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 16 

Abstract 17 

Two-way coupled meteorology and air quality models, which account for aerosol–18 

radiation–cloud interactions, have been employed to simulate meteorology and air quality 19 

more realistically. Although numerous related studies have been conducted, none 20 

compared the performances of multiple two-way coupled models in simulating 21 

meteorology and air quality over eastern China. Thus, we systematically evaluated annual 22 

and seasonal meteorological and air quality variables simulated by three open-sourced, 23 

widely utilized two-way coupled models (Weather Research and Forecasting (WRF)–24 

Community Multiscale Air Quality (WRF–CMAQ), WRF coupled with chemistry 25 

(WRF–Chem), and WRF coupled with a regional chemistry-transport model named 26 

CHIMERE (WRF–CHIMERE)) by validating their results with surface and satellite 27 

observations for eastern China in 2017. Although we have made every effort to evaluate 28 

these three coupled models under configurations as consistent as possible, there are still 29 

unavoidable differences in the treatments of physical and chemical processes in them. 30 

Our thorough evaluations revealed that all three two-way coupled models reasonably 31 

captured the annual and seasonal spatiotemporal characteristics of meteorology and air 32 

quality. Notably, the roles of aerosol–cloud interaction (ACI) in improving the models’ 33 

performances were limited compared to those of aerosol–radiation interaction (ARI). The 34 

sources of uncertainties and bias among the different ACI schemes in the two-way 35 

coupled models were identified. With sufficient computational resources, these models 36 

can provide more accurate air quality forecasting to support atmospheric environment 37 

management and deliver timely warning of heavy air pollution events. Finally, we 38 

proposed potential improvements of two-way coupled models for future research. 39 
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1 Introduction 164 

Aerosols in the atmosphere due to anthropogenic and nature emissions not only 165 

cause air pollution but also induce climate and meteorological impacts through 166 

aerosol-radiation interaction and aerosol-cloud interaction (Carslaw et al., 2010; 167 

Rosenfeld et al., 2014; Fan et al., 2016; IPCC, 2021). The feedbacks of aerosols to 168 

meteorology have been widely investigated by two-way coupled meteorology and air 169 

quality models in the past two decades (Jacobson, 1994, 1997, 1998, 2001, 2002; Grell et 170 

al., 2005; Wong et al., 2012; Wang et al., 2014; Zhou et al., 2016; Briant et al., 2017; 171 

Feng et al., 2021). In these models, two-way interactions between meteorology and 172 

aerosols are enabled by including all the processes involving ARI or/and ACI (Grell and 173 

Baklanov, 2011; Wang et al., 2014; Briant et al., 2017; Wang et al., 2021). The 174 

fundamental theories, modeling technics, developments, and applications of two-way 175 

coupled meteorology and air quality models in North America, Europe and Asia have 176 

been systemically reviewed (Zhang, 2008; Baklanov et al., 2014; Gao et al., 2022).  177 

As pointed out by these review papers, the treatments and parameterization schemes 178 

of all the physiochemical processes involving ARI and ACI can be very different in 179 

two-way coupled models, so that the simulation results from these models could vary in 180 

many aspects. At the same time, the configurations of coupled models, such as 181 

meteorological and chemical initial and boundary conditions (ICs and BCs), horizontal 182 

and vertical resolutions, and emission inventories and processing tools, etc., play 183 

important roles in models’ simulations. In the past, model inter-comparison projects have 184 

been carried out targeting various two-way coupled meteorology and air quality models. 185 

For example, the Air Quality Model Evaluation International Initiative Phase II focused 186 

on the performance of multiple two-way coupled models and the effects of aerosol 187 

feedbacks in Europe and the United States (Brunner et al., 2015; Im et al., 2015a, b; 188 

Makar et al., 2015a, b). In Asia, the Model Inter-Comparison Study for Asia Phase III 189 

was conducted to evaluate ozone (O3) and other gaseous pollutants, fine particular matter 190 

(PM2.5), and acid and reactive nitrogen deposition with various models with/out ARI 191 

or/and ACI (Li et al., 2019; Chen et al., 2019; Itahashi et al., 2020; Ge et al. al., 2020; 192 

Kong et al., 2020). With respect to this project, Gao et al. (2018, 2020) have reviewed in 193 

detail the model performance of seven two-way coupled models from different research 194 

groups in simulating a heavy air pollution episode during January 2010 in North China 195 

Plain and how aerosol feedbacks affected simulations of meteorological variables and 196 

PM2.5 concentrations. Targeting the heavy polluted India region, Govardhan et al. (2016) 197 

compared aerosol optical depth (AOD) and various aerosol species (black carbon, 198 

mineral dust, and sea salt) modeled by WRF-Chem (with ARI) and Spectral 199 

Radiation-Transport Model for Aerosol Species (with both ARI and ACI), but under 200 

different model configurations. 201 

So far, there is no comprehensive comparisons of multiple coupled models under the 202 

same model configuration with respect to the high aerosol loading region over eastern 203 

China, where has experienced rapid growth of economy, urbanization, population, as well 204 
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as severe air quality problems in the past decades (He et al., 2002; Wang and Hao, 2012; 207 

Gao et al., 2017; Geng et al., 2021). In the eastern China region (ECR), several 208 

open-source and proprietary two-way coupled models have been applied to investigate 209 

the ARI and/or ACI effects, yet most studies have focused on certain short-term episodes 210 

of heavy air pollution without any year-long simulations (Xing et al., 2017; Ding et al., 211 

2019; Ma et al., 2021). The commonly used open-source models in ECR are WRF-Chem 212 

and WRF-CMAQ (Grell et al., 2005; Wong et al., 2012), but there is no any application 213 

of the two-way coupled WRF-CHIMERE model that has been applied to examine 214 

aerosol-radiation-cloud interactions in Europe and Africa (Briant et al., 2017; Tuccella et 215 

al., 2019). At the same time, model simulations should be compared not only against 216 

surface measurement data but also satellite data (Zhao et al., 2017; Hong et al., 2017; 217 

Campbell et al., 2017; Wang et al., 2018). Even though the running time of an individual 218 

modeling system (e.g., WRF-CMAQ and WRF-CHIMERE) was evaluated by 219 

considering its online and offline versions and under various computing configurations 220 

(Wong et al., 2012; Briant et al., 2017), the computational efficiencies of multiple 221 

two-way coupled models need to be accessed under the same computing conditions as 222 

well. 223 

In this paper, a comparative evaluation of three open-sourced two-way coupled 224 

meteorology and air quality models (WRF-CMAQ, WRF-Chem and WRF-CHIMERE) in 225 

ECR is conducted. The remainder of the paper is organized as follows: Section 2 226 

describes the study methods including model configurations and evaluation protocols. 227 

Sections 3 and 4 presents the analyses and intercomparisons of simulations from these 228 

three two-way coupled models with regard to meteorology and air quality, respectively. 229 

The major findings of this work are summarized in Section 5. 230 

 231 

2 Data and methods 232 

2.1 Model configurations and data sources 233 

One-year simulations of meteorology and air quality in eastern China were 234 

examined using the two-way coupled WRF–CMAQ, WRF–Chem, and WRF–CHIMERE 235 

models with and without enabling ARI and/or ACI, as well as with a 27 km horizontal 236 

grid resolution (the east‒west direction comprised 110, 120, and 120 grid cells, and the 237 

north–south direction 150, 160, and 170 grid cells for the WRF–CMAQ, WRF–Chem, 238 

and WRF–CHIMERE models, respectively). All the three coupled models used in this 239 

study have 30 levels (i.e., 29 layers) from the surface to 100 hPa with 11 layers in the 240 

bottom 1 km and the bottom-layer thickness being 23.2 m. The anthropogenic emissions 241 

of Multiresolution Emission Inventory for China (MEIC) (Li et al., 2017) and the Fire 242 

