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1  Model configurations 

 
The model configurations and inputs are presented in Table S1. The anthropogenic emission inventory is from the 

Multi-resolution Emission Inventory for China (MEIC) [1] for the base year 2010. The Model of Emissions of Gases 
and Aerosols from Nature (MEGAN) version 2 [2] is applied for online calculation of the biogenic emissions. Dust 
emissions are online calculated as well using the option of Model for Simulating Aerosol Interactions and Chemistry 
(MOSAIC) and the Modal Aerosol Dynamics Model for Europe (MADE)/Seconday Organic Aerosol Model 
(SORGAM) [3]. The sea-salt emissions are calculated using the method by Gong [4-6].  

 
Table S1. Model configurations in this study. 
Physical and chemical presses Configuration 
Simulation period January 1-31, 2013 
Domain East Asia (36-km), northern China (12-km) 
Horizontal resolution 36-km and12-km 
Vertical resolution 23 layers from 1000-100 mb 
Anthropogenic emissions MEIC [http://www.meicmodel.org/][1] 
Biogenic emissions MEGAN 2 [2] 
Dust emissions MOSAIC and MADE/SORGAM dust emissions [3] 
Sea-salt emissions Gong et al. [4-6] 

Meteorological ICs and BCs 
The National Centers for Environmental Prediction Final Analysis (NCEP-FNL) 

reanalysis data 
Chemical IC and BC Default for 36-km; nested down from the parent domain for 12-km 
Gas-phase chemistry CBMZ [7] 
Photolysis Madronich F-TUV [9] 
Aerosol module 8-bin MOSAIC aerosol module [8] 
Urban surface Urban canopy model [10] 
Shortwave radiation Goddard [11] 
Longwave radiation RRTM [12] 
Land surface NOAH Land Surface Model [13] 
Surface layer Monin-Obukhov [14] 
PBL Yonsei University Scheme (YSU) [15] 
Cumulus Grell 3D ensemble [16] 
Microphysics Purdue Lin [17]; 
aer_ra_feedback 1 (on) and 0 (off) for baseline and sensitivity simulation 

 
The Carbon-Bond Mechanism version Z (CBMZ) [7] is chosen as the gas-phase chemical chemistry. The MOSAIC 

that uses 8 volatility bins is used as aerosol module [8].  The Madronich Fast Troposphere Ultraviolet Visible 
(F-TUV) photolysis scheme [9] and the urban canopy model [10] are applied for photolytic rate calculation and urban 
surface scheme, respectively. 

Other physical modules are: Goddard shortwave and RRTM long wave radiation schemes [11,12], the Noah land 
surface model [13], the Monin-Obukhov surface layer model [14],  the Yonsei University (YSU) PBL scheme [15], 
the Grell 3D ensemble cumulus parameterization [16], and the Purdue Lin microphysics scheme [17]. Those physics 
options have been applied extensively in past studies [18-22].  

 
 

2  Evaluation of model performance 
 

2.1  Meteorological predictions 
 
The overall statistics of the model performance on meterological predictions, including T2, Q2, WS10, WD10, and 
precipitation are summarized in Table S2. To comparing the impact of aerosol-meteorology feedbacks on those 
meteorological parameters, the statistics of the BASE and the NF simulations are both presented in Table S2. 
Generally, T2 is underpredicted by the model, with the MBs of -1.4 ℃ (-1.4 K) over Domain 1 at 36 km resolution, 
and -1.4℃ and -0.8 ℃ over Domain 2 at 36 and 12 km resolutions, respectively, in the BASE simulation. Those 
numbers are over the criteria (MB ≤ for a satisfactory performance proposed by Emery et al. [23] and Tesche et al. 
[24], partially due to not involving the Four-Dimentional Data Assimilation (FDDA) technique in this simulation to 
correctly quantify the aerosol feedbacks. But those results are generally better than the performance of the optimized 
configuration set for WRF/Chem over the North China in Wang et al. [19] (MBs of -1.2 ℃ over Domain 1 at 36 km, 
and -1.7℃ and -1.2 ℃ over Domain 2 at 36 and 12 km, respectively, with slightly different physical configurations 
and FDDA), and also better than the performance of the Mesoscale Modeling System Generation 5 and the 
Models-3/Community Multiscale Air Quality Model (MM5-CMAQ) system in Wang et al. [25] (MBs of -1.5 ℃ 



