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Abstract: In order to investigate the chemical characteristics of aerosol pollution including PM1 and
PM2.5 in Handan, the offline sampling campaign was conducted and the concentrations of total
water-soluble inorganic ions (TWSI), carbonaceous components (OC and EC) were analyzed. The
average concentrations were 88.5 µg/m3 for PM1 and 122 µg/m3 for PM2.5, and the corresponding
ratios of PM1 versus PM2.5 on non-pollution, mild-moderate pollution and heavy pollution were
0.67, 0.70 and 0.77, respectively. TWSI and OC accounted for 43.2% and 15.4% in PM1, 41.8% and
16.0% in PM2.5. Secondary components in PM2.5 and PM1 increased with heavy pollution, SNA
(SO4

2−, NO3
− and NH4

+) was enriched in PM1 but SOC (Secondary Organic Carbon) was more
enriched in PM1–2.5. Furthermore, for evaluating the effect of aerosol feedback the WRF-Chem model
was applied to identify the aerosol-radiation interaction of aerosol feedback influence on the PM2.5

concentration and various meteorological factors in Handan. The results indicated that the aerosol
radiative effects will result in an average 32.62%(36.18 W/m2) decrease in downward short wave flux
at ground surface (SWDOWN), an average 17.52% (39.15 m) and 0.16% (0.44 K) decrease in planetary
boundary layer height(PBLH) and surface temperature (T2). The wind speed at 10 m (WS) and
relative humidity (RH) will be increased by about 4.16%(0.11 m/s) and 1.89% (0.78%), respectively.

Keywords: PM1; PM2.5; water soluble inorganic ions; carbonaceous components; aerosol feedback

1. Introduction

Handan, a typical heavy industrial city located North China, is rich in iron ore and coal
resources and its heavy industry as iron and steel, coking, power were highly developed.
In 2017, Handan produced 36 million tons of crude steel and 12 million tons of coke,
accounting for 45% of its GDP. However, affected by Stable weather conditions with high
humidity and low wind speed combined with anthropogenic emissions [1], this city has
been restricted by severe air quality problems especially particulate matter. Handan has
the highest PM2.5 concentration in 74 key cities in China, which reached 86 µg/m3 in 2017,
the average daily concentration is even as high as 316 µg/m3. Investigating characteristic
of particulate matter pollution in Handan has great significance for revealing the causes of
air pollution in developing countries and proposing emission reduction schemes. Some
scholars have begun to discuss the topic of PM2.5 in Handan. Investigations based on model
simulations [2] and studies on the spatial-temporal change and chemical characteristics of
PM2.5 are conducted [3–6].

Due to the smaller particle size, larger specific surface area and higher number concen-
tration, PM1 has greater impacts than PM2.5 on visibility and radiative climate forcing, fur-
ther harmfully affect human health [7–10]. Furthermore, high concentration of aerosols has
always strong feedback effect on meteorological factors in turn, by its feedback [11]. Many
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studies have shown that aerosol pollution is mainly influenced by weather constituents
and anthropogenic activities [12–14]. Influenced by radiation feedback, meteorological
conditions are increasingly steady, suppressing pollutants diffusion and then aggravate
heavy pollution. However, our knowledge of PM1 pollution and its effect on meteoro-
logical factors in Handan region remains poor. Therefore, it is fundamental to obtain the
PM1 and PM2.5 chemical components evolution characteristics including water soluble
inorganic ions and carbonaceous components, and illustrate how aerosol feedback affect
meteorological elements, in the heavy polluted city, Handan.

In this study, the PM2.5 and PM1 samples were collected in Handan from 15 October
2017 to 15 November 2017 and from 29 December 2017 to 26 January 2018. The observed
PM2.5 and meteorological data were systematically analyzed. We also applied the Weather
Research and Forecasting model coupled to Chemistry (WRF-Chem) model over the
northern China to exhibit more exact data on aerosol feedbacks [15]. The impacts of aerosol
feedbacks on meteorology including solar radiation (SWDOWN), temperature (T2), wind
speed (WS), relative humidity (RH) and planetary boundary layer height (PBLH), as well
as the concentration of PM2.5 were assessed via the scenario simulations.

