is stagnant, air
pollutants commence to accumulate in the planetary boundary layer (PBL), favorable for the PM2.5 formation. Increasing PM2.5 scatters or absorbs the incoming solar radiation
to lower the surface temperature and cause anomalous temperature inversion, subsequently suppressing the vertical turbulent diffusion and decreasing the planetary boundary-layer
height (PBLH) to further trap more air pollutants and water vapor to increase the RH in the PBL. Increasing RH
enhances aerosol hygroscopic growth and multiphase reactions and augments the particle size and mass, causing further dimming and decrease in the surface temperature and
PBLH (Quan et al., 2013; Tie et al., 2017; Ding et al., 2017).
However, few studies have been performed in China to comprehensively quantify the effect of water vapor in the atmospheric physical and chemical process on the PM2.5 pollution
to further verify the haze formation.
The purpose of the present study is to quantitatively evaluate the contribution of aerosol water induced by the aerosol
wet growth to PM2.5 concentrations in the NCP using the
Weather Research and Forecasting Model with Chemistry
(WRF-Chem Model). The model configuration and methodology are described in Sect. 2. Results and discussions are
presented in Sect. 3, and conclusions and summaries are
given in Sect. 4.

2
2.1

Model and methodology
WRF-Chem Model and configuration

A persistent air pollution episode with high levels of PM2.5
from 5 December 2015 to 4 January 2016 in the NCP was
simulated using the WRF-Chem Model with modifications
by Li et al. (2010, 2011a, b, 2012) from the Molina Center
for Energy and the Environment. Figure 1 shows the WRFChem Model simulation domain, and Table 1 provides the
model configurations. A detailed model description can be
found in Wu et al. (2019).
2.2

Data and methodology

The model performance of RH was validated using
the hourly measurements in Luancheng, Yucheng, and
Jiaozhouwan observed from the Chinese Ecosystem Research Network (CERN). Furthermore, the National Centers
for Environmental Prediction (NCEP) reanalysis data were
used to compare to the simulated RH distribution. The dewww.atmos-chem-phys.net/19/8721/2019/
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Figure 1. (a) WRF-Chem simulation domain with topography and (b) North China Plain. In (a), the blue circles represent centers of cities
with ambient monitoring sites, and the size of circles denotes the number of ambient monitoring sites of cities. In (b), the red capitals denote
six typical polluted cities in NCP: A is Beijing, B is Tianjin, C is Shijiazhuang, D is Baoding, E is Tangshan, and F is Chengde. The blue
numbers denote the CERN sites with the hourly RH measurement: 1 is Jiaozhouwan, 2 is Yucheng, and 3 is Luancheng.
Table 1. WRF-Chem Model configurations.
Regions

East Asia

Simulation period
Domain size
Domain center
Horizontal resolution
Vertical resolution

5 Dec 2015–4 Jan 2016
400 × 400
35◦ N, 114◦ E
12 km × 12 km
35 vertical levels with a stretched vertical grid with spacing ranging
from 30 m near the surface to 500 m at 2.5 km and 1 km above 14 km
WSM 6-class graupel scheme (Hong and Lim, 2006)
MYJ TKE scheme (Janjić, 2002)
MYJ surface scheme (Janjić, 2002)
Unified Noah land-surface model (Chen and Dudhia, 2001)
Goddard longwave scheme (Chou and Suarez, 2001)
Goddard shortwave scheme (Chou and Suarez, 1999)
NCEP 1◦ × 1◦ reanalysis data
MOZART 6 h output (Horowitz et al., 2003)
Developed by Zhang et al. (2009) and Li et al. (2017),
2012 base year, and SAPRC-99 chemical mechanism
MEGAN model developed by Guenther et al. (2006)
28 h

Microphysics scheme
Boundary-layer scheme
Surface-layer scheme
Land-surface scheme
Longwave radiation scheme
Shortwave radiation scheme
Meteorological boundary and initial conditions
Chemical initial and boundary conditions
Anthropogenic emission inventory
Biogenic emission inventory
Model spin-up time

tailed information of other data used for validation can be
found in Wu et al. (2019).
The mean bias (MB), root-mean-square error (RMSE),
and the index of agreement (IOA) were utilized to evaluate the performance of the WRF-Chem Model simulations
against measurements. To assess the contributions of ALW to
the near-surface concentrations of air pollutants in the NCP,
the factor separation approach (FSA) was used in this study
(Stein and Alpert, 1993; Gabusi et al., 2008; Li et al., 2014).
Generally, the formation of the secondary atmospheric pol-