over Domain 1 at 36 km, and -1.2℃ and -1.1 ℃ over Domain 2 at 36 and 12 km, respectively) over the same 
domains for same period, especially over Domain 2 at fine grid resolution. When turning off the radiative feedbacks 
of aerosol (NF simulation), the predicted T2 will be increased 0.2 ℃ on average over both Domain 1 (-3.4 ℃ to 
-3.2 ℃) and Domain 2 (-4.4 ℃ to -4.2 ℃) because of the lack of calculating radiation scattering and absorption of 
atmospheric aerosols in NF simulation, which will cool the atmosphere.  
 
Table S2. Overall statistics of meteorological predictions over Domain 1 at 36 km resolution and Domain 2 at 36 and 12 km resolution in 
baseline (BASE) and no-feedback (NF) simulations. 
Variable Simulation 

name 
Domain Grid 

size 
/(km)

Obs. Sim. MB RMSE 
/(%) 

NMB
/(%) 

NME
/(%) 

T2 (℃) BASE 1 36 -2.0 -3.4 -1.4 4.7 -71 -178 

 BASE 2 36 -3.6 -5.0 -1.4 4.2 -38 -88 

 BASE 2 12 -3.6 -4.4 -0.8 3.9 -22 -82 

 NF 1 36 -2.0 -3.2 -1.2 4.7 -59 -177 

 NF 2 36 -3.6 -4.7 -1.1 4.2 -29 -88 

 NF 2 12 -3.6 -4.2 -0.6 3.9 -16 -81 

Q2 (kg∙kg-1) BASE 1 36 0.0026 0.0028 0.0002 0.0010 7 25 

 BASE 2 36 0.0021 0.0022 0.0001 0.0006 4 20 

 BASE 2 12 0.0021 0.0022 0.0001 0.0006 5 20 

 NF 1 36 0.0026 0.0028 0.0002 0.0010 8 25 

 NF 2 36 0.0021 0.0022 0.0001 0.0006 5 21 

 NF 2 12 0.0021 0.0022 0.0001 0.0006 6 20 

WS10 (m∙s-1) BASE 1 36 2.0 4.2 2.20 3.23 112 131 

 BASE 2 36 2.2 4.1 1.88 2.88 86 105 

 BASE 2 12 2.2 4.0 1.80 2.86 82 103 

 NF 1 36 2.0 4.2 2.23 3.25 114 132 

 NF 2 36 2.2 4.1 1.90 2.90 87 106 

 NF 2 12 2.2 4.0 1.81 2.87 83 104 

WD10 (o) BASE 1 36 196.2 183.4 7.3 79.0 4 31 

 BASE 2 36 199.3 218.0 3.4 73.0 2 28 

 BASE 2 12 199.3 195.6 0.9 73.0 0 28 

 NF 1 36 196.2 182.8 7.7 79.1 4 31 

 NF 2 36 199.3 217.4 3.9 73.1 2 28 

 NF 2 12 199.3 194.5 1.2 72.9 1 28 

Precipitation (mm) BASE 1 36 1.3 1.3 -0.1 3.2 -4 111 

BASE 2 36 2.2 2.1 0.0 3.5 0 86 

 BASE 2 12 2.2 1.7 -0.4 5.6 -19 105 

 NF 1 36 1.3 1.3 -0.1 3.2 -4 111 

 NF 2 36 2.2 2.1 0.0 3.5 0 86 

 NF 2 12 2.2 1.7 -0.5 5.2 -22 106 

 
Water vapor mixing ratio is well predicted by the model, with the MBs of 0.0002 kg∙kg-1 over Domain 1 at 36 km 

resolution, and 0.0001 kg∙kg-1 over Domain 2 at both 36 and 12 km resolutions, which are all within the criteria of 
MB ≤ 1g∙kg-1 for Q2. The statistics of the NF simulation do not show notable differences comparing to the BASE, 
indicating that turning off the aerosol-meteorology feedbacks will not result in obvious differences in Q2 predictions, 
which is consistent to the results of Wang et al. [26]. 