The objectives of this paper are as follows: (1) to determine the characteristics of chem-
ical compositions, such as water-soluble ions and carbonaceous components in PM1 and
PM2.5; (2) to elucidate the impact of aerosol feedback mechanism on the PM2.5 concentration
and various meteorological factors, such as T2, WS, PBLH and RH.

2. Material and Methodology
2.1. Sampling and Chemical Analysis

PM2.5 and PM1 was sampled during the adjacent periods, from 15 October 2017 to 15
November 2017 and from 29 December 2017 to 26 January 2018. A total of 61 daily samples
were collected by a medium volume sampler (URG-3000ABC, USA) with a flow rate of
16.7 L/min. For the investigation of PM mass and inorganic particles the Teflon filters
(47 mm, Whatman, UK) were utilized, while for the examination of carbonaceous species
the quartz filters (47 mm, Whatman, UK) were used [16–18]. All filters were stored at <4 ◦C
before investigation. The samples were collected on the rooftop (35 m above ground) of a
building in Environmental Protection Bureau of Handan (36◦61′ N, 115◦51′ E), as shown
in Figure 1c, surrounded with residential and traffic sources, but without remarkable
industrial enterprise. Representing pollution characteristics of morning peak, the sampling
time was from 10:00 a.m. to 9:00 a.m. of the next day. When special situation (rainy day
and equipment failure) arose, we would adjust sampling time temporarily.

Figure 1. Location of the sampling sites (c) and WRF-Chem modeling domain setting (a,b). The grey areas are the other
“2 + 26” cities in Beijing-Tianjin-Hebei region and surrounding areas.

For analyzing PM mass concentrations, we used a microbalance (Sartorius-Denver TB-
215 D, accuracy, 0.01 mg) to weigh Teflon filters before and after each sampling under 48 h
stable condition(T = 20 ± 5 ◦C and RH = 40 ± 2%) (Yang et al., 2017). Half of each Teflon
filter sample was extracted ultrasonically and the concentrations of eleven water-soluble
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ions (Na+, K+,Ca2+, Mg2+, NH4
+, F−, Cl−, NO2

−, NO3
−, SO4

2−) were analyzed by Ion
Chromatography (861 Advanced Compact IC, Metrohm) (Jia et al., 2018; Wang et al., 2017;
Wang et al., 2018). Element carbon (EC) and organic carbon (OC) content was analyzed by
thermal-optical reflectance carbon analysis method using DRI2001A (Chow et al., 2004).
More detailed descriptions of the operation method was described in the Supplementary
File and previous works (Wen et al., 2018).

2.2. Meteorological Data

Meteorological parameters including wind speed, wind direction, ground temperature,
relative humidity, visibility and precipitation amount were obtained from the “China
meteorological Information Centre” website (http://data.cma.cn, accessed on 12 May
2020). Data obtained from this website were supplied by Handan weather station which is
located in Congtai Park (36◦62′ N, 115◦49′ E). All of the meteorological data were arranged
according to the PM2.5 sampling time (10:00 a.m. to 9:00 a.m. of the next day).

2.3. Model Design and Verification

The WRF-Chem version 3.5.1 was applied for analyzing the aerosol-radiation feedback
effect on the meteorological factors. In this study, a two-level nested computational domains
were established with a spatial resolution of 9 km× 9 km for the large domain and a spatial
resolution of 3 km × 3 km for the inner domain, which are denoted as Domain 1 and
Domain 2, respectively (as shown in Figure 1a,b). The simulation period is consistent with
the sampling time. Domain 1 covered “2 + 26” cities in Beijing-Tianjin-Hebei region and
surrounding areas. Domain 2 covered Handan city and its surrounding cities including
Anyang, Xingtai, Liaocheng, Yangquan and Puyang.

The emission inventory was calculated dependent on raw emissions data, emission
coefficients and activity categories. More detailed depictions of the complete emission
inventory which were utilized in this study could be found in previous works published by
the researchers in the Key Laboratory of Beijing on Regional Air Pollution Control [19–21]
and the raw emissions data in emission inventory were updated to 2017.