www.atmos-chem-phys.net/19/8721/2019/

lutants, such as O3 , secondary organic aerosol, and nitrate, is
a complicated nonlinear process in which its precursors from
various emissions sources and transport react chemically or
reach equilibrium thermodynamically. Nevertheless, it is not
straightforward to evaluate the contributions from different
factors in a nonlinear process (Wu et al., 2017). The FSA proposed by Stein and Alpert (1993) can be used to isolate the
effect of one single factor from a nonlinear process and has
been widely used to evaluate source effects. The total effect
of one factor in the presence of others can be decomposed
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Figure 3. Comparison of measured (black dots) and predicted (red
line) diurnal profiles of the RH in (a) Luancheng, (b) Yucheng, and
(c) Jiaozhouwan from 5 December 2015 to 4 January 2016.
Figure 2. Scatter plots of near-surface [PM2.5 ] and RH at six typical polluted cities in NCP during the 2015 wintertime. The red diamond shows the bin average of near-surface [PM2.5 ], and the red
line denotes the variation in the bin average of near-surface [PM2.5 ]
with RH.

into contributions from the factor and that from the interactions of all those factors, considering that there are two factors X and Y that influence the formation of secondary pollutants in the atmosphere and also interact with each other. We
denote fXY , fX , fY , and f0 as the simulations including both
of two factors, factor X only, factor Y only, and none of the
two factors, respectively. The contributions of factor X and
Y can be defined as fXY − fY and fXY − fX , respectively. A
detailed description of the methodology can be found in Wu
et al. (2017).
3
3.1

Results and discussions
Relationship between RH and near-surface PM2.5
concentrations

High RH has been suggested to be an important factor facilitating the SA formation in the atmosphere and aggravating the haze pollution (Sun et al., 2013; Cheng et al., 2015).
Figure 2 presents the scatter plot of the near-surface PM2.5
concentrations ([PM2.5 ]) and RH in the winter of 2015 at six
typical polluted cities in the NCP, including Beijing, Tianjin, Shijiazhuang, Tangshan, Baoding, and Chengde. The observed near-surface [PM2.5 ] at those six cities displays a
growing trend with increasing RH, suggesting that the ALW
induced by the hygroscopic growth under high RH conditions has the potential to accelerate the PM2.5 formation and
accumulation. Increasing RH facilitates the aerosol hygroscopic growth and further enhances the ALW, serving as an
Atmos. Chem. Phys., 19, 8721–8739, 2019

efficient medium for promoting the liquid-phase and heterogeneous reactions and accelerating the transformation of reactive gaseous pollutants into the particle phase. Increased
ALW also augments the particle size, enhancing the ARF
to increase the near-surface [PM2.5 ]. However, the attenuation of incoming solar radiation caused by the ALW also
decreases the photolysis rates, being unfavorable for photochemical activities and lowering the atmospheric oxidation
capability (AOC). Field measurements show that a large fraction of SA in PM2.5 has been observed in the NCP during
wintertime (Sun et al., 2013; Guo et al., 2014; Xu et al.,
2015). Therefore, decreased AOC generally does not facilitate the SA formation, particularly with regards to SOA and
nitrate, to partially counteract the PM2.5 enhancement caused
by the ALW. It is also worth noting that since high RH frequently corresponds to atmospheric stagnation, near-surface
[PM2.5 ] also builds up under high RH conditions. For example, the humid air mass is subject to being transported from
the south to the NCP under the stagnant weather with weak
south winds, and meanwhile the PM2.5 also accumulates due
to the unfavorable dispersion condition. Additionally, when
the RH is very high, the low near-surface [PM2.5 ] also exists and is shown in Fig. 2, demonstrating that other factors,
such as emissions, horizontal transport, vertical exchange,
and precipitation, also substantially influence near-surface
[PM2.5 ]. Generally, high occurrence frequency of precipitation coincides with high RH; thus the precipitation washout
might constitute one of the most possible reasons for the low
near-surface [PM2.5 ] under high RH situations. Therefore, it
is still imperative to verify quantitatively the contribution of
the ALW to near-surface [PM2.5 ].
www.atmos-chem-phys.net/19/8721/2019/
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Table 2. Description of the sensitivity simulations.

Case

fbase
falw_rad0
falw_j0
falw_het0
falw_tot0

Aerosol
hygroscopic

ALW contribution to AOD

Multiphase
reactions involving

growth

in the ARF

in the photolysis

the ALW

On
On
On
On
On

On
Off
On
On
Off

On
On
Off
On
Off

On
On
On
Off
Off

Figure 4. Spatial distribution of (a) NCEP reanalysis and (b) simulated RH averaged from 5 December 2015 to 4 January 2016.