As for wind speed, the model overall overpredict the WS10, with MBs of 2.2 m∙s-1 over Domain 1, and 1.9 and 1.8 
m∙s-1 over Domain 2 at 36 and 12 km resolutions, respectively, which are over the guidance of Emery et al. [23] and 
Tesche et al. [24] (MB ≤ 1m∙s-1), and also larger than the statistics in Wang et al. [19] using WRF/Chem (0.7 m∙s-1 
over Domain 1, and 0.1 m∙s-1 over Domain 2 at both resolutions), but better the predictions in Zhang et al. [27] (2.0 
m∙s-1 over eastern China at 27 km grid resolution). Note one big difference between this study and Wang et al. [19] is 
that the FDDA is not applied in the simulations in this study, because the data assimilation press will overcome the 



signals introduced by radiative effects of atmospheric aerosols. This is one of the reasons for the large bias of WS10. 
This overpredictions will result in underpredictions of air pollutants concentrations. Comparing to the NF simulation, 
it can be seen that wind speed will be sightly decrease when considering the aerosol-meteorological feedbacks, e.g., 
0.07 m∙s-1 on average over Domain 2, which is also consistent with Wang et al. [19], that the aerosol feedbacks will 
slow the wind speed and lead to more stable atmosphere. Wind direction is well reproduced with MBs of 7.3o over 
Domain 1, and 3.4o and 0.9o over Domain 2 at 36 and 12 km resolutions, respectively, which are larger than the 
statistics in Wang et al. [19] (MBs of 4.0 degree over Domain 1, and -0.3 and -0.7 degree over Domain 2 at 36 and 12 
km resolutions, respectively), but still within the criteria of MB ≤ 1 for WD10. The statistics for WD10 in NF are 
slightly worse than in BASE, as shown in Table S2, indicating that the ignoring the aerosol radiative feedbacks will 
worsen the model performance on WD10. 

Daily precipiations are well predicted with MBs of -0.1 mm over Domain 1, and 0.0 and -0.4 mm over Domain at 
36 and 12 km resolutions, respectively, which are close to the MBs in Wang et al. [19] of 0.0 mm over Domain 1 and 
-0.4 mm over Domain 2 at both resolutions. The results of NF and BASE are quite similar because the indirect effects 
of aerosol to meteorology, e.g., cloud formation, precipation, are not studied in the simulations in this study.  

In general, the model predictions on general meteorological variables are acceptable, except for the overestimation 
of wind speed at 10 m, which seems to be a common issue for the WRF/Chem model [28]. Further evaluation and 
discussion on downward shortwave flux at the surface (SWDOWN) and planetary boundary layer (PBL) height will 
be dicussed in Section 3 below.  