INventory from NCAR, version 1.5 (FINN v1.5), biomass burning emissions 243 

(Wiedinmyer et al., 2011) were considered in our simulations, and their spatial, temporal, 244 

and species allocations were performed using Python (Wang et al., 2023). Biogenic 245 

emissions were calculated using the Model of Emissions of Gases and Aerosols from 246 
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Nature, version 3.0 (MEGAN v3.0; Gao et al., 2019). Dust and sea salt emissions were 278 

used in the calculations of the inline modules (Table 1). The meteorological ICs and 279 

lateral BCs were derived from the National Center for Environmental Prediction Final 280 

Analysis (NCEP-FNL) datasets (http://rda.ucar.edu/datasets/ds083.2), with a horizontal 281 

resolution of 1° × 1° at 6-hour intervals for each of the three coupled models, and the flux 282 

in the model-top boundary was set to zero. To improve the long-term accuracy of the 283 

meteorological variables when utilizing the WRF model, we turned on the options of 284 

observational and grid four-dimensional data assimilation (FDDA), and pressure, station 285 

height, relative humidity, wind speed (WS), and wind direction were observed four times 286 

per day at 00:00, 06:00, 12:00, and 18:00 UTC from 2,168 stations 287 

(https://doi.org/10.5281/zenodo.6975602, Gao et al., 2022). Notably, turning on FDDA in 288 

two-way coupled models could dampen the simulated aerosol feedback (Wong et al., 289 

2012; Forkel et al., 2012; Hogrefe et al., 2015; Zhang et al., 2016). To mitigate the effects 290 

of turning on FDDA on aerosol feedback in long-term simulations, we set the nudging 291 

coefficients of the u/v wind, temperature, and water vapor mixing ratio above the 292 

planetary boundary layer to 0.0001, 0.0001, and 0.00001 s−1, respectively. The chemical 293 

ICs/lateral BCs were downscaled from the whole atmosphere community climate model 294 

(WACCM) for WRF–CMAQ and WRF–Chem using the mozart2camx and mozbc tools, 295 

respectively. WRF–CHIMERE employed the climatology from a general circulation 296 

model developed at the Laboratoire de Météorologie Dynamique (LMDz) coupling a 297 

global chemistry and aerosol model INteractions between Chemistry and Aerosols (INCA; 298 

Mailler et al., 2017). For chemical model-top BCs, the WRF–CMAQ and WRF–Chem 299 

models consider the impacts of stratosphere–troposphere O3 exchange using O3-potential 300 

vorticity parameterization (Safieddine et al., 2014; Xing et al., 2016). The related options 301 

of both models were used in this study. WRF–CHIMERE employs the climatology from 302 

the LMDz–INCA data (Mailler et al., 2017). 303 

Table 1 lists the options of parameterization schemes of aerosol–radiation–cloud 304 

interactions. To maintain the consistency of physical schemes, the same Rapid Radiative 305 

Transfer Model for General Circulation Models Applications (RRTMG) short-wave (SW) 306 

and long-wave (LW) radiation schemes and the Morrison microphysics scheme were 307 

adopted in the WRF–Chem and WRF–CMAQ models. WRF–CHIMERE applies the 308 

same radiation schemes, as well as the Thompson microphysics scheme. The other 309 

different schemes (cumulus, surface, and land surface) in the WRF–CMAQ and WRF–310 

Chem models were selected, following Gao et al.’s (2022) widely utilized options 311 

outlined in Table S1. The other schemes employed in WRF–CHIMERE are the same as 312 

those in WRF–Chem. To consider the effects of clouds on radiative transfer calculations, 313 

the fractional cloud cover and cloud optical properties were included in the RRTMG 314 

SW/LW radiation schemes employed in the three coupled models (Xu and Randall, 1996; 315 

Iacono et al., 2008). The coupled WRF–CMAQ model with the Kain–Fritsch cumulus 316 

scheme included the impacts of cumulus cloud fraction (CF) on RRTMG radiation 317 

(Alapaty et al., 2012), whereas the WRF–Chem and WRF–CHIMERE models with the 318 
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Grell–Freitas cumulus scheme did not. In the Fast-JX photolysis scheme employed by the 428 

three coupled models, the impacts of clouds were included by considering the cloud 429 

cover and cloud optical properties. However, the calculations of the cloud cover and 430 

cloud optical properties differed in these models, and Table S1 presents the relevant 431 

information. Regarding the aerosol-size distribution, we used the modal approach with 432 

Aitken, accumulation, and coarse modes in WRF–CMAQ, as well as the 4 and 10 bin 433 

sectional approaches in the WRF–Chem and WRF–CHIMERE models, respectively 434 

(Binkowski and Roselle, 2003; Zaveri et al., 2008; Nicholls et al., 2014; Menut et al., 435 

2013, 2016). 436 

To demonstrate the capabilities of the three two-way coupled models with/without 437 

aerosol feedbacks in simulating meteorology and air quality, we comprehensively 438 

evaluated the strengths and weaknesses of each coupled model and validated them 439 

against extensive ground-based and satellite measurements. The ground-based data 440 

included 572 hourly ground-based meteorological observations (air temperature (T2) and 441 

relative humidity (RH2) at 2 m above the surface, WS at 10 m above the surface (WS10), 442 

and precipitation (PREC)) (http://data.cma.cn); 327 hourly national environmental 443 

observations [fine particulate matter (PM2.5), ozone (O3), nitrogen dioxide (NO2), sulfur 444 

dioxide (SO2), and carbon monoxide (CO)] (http://106.37.208.233:20035); 109 hourly 445 

surface SW radiation (SSR) measurements (Tang et al., 2019); and 74 radiosonde data 446 

retrieved two times per day, which used to calculate planetary boundary layer height at 447 

08:00 and 20:00 local time (PBLH08 and PBLH12) (Guo et al., 2019). Figure 1 shows 448 

the locations of these data. Because there were no observed water vapor mixing ratio (w) 449 

data, this parameter was calculated by w = 
rh

ws
, where rh is the relative humidity and ws 450 

is the saturation mixing ratio (Wallace and Hobbs, 2006). 451 

The satellite data included the following: monthly average downwelling SW/LW 452 

flux at the surface and SW/LW flux at the top of the atmosphere (TOA) obtained from the 453 

clouds and the Earth’s radiant energy system (CERES) (https://ceres.larc.nasa.gov); 454 

PREC from the Tropical Rainfall Measuring Mission (TRMM); CF, liquid-water path 455 

(LWP), and AOD from the Moderate Resolution Imaging Spectroradiometer (MODIS); 456 

tropospheric NO2 and SO2 columns in the planetary boundary layer (PBL) from the 457 

Ozone Monitoring Instrument; total CO column from the Measurements of Pollution in 458 

the Troposphere (https://giovanni.gsfc.nasa.gov/giovanni); total column ozone (TCO) 459 

from the Infrared Atmospheric Sounding Interferometer-Meteorological Operational 460 

Satellite-A (IASI-METOP-A) 461 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-ozone?tab=form); and total 462 

ammonia (NH3) column from IASI-METOP-B 463 

(https://cds-espri.ipsl.fr/iasibl3/iasi_nh3/V3.1.0). These data were downloaded and 464 

interpolated to the same horizontal resolution as the model results using the Rasterio 465 

library (Gillies et al., 2013). Thereafter, the model and observed values at each grid point 466 

were extracted. 467 
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 531 

Figure 1. Modeling domains (WRF–CMAQ, WRF–Chem, and WRF–CHIMERE) and solar radiation, 532 

meteorology, air quality, and radiosonde stations. 533 

 534 

Table 1. Model setups and inputs for the two-way coupled models (WRF–CMAQ, WRF–535 

Chem, and WRF–CHIMERE). 536 

 WRF-CMAQ WRF-Chem WRF-CHIMERE 

Domain 

configuration 

Horizontal grid spacing 27 km (110 × 150) 27 km (120 × 160) 27 km (120 × 170) 