3.2

Model validation

The WRF-Chem Model simulation of the haze pollution
episode in the NCP has been comprehensively validated using available measurements in Wu et al. (2019). In general,
the model simulates the spatial distribution and temporal
variation in PM2.5 , O3 , NO2 , SO2 , and CO mass concentrations well compared to observations in the NCP. The predicted aerosol species are also in good agreement with the
measurement in Beijing. Moreover, the model performs reasonably well in simulating the aerosol optical depth and single scattering albedo, PBLH, and downward shortwave flux
against measurements.
In order to verify the effect of the ALW on near-surface
[PM2.5 ] during the haze pollution episode, the simulated
temporal variation in RH was first compared to measurements at Luancheng, Yucheng, and Jiaozhouwan in the NCP
from 5 December 2015 to 4 January 2016 (Fig. 3). The
WRF-Chem Model generally performs well in simulating
the hourly variation in RH in these three cities, with IOAs
of 0.73, 0.83, and 0.69, respectively. RH is a key meteorological component, sensitive to the atmospheric thermodynamic (e.g., temperature) and dynamic (e.g., winds) condiwww.atmos-chem-phys.net/19/8721/2019/

tions. Even when the simulated water vapor content is the
same as the observation, the overestimation or underestimation of temperature still causes underestimation or overestimation of RH. Biases of wind speeds and directions considerably influence the origination of air mass at the observation site. In general, the northerly wind carries dry air, and
this is the opposite for the southerly wind during wintertime
in the NCP. Therefore, the uncertainties from meteorological
field simulations might constitute one of the most possible
reasons for the RH bias (Bei et al., 2017). Figure 4 presents
the pattern comparison of the average simulated RH and the
NCEP reanalysis during the episode. The simulated RH distribution is generally consistent with that from the reanalysis,
e.g., dry air in western China and fairly humid air in southern China. However, the air over the NCP in the simulation is
more humid than the analysis, and the average simulated RH
is 70.6 %, about 20 % higher than the reanalyzed RH, which
might be caused by the temperature decrease due to the ARF
considered in the simulation.

Atmos. Chem. Phys., 19, 8721–8739, 2019

8726

J. Wu et al.: Water vapor effect on wintertime haze in the NCP

Figure 5. Average (a) absolute and (b) relative AOD contribution caused by the ALW from 5 December 2015 to 4 January 2016.

Figure 6. Average near-surface (a) absolute and (b) relative PM2.5 contribution caused by the ALW-ARF from 5 December 2015 to 4 January 2016.

3.3

Sensitivity studies

The ALW not only enlarges the particle size to increase the
aerosol optical depth (AOD), likely enhancing the ARF to facilitate the PM2.5 accumulation or to alter photolysis rates to
affect the AOC, but also influences the SA formation serving
as a medium for multiphase reactions. Therefore, sensitivity
studies are used to quantitatively evaluate the effect of the
ALW on the PM2.5 concentration during the haze pollution
episode.
The FSA method was used to evaluate the contribution
of the ALW to near-surface [PM2.5 ] by differentiating two
model simulations with and without the ALW effect. Besides
the base case with all the ALW effect (hereafter referred to
Atmos. Chem. Phys., 19, 8721–8739, 2019

as fbase ), additionally, four sensitivity simulations have been
performed in which the ALW effect on the ARF, photolysis, multiphase reactions, and the total is excluded, respectively (hereafter referred to as falw_rad0 , falw_j0 , falw_het0 , and
falw_tot0 , respectively). It is worth noting that in all the sensitivity simulations, the aerosol hygroscopic growth is not
turned off. In the sensitivity simulation falw_rad0 , only the
ALW contribution to the AOD is not included in the ARF.
In the falw_j0 , only the ALW contribution to the AOD is not
considered in the photolysis calculation. In the falw_het0 , only
the heterogeneous formation of secondary aerosols (SA) involving the ALW is turned off, including the SO2 heterogeneous oxidation by O2 catalyzed by Fe3+ , N2 O5 heterogeneous hydrolysis, and the heterogeneous reaction of glyoxal

www.atmos-chem-phys.net/19/8721/2019/
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Figure 7. Average variations in (a) AOD and (b) Reff in fbase (red line) and falw_rad0 (blue line) as a function of bin [PM2.5 ] in NCP during
daytime from 5 December 2015 to 4 January 2016.

Figure 8. Average (a) percentage decrease in SWDOWN at the ground surface, (b) decrease in TSFC, (c) percentage decrease in PBLH,
and (d) percentage contribution of near-surface [PM2.5 ] caused by the ALW-ARF as a function of the near-surface [PM2.5 ] in NCP during
daytime from 5 December 2015 to 4 January 2016.

and methylglyoxal. For the falw_tot0 , the ALW contribution
to the AOD is not considered in the ARF and photolysis calculation, and the SA heterogeneous formation involving the
ALW is excluded. A detailed description about the sensitivity
simulations can be found in Table 2. The difference between
fbase and falw_rad0 represents the ALW effect on the ARF
during the study episode, and so does for the ALW effect on
photochemistry, multiphase reactions, and the total ALW effect.
3.3.1