 
2.2  Air quality predictions 
 
The overall statistics for air quality predictions over Domain 1 at 36 km resolution and Domain 2 at both 36 and 12 
km resolutions are summarized in Table S3, including the pollutants of PM2.5, PM10, SO2, and NO2. The statistics for 
the NF simulation are included as well as a comparison to the BASE. The model under predict the PM2.5 
concentrations in general, with the NMBs of -33% over Domain 1 at 36 km, and -27% and -23% over Domain 2 at 36 
and 12 km resolutions, respectively, which are comparable to the NMBs of -24%, -16%, -3%, and -19% for 
Shijiazhuang, Jinan (the capital of Shandong Province), Beijing, and Tianjin in Wang et al. [26], and -18.9% for 
eastern China in Zhang et al. [27]. This underprediction can be partially attributed to the overestimation of the wind 
speed, as discussed in the above section 2.1. In the WRF/Chem simulations of Wang et al. [19] over the same domain 
for the same period, the PM2.5 concentrations are overall overpredicted by 31% over Domain 1 and 70% over Domain 
2 due to the lack of wet scavenging in those simulations (the differences in the model configuration in Wang et al. [19] 
comparing to this study are: SAPRC99 [29,30] is chosen as the gas phase mechanism instead of CBMZ [7] in this 
study; 4 bin MOSAIC aerosol module with volatility basis set (VBS) [8,31] is used instead of 8 bin MOSAIC module 
[8]; Kain-Fritsch cumulus scheme [32] is applied instead of Grell 3D ensemble [33]; GOCART online dust emission 
module [34] is chosen instead of MOSAIC and MADE/SORGAM dust emissions [3]; and FDDA is applied. The 
SAPRC99 module is not fully coupled with the scheme of wet scavenging). The MFBs and MFEs are -40% and 66% 
over Domain 1 at 36 km, and -33% and 67% over Domain 2 at 12 km, respectively, which are all within the criteria 
of MFB ≤ 60% and MFE ≤ 75% [35]. After turning off the aerosols radiative feedbacks, the predicted concentrations 
of PM2.5 are slightly decreased (2.5 μg∙m-3 over Domain 1 and 1.8 μg∙m-3 over Domain 2), with the overall NMBs of 
-35% (vs. -33%) over Domain 1 at 36 km, and -28% (vs. -27%) and -25% (vs. -23%) over Domain 2 at 36 and 12 km 
resolutions. It is understandable that the extinction of atmospheric aerosols will cause a decrease in solar radiation on 
the surface, which lead to a decrease in surface temperature, and at the same time, the light absorption of the upper 
layer particles will strengthen the temperature inversion in the upper PBL. Both effects lead to a decrease in PBL 
height and thus an increase in pollutants concentrations.  

The PM10 concentrations are underpredicted as well partially due to the overprediction of wind speed, with the 
NMBs of -48% over Domain 1 at 36 km resolution, and -45% and -43% over Domain 2 at 36 and 12 km resolutions, 
respectively. The larger negative biases in PM10 comparing to PM2.5 indicate that the model underestimates the 
concentrations in PM2.5-10, which is consistent to the predictions in Wang et al. [19]. Nevertheless, the MFBs and 
MFEs are -59% and 73% over Domain 1 at 36 km resolution, and -56% and 75% over Domain 2 at 12 km resolution, 
respectively, which still meet the criteria. In the NF simulation, the negative biases are larger than those for the BASE 
by 1–4%. Comparison to the BASE, the aerosol feedbacks will lead to an increase in PM10 concentrations at 2.3 
μg∙m-3 and 2.2 μg∙m-3 for Domain 1 and 2, respectively. 

The major species in PM2.5, i.e., sulfate, nitrate, ammonia and EC are also evaluated to assess the model 
performance on PM2.5 chemical compositions. The observation data available to this study includes the observations 
at a site located in the Hebei University of Engineering (refer to as HEBEU) in Handan by the leading author’s group 
of this paper [36], and the data from the site in Tsinghua University (THU) published in Wang et al. [37]. Fig. S1 
shows the comparison of the observed and predicted (by BASE and NF) daily average concentrations of major PM2.5 
chemical constituents. It can be seen that at THU site in Beijing, our predictions are quite similar to those in Wang et 
al. [37], that all the PM2.5 species are significantly underestimated, especially for sulfate, nitrate, and ammonia. Those 
can be mostly attributed by the ignorance of the heterogeneous chemistry occurred in the atmosphere but not involved 
in the present model [37, 38]. At the HEBEU site in Handan, the PM2.5 concentrations are overall overpredicted, 



especially for OC and EC, but the concentrations of sulfate, nitrate, and ammonia are still underestimated. When 
considering the aerosol-meteorological feedbacks, the concentrations of OC and EC will increase mainly due to the 
lower PBL, but nitrate and ammonia concentrations will slightly decrease. 