Vertical resolution 30 levels 30 levels 30 levels 

Physics 

parameterization 

Shortwave radiation RRTMG RRTMG RRTMG 

Longwave radiation RRTMG RRTMG RRTMG 

Cloud microphysics Morrison Morrison Thompson 

PBL ACM2 YSU YSU 

Cumulus Kain-Fritsch Grell-Freitas Grell-Freitas 

Surface Pleim-Xiu Monin-Obukhov Monin-Obukhov 

Land surface Pleim-Xiu LSM Noah LSM Noah LSM 

Icloud Xu-Randall method Xu-Randall method Xu-Randall method 

Chemistry 

scheme 

Aerosol mechanism AERO6 MOSAIC SAM 

Aerosol size distribution Modal (3 modes) Sectional (4 bins) Sectional (10 bins) 

Aerosol mixing state Core-Shell Core-Shell Core-Shell 

Gas-phase chemistry CB6 CBMZ MELCHIOR2 

Photolysis Fast-JX with cloud effects Fast-JX with cloud effects Fast-JX with cloud effects 

Emission Anthropogenic emission MEIC 2017 MEIC 2017 MEIC 2017 

Biogenic emission MEGAN v3.0 MEGAN v3.0 MEGAN v3.0 
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Biomass burning emission FINN v1.5 FINN v1.5 FINN v1.5 

Dust emission Foroutan GOCART Menut 

Sea-salt emission Gong Gong Monahan 

Input data Meteorological ICs and BCs FNL FNL FNL 

Chemical ICs and BCs MOZART MOZART LMDZ-INCA 

 547 

2.2 Scenario setup 548 

To comprehensively assess the performances of WRF v4.1.1–CMAQ v5.3.1, WRF–549 

Chem v4.1.1, and WRF v3.7.1–CHIMERE v2020r1 and performances affected by 550 

aerosol feedbacks over eastern China in 2017, eight sets of annual hindcast simulations 551 

with/without ARI and/or ACI were performed (Table 2). Compared with WRF v4.1.1–552 

CMAQ v5.3.1 and WRF–Chem v4.1.1, this WRF v3.7.1–CHIMERE v2020r1 version can 553 

be officially obtained, and a higher version of WRF–CHIMERE has not been developed. 554 

Notably, the official WRF–Chem and WRF–CHIMERE can execute the simulation of 555 

ARI and ACI, whereas WRF–CMAQ cannot. In all of the simulations performed in this 556 

study, a spin-up time of one month was set up to reduce the influence of the initial 557 

conditions. Multiple statistical metrics, including the correlation coefficient (R), mean 558 

bias (MB), normalized mean bias (NMB), normalized gross error (NGE), and root mean 559 

square error (RMSE), were used between each scenario simulation and 560 

ground-based/satellite-borne observations. The mathematical definitions of these metrics 561 

are provided in Supplementary Information (SI) S1. To compare the simulations by the 562 

three coupled models, the respective model configurations of the physics and chemistry 563 

routines were set as consistent as possible. We systemically analyzed the annual and 564 

seasonal statistical metrics of the meteorological and air quality variables, including 565 

simulations by the three two-way coupled models with/without the ARI and/or ACI 566 

effects. Thereafter, we quantified the respective contributions of the ARI and ACI effects 567 

to model performance. 568 

Table 2. Summary of scenario settings in the three coupled models. 569 

Model Scenario Configuration option Description 

WRF-CMAQ (1) WRF-CMAQ_NO DO_SW_CAL=F Without aerosol feedbacks 

(2) WRF-CMAQ_ARI DO_SW_CAL=T ARI 

WRF-Chem (3) WRF-Chem_NO aer_ra_feedback=0 

wetscav_onoff=0 

cldchem_onoff=0 

Without aerosol feedbacks 

(4) WRF-Chem_ARI aer_ra_feedback=1 

wetscav_onoff=0 

cldchem_onoff=0 

ARI 

(5) WRF-Chem_BOTH aer_ra_feedback=1 

wetscav_onoff=1 

ARI and ACI 
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cldchem_onoff=1 

WRF-CHIMERE (6) WRF-CHIMERE_NO direct_feed_chimere=0 

indirect_feed_chimere=0 

Without aerosol feedbacks 

(7) WRF-CHIMERE_ARI direct_feed_chimere=1 

indirect_feed_chimere=0 

ARI 

(8) WRF-CHIMERE_BOTH direct_feed_chimere=1 

indirect_feed_chimere=1 

ARI and ACI 

 631 

3 Multimodel meteorological evaluations 632 

This section presents the annual and seasonal (March‒May, Spring; June‒August, 633 

Summer; September‒November, Autumn; and December‒February, Winter) statistical 634 

metrics of the simulated meteorological variables and air quality, as well as their 635 

comparison with the ground-based and satellite observations. The running times of the 636 

eight simulation scenarios are also discussed. 637 

3.1 Ground-based observations 638 

Figures 2 and S1–S7 show the spatial distributions of R, MB, and RMSE for hourly 639 

SSR, T2, Q2, RH2, WS10, PREC, PBLH08, and PBLH120 from WRF–CMAQ, WRF–640 

Chem, and WRF–CHIMERE with/without turning on aerosol feedback against 641 

ground-based observations from each site throughout 2017. The calculated annual model 642 

evaluation metrics for all sites in eastern China are summarized in Table S1, and the 643 

related seasonal R and MB values are presented in Fig. 3. Here, we mainly focused on the 644 

comparisons of SSR, T2, RH2, and WS10. Further, Section 1.1 of SI presents the 645 

analyses of PREC, PBLH08, and PBLH20. 646 

The accuracy of radiation prediction is of great significance in ARI evaluation. The 647 

annual and seasonal average simulated SSR data were compared with the ground-based 648 

observations (Figs. 3–4 and Table S3), and SSR over eastern China was simulated very 649 

reasonably by the models, with R-values of 0.61–0.78. The simulated results were 650 

overestimated on the annual and seasonal scales (MBs in spring and summer were larger 651 

than those in autumn and winter). The overestimated annual SSRs were 19.98, 14.48, and 652 

9.24 W m−2 for WRF–CMAQ, WRF–Chem, and WRF–CHIMERE, respectively. Brunner 653 

et al.’s (2015) comparative study also reported that most two-way coupled models 654 

overestimated SSR for Europe and North America. Such overestimations could be caused 655 

by multiple factors, namely, the uncertainties in cloud development owing to PBL and 656 

convection parameterizations (Alapaty et al., 2012) and the diversity in the treatment of 657 

land-surface processes (Brunner et al., 2015), which tend to play more important roles 658 

than the enabling of the two-way aerosol feedbacks on SSR through the effects of ARI 659 

and ACI. When the three models incorporated the ARI effects, the simulation accuracies 660 

for SSR over the whole year and four seasons improved, although the enabling of the ACI 661 

effects resulted in relatively limited improvement. Additionally, the MB variations of 662 

WRF–CMAQ and WRF–Chem simulations were higher in spring and winter than in 663 
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summer and autumn, whereas the maximum and minimum MBs of WRF–CHIMERE 757 

simulations were obtained in summer (−10.33 W m−2) and autumn (−7.64 W m−2), 758 

respectively. The annual and seasonal decrease in SSR simulated by WRF–Chem and 759 

WRF–CHIMERE with enabled ACI effects were significantly smaller than those with 760 

enabled ARI effects. 761 

Generally, the simulated magnitudes and temporal variations in the air temperature 762 

at 2 m above the ground exhibited high consistency with the observations (R = 0.88‒763 

0.97). Considering the annual and seasonal T2, the models tended to display a negative 764 

bias, and the T2 underestimations in spring and winter were greater than those in summer 765 

and autumn (Figs. 3 and 4). Following Makar et al. (2015a), WRF–Chem and GEM–766 

MACH produced negative MBs in summer and positive MBs in winter with enabled ACI 767 

and ARI effects; additionally, WRF–CMAQ with only the ARI effects enabled produced 768 

negative MBs in summer over North America in 2010. Notably, Makar et al.’s. (2015a) 769 

study lacked winter meteorology evaluations using WRF–CMAQ. The comparison 770 

results of MBs revealed the following order: WRF–CHIMERE > WRF–CMAQ > WRF–771 

Chem. The annual and seasonal MBs of WRF–CMAQ and WRF–Chem were 772 

approximately −1℃, whereas that of WRF–CHIMERE ranged from −2 to −1°C. The 773 

RMSE values of WRF–CMAQ (2.71‒3.05°C) and WRF–Chem (2.82‒3.27°C) were 774 

almost equal. Those of WRF–CHIMERE (3.39‒4.53°C) were larger on the annual and 775 

seasonal scales. Notably, reduced underestimations of the annual and seasonal T2 by the 776 

three coupled models were observed in eastern China when the ARI effects were enabled. 777 