ALW effect on the ARF

The ALW, caused by the aerosol hygroscopic growth, augments the particle size to increase AOD, potentially enhancing the ARF and aggravating the haze pollution. Figure 5
shows the distribution of the average AOD contribution due
to the ALW during the haze episode, evaluated by differentiating fbase and falw_rad0 . Apparently, the ALW substantially
increases the AOD in the NCP, with the contribution ranging
from 30 % to more than 50 %, indicating that ALW is an important contributor of the AOD. Substantial increase in the
AOD due to the ALW is anticipated to attenuate the incomwww.atmos-chem-phys.net/19/8721/2019/

ing solar radiation, decreasing the surface temperature and
suppressing the PBL development and therefore deteriorating the haze pollution, as proposed by recent studies (Tie et
al., 2017; Liu et al., 2018).
Figure 6 presents the distribution of the average nearsurface PM2.5 contribution of the ALW effect on the ARF
(hereafter referred as to ALW-ARF) during the haze episode.
Interestingly, the ALW-ARF does not increase the nearsurface [PM2.5 ] consistently in the NCP, as expected. The
ALW-ARF enhances the near-surface [PM2.5 ] most strikingly in the south of Hebei, with a contribution of more than
15 µg m−3 (less than 7 %). However, in some areas, such as
the east of Shandong, the near-surface PM2.5 contribution
of the ALW-ARF is negative or the ALW-ARF decreases
[PM2.5 ]. On average, the ALW-ARF increases near-surface
[PM2.5 ] in the NCP during the episode by about 1.1 µg m−3 ,
so it cannot constitute an important factor for the heavy
haze formation.
It is worth noting that enlarged particles due to the ALW
not only increase the AOD to enhance aerosol backward scattering but also cause the aerosol spectrum to successively

Atmos. Chem. Phys., 19, 8721–8739, 2019
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Figure 9. Average variations in daytime (a), (b) NO2 photolysis at the first and fifth model layer, respectively, and (c),(d) O3 concentration
at first and fifth model layer at around 18 and 420 m above the ground surface, respectively, caused by the ALW from 5 December 2015 to
4 January 2016 in NCP.

shift toward larger sizes. Based on the Mie scattering theory, when the particle size is similar to the wavelength of
incoming solar radiation, the radiation is favored to be scattered in the forward directions. In order to further verify the
ALW effect on solar radiation and near-surface [PM2.5 ], an
ensemble method is employed similar to that reported in Wu
et al. (2019). The daytime near-surface [PM2.5 ] in the NCP
during the episode in fbase is first subdivided into 30 bins
with the interval of 20 µg m−3 . The AOD at 550 nm, aerosol
effective radius (Reff), downward shortwave radiation at the
surface (SWDOWN), surface temperature (TSFC), PBLH,
and near-surface [PM2.5 ] in fbase and falw_rad0 in the same
grid cell are assembled as the bin [PM2.5 ], and an average of
these variables in each bin are calculated. Figure 7 shows
the variation in AOD and Reff in fbase and falw_rad0 as a
function of bin [PM2.5 ]. The ALW not only significantly enhances the AOD, with an average contribution of 46 % in the
Atmos. Chem. Phys., 19, 8721–8739, 2019

NCP during the episode but also increases the Reff considerably (Fig. 7a and b). The Reff enhancement due to the ALW
is the most striking with near-surface [PM2.5 ] between 40
and 160 µg m−3 , exceeding 60 %. On average, the ALW increases the Reff from 0.31 µm to 0.48 µm, close to the peak
band of solar radiation. Therefore, the ALW increases the
AOD to scatter more incoming solar radiation, decreasing
the SWDOWN, but augments particle sizes to favor the forward scattering, increasing the SWDOWN. Generally, the
decrease in the SWDOWN caused by the ALW is not significant, being less than 1 % with near-surface [PM2.5 ] of less
than 200 µg m−3 and ranging from 2 % to 3 % with [PM2.5 ]
exceeding 240 µg m−3 (Fig. 8a). Correspondingly, the ALWARF effect on the daytime TSFC is also marginal and the
TSFC is decreased by less than 0.2 ◦ C (Fig. 8b). Furthermore, the ALW-ARF generally increases the daytime PBLH
with near-surface [PM2.5 ] less than 140 µg m−3 but is opwww.atmos-chem-phys.net/19/8721/2019/
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Figure 10. Average near-surface (a) absolute and (b) relative PM2.5 contribution caused by the ALW-J from 5 December 2015 to 4 January 2016.

posite with [PM2.5 ] exceeding 140 µg m−3 (Fig. 8c). Hence,
the contribution of the ALW-ARF to near-surface [PM2.5 ] is
highly uncertain (Fig. 8d), depending on the relative importance of the ALW induced enhancement of aerosol backward
and forward scattering.
3.3.2