SO2 concentrations are overall slightly underpredicted over Domain 1 (NMB of -9%) and Domain 2 (NMB of -6%) 
at 36 km grid resolution, and overpredicted (NMB of 41%) over Domain 2 at 12 km resolution, which is consistent to 
the SO2 predictions in Wang et al. [19]. This alternation of biases can be mainly attributed to the uncertainties in the 
spatial allocation of the emissions into fine grid in the emission inventory, which has been extensively discussed in 
Wang et al. [25] and Wang et al. [19]. Comparing to the NF case, the predicted SO2 concentrations in BASE are 
4.0–7.5 μg∙m-3 (5–8%) higher than in NF. 

NO2 concentrations are well predicted with NMBs of -18% over Domain 1 at 36km resolution, and 36% and 10% 
over Domain 2 at 36 and 12 km resolutions, respectively. The predicted NO2 concentrations in BASE are 0.8–1.5 
μg∙m-3 (1–3%) higher than the predictions in NF. The overall model performance on SO2 and NO2 predictions are 
better than in Wang et al. [19].  

In summary, although the WRF/Chem model tends to under predict the concentrations of PM2.5 and PM10, which 
may partially due to the overprediction of wind speed, it still produces an acceptable prediction to be used in further 
analysis. Considering aerosol direct feedbacks will lead to an average increase of 1.8 μg∙m-3 (~2%) in PM2.5, 2.2 
μg∙m-3 (~2%) in PM10, 7.5 μg∙m-3 (~6%) in SO2, and 0.8 μg∙m-3 (~1%) in NO2 concentrations over Domain 2 at 12 
km grid resolution. 



 
Table S3. Overall statistics of PM2.5, PM10, SO2, and NO2 predictions over Domain 1 at 36 km resolution and Domain 2 at 36 and 12 km resolution in baseline (BASE) and no-feedback (NF) simulations. 

Pollutants Simulation name Domain 
Grid size 

(km) 
Obs. Sim. MB 

NMB 
(%) 

NME 
(%) 

MFB 
(%) 

MFE 
(%) 

PM2.5 (μg∙m-3) BASE 1 36 137.2 91.9 -45.3 -33 54 -40 66 

  BASE 2 36 155.3 113.9 -41.4 -27 50 -27 58 

  BASE 2 12 155.3 118.9 -36.5 -23 57 -33 67 

  NF 1 36 137.2 89.4 -47.8 -35 54 -41 67 

  NF 2 36 155.3 111.7 -43.6 -28 51 -28 59 

  NF 2 12 155.3 117.1 -38.2 -25 56 -33 66 

PM10 (μg∙m-3) BASE 1 36 195.0 102.4 -92.7 -48 57 -59 73 

  BASE 2 36 222.1 122.5 -99.7 -45 55 -51 67 

  BASE 2 12 222.1 126.5 -95.6 -43 57 -56 75 

  NF 1 36 195.0 100.1 -94.9 -49 58 -60 74 

  NF 2 36 222.1 120.5 -101.6 -46 55 -52 69 

  NF 2 12 222.1 124.3 -97.8 -44 57 -57 75 

SO2 (μg∙m-3) BASE 1 36 74.8 68.4 -6.4 -9 83 -33 86 

  BASE 2 36 99.2 93.5 -5.7 -6 75 -10 75 

  BASE 2 12 99.2 139.7 40.5 41 113 -4 87 

  NF 1 36 74.8 64.5 -10.3 -14 82 -37 87 

  NF 2 36 99.2 88.4 -10.8 -11 75 -14 76 

  NF 2 12 99.2 132.2 32.9 33 109 -7 86 

NO2 (μg∙m-3) BASE 1 36 63.5 52.2 -11.3 -18 48 -27 62 

  BASE 2 36 65.6 68.6 3.0 5 43 8 48 

  BASE 2 12 65.6 71.9 6.3 10 51 2 56 

  NF 1 36 63.5 50.7 -12.8 -20 49 -32 66 

  NF 2 36 65.6 67.8 2.2 3 44 5 49 

  NF 2 12 65.6 71.1 5.5 8 51 0 56 



 