With the enabled ACI effects, the MBs for T2 simulated by WRF–Chem_BOTH did not 778 

change significantly compared with those of WRF–Chem_NO; additionally, compared 779 

with WRF–CHIMERE_NO, WRF–CHIMERE_BOTH further enhanced the 780 

underestimations of T2 in the full year (−1.30°C), spring (−0.12°C), and winter 781 

(−0.40°C). 782 

Regarding RH2, the annual and seasonal simulations using WRF–CMAQ exhibited 783 

the highest correlation with the observed values, followed by WRF–Chem and WRF–784 

CHIMERE, and the smallest correlation coefficients of the three models were observed in 785 

autumn (~0.5). The spatial MBs between the simulations using the three models and 786 

observations displayed a general converse trend compared with T2 (i.e., RH2 was 787 

overestimated where T2 was underestimated, and vice versa). This can be explained by 788 

calculating RH2 based on T2 in the models (Wang et al., 2021). The annual and seasonal 789 

MBs were 0.65%‒71.03% and −21.30% to 60.00%, respectively (Fig. 4 and Table S3); 790 

only WRF–Chem produced negative MBs in the summer. The magnitude of RMSE 791 

exhibited an inverse pattern compared with R for the three models, with maximum 792 

(28.48%‒29.52%) and minimum (12.57%‒16.07%) values observed in autumn and 793 

summer, respectively. Figs. 3–4 and Table S3 show that WRF–CMAQ_ARI further 794 

reduced the overestimations of the annual and seasonal RH2 in ECR, whereas WRF–795 

Chem_ARI (except for summer) and WRF–CHIMERE_ARI displayed the opposite trend. 796 

Moreover, the variations in the annual and seasonal RH2 MBs simulated by WRF–797 
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Chem_BOTH and WRF–CHIMERE_BOTH were further reduced compared with those 912 

simulated by WRF–Chem_ARI (except for summer) and WRF–CHIMERE_ARI, 913 

respectively. 914 

Furthermore, similar analyses were performed for WS10, and the results revealed 915 

that WRF–CMAQ performed better in capturing the WS10 patterns than WRF–Chem and 916 

WRF–CHIMERE. The R-values for all three models ranged from 0.47 to 0.60; WRF–917 

CMAQ and WRF–Chem overestimated WS by ~0.5 m s−1, whereas WRF–CHIMERE 918 

overestimated it by ~1.0 m s−1 (Table S3 and Figs. 3–4). The overestimation of WS10 919 

under real-world low-wind conditions is a common phenomenon of existing weather 920 

models, and it is mainly caused by outdated geographic data, coarse model resolution, 921 

and a lack of good physical representation of the urban canopy (Gao et al., 2015, 2018). 922 

The three models exhibited lower correlations (0.31‒0.54) and MBs (0.20‒0.86 m s−1) in 923 

summer compared with the other seasons, and the RMSEs were ~2.0 m s−1. Enabling the 924 

ARI effects mitigated the overestimations of the three models, particularly WRF–925 

CMAQ_ARI. 926 

 927 

 928 

Figure 2. Statistical metrics (R, MB, and RMSE) for annual simulations and observations of SSR in 929 

eastern China. 930 

Deleted: -–CHIMERE_BOTH were further reduced 963 
...

Deleted: SimilarFurthermore, similar analyses were 964 
...

Deleted:  values for all three models ranged from 0.47 to 965 
...

Deleted:  -wind conditions is a common phenomenon of 966 
...

Deleted: betweenfor annual simulations and observations of 967 
...

Deleted: E968 

Deleted: .969 



11 
 

 970 

Figure 3. Time series of the observed and simulated hourly SSR, T2, RH2, and WS10 by coupled 971 

WRF–CMAQ, WRF–Chem, and WRF–CHIMERE with/without aerosol feedbacks over ECR in 2017. 972 

 973 

 974 

Figure 4. Portrait plots of the statistical indices (R and MB) between the seasonal simulations and 975 

surface observations of the meteorological variables (SSR, T2, Q2, RH2, WS10, PREC, and PBLH at 976 
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08:00 and 20:00 LT) in ECR. 987 

To determine and quantify how well our results compared with those of the extant 988 

studies using two-way coupled models, we compared our study with previous ones in 989 

terms of the evaluation results of meteorology and air quality. We discussed meteorology 990 

and air quality in this section and Section 4.1, respectively. We employed 991 

box-and-whisker plots, and the 5th, 25th, 75th, and 95th percentiles were used as statistical 992 

indicators. In the plots, the dashed lines in the boxes represent the mean values, and the 993 

circles represent outliers. Previous studies mainly used WRF–Chem and WRF–CMAQ to 994 

evaluate meteorology and air quality, whereas the WRF–NAQPMS and GRAPES–995 

CUACE barely had application potential. As mentioned in Section 1, previous 996 

investigations of meteorology and air quality using WRF–CHIMERE with/without 997 

aerosol feedbacks have not been conducted in ECR. Therefore, only the evaluation results 998 

involving WRF–Chem and WRF–CMAQ were analyzed to study aerosol feedbacks. 999 

Figure S8 shows the comparison between the statistical metrics, T2, RH2, Q2, and 1000 

WS10, in this study and the evaluation results of previous studies. Based on the number 1001 

of samples in the statistical metrics of each meteorological variable, most previous 1002 

studies mainly involved the simulation and evaluation of T2, WS10, and RH2, with only 1003 

a relatively few studies focusing on Q2. Compared with the evaluation results of the 1004 

extant studies, the ranges of our statistical metrics were roughly similar, although there 1005 

were some notable differences. The R-values of the WRF–CMAQ and WRF–Chem 1006 

models in our study were higher than those of the previous studies; MBs of T2 simulated 1007 

by WRF–CMAQ were smaller, whereas those of T2 simulated by WRF–Chem were 1008 

larger; and RMSEs of the WRF–CMAQ simulation were larger, whereas those of the 1009 

WRF–Chem simulation were smaller. For RH2, the R-values for our WRF–CMAQ and 1010 

WRF–Chem were larger than the average level of the previous studies, whereas MBs and 1011 

RMSEs for WRF–CMAQ were larger. Those for WRF–Chem were smaller than the 1012 

average reported in previous studies. For Q2, the model performance of WRF–CMAQ in 1013 

this study was generally better than the average level reported in previous studies, 1014 

although the R-value between the WRF–Chem simulation results and observed values 1015 

was higher (and MB and RMSE were lower) than the average level reported in previous 1016 

studies. We also conclude that the simulation results of our WRF–CMAQ and WRF–1017 

Chem better reproduced the variations in WS10 compared with the simulation reported 1018 

by previous studies. 1019 

 1020 

3.2 Satellite-borne observations 1021 

To further evaluate the performances of WRF–CMAQ, WRF–Chem, and WRF–1022 

CHIMERE against the satellite observations, we analyzed the annual and seasonal 1023 

statistical metrics of SW and LW radiations at the surface, PREC, cloud cover, and LWP 1024 

simulated by the three coupled models with and without aerosol feedbacks by 1025 

comparisons the simulations with the satellite-borne observations (Table 3 and Figs. 5, S9, 1026 

and S12‒S14). Additionally, evaluations of SW and LW radiation at TOA are presented in 1027 
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Section 1.2 of SI. 1126 

As shown in Table 3 and Fig. 5, the three coupled models exhibited relatively poor 1127 

performances for SSR, with annual MBs of 8.21‒30.74 W m−2 and correlations of 0.61–1128 