ALW effect on the photochemistry

In addition to the ARF, the ALW also exerts an impact on
the photochemistry by altering the aerosol backward and forward scattering to affect the photolysis, further influencing
the ozone (O3 ) and SA formation. Previous studies have
shown that the ALW modifies the vertical profile of photolysis rate of NO2 (JNO2 ), inhibiting it at the ground level
and accelerating it in the upper PBL (Tao et al., 2014; Dickerson et al., 1997). The combination reaction between the
ground-state oxygen atom (O3 P), produced from NO2 photolysis, and oxygen molecules (O2 ) forms O3 , representing
the only important source of O3 in the troposphere:
NO2 + hν → NO + O(3 P),
3

O( P) + O2 + M → O3 + M.

(1)
(2)

Thus, the variation in JNO2 considerably affects the O3 formation in the troposphere, changing the AOC and, further,
the SA formation.
Figure 9a and b present the distribution of the percentage variation in average daytime JNO2 due to the ALW during the haze episode at the first and fifth model layer, respectively. At the first model layer, except in the north of
Jiangsu, the ALW generally decreases JNO2 slightly in the
NCP. However, at the fifth model layer, the region with enhanced JNO2 caused by the ALW is obviously increased compared to that at the first model layer. Apparently, the ALW
www.atmos-chem-phys.net/19/8721/2019/

induced enlargement of particle sizes increases the AOD and
enhances the aerosol backward scattering to reduce the solar
radiation reaching the ground level, decreasing the photolysis rate, but the enhanced forward scattering still potentially
accelerates the photolysis, such as in the north of Jiangsu. In
addition, the enhanced aerosol backward scattering also increases the photolysis rate in the upper layer and above the
PBL, which is consistent with previous studies (Tao et al.,
2014; Dickerson et al., 1997). The variation in average daytime O3 concentrations is not consistent with that of JNO2
at the first model layer (Fig. 9c). For example, although the
JNO2 is decreased in Hebei and Shandong, the O3 concentration is still enhanced by the ALW in some areas of the two
provinces. One of the possible reasons is the vertical transport of O3 from the upper layers where the O3 is plausibly
enhanced due to the increased photolysis rate (Fig. 9b). At
the fifth model layer, the area with enhanced O3 concentrations is much larger than that at the first model layer, which
is in agreement with the variation in the JNO2 (Fig. 9d). On
average, the ALW decreases near-surface (first model layer)
daytime O3 concentrations by about 0.2 µg m−3 (or 0.45 %),
playing a minor role in O3 formation.
Figure 10 shows the distribution of the average nearsurface PM2.5 contribution of the ALW effect on the photolysis frequencies (hereafter referred as to ALW-J) during
the haze episode. Except in some areas in Shandong and Anhui, the ALW-J slightly decreases near-surface [PM2.5 ] in the
NCP, with an average reduction of about 0.87 µg m−3 (or
0.64 %). Therefore, the ALW-J does not play an important
role in mitigating the haze pollution.

Atmos. Chem. Phys., 19, 8721–8739, 2019

8730

J. Wu et al.: Water vapor effect on wintertime haze in the NCP

Figure 11. Average near-surface (a, c, e) absolute and (b, d, f) relative contribution to sulfate, nitrate, and ammonium concentrations,
respectively, caused by the ALW-HET from 5 December 2015 to 4 January 2016.

Atmos. Chem. Phys., 19, 8721–8739, 2019
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Figure 12. Spatial distribution of NH3 emission rate in December.