 
 

3 Aerosol direct effects on meteorology 
 

3.1 Surface solar radiation 
 
To further evaluate the model performance on radiation predictions, as well as assess the aerosol direct effects 
on radiation, we used the satellite observation data from the Clouds and Earth's Radiant Energy System 
(CERES) on solar radiation, i.e., the SWDOWN, due to the lack of surface observations in China. This dataset 
provides both solar-reflected and Earth-emitted radiation from the top of the atmosphere to the Earth's surface, 
computed from the observations from several satellite instruments such as the Moderate Resolution Imaging 
Spectroradiometer (MODIS). The detailed description can be found at http://ceres.larc.nasa.gov/index.php.  

Figure S2 presents the comparison of the observed and predicted SWDOWN, by both the BASE and NF 
simulations, over Domain 1 and 2 at 36 and 12 km resolution, respectively, as well as the differences between 
the BASE and NF. The original CERES datasets are of 1o × 1o resolution and were linearly interpolated into 36 
and 12 km grid resolution. Table S4 summarizes the overall statistics for the two simulations. The model 
generally capture the spatial distributions of SWDOWN over Domain 1 and 2 (first two column of Fig. S2a, b), 
with over predictions mainly appear in the Tibet region, the south of the Yangtze River, and northern China (see 
Fig. S2a for Domain 1). Over Domain 2 the overpredictions are more obvious with the overall NMB of 33% 
and 46% for BASE and NF, respectively (note in Fig. S2b the legend scales of the CERES data and the 
predictions are different). However, it still can be seen that if not considering the aerosol radiative feedbacks, 
the spatial distributions of SWDOWN will be quite different from the observations (the NF case in Fig. S2b). 
Although SWDOWN is overall overpredicted in the BASE case, it still captures the spatial distribution, 
especially the lower SWDOWN band from the intersection of Henan and Shandong, upward to southern Hebei, 
Tianjin, through Bohai Bay to Liaoning Province. The overall statistics of the MB, NMB and correlation 
coefficient (Corr. Coeff.) are 20.4 W∙m-2, 17%, and 0.86, respectively, for Domain 1, and 33.9 W∙m-2, 33%, and 
0.37, respectively, for Domain 2. Note the relatively small Corr. Coeff. for Domain 2 can be partially attributed 
to the interpolation of the CERES observations of 1o × 1o to the fine resolutions (36 and 12 km). 

 
Table S4. Overall statistics of monthly-average downward shortwave radiation flux at surface (SWDOWN) of the BASE and NF 
over Domain 1 and 2. 

Simulation 
name 

Domain CERES 
(W∙m-2) 

Sim.
(W∙m-2) 

MB
(W∙m-2) 

RMSE
(W∙m-2) 

NMB
(%) 

NME 
(%) 

Corr. 
Coeff. 

BASE 
1 

120.0 
141.5 20.4 28.0 17 19 

0.86 

NF 
1 

150.5 29.4 37.4 24 26 
0.81 

BASE 
2 

101.6 
135.5 33.9 36.9 33 33 

0.37 

NF 
2 

148.6 47.0 50.3 46 46 
0.08 
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Fig. S1. Comparison of observed and predicted (by BASE and NF) daily average concentrations of PM2.5 chemical constituents 
at HEBEU site in Handan (a) and at THU site in Beijing (b). 

 
The discrepancies between the BASE and NF simulations depict the aerosol direct effects on solar radiation. 