In this study, we employed National Center for Environmental Prediction (NCEP)
Final Analysis (FNL) reanalysis data sets as the meteorological initial (IC) and boundary
conditions (BC). The Carbon-Bond Mechanism version Z (CBMZ) [22] coupled with Model
for Simulating Aerosol Interactions and Chemistry (MOSAIC) using 4 sectional aerosol
bins were chosen as the gas-phase chemical mechanism and aerosol parameterization
scheme [23]. We used Fast-J photolysis scheme to calculate photolysis rates. Furthermore,
some physics options are selected in the simulation, such as Lin microphysics [21], the
Goddard short wave scheme [24], RRTM long wave scheme [25], Noah land surface model,
the Yonsei University (YSU) planetary boundary layer scheme [26] and the Grell-Devenyi
cumulus parameterization.

To represent the actual PM pollution process, we designed Scenario BASE which
includes aerosol-radiation feedback (aerosol-meteorology direct feedbacks on air qual-
ity was turned on, aer_ra_feedback = 1 in the WRF-Chem model) and various control
measures were executed. To assess the effect, we also designed the Scenario NF without
aerosol-radiation feedback (aer_ra_feedback = 0 in the WRF-Chem model). The results of
Scenario NF simulation were compared with the results of Scenario BASE demonstrating
the effectiveness of aerosol radiative feedback.

For evaluating the performance of the WRF-chem in simulating both PM2.5 concentra-
tions and meteorological variables, the time series of the observed and predicted results
was obtained and presented in Supplementary Information (Figure S1).

3. Results and Discussion
3.1. Characteristics of PM1 and PM2.5

The average concentrations of PM2.5 and PM1 for the entire sampling period were
122.0 µg/m3 and 88.5 µg/m3, respectively. PM2.5 mass concentration far exceeds the

http://data.cma.cn
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Chinese National Ambient Air Quality Standards (CNAAQS) (GB3095-2012) Grade II
(35 µg/m3 for the annual average of PM2.5), for approximately 3.5 times. A number
of measures have been recently taken to reduce pollution from anthropogenic sources,
consequently, PM2.5 concentration of Handan demonstrates a decreasing trend with annual
average concentrations for the urban area moving from 139 µg/m3 in 2013 to 86 µg/m3

in 2017.
To investigate general distinction of PM1 and PM2.5 in clean and polluted days PM1

and PM2.5 daily mass concentration was tested. According to the PM2.5 concentration we
defined haze episodes as non-pollution (0 < PM2.5 ≤ 75 µg/m3), mild-moderate pollution
(75 µg/m3 < PM2.5 ≤150 µg/m3) and heavy pollution (150 µg/m3 < PM2.5), as shown in
Table 1. PM1 on Non-pollution (NP), Mild-moderate pollution (MP) and heavy pollution
(HP) were 34.8, 80.1 and 165.6 µg/m3, respectively, while those of PM2.5 were 51.6, 114
and 216 µg/m3. The relating proportions of PM1/PM2.5 on NP, MP and HP were 0.67,
0.70 and 0.77, respectively. The results suggested that PM1 contributed the most of PM2.5,
as the pollution got worse, the proportion of PM1 to PM2.5 increased. Compared with
other research which elaborated the proportions of PM1/PM2.5 in China northern Cities,
the ratios of Handan are close to Beijing (0.75), Shijiazhuang (0.74), Tangshan (0.72) and
Qingdao (0.76) that located in the northern China. while Compared with some metropolis
in southern China, the ratios of Handan are lower than at Jinsha (0.90), Guilin (0.90),
Dongtan (0.90), Changde (0.91), Chengdu (0.91), Nanning (0.91) [27,28]. In order to better
illustrate the differences under different pollution levels, we characterized the ratio of the
concentration in pollution periods over that on NP as the enrichment factor (EF). EFs of
PM1 on MP and HP were 2.19 and 3.75, respectively, which of PM2.5 were 2.21 and 4.18. As
a result of the EF of PM2.5 was higher than PM1, especially on HP, we assumed that the
growth of PM1–2.5 was bigger than for PM1. This phenomenon was predictable with the
outcomes amid serious air pollution in Beijing [29], which showed that PM1.1–2.1 increased
faster than PM1.1. In this research, the peak mass concentration of particles shifted from
0.43–0.65 µm on clean days to 0.65–1.1 µm on lightly polluted days and to 1.1–2.1 µm on
heavily polluted days.