0.78. A similar poor performance for SW radiation was also reported in the United States 1129 

using the coupled WRF–CMAQ and offline WRF models (Wang et al., 2021). The 1130 

overall seasonal characteristics of SSR were reproduced by the three coupled models (Fig. 1131 

S10). Concurrently, regardless of whether aerosol feedbacks were enabled or not, the 1132 

three models overestimated seasonal SSR (except WRF–Chem_ARI in winter), obtaining 1133 

higher MBs in spring and summer than in autumn and winter. The seasonal SSR 1134 

overestimations might be directly due to the underestimation of the calculated AOD when 1135 

examining the ARI effects (Wang et al., 2021). Compared with SSR, the three coupled 1136 

models predicted the surface LW radiation variables (SLR) well (R-values were up to 1137 

0.99), with annual domain-average MBs of −9.97 to −6.05 W m−2. Furthermore, 1138 

significant seasonal differences were observed in the simulated LW radiation by the three 1139 

coupled models; the WRF–CMAQ and WRF–CHIMERE scenarios yielded 1140 

underestimations, with maximum and minimum SLR values in winter and summer, 1141 

respectively, whereas the maximum underestimations of WRF–Chem were recorded in 1142 

autumn, particularly for WRF–Chem_BOTH (Fig. S9). 1143 

As the three coupled models adopted the same grid resolution (27 × 27 km) as well 1144 

as SW and LW radiation schemes (RRTMG), the above analysis demonstrated that the 1145 

configuration differences among the aerosol components, size distributions, and 1146 

mechanisms contributed to the diverse seasonal MBs (Tables 1 and S2). Moreover, the 1147 

three two-way coupled models with ARI feedbacks effectively improved the 1148 

performances of annual and seasonal SSR; however, for SLR, the performance 1149 

improvements were much more variable across the three coupled models and different 1150 

scenarios with and without ARI and/or ACI feedbacks enabled (Table S4). When the ARI 1151 

effects were enabled, the diverse refractive indices of the aerosol species groups caused 1152 

discrepancies in the online calculated aerosol optical properties in different SW and LW 1153 

bands in the RRTMG SW/LW radiation schemes of WRF–CMAQ, WRF–Chem, and 1154 

WRF–CHIMERE (Tables S5–S6). The online calculated cloud optical properties induced 1155 

by aerosol absorption in the RRTMG radiation schemes differed regarding their 1156 

treatments of the aerosol species groups in the three coupled models. With the ACI effects 1157 

enabled, the activation of cloud droplets from aerosols based on the Köhler theory was 1158 

considered in WRF–Chem and WRF–CHIMERE compared with the simulations without 1159 

aerosol feedbacks (Table S7). The treatments of prognostic ice-nucleating particles (INP) 1160 

formed via the heterogeneous nucleation of dust particles (diameters > 0.5 µm) and 1161 

homogeneous freezing of hygroscopic aerosols (diameters > 0.1 µm) were only 1162 

investigated in WRF–CHIMERE, whereas the prognostic INP were not included in 1163 

WRF–CMAQ and WRF–Chem. These discrepancies eventually contributed to the 1164 

differences in the simulated radiation changes caused by aerosols. 1165 

From IPCC 2007–2021, the effects of aerosol feedbacks (particularly with the ACI 1166 
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effects enabled) on PREC and cloud processes remained unclear. In this study, we further 1252 

assessed the annual and seasonal simulated PREC, cloud cover, and LWP in ECR with 1253 

high aerosol loadings against the satellite observations (Table 3 and Figs. S12‒S14) to 1254 

provide new insights into enabling online feedbacks in two-way coupled modeling 1255 

simulations from a yearly perspective. 1256 

The results indicated that PREC simulated by WRF–CMAQ (0.51‒0.89) exhibited 1257 

higher correlations than those simulated by WRF–Chem (0.61‒0.73) and WRF–1258 

CHIMERE (0.54‒0.70). WRF–CMAQ demonstrated the best correlation in winter, 1259 

whereas WRF–Chem and WRF–CHIMERE had the best correlation in spring; the three 1260 

models presented their worst correlations in summer, as the numerical models struggled 1261 

to effectively capture enhanced convective activities in summer. Huang and Gao (2018) 1262 

also revealed that the accurate representations of lateral boundaries were crucial to 1263 

improving PREC simulations in China during summer. WRF–CMAQ underestimated 1264 

annual PREC, with MBs of −76.49 to −51.93 mm, whereas WRF–Chem and WRF–1265 

CHIMERE produced large PREC overestimations ranging from +108.04 to +207.05 mm 1266 

(Table 3), particularly in southern China regions (Fig. S11). WRF–CMAQ also produced 1267 

negative biases (−27.89 to +42.08 mm) for seasonal PREC, except for WRF–1268 

CMAQ_ARI in winter. WRF–Chem and WRF–CHIMERE only underestimated seasonal 1269 

PREC in autumn (−31.39 to −26.89 mm) and winter (−7.12 to −4.43 mm), respectively 1270 

(Fig. S12). The variations in the annual and seasonal MBs of PREC were consistent with 1271 

the changes in CF and LWP (Zhang et al., 2016), and these changes will be discussed in 1272 

detail below. 1273 

By considering aerosol feedbacks, the ARI-induced decrease in annual MBs of 1274 

PREC for WRF–CMAQ, WRF–Chem, and WRF–CHIMERE were 24.56, 12.11, and 1275 

4.70 mm, respectively. WRF–Chem_BOTH (24.9 mm) and WRF–CHIMERE_BOTH 1276 

(3.41 mm) enhanced the overestimation of annual PREC compared with WRF–1277 

Chem_ARI and WRF–CHIMERE_ARI, respectively. Significant increases (+53.15 mm) 1278 

and decreases (−6.3 to −3.41 mm) in MBs were facilitated by WRF–CMAQ and the other 1279 

two models with ARI effects enabled compared with those without feedbacks, 1280 

respectively. WRF–Chem and WRF–CHIMERE with ARI and ACI effects enabled 1281 

produced larger MB enhancements (+3.54 to +7.46 mm) on the seasonal scale (Fig. S12). 1282 

Notably, the discrepancies in simulated PREC were mainly attributable to the selection of 1283 

different microphysics and cumulus schemes in WRF–CMAQ (Morrison and Kain–1284 

Fritsch), WRF–Chem (Morrison and Grell–Freitas), and WRF–CHIMERE (Thompson 1285 

and Grell–Freitas). 1286 

CF and LWP can significantly influence the spatiotemporal distributions of PREC; 1287 

our simulated results of annual and seasonal CFs in ECR are presented in Table 3 and Fig. 1288 

S13. Overall, WRF–CMAQ performed best in simulating CF. The R-values of WRF–1289 

Chem during summer (0.69) and winter (0.70) were larger than those of WRF–CMAQ 1290 

(0.59 and 0.64) and WRF–CHIMERE (0.56 and 0.66), whereas WRF–CMAQ and WRF–1291 

CHIMERE obtained better simulation results in winter and autumn, with correlations of 1292 
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up to 0.89 and 0.67, respectively. The three coupled models underestimated annual and 1415 

seasonal CFs, with MBs of −16.83% to −6.18% and −21.13% to −4.13%, respectively; 1416 

these results were consistent with those of previous two-way coupled modeling studies 1417 

using WRF–CMAQ (−19.7%) and WRF–Chem (−32% to −9%) in China (Hong et al., 1418 

2017; Zhao et al., 2017). The models reasonably simulated the annual LWP in ECR, with 1419 

R-values of >0.55 and negative biases varying from −57.36 to −31.29 g m−2. These 1420 

underestimations were closely related to missing cloud homogeneity (Wang et al., 2015; 1421 

Dionne et al., 2020) and the excessive conversion of liquid water to ice in the selected 1422 

cloud microphysics schemes (Klein et al., 2009). As shown in Fig. S14, the models 1423 

performed best in simulating LWP in spring (R = 0.51‒0.79), and their highest 1424 

underestimations were observed in winter (MBs = −54.82 to −40.89 g m−2), except for 1425 