3.3.3

ALW effect on heterogeneous reactions

The ALW provides an excellent substrate for heterogeneous
reactions in the atmosphere, which has been proposed to play
a key role in the SA formation during haze days (Li et al.,
2017; Xing et al., 2019).
Figure 11 presents the distribution of contributions of
the ALW on heterogeneous reactions (hereafter referred to
ALW-HET) to near-surface sulfate, nitrate, and ammonium
concentrations averaged during the haze episode. A parameterization of sulfate heterogeneous formation involving
ALW has been developed and implemented into the WRFChem Model, which has successfully reproduced the observed rapid sulfate formation during haze days (Li et al.,
2017). The sulfate heterogeneous formation from SO2 is parameterized as a first-order irreversible uptake by ALW surfaces, with a reactive uptake coefficient of 0.5 × 10−4 , assuming that there is enough alkalinity to maintain the high
iron-catalyzed reaction rate. The contribution of the ALWHET to the sulfate formation is substantial in the NCP, exceeding 5 µg m−3 (or 50 %) in the NCP (Fig. 11a and b). The
ALW-HET contributes about 71.3 % of the sulfate in the NCP
during the episode, indicating that the heterogeneous formation involving the ALW is the dominant sulfate source during
haze days.
The heterogeneous hydrolysis of N2 O5 on the surface of
deliquescent aerosols leads to the HNO3 formation, which
is the key contributor to the nitrate aerosol loading (Riemer
et al., 2003; Pathak et al., 2011; Chang et al., 2016). In this
study, the parameterization of the heterogeneous hydrolysis
of N2 O5 , proposed by Riemer et al. (2003), has been included
in the WRF-Chem Model for considering the effect of ALWHET on the nitrate formation. The N2 O5 uptake coefficient
on wet aerosol surfaces ranges from 0.002 to 0.02, depending on the sulfate and nitrate aerosol mass. The ALW-HET
www.atmos-chem-phys.net/19/8721/2019/
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generally increases the near-surface nitrate mass concentration by 2 to 8 µg m−3 in the NCP, with an average contribution of 2.8 µg m−3 (or 10 %; Fig. 11c and d). It is worth
noting that the ALW-HET does not consistently increase the
nitrate formation and that the nitrate concentration is considerably decreased in some areas in eastern China. One of the
possible reasons is that the ALW-HET substantially enhances
the sulfate formation and the increased sulfate competes with
nitrate for ammonia (NH3 ), suppressing the nitrate formation. Figure 12 shows the distribution of the NH3 emission
rate in December. High NH3 emissions are concentrated in
the NCP, central China, the Sichuan Basin, and northeastern
China, where the nitrate concentration is generally increased
by the ALW-HET.
Ammonium serves as the main alkali in the atmosphere to
neutralize acidic aerosols such as sulfate and nitrate, so its
formation is not only dependent on its precursor (NH3 ) but
is also influenced by acid aerosols. The ALW-HET enhances
the near-surface ammonium mass concentration most strikingly in the NCP with high NH3 emissions and increased
sulfate and nitrate aerosols. The contribution of the ALWHET to the ammonium concentration varies from 2 to more
than 10 µg m−3 , with an average of 4.2 µg m−3 (or 25.6 %),
showing that the heterogeneous formation constitutes an important ammonium source (Fig. 11e and f).
Heterogeneous reactions are also an important pathway for
the SOA formation (Fu et al., 2008; Li et al., 2013). Laboratory and field studies have indicated that glyoxal and methylglyoxal play an important role in SOA formation via aerosol
uptake or cloud processing (Liggio et al., 2005; Volkamer et
al., 2007; Li et al., 2011a). In this study, the heterogeneous
reaction of SOA formation from glyoxal and methylglyoxal
is parameterized as a first-order irreversible uptake by aerosol
particles, with a reaction uptake coefficient of 3.7 × 10−3
(Liggio et al., 2005; Zhao et al., 2006; Volkamer et al., 2007;
Li et al., 2011). During the haze episode, the average nearsurface SOA contribution of the ALW-HET is 7.4 µg m−3 (or
48 %) in the NCP, ranging from 3 to over 15 µg m−3 (or 30
to over 50 %) in the NCP, showing that heterogeneous reactions of glyoxal and methylglyoxal on wet aerosol surfaces play a critical role in SOA formation (Fig. 13). Xing et
al. (2019) demonstrated that, in Beijing–Tianjin–Hebei, the
near-surface SOA contribution from glyoxal and methylglyoxal is around 30 % during a haze episode in January 2014,
much less than that (48 %) in the study. The possible reason
is that the RH in the episode is higher than that in Xing et
al. (2019), causing more SOA formation from glyoxal and
methylglyoxal.
High SA contribution to the haze pollution has been observed in China (e.g., Huang et al., 2014), so the ALW-HET
substantially enhances the SA formation, constituting an important factor for heavy haze formation. Figure 14 shows
the contribution of the ALW-HET to average near-surface
[PM2.5 ] during the study episode. The ALW-HET enhances
near-surface [PM2.5 ] by more than 40 µg m−3 in the central
Atmos. Chem. Phys., 19, 8721–8739, 2019
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Figure 13. Average near-surface (a) absolute and (b) relative SOA contribution caused by the ALW-HET from 5 December 2015 to 4 January 2016.