Table 1. Concentrations of PM1 and PM2.5 on non-pollution, mild-moderate pollution and heavy
pollution in Handan in the period from 15 October to 15 November 2017 and from 29 December 2017
to 26 January 2018.

Classification Number PM1 (µg/m3) PM2.5 (µg/m3) PM1/PM2.5

Non-pollution (NP) 17 34.8 ± 10.9 51.6 ± 13.4 0.67 ± 0.09
Mild-moderate
pollution (MP) 29 80.1 ± 18.6 114.2 ± 20.7 0.70 ± 0.09

Heavy pollution (HP) 15 169.6 ± 33.6 215.6 ± 52.5 0.77 ± 0.07
Entire 61 88.5 ± 44.5 122 ± 67.2 0.73 ± 0.1

3.2. Water Soluble Inorganic Ions in PM1 and PM2.5

The total water-soluble inorganic ions (TWSI) were the major chemical species for PM1
and PM2.5, accounted for 43.2% and 41.8% in PM1 and PM2.5. Water soluble ion species in
both PM1 and PM2.5 on NP, MP and HP during Sampling period in Handan are illustrated
in Figure 2. The TWSI in PM1 on NP, MP and HP were 9.81, 30.2 and 61.5 µg/m3, while
those in PM2.5 were 21.9, 50.9 and 108 µg/m3, respectively, demonstrating that TWSIs are
more easily enriched in PM1. SNA (SO4

2−, NO3
- and NH4

+) formed from the precursors
such as SO2, NO2 and NH3 and accounted more than 80% in TWSIs of both PM1 and PM2.5
on clean and polluted days. Both on clean and hazed days, the concentration of NO3

− was
higher than SO4

2− in PM1 and PM2.5, it was the most abundant among SNA except in PM1
on NP. In this study, EFs of SO4

2−, NO3
− and NH4

+ in PM2.5 on MP were 2.47, 3.01 and
2.12, and on HP were 4.79, 6.42 and 4.39. While EFs of SO4

2−, NO3
− and NH4

+ in PM1 on
MP were 3.70, 3.86 and 2.76, and on HP were 7.05, 8.10 and 5.50, respectively. On haze
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episodes, EFs of SO4
2−, NO3

- and NH4
+ in PM1 were higher than for PM1–2.5 (i.e., SNA

increased more in PM1).

Figure 2. Concentrations of SO4
2−, NO3

−, NH4
+, Cl−, F−, Na+, K+, Ca2+, Mg2+, SNA, TWSI (a–k) in PM1 and PM1–2.5 on

non-pollution, mild-moderate pollution and heavy pollution in Handan in the period from 15 October to 15 November 2017
and from 29 December 2017 to 26 January 2018.

Compared with previous studies, the differences for NO3
− and SO4

2− are quite large,
and nitrate had replaced SO4

2− as the most abundant component. Zhao’s studies [30]
pointed out that most of the SO4

2- in Handan comes from local emissions. In recent years,
reduction of coal consumption, improvement of desulfurization technology and upgrading
of clean energy dosage have brought about a sharp drop in SO4

2− concentration. We usually
regarded the ratio of NO3

−/SO4
2− as evidence of whether PM contributed by mobile or

stationary sources [31], it is remarkable that NO3
-/SO4

2− in PM2.5 and PM1 expanded with
intensification of air pollution, we can infer that vehicles contributed much to PM2.5 and
PM1 on polluted days and replacing coal with natural gas also increased NO2 emissions
and decreased SO2 emissions. For estimating nitrogen and sulfur reaction degree, previous
studies had defined nitrogen oxidation ratio (NOR = nNO3

−/(nNO3
− + nNO2), n refers

to molar concentration) and sulfur oxidation ratio (SOR = n SO4
2−/(nSO4

2− + nSO2)) [32].
As indicated in Figure 3, NOR in PM2.5 was higher than in PM1 and increased in both
PM1 and PM2.5 with worse pollution, nevertheless, SOR was highest on MP both PM1
and PM2.5. In this investigation, SOR in both PM1 and PM2.5 was higher than NOR, as
concentration of NO2 (63.8 µg/m3) was higher than SO2 (26.0 µg/m3), we had got a higher
observation value of NO3

− than SO4
2−. Scholars [32,33] discovered that haze pollution

benefited from formation of NO3
-, in addition, high concentrations of NOx promoted the

conversion of SO2 to SO4
2− [34].