WRF–Chem, which obtained its maximum bias in autumn. 1426 

To quantitatively determine the impacts of aerosol feedbacks on CF and LWP, the 1427 

simulated scenarios revealed that WRF–CMAQ_ARI overwhelmingly decreased the 1428 

annual and seasonal underestimations of CF (0.48%‒1.05%) and LWP (3.03‒4.29 g m−2), 1429 

whereas in WRF–Chem_ARI and WRF–CHIMERE_ARI slightly increased the 1430 

underestimations (CF: 0.02%‒0.39%; LWP: 0.03‒0.58 g m−2). Compared with WRF–1431 

CHIMERE_ARI, WRF–CHIMERE_BOTH produced larger variations in the annual and 1432 

seasonal MBs of CF (0.23%‒0.93%) and LWP (−2.96 to 7.38 g m−2). WRF–1433 

Chem_BOTH and WRF–Chem_ARI exhibited equivalent variations (CF: 0.03%‒0.71%; 1434 

LWP: 0.02‒2.89 g m−2). This could be explained by the different parameterization 1435 

treatments of the cloud droplet number concentration (CDNC) simulated by the three 1436 

coupled models with/without enabling the ACI effects. The cloud condensation nuclei 1437 

(CCN) activated by the aerosol particles can increase CDNC and impact LWP and CF. 1438 

Without enabling any aerosol feedbacks or by enabling only ARI, CDNC is, by default, 1439 

prescribed as a constant value of 250 cm−3 in the Morrison schemes of WRF–CMAQ and 1440 

WRF–Chem and 300 cm−3 in the Thompson schemes of WRF–CHIMERE. With enabling 1441 

only ACI or both ARI and ACI effects, prognostic CDNC is online calculated in the 1442 

two-way coupled WRF–Chem and WRF–CHIMERE models when cloud maximum 1443 

supersaturation is greater than aerosol critical supersaturation (Abdul-Razzak and Ghan, 1444 

2002; Chapman et al., 2009; Tuccella et al., 2019). Although we have obtained 1445 

preliminary quantitative results of the ACI effects on regional PREC, CF, and LWP, we 1446 

acknowledge that several limitations still exist regarding the representation of the ACI 1447 

effects in state-of-the-art two-way coupled models. These limitations include a lack of 1448 

consideration for the responses of convective clouds to ACI (Tuccella et al., 2019), 1449 

numerical descriptions for giant CCN (Wang et al., 2021) and heterogeneous ice nuclei 1450 

(Keita et al., 2020). 1451 

 1452 

Table 3. Statistical metrics (R, MB, NMB, NGE, and RMSE) between the annual 1453 

simulations and satellite retrievals of SSR and SLR, TOA SW and LW radiation, PREC, 1454 

CF, and LWP in ECR. The best results are captured in bold fonts, and the mean 1455 
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simulations and observations are in italics. 1554 

Variables Statistics WRF-CMAQ_NO WRF-CMAQ_ARI WRF-Chem_NO WRF-Chem_ARI WRF-Chem_BOTH WRF-CHIMERE_NO WRF-CHIMERE_ARI WRF-CHIMERE_BOTH 

Surface 

shortwave 

radiation 

(172.74  

W m-2) 

Mean_sim 197.15 180.94 203.48 194.52 201.45 197.39 191.34 195.58 

R 0.76 0.75 0.73 0.78 0.75 0.61 0.64 0.66 

MB 24.41 8.21 30.74 21.78 28.71 24.75 18.71 22.94 

NMB (%) 14.13 4.75 17.79 12.61 16.62 14.34 10.84 13.29 

NGE (%) 15.13 8.66 18.61 13.53 17.38 17.44 14.42 15.83 

RMSE 30.25 20.37 35.34 26.88 32.80 34.70 29.60 31.45 

Surface 

longwave 

radiation 

(322.3  

W m-2) 

Mean_sim 316.25 315.83 312.96 312.60 312.32 313.33 314.60 314.47 

R 0.98 0.98 0.98 0.98 0.98 0.99 0.99 0.99 

MB -6.05 -6.46 -9.34 -9.70 -9.97 -9.66 -8.39 -8.53 

NMB (%) -1.88 -2.00 -2.90 -3.01 -3.09 -2.99 -2.60 -2.64 

NGE (%) 3.22 3.46 3.70 3.77 3.84 3.96 3.60 3.66 

RMSE 13.65 14.13 14.81 14.97 15.17 15.47 14.52 14.72 

TOA 

shortwave 

radiation 

(111.56  

W m-2) 

Mean_sim 107.76 112.68 110.38 110.95 107.16 114.33 116.62 113.09 

R 0.81 0.79 0.69 0.68 0.62 0.65 0.65 0.65 

MB -3.80 1.13 -1.18 -0.61 -4.40 3.12 5.42 1.89 

NMB (%) -3.40 1.01 -1.05 -0.55 -3.94 2.81 4.87 1.70 

NGE (%) 10.19 10.45 11.52 10.96 11.69 14.43 14.36 12.93 

RMSE 15.75 16.04 17.07 16.10 17.21 20.85 20.67 18.96 

TOA 

longwave 

radiation 

(233.68 

W m-2) 

Mean_sim 231.54 232.26 234.34 233.96 234.39 232.52 232.17 233.18 

R 0.88 0.90 0.91 0.91 0.92 0.74 0.74 0.76 

MB -2.14 -1.42 0.66 0.28 0.71 -0.61 -0.96 0.05 

NMB (%) -0.92 -0.61 0.28 0.12 0.30 -0.26 -0.41 0.02 

NGE (%) 2.28 2.04 1.79 1.79 1.74 3.02 2.98 2.92 

RMSE 6.94 6.20 6.00 5.94 5.86 10.10 10.07 9.70 

Precipitation 

(948.91 mm 

y-1) 

Mean_sim 872.42 896.98 1069.06 1056.95 1081.84 1165.06 1160.35 1163.77 

R 0.71 0.71 0.71 0.71 0.70 0.69 0.69 0.69 

MB -76.49 -51.93 120.15 108.04 132.94 207.05 202.35 205.76 

NMB (%) -9.23 -8.40 12.66 11.39 14.01 21.61 21.12 21.48 

NGE (%) 32.46 34.36 44.54 43.38 45.13 42.54 42.52 42.58 

RMSE 573.14 595.76 675.91 668.92 693.74 776.60 786.36 790.73 

Cloud cover 

(64.09 %) 

Mean_sim 52.51 53.32 48.18 47.80 47.46 58.12 57.98 58.55 

R 0.68 0.68 0.69 0.69 0.68 0.66 0.66 0.64 

MB -11.58 -10.77 -16.12 -16.50 -16.83 -6.60 -6.74 -6.18 

NMB (%) -18.07 -16.80 -25.07 -25.66 -26.18 -10.20 -10.41 -9.54 

NGE (%) 19.48 18.87 26.01 26.56 26.97 16.74 16.92 16.72 

RMSE 16.47 16.28 20.17 20.48 20.73 15.28 15.33 15.34 

liquid water 

path (88.44 

g m-2) 

Mean_sim 53.50 57.15 32.29 31.87 31.08 56.23 56.21 54.00 

R 0.61 0.58 0.47 0.46 0.28 0.55 0.55 0.51 

MB -34.94 -31.29 -56.16 -56.58 -57.36 -32.37 -32.40 -34.61 
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NMB (%) -39.51 -35.38 -63.49 -63.97 -64.86 -36.54 -36.56 -39.06 

NGE (%) 57.05 57.99 66.88 67.25 67.91 53.15 53.33 56.88 

RMSE 54.35 54.31 63.54 63.92 67.21 53.39 53.42 55.86 

 1555 

Figure 5. Spatial distributions of seasonal SSR between CERES observations and simulations using 1556 

WRF–CMAQ, WRF–Chem, and WRF–CHIMERE with and without aerosol feedbacks in ECR. 1557 