Figure 14. Average near-surface (a) absolute and (b) relative PM2.5 contribution caused by the ALW-HET from 5 December 2015 to
4 January 2016.

part of the NCP, and on average, the PM2.5 contribution of
the ALW-HET is 21.7 µg m−3 (or 15.9 %), less than the total enhancement of 25.1 µg m−3 (or 18.4 %) from sulfate, nitrate, ammonium, and SOA. The inconsistency indicates that
the ALW-HET induced SA enhancement causes a decrease
in primary aerosols. Figure 15a and b show the percentage
decrease in black carbon (BC) and primary organic aerosols
(POA) as a function of bin [PM2.5 ], respectively. Interestingly, the average BC and POA concentrations are decreased
by 5.1 % and 5.2 % due to the ALW-HET, respectively. The
ALW-HET induced SA enhancement augments the particle
size and should increase the AOD. However, on the contrary,
the ALW-HET decreases the AOD, although considerably in-
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creasing the Reff (Fig. 16a and b). The reason is that the
enhanced SA enlarges particle sizes, facilitating the coagulation to decrease the aerosol number concentration and surface area, as shown in Fig. 16c and d. Hence, the decreased
AOD and increased Reff due to the ALW-HET enhance the
SWDOWN and TSFC, further increasing the PBLH and decreasing near-surface primary aerosols, as shown in Fig. 17.
It is worth noting that the ALW content (ALWC) and
aerosol composition are mutually influenced; i.e., the ALWC
depends on the existence of hydroscopic aerosols (mainly inorganic components) and the RH in the atmosphere, and the
SA, particularly inorganic components, formed via heterogeneous and aqueous reactions involving the ALW, further
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Figure 15. Average percentage decrease in (a) BC and (b) POA concentrations caused by the ALW-HET as a function of the near-surface
[PM2.5 ] in NCP from 5 December 2015 to 4 January 2016.

Figure 16. Average variations in (a) AOD and (b) Reff in fbase (red line) and falw_het0 (blue line), respectively, and average percentage
decrease in near-surface (c) aerosol number concentration and (d) surface area caused by the ALW-HET as a function of bin [PM2.5 ] in NCP
from 5 December 2015 to 4 January 2016.

increases the ALWC. Hence the initial hydroscopic aerosols
might play a seeding role in the contribution of the ALWHET, likely constituting the most important factor in determining the ALWC and additional SA formed via heterogeneous or aqueous reactions. However, in model simulations,
the initial hydroscopic aerosols or the seed particles are insignificant to the ALWC, since even without consideration
of multiphase formation, the other processes still dominate
the hydroscopic aerosol concentration in the atmosphere, including direct emissions, nucleation, condensation, etc., particularly after model spin-up. Therefore, the effect of initial
hydroscopic aerosols or seed particles on the ALW and additional heterogeneous SA is generally negligible.
3.3.4

ALW total effect

Above discussions have shown that the ALW influences nearsurface [PM2.5 ] through complicated physical and chemical
processes, which interact with each other. Figure 18 shows
the near-surface PM2.5 contribution of the total ALW effect
(hereafter referred as to ALW-TOT) during the haze episode,
evaluated by differentiating fbase and falw_tot0 . The ALWwww.atmos-chem-phys.net/19/8721/2019/

TOT plays an important role in the PM2.5 formation during
the wintertime haze pollution in the NCP, with an average
contribution of 23.8 µg m−3 (or 17.5 %), ranging from 5 to
over 40 µg m−3 . About 78 % of the enhanced near-surface
[PM2.5 ] due to the ALW-TOT is contributed by secondary inorganic aerosols, in which the contributions from sulfate, nitrate, and ammonium are 45 %, 14 %, and 19 %, respectively,
and around 32 % is contributed by SOA. Therefore, about
10 % of near-surface [PM2.5 ] enhancement from SA is counterbalanced by the decrease in the primary aerosols. Therefore, the ALW induced enhancement of near-surface [PM2.5 ]
is overwhelmingly determined by the ALW-HET, and the
ALW-ARF and ALW-J are subject to decreasing [PM2.5 ].
Figure 19 shows the variation in near-surface [PM2.5 ]
caused by the ALW-TOT, ALW-HET, ALW-ARF, and ALWJ as a function of bin near-surface RH in the NCP during the
haze episode to further assess the ALW effect. The hourly
near-surface RH in fbase is first divided into 28 bins, ranging
from 30 % to 100 %, with an interval of 2.5 %. The PM2.5
contribution from the four sensitivity simulations is assembled in the same grid cell as the bin RH, and an average of
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Figure 17. Average (a) percentage increase in SWDOWN at the
ground surface, (b) increase in TSFC, and (c) percentage increase
in PBLH caused by the ALW-HET as a function of the near-surface
[PM2.5 ] in NCP during daytime from 5 December 2015 to 4 January 2016.