We also calculated the molar equivalent ratio of n NH4
+/(nNO3

−+nSO4
2−) to get the

information on connection of species in soluble fraction of PM. Both in PM2.5 and PM1,
nNH4

+/(NO3
−+nSO4

2−) on clean days and polluted days was larger than 1, demonstrating
that NH4NO3 and (NH4)2SO4 were major form of SNA in PM2.5 and PM1. The presence of
NH4NO3 is positive for water take-up and visibility decrease, it weaken the surface solar
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radiation by the feedback effect of particulate matter, the boundary layer height and wind
speed decrease, further aggravated air contamination [35–37].

Figure 3. NOR (a), SOR (b), nNH4
+/(nNO3

− + nSO4
2−) (c) in PM1 and PM1–2.5 on non-pollution, mild-moderate pollution

and heavy pollution in Handan during the investigation period.

As a tracer component of coal utilization [16,38], Cl− increased significantly in polluted
days. EFs of Cl- in PM1 on MP and HP were 1.76 and 4.56, respectively, while those in
PM2.5 were 1.45 and 4.02. This phenomenon explained that coal combustion had a more
significant contribution. In addition, EFs of K+ in PM2.5 on MP and HP were 1.64 and 3.92,
respectively, lower than those in PM1 (1.84 and 4.23). Biomass burning of straw and fallen
leaves is the primary source of K+ [38], the EF of K increased rapidly on the polluted day,
indicating that the pollution may be accompanied by biomass combustion emissions. True
to form, Ca2+ and Mg2+ are crustal ions corresponded like fly ash and construction dust in
urban aerosols. On the other hand, the application of a large amount of limestone gypsum
desulphurization process promoted the discharge of calcium ions, increased of alkali metal
elements such as K, Mg and Ca may be related to the use of desulfurizer.

3.3. Carbonaceous Components in PM1 and PM2.5

During the campaign, OC represents 15.4% in PM1 and 16% in PM2.5; and EC 3.4%
in PM1 and 3.9% in PM2.5. As shown in Figure 4, OC in PM1 increased from 7.38 µg/m3

on NP to 11.8 µg/m3 on MP, and increased to 24.3 µg/m3 on HP. While OC in PM2.5 were
11.2, 18.1 and 31.5 µg/m3 on NP, MP and HP, respectively. In terms of EC, it were 1.94,
3.93 and 5.41 µg/m3 on NP, MP and HP in PM1, while were 2.53, 4.19 and 5.80 µg/m3 in
PM2.5, respectively. However, it is noteworthy that proportion of Total Carbon Aerosol
(TCA = 1.6 × OC + EC) [39,40] in PM were stable, which were 28.6% for PM1 and 29.0%
for PM2.5 on both polluted and clean days. Furthermore, ratios of OC/EC in PM1 on NP,
MP and HP, were 4.25, 4.40 and 5.70, respectively, while those in PM2.5 were 4.09, 4.33 and
5.54. The ratio of OC/EC increased with the increased pollution, we could deduce that
secondary formation might be main cause of increased pollution in Handan.

Figure 4. Concentrations of elemental carbon (a), organic carbon (b), secondary organic carbon (c), primary organic carbon
(d) in PM1 and PM1–2.5 on non-pollution, mild-moderate pollution and heavy pollution in Handan in the period from 15
October to 15 November 2017 and from 29 December 2017 to 26 January 2018.
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In this study, OC and EC in PM1 or PM2.5 both had distinctly strong correlations
(R2 was all above 0.70), as shown in Figure 5, which implying that these constituents
might come from fossil fuel combustion. Furthermore, the meteorological conditions
including high temperature and humidity could accelerate the formation of secondary
organic materials, which deteriorated the correlation to a certain extent [41]. Ratio of
OC/EC, which is above 2 in this paper, manifested that Secondary Organic Carbon (SOC)
was manly affected by secondary reaction processes such as photochemical reaction and
liquid phase reaction. This phenomenon showed that the sources of OC and EC were
different, it is contradictory to the higher correlation coefficient between OC and EC,
therefore, we inferred that the correlation between OC and EC is not the only criterion
for determining whether OC and EC had similar sources, and other factors also affect the
source of the carbonaceous particles.