 1558 

4 Multimodel air-quality evaluations 1559 

Similar to meteorology, to further determine the quantitative effects of enabling 1560 

aerosol feedbacks on the simulation accuracy of the air-quality variables in ECR, 1561 

ground-based and satellite-borne observations were adopted for comparisons in the 1562 

following evaluation analysis. The usage status of computing resources in each 1563 

simulation process was also assessed (Section 4.3). 1564 

 1565 

4.1 Ground-based observations 1566 

Table 4 and Fig. 7 present the statistical metrics of the annual and seasonal air 1567 

pollutant concentrations (PM2.5, O3, NO2, SO2, and CO) simulated by the three coupled 1568 

models. The evaluations between the surface measurements and simulations of PM2.5 and 1569 

O3 are presented below, and the performance assessments of the other gaseous pollutants 1570 

are presented in Section 2 of SI. 1571 

The R-values of the annual PM2.5 concentrations simulated by WRF–CMAQ (0.68) 1572 

were the highest, followed by those obtained by WRF–Chem (0.65‒0.68) and WRF–1573 

CHIMERE (0.52‒0.53). The three models exhibited higher correlations in winter than in 1574 
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the other seasons (Fig. 7). Table 4 and Figs. 6–7 reveal that WRF–CMAQ underestimated 1605 

the annual and seasonal (except for autumn) PM2.5 concentrations, with NMBs of −9.78% 1606 

to −6.39% and −17.68% to +5.17%, respectively. WRF–Chem overestimated and 1607 

underestimated PM2.5 on the annual and seasonal scales, with related NMBs varying from 1608 

−39.11% to +24.72. Concurrently, WRF–CHIMERE excessively overestimated the 1609 

annual and seasonal PM2.5 concentrations (NMB: +19.51% to +75.47%). These biases 1610 

could be related to the different aerosol and gas-phase mechanisms, dust and sea salt 1611 

emission schemes, chemical ICs and BCs, and the aerosol-size-distribution treatments 1612 

applied to the three two-way coupled models. Based on the NMB differences between the 1613 

simulations with ARI and those without aerosol feedbacks, the ARI-induced annual and 1614 

seasonal NMB variations in WRF–CMAQ_ARI and WRF–Chem_ARI ranged from 1615 

+3.01% to +4.21% and +3.07% to +5.02%, respectively, indicating that enabling ARI 1616 

feedbacks slightly reduced the annual and seasonal (except for autumn) underestimations 1617 

of PM2.5 concentrations. Notably, WRF–CHIMERE_ARI further overestimated the 1618 

annual and seasonal PM2.5 concentrations, with an NMB increase of up to 10.04%. The 1619 

increases in the PM2.5 concentrations due to the ARI effects were attributable to the 1620 

synergetic decreases in SSR, T2, WS10, and PBLH, as well as increases in RH2. With 1621 

ACI feedbacks further enabled, WRF–Chem_BOTH largely underestimated the annual 1622 

and seasonal PM2.5, with NMBs varying from −24.15% to −14.44%, compared with 1623 

WRF–Chem_ARI. WRF–CHIMERE_BOTH tended to decrease (−2.1% to −0.51%) the 1624 

annual and autumn–winter NMBs and increase (+0.35% to +3.04%) the spring–summer 1625 

ones. A further comparison of the ARI- and ACI-induced NMB variations demonstrated 1626 

that the ARI-induced variations in the PM2.5 concentrations were smaller than the 1627 

ACI-induced ones in WRF–Chem, and that the reversed pattern proceeded in WRF–1628 

CHIMERE. This might be explained by the incorporation of dust aerosols in WRF–1629 

CHIMERE serving as IN, which was not included in WRF–Chem in this study. 1630 

For O3, WRF–CHIMERE (R = 0.62) exhibited the highest correlation, followed by 1631 

WRF–CMAQ (R = 0.55) and WRF–Chem (R = 0.45) (Table 4 and Fig. S16). WRF–1632 

CMAQ slightly underestimated the annual O3 concentration, with NMBs and NGEs of 1633 

−12.57% to −11.52%; conversely, WRF–Chem and WRF–CHIMERE significantly 1634 

overestimated it, with NMBs of 47.82%–48.10% and 29.46%–29.75%, respectively. The 1635 

seasonal results of the statistical metrics displayed consistent patterns with the annual 1636 

simulations, and the O3 pollution levels in summer were better simulated than in the other 1637 

seasons (Fig. 6). The models with enabling ARI feedbacks slightly decreased the annual 1638 

and seasonal O3 NMBs and NGEs, ranging from −3.02% to +0.85% (the only positive 1639 

value of +0.85% was produced by WRF–CMAQ in summer) and −1.42% to −0.75%, 1640 

respectively. Concurrently, regarding the ACI effects, WRF–Chem and WRF–CHIMERE 1641 

exhibited increased annual O3 NMBs and NGEs of 0.12%−0.65% and 0.40%−0.55%, 1642 

respectively. The ACI-induced seasonal NMB variations for WRF–Chem differed from 1643 

those for WRF–CHIMERE; WRF–Chem increased and decreased in spring–summer and 1644 

autumn–winter, respectively, whereas WRF–CHIMERE increased in all seasons except 1645 
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winter (Fig. 7). Such diverse NMB and NGE variations can be explained by two aspect 1735 

differences. Under the model-top BCs, the WRF–CMAQ and WRF–Chem models 1736 

employed the parameterization scheme of O3-potential vorticity, and WRF–CHIMERE 1737 

employed the climatological data from LMDz–INCA. Regarding the gas-phase chemistry 1738 

mechanisms, the three coupled models incorporated various photolytic reactions, with a 1739 

more comprehensive discussion in Section 4.2. 1740 

Knote et al. (2015) comprehensively assessed the effects of seven gas-phase 1741 

chemical mechanisms (RADM2, RADMKA, RACM-ESRL, CB05Clx, CB05-TUCL, 1742 

CBMZ, and MOZART-4) on O3 simulations using the three two-way coupled models 1743 

(WRF–Chem, WRF–CMAQ, and COSMO–ART). They concluded that the O3 1744 

concentrations simulated by WRF–Chem using the CBMZ mechanism were closest to the 1745 

mean values of multiple models for North America and Europe in spring and summer. 1746 

However, dissimilar to North America and Europe, the two-way coupled WRF–Chem 1747 

with CBMZ exhibited the lowest performance in spring for ECR. Additionally, the ARI 1748 

and/or ACI effects contributed to atmospheric dynamics and stability (as mentioned in the 1749 

PBLH evaluation part of Section 1.1 in SI), as well as photochemistry and heterogeneous 1750 

reactions; thus, they eventually influenced O3 formation (Xing et al., 2017; Qu et al., 1751 

2021; Zhu et al., 2021). 1752 

 1753 

Table 4. Statistical metrics (R, MB, NMB, NGE, and RMSE) of the annual simulations 1754 

and observations of surface PM2.5, O3, NO2, SO2, and CO in ECR. The best results are in 1755 

bold, while the mean simulations and observations are in italics. 1756 

Variables Statistics WRF-CMAQ_NO WRF-CMAQ_ARI WRF-Chem_NO WRF-Chem_ARI WRF-Chem_BOTH WRF-CHIMERE_NO WRF-CHIMERE_ARI WRF-CHIMERE_BOTH 

PM2.5  

(44.99 μg m−3) 

Mean_sim 40.59 42.12 44.45 46.65 38.33 62.17 65.36 65.13 

R 0.68 0.68 0.65 0.65 0.69 0.52 0.53 0.53 

MB -4.40 -2.87 -0.54 1.66 -6.66 17.18 20.37 20.14 

NMB (%) -9.78 -6.39 -1.21 3.69 -14.81 38.19 45.27 44.76 

NGE (%) 46.41 47.08 57.82 59.91 52.10 89.85 94.10 94.01 

RMSE 27.62 27.69 32.58 34.64 32.48 55.13 60.25 59.41 

O3 

(62.23 μg m−3) 

Mean_sim 55.06 54.41 88.53 87.81 87.89 76.92 76.48 76.89 

R 0.54 0.55 0.46 0.45 0.45 0.62 0.62 0.62 

MB -7.17 -7.83 26.30 25.58 25.65 14.69 14.25 14.66 

NMB (%) -11.52 -12.57 42.26 41.10 41.22 23.60 22.90 23.55 

NGE (%) 41.02 41.40 87.02 86.17 86.57 58.17 57.63 58.18 

RMSE 28.32 28.68 48.10 47.99 47.82 29.65 29.46 29.75 

NO2 

(31.2 μg m−3) 