In Domain 1, the largest decrease in SWDOWN occurs over the central eastern China, including southern 
Hebei, Henan, Hubei, and northern Hunan, and the Sichuan Basin, at about 20–50 W∙m-2 (15–35%) of the 
BASE simulation. It is understandable that this spatial distribution is similar to the distribution of PM2.5 
concentrations (see Fig. 2a). In Domain 2, the largest discrepancy appears over the line from southern Beijing, 
through southern Hebei to the middle of Henan Province, where has the highest PM2.5 concentrations (see Fig. 
2a). Over the southern Hebei cities this paper concerns, the decreases induced by aerosol direct feedbacks are 
20–34 W∙m-2 (16–30%). In Wang et al. [26], the predicted reduction in SWDOWN over Beijing and Tianjin are 
26% and 31%, respectively, by the WRF-CMAQ model. Our results are consistent with theirs. 

Surface observations on solar radiation available to this study are only the data used in Wang et al. [26] for 
Beijing and Tianjin from China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). The 
comparison of the observed and simulated daily surface solar radiations, by the both simulations of BASE and 
NF, is shown in Fig. S3. It can be seen that the NF simulation cannot capture the temporal variations of the 
radiation in Beijing, especially the large and rapid decrease during January 11–15 (Fig. S3a), which turns out to 
be the most polluted period in that month. The PM2.5 concentrations reached as high as more than 300 g m-3 
on daily average [25]. When considering the aerosol feedbacks, the overprediction of radiation is reduced and 
the temporal variations are better reproduced. The NMBs are reduced from 84% in NF to 52% in BASE for 
Beijing. The Tianjin’s case is similar that the NMBs are reduced from as high as 115% in NF to 75% in BASE, 
although this bias is higher than that in Wang et al. [26]. Nevertheless, neglecting the aerosol direct effects will 
result in larger positive biases (around 20% in Beijing and Tianjin) in surface radiation predictions, especially 
for the areas and periods which have higher PM2.5 loadings, which are exactly the place and time of the most 
concerns.  

 



 

 

 
Fig. S2. Monthly-average downward shortwave radiation flux at surface (SWDOWN) from the observations of CERES, and the predictions from BASE and NF, and their differences 

in absolute value (BASE-NF) and percentage ((BASE-NF)/BASE) over Domain 1 (a) and Domain 2 (b).
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Fig. S3 Comparison of observed and simulated (BASE and NF) daily surface solar radiation for Beijing and Tianjin in January 
2013. 

 
3.2  PBL height 
 
The observations on PBL height are not available, so the NCEP FNL reanalysis PBL height are used to evaluate 
PBL predictions. The original NCEP FNL (1o × 1o) are linearly interpolated into 36 and 12 km grid resolutions, 
as shown in the first column of Fig. S4. The simulated PBL height in BASE and NF, as well as their differences 
in absolute value and percentage over Domain 1 and Domain 2 are presented in Fig. S4. It can be seen that the 
simulated PBL heights, of both BASE and NF, are consistent to the assimilated PBL over both Domain 1 and 2. 
The overall statistics are summarized in Table S5. In general, the average predicted PBL height of BASE over 
Domain 1 are lower than that of NF (524.7 m vs. 514.9 m), as well as over Domain 2 (332.1 m vs. 318.5 m), 
indicating that the direct aerosol feedbacks will result in an decrease in PBL height of about 1.9% on average 
over Domain 1 and 4.3% over Domain 2. Although the predicated PBL height of NF over Domain 1 is more 
close to the reanalysis data (526.2 m), the RMSE, NME, and Corr. Coeff. of BASE are slightly better than the 
NF predictions. After nested into Domain 2, all the performance statistics of BASE are better than those of NF. 
The BASE scenario slightly under estimates the PBL height (by -6.6 m, -2.0%) but NF overestimates by 7.0 m, 
2.2%.  
 
Table S5. Overall statistics of PBL predictions of the BASE and NF over Domain 1 and 2. 

Simulation 
name 

Grid size 
/(km) 

Reanalysis 
/(m) 

Sim.
/(m) 

MB
/(m) 

RMSE
/(m) 

NMB 
/(%) 

NME 
/(%) 

Corr. 
Coeff. 