Figure 5. The relationship between OC and EC in PM2.5 (a) and PM1 (b) in Handan in the period from 15 October to 15
November 2017 and from 29 December 2017 to 26 January 2018.

In this work, we applied EC-based theory [42] to discuss Secondary Organic Carbon
(SOC), calculated Primary Organic Carbon (POC) by EC × (OC/EC) min, and achieved
SOC by OC minus POC. As shown in Figure 4, SOC in PM1 on NP, MP and HP were 3.97,
5.80 and 13.8 µg/m3, respectively. Accordingly, POC in PM1 on NP, MP and HP were
3.41, 5.98 and 10.5 µg/m3, respectively. On polluted days, owing to stable atmospheric
condition, multiphase reactions like in-cloud processes would be exacerbated, which
further accelerated the generation of SOC [29]. EFs of POC in PM1 on MP and HP were
1.75 and 3.06, respectively, while those of SOC were 1.46 and 3.47. In term of PM2.5, EFs of
POC were 1.67 and 2.54, while those of SOC were 1.54 and 3.20. Clearly, the growth rate of
SOC in PM2.5 on polluted days is comparable to that in PM1, thus, we speculated that the
SOC growth rates in PM1 and PM1–2.5 were similar, which could be related to the bimodal
distribution of carbon components in particulate matter. Zhang’s research [43] have shown
that the distribution of carbon components in particulate matter is bimodal, and the peak
particle size is located on both sides of 1 µm.

3.4. The Impact of Aerosol Feedback

Owing to the influence of aerosols absorbing and scattering of solar radiation, the
amount of solar radiation reaching the Earth’s surface may be affected, which results in
the change of the meteorological factors, such as T2, PBLH, RH and WS. For illustrating
how feedback effect on meteorological factors, we estimated the change of PBLH, T2, WS
and RH between BASE and NF scenarios in percentage. Figure 6a presented differences of
PM2.5 concentration and meteorological factors between the BASE and NF scenarios. We
also summarize the distinction between the two simulations under three PM2.5 concen-
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trations ranges to comprehend the aerosol concentration influence as the same method in
Chapter 3.1, i.e., <75 µg/m3 (NP), 75–150 µg/m3 (MP) and >150 µg/m3(HP).

Figure 6. Changes of simulated aerosols feedback effect on PM2.5 (a), SWDOWN (b), PBLH (c), T2 (d),
WS (e) and RH (f) in percentage on non-pollution, mild-moderate pollution and heavy pollution in
Handan during the investigation period.

Comparing the BASE and the NF simulations, we can find that the higher PM2.5
concentration, the influence of aerosol feedback was more obvious. First of all, the concen-
tration change of PM2.5 was most conspicuous in HP, those effects for PM2.5 may reach as
high as 6.6% (12.8 µg/m3) in HP, which was noteworthy in prediction and prevention of
PM2.5. While in MP, impacts of aerosol feedback could prompt concentrations of PM2.5
raise by 4.5% (4.9 µg/m3). It’s remarkable that, in NP, the aerosol feedbacks lead to a
mild decrease in Handan (−3.30%, −1.5 µg/m3), which indicates that the inhibition of
PM2.5 concentrations resulted from the decrease in wind speed and atmospheric oxidation,
conversely, the lower PBLH under clean days will promote PM2.5 increase.