PM2.5 contribution in each bin is calculated. The ALW does
not continuously increase near-surface [PM2.5 ] with the RH.
When the RH is less than 80 %, the near-surface PM2.5 contribution of the ALW-TOT generally increases rapidly with
the RH. However, when the RH exceeds 80 %, the contribution commences to decrease and fluctuates between 20 and
30 µg m−3 , showing the effect of high occurrence frequencies of precipitation. In addition, the ALW-HET dominates
the PM2.5 contribution, particularly with RH being less than
50 %. The ALW-RAD generally decreases [PM2.5 ] slightly
with the RH less than 52.5 % and vice versa with the RH
more than 52.5 %. The PM2.5 contribution of the ALW-J is
negative and less than 1.5 µg m−3 , except when the RH is between 92.5 % and 97.5 %.
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Conclusions and summaries

The good relationships between near-surface [PM2.5 ] concentration and RH during the wintertime of 2015 in the NCP
indicate the possibility that high RH plays an important role
in the PM2.5 formation during the haze pollution. A severe
haze pollution episode from 5 December 2015 to 4 January 2016 is simulated using the WRF-Chem Model to investigate the impact of ALW caused by the accumulated moisture on near surface [PM2.5 ] in the NCP. The air over the NCP
during the haze episode is humid, with an average simulated
RH of about 71 %. In general, the WRF-Chem Model reproduces the temporal variations in RH reasonably well compared to observations at three sites in the NCP, although the
model biases still exist due to the uncertainties in simulated
meteorological fields.
The FSA method is used to evaluate the contribution of
the ALW effect on ARF, photochemistry, and heterogeneous
reactions to the wintertime PM2.5 concentration in the NCP.
Model results show that the ALW substantially increases
the daytime AOD with an average contribution of 46 % in
the NCP during the episode, enhancing the aerosol backward scattering, and also augments the Reff from 0.31 µm to
0.48 µm, approaching the peak band of solar radiation, favoring the aerosol forward scattering. The ALW does not significantly attenuate the incoming solar radiation at the ground
surface to enhance the ARF, and the average near-surface
PM2.5 contribution of the ALW-ARF is about 1.1 µg m−3 in
the NCP during the episode. Therefore, the ALW-ARF is not
an important factor for heavy haze formation, and its contribution relies on the relative importance of the ALW induced enhancement of aerosol backward and forward scattering. The ALW generally decreases the photolysis rate at the
surface level due to enhanced backward aerosol scattering,
but the favored forward scattering still possibly accelerates
the photolysis. Additionally, the ALW increases the photolysis rate in the upper layer and above the PBL. On average,
the ALW decreases near-surface daytime O3 concentrations
by 0.20 µg m−3 and [PM2.5 ] by 0.87 µg m−3 , playing a minor
role in mitigating the haze pollution.
The ALW substantially enhances the SA formation by
serving as an important medium for liquid-phase and heterogeneous reactions. The ALW contribution to near-surface
sulfate, nitrate, ammonium, and SOA concentrations is 71 %,
10 %, 26 %, and 48 % in the NCP during the episode, respectively. However, the enhanced SA due to the ALW-HET enlarges particle sizes to facilitate the coagulation, decreasing
the aerosol number concentration and surface area and further AOD. Therefore, the decreased AOD and increased Reff
enhance the incoming solar radiation reaching the ground
surface, further increasing the surface temperature and PBLH
and decreasing near-surface primary aerosols. The ALWHET contributes 15.9 % of near-surface [PM2.5 ], less than
the total SA enhancement of 18.4 %, and the rest is counterbalanced by the decrease in primary aerosols.
www.atmos-chem-phys.net/19/8721/2019/
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Figure 18. Average near-surface (a) absolute and (b) relative PM2.5 contribution caused by the ALW-TOT from 5 December 2015 to
4 January 2016.

wintertime case studies will need to be performed in the future to further investigate the ALW effect.

Data availability. The real-time PM2.5 , O3 , SO2 , NO2 , and CO observations are accessible for the public on the website http://106.
37.208.233:20035/ (last access: 16 May 2018; China MEP, 2013a).
One can also access the historic profile of observed ambient pollutants through visiting http://www.aqistudy.cn/ (last access: 16 May
2018; China MEP, 2013b).

Figure 19. Average contributions to near-surface [PM2.5 ] caused
by the ALW-TOT (black line), ALW-HET (red line), ALW-RAD
(green line), and ALW-J (blue line) as a function of the RH in NCP
from 5 December 2015 to 4 January 2016.

The near-surface PM2.5 contribution of the ALW total effect is 17.5 % in the NCP, indicating that ALW plays an important role in the PM2.5 formation during the wintertime
haze pollution. Moreover, the ALW-HET overwhelmingly
dominates the PM2.5 enhancement due to the ALW. The
ALW does not consistently enhance near-surface [PM2.5 ]
with increasing RH. When the RH exceeds 80 %, the contribution of the ALW commences to decrease, being caused
by the high occurrence frequencies of precipitation.
Although the model performs reasonably well in simulating air pollutants, aerosol species and optical properties, and
RH during the episode in the NCP, the uncertainties from
meteorological fields and the emission inventory still exist,
leading to model biases. In addition, a simulation period of
1 month might not be sufficient for providing a comprehensive view of the ALW effect on the PM2.5 formation. More
www.atmos-chem-phys.net/19/8721/2019/
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