BASE 
36 526.2 

514.9 -11.4 138.3 -2.2 17.3 
0.932 

NF 524.7 -1.6 141.8 -0.3 18.3 
0.928 

BASE 
12 325.1 

318.5 -6.6 97.0 -2.0 20.8 
0.843 

NF 332.1 7.0 99.0 2.2 22.5 
0.834 

 



 

 

 
Fig. S4. NCEP FNL assimilated and simulated PBL height in the BASE and NF simulations, and their differences in absolute value (BASE-NF) and percentage ((BASE-NF)/BASE) 

over Domain 1 (a) and Domain 2 (b).



 

 
As shown in the comparison of BASE and NF in Fig. S4, the most significant decrease occurs 

over the areas in the central eastern China (Fig. S4a), which is similar to the reductions in 
SWDOWN, at a level about 20–90 m (4–18%). When nested into Domain 2 (Fig. S4b), the 
decrease in PBL height is more obvious in the southern area of Hebei, where the three top polluted 
cities locate, and central and eastern area of Henan, at a level of 20–50 m (4–18%). In Wang et al. 
[26], the decrease in PBL in Beijing due to feedbacks is estimated as 14.5%, which is also 
consistent to this study.  

 
 

Fig. S5. Aerosol direct effects (BASE-NF) on the concentrations of free radicals (HO+HO2) and O3 over 
Domain 1 (a and b) and Domain 2 (c and d). 

 
 

4  Comparison with other studies 
 
Table S6 presents the comparison between this study and the other previous studies mentioned in 
the introduction. It can be seen that our results are consistent with those studies in terms of the 
influences of the aerosol feedbacks on SWDOWN, PBL height, and PM2.5 concentrations. It also 
can be seen that extended simulations with longer period and different seasons may need to be 
considered in future studies. 
 
Table S6. Comparison of this study with other previous studies. 

Studies Gao et al. [39] Wang et al. [26] Gao et al. [28] Zhang et al. [27] This study 

Model WRF/Chem 3.5.1 WRF 3.4/CMAQ 5.0 WRF/Chem 3.3 WRF/Chem 3.3 WRF/Chem 3.6.1 

Simulation 
period 

January, 2010 January, 2013 January 2–26, 2013 January, 2013 January, 2013 

Domain 

East Asia (81-km), 
northern China 

(27-km), northern 
Hebei (9-km) 

East Asia (36-km) East China (27-km) East China (27-km) 
East Asia (36-km), 

northern China 
(12-km) 

Horizontal 
resolution 

81-, 27-, and 9-km 36-km 27-km 27-km 36- and 12-km 

Vertical 
resolution 

27 layers to 100 mb 23 layers to 100 mb 51 layers to 50 mb 28 layers to 50 mb 23 layers to 100 mb 

Anthropog
nic 

MEIC 2010 Zhao et al. [40]  MEIC 2010 MEIC 2010 MEIC 2010 



 

emissions 

Gas-phase 
chemistry 

CBMZ CB05 CBMZ CBMZ CBMZ 

Aerosol 
module 

MOSAIC 8 bin AERO6 MOSAIC 8 bin MOSAIC 4 bin MOSAIC 8 bin 

SWDOWN -30–80% in Beijing
-26% in Beijing, 
-31% in Tianjin 

-8–36 W∙m-2 Up to -84 W∙m-2 

-20–34 W∙m-2 
(16%–30%) in 

southern Hebei on 
monthly ave. 

PBL 
-278.2 m in 

Shijiazhuang 
-140 m (20%) in 

Beijing 
-22–207m (8–32 %) Up to -268 m 

-20–50 m (4%–18%) 
in southern Hebei on 

monthly ave. 

PM2.5 
concentrati
on 

+20 μg∙m-3 in 
Shijiazhuang 

+20% in Beijing, 
+15% in 

Shijiazhuang, 12% in 
Tianjin, 15% in Jinan

+10–50 μg∙m-3 over 
NCP 

Up to +17.8 μg∙m-3 in 
Sichuan Basin 

+3–9% over southern 
Hebei on monthly 

ave., up to 50 μg∙m-3 
when PM2.5 > 400 

μg∙m-3 
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