This can be explained by that the aerosol feedbacks will reduce the solar radiation and
thus lead to reduction of PBLH, it will aggravate pollutant accumulation. Meanwhile, the
aerosol feedbacks may decrease the pollutant concentrations via changing wind field [44].
In addition, the reduction of radiation will result in a temperature decrease and concentra-
tions of oxidant such as HO, HO2 and O3, which will inhibit the formation of secondary
aerosol [45]. It can be summarized that the aerosol feedbacks will exacerbate the urban
PM2.5 pollution during severe polluted period, but at the same time, when concentrations
of PM2.5 was low, those effects will obviously decreased. As a consequence from the
influence of aerosol feedbacks, PM2.5 concentrations would increase by 4.51% (5.1 µg/m3)
during entire days in Handan.
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As shown in Figure 6b–f, results of the BASE and the NF simulations demonstrated
that the aerosol radiative effects would bring about an average 32.6% (36.2 W/m2) decrease
in SWDOWN, an average 17.5% (39.2 m) and 0.16%(0.44 K) decrease in PBLH and T2 over
Handan. The WS and RH will be increased by about 4.16% (0.11 m/s) and 1.89% (0.78%),
respectively. The PBL height reduced by 27.4 m, 41.2 m and 35.5 m, accounted for 8.24%,
17.8% and 25.6% in NP, MP and HP, respectively. It can be found that the PBLH decrease in
heavy pollution days was more pronounced, which can be attributed to the high aerosol
concentrations. It is worth noting that PBL became more stable caused by reduction of
PBLH, and finally further inhibited the diffusion of pollutants in Handan where serious
pollution already exited. The influence of aerosol radiation on RH and WS is not strong
as its impact on PBLH and solar radiation. As a consequence, the RH of the Handan
increased 1.22%, 2.35% and 2.19% in NP, MP and HP, respectively. With WS increased
2.84%, 3.45% and 5.56%. The relative reduction in T2 was much weaker compared with
Other meteorological elements, the average T2 decreases of 0.11%, 0.18% and 0.19% in NP,
MP and HP, respectively. In conclusion, the more serious the pollution, the more obvious
the effect of feedback on Meteorological parameters.

4. Conclusions

The distinction of PM1 and PM2.5 in clean and polluted days was discussed in this
study, PM1 on non-pollution, mild-moderate pollution and heavy pollution were 34.8,
80.1 and 166 µg/m3 while those of PM2.5 were 51.6, 114 and 216 µg/m3, respectively.
PM2.5 was mainly contributed by PM1 and the proportion of PM1 to PM2.5 increased on
haze days, the corresponding ratios of PM1/PM2.5 on NP, MP and HP were 0.67, 0.70 and
0.77, respectively.

The total water-soluble inorganic ions (TWSI) were the major chemical species for
PM1 and PM2.5, accounted for 43.2% and 41.8% in PM1 and PM2.5. SNA (SO4

2−, NO3
−

and NH4
+) accounted more than 80% in TWSIs of both PM1 and PM2.5 on clean and

polluted days, it is clear that SNA in PM1 on haze episodes increased more significant
than in PM1–2.5. According to ratios of NO3

-/SO4
2−, we can infer that vehicles contributed

much to PM2.5 and PM1 on polluted days. In this investigation, SOR in both PM1 and
PM2.5 was higher than NOR, and the value of NH4

+/(NO3
− + SO4

2−) in PM2.5 and PM1
demonstrating that NH4NO3 and (NH4)2SO4 were major form of SNA.

During the campaign, OC and EC accounted for 15.4% and 16.0% in PM1, 3.9%
and 3.4% in PM2.5. OC and EC in PM1 or PM2.5 both had distinctly strong correlations,
indicating these constituents might come from one or more co-genetic sources. POC in
PM1 and in PM2.5 were 4.12 and 9.24, while SOC in PM1 and in PM2.5 were 7.54 and 8.29.
It is obvious that OC/EC on haze days was higher than that on clean days in Handan,
indicating that secondary formation of SOC might enhance haze events.

In severe polluted period aerosol feedback could exacerbate the urban PM2.5 pollution,
while those effects was weaken as concentrations of PM2.5 was low. In conclusion, the more
serious the pollution, the more obvious the effect of aerosol feedback on meteorological
parameters. The results of the BASE and the NF simulations indicate that the aerosol
radiative effects will result in an average 32.62% (36.18 W/m2) decrease in SWDOWN, an
average 17.52% (39.15 m) and 0.16% (0.44 K) decrease in PBLH and T2 over Handan. The
WS and RH will be increased by about 4.16% (0.11 m/s) and 1.89% (0.78%), respectively.

This study revealed the chemical characteristics of aerosol pollution including PM1
and PM2.5 in Handan, and evaluated the effect of aerosol feedback by WRF-Chem model. In
addition, the aerosol-cloud-interaction should be further studied, and effects of precursors
on particulate matter should be considered to effectively reduce the concentrations during
heavily polluted days.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12060670/s1, Figure S1: Daily variation of observed data with simulated data during
research period in Handan during the investigation period.
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