Mean_sim 33.94 34.46 21.17 21.98 21.40 21.85 22.20 22.24 

R 0.59 0.60 0.50 0.50 0.50 0.55 0.56 0.56 

MB 2.74 3.26 -10.03 -9.22 -9.80 -9.35 -9.00 -8.96 

NMB (%) 8.77 10.44 -32.14 -29.55 -31.40 -29.96 -28.84 -28.73 

NGE (%) 55.04 55.74 54.57 54.37 54.43 50.56 50.82 50.89 

RMSE 19.14 19.48 21.23 21.21 21.21 18.72 18.68 18.70 
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SO2 

(18.51 μg m−3) 

Mean_sim 14.02 14.39 8.22 8.56 7.85 8.88 9.18 9.19 

R 0.40 0.40 0.44 0.44 0.46 0.40 0.41 0.41 

MB -4.49 -4.12 -10.29 -9.95 -10.66 -9.63 -9.33 -9.32 

NMB (%) -24.25 -22.24 -55.61 -53.76 -57.57 -52.02 -50.39 -50.34 

NGE (%) 75.44 76.26 64.18 64.20 66.09 75.54 75.86 75.87 

RMSE 21.11 21.30 20.13 20.02 20.20 22.07 22.17 22.18 

CO 

(0.96 mg m−3) 

Mean_sim 0.44 0.45 0.53 0.54 0.53 0.56 0.58 0.57 

R 0.23 0.24 0.21 0.22 0.22 0.47 0.48 0.47 

MB -0.52 -0.51 -0.43 -0.42 -0.43 -0.40 -0.39 -0.39 

NMB (%) -53.97 -52.99 -45.10 -43.94 -44.68 -41.82 -40.11 -40.28 

NGE (%) 65.44 65.11 53.63 53.38 53.80 47.27 47.08 47.09 

RMSE 0.90 0.90 0.82 0.83 0.83 0.62 0.62 0.62 

 1809 

 1810 
Figure 6. Time series of the observed and simulated hourly PM2.5 and O3 concentrations by WRF–1811 

CMAQ, WRF–Chem, and WRF–CHIMERE with/without aerosol feedbacks over ECR in 2017. 1812 

 1813 

 1814 

Figure 7. Taylor diagrams (R, normalized standard deviation, and NMB) of seasonal PM2.5, O3, NO2, 1815 
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SO2, and CO using the three two-way coupled models (WRF–CMAQ, WRF–Chem, and WRF–1826 

CHIMERE) with/without the ARI and/or ACI effects in ECR compared with the surface observations 1827 

Similar to the meteorological variables presented above, we conducted quality 1828 

assurance for the statistical metrics via further comparisons with the PM2.5 and O3 results 1829 

in previous model evaluations (Fig. S20). In this study, the performances of WRF–1830 

CMAQ and WRF–Chem in simulating PM2.5 were better than the average levels reported 1831 

by the previous studies on ECR. Regarding the simulation of the O3 level, WRF–Chem 1832 

performed worse compared with the average level reported by the previous studies. 1833 

Although the R-values of O3 simulated by WRF–CMAQ in this study were lower than 1834 

the average level reported in the previous studies, our RMSEs were smaller. 1835 

4.2 Satellite-borne observations 1836 

In this section, we further investigated the discrepancies among the different models 1837 

regarding the calculated AOD and column concentrations of the gases (O3, NO2, SO2, CO, 1838 

and NH3) and compared them with various satellite observations. Regarding NH3, as the 1839 

output of simulated NH3 concentrations was not set in WRF–CHIMERE, the discussion 1840 

here only includes the results from the WRF–CMAQ and WRF–Chem models. 1841 

Table 5 reveals that the annual AOD at 550 nm, TCO, NO2, and CO simulated by the 1842 

three models agreed the most with the satellite observations, with R-values of 0.80–0.98; 1843 

these were followed by NH3 (0.75‒0.76), and SO2 (0.50‒0.53). WRF–CMAQ exhibited 1844 

negative biases for the annual AOD (−0.01), TCO (−5.92 Dobson Units (DU)), SO2 1845 

(−0.03 to −0.02 DU), CO (−1.25 × 1017 molecules cm−2), and NH3 (−2.95 × 1015 1846 

molecules cm−2). Conversely, it exhibited a positive bias for NO2 (1.09‒1.21 1847 

petamolecules cm‒2). Regarding AOD, WRF–Chem and WRF–CHIMERE produced 1848 

positive (+0.09) and negative (−0.06) MBs. WRF–Chem and WRF–CHIMERE 1849 

overestimated NO2 (0.28‒0.63 petamolecules cm‒2) and CO (0.93‒1.21 × 1017 molecules 1850 

cm−2) and underestimated O3 (−10.99 to −3.63 DU) and SO2 (−0.03 to −0.02 DU). 1851 

Similar to WRF–CMAQ, WRF–Chem underestimated NH3 by approximately −3.14 × 1852 

1015 molecules cm−2. 1853 

Regarding the seasonal variations, we observed relatively high correlation 1854 

relationships (0.71‒0.88) regarding AOD in autumn, with lower values (0.53‒0.84) in the 1855 

other seasons (Fig. 8). WRF–CMAQ and WRF–Chem tended to underestimate (MBs of 1856 

−0.1 to −0.4) and overestimate (MBs of 0.01‒0.05) AOD in summer and the other 1857 

seasons, respectively. WRF–CHIMERE exhibited positive (0.03‒0.04) and negative 1858 

(−0.10 to −0.01) biases in winter and the other seasons, respectively. Regarding TCO (Fig. 1859 

S24), the performances of the WRF–CMAQ and WRF–Chem models in spring and 1860 

winter were slightly better than the performances in summer and autumn; however, the 1861 

R-values of all the seasons were above 0.89. WRF–CMAQ (−9.53 to −0.72 DU) and 1862 

WRF–Chem (−24.62 to +10.57 DU) exhibited negative biases in all the seasons (except 1863 

WRF–Chem in autumn). WRF–CHIMERE better captured TCO in spring and summer 1864 

(overestimations of +9.19 to +29.20 DU) than in autumn and winter (underestimations of 1865 

−33.75 to −19.40 DU). The R-values of the NO2 columns for the three models were 1866 
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slightly higher in autumn and winter (0.82‒0.91) than in spring and summer (0.76‒0.84). 1966 

Generally, WRF–CMAQ (−0.68 to −0.16 DU), WRF–Chem (−1.40 to −0.44 DU), and 1967 

WRF–CHIMERE (−1.31 to −0.19 DU) generally underestimated the seasonal NO2 1968 

columns (Fig. S22). All the models overestimated the SO2 column concentrations in 1969 

winter (by 0.01‒0.03 DU) but underestimated them in the other seasons (−0.05 to −0.001 1970 

DU) (Fig. S23). Regarding NH3, the only primary alkaline gas in the atmosphere, the 1971 

WRF–CMAQ and WRF–Chem models performed better in summer (R: 0.81‒0.87; MB: 1972 

−3.42 to 2.07 × 1015 molecules cm−2) (Fig. S25). The NH3 emissions from fertilizers and 1973 

livestock have been substantially underestimated in China (Zhang et al., 2017), and the 1974 

peak values were obtained in spring and summer (Huang et al., 2012). Additionally, the 1975 

bidirectional exchanges of fertilizer-induced NH3 were not considered in our simulations. 1976 

Compared with the above column variables, WRF–CMAQ, WRF–Chem, and WRF–1977 

CHIMERE exhibited relatively poor performances (R: 0.68‒0.79) in simulating the CO 1978 

columns during spring, summer, and autumn, respectively, than in simulating them in the 1979 

other seasons (Fig. S24). WRF–CMAQ and WRF–CHIMERE underestimated and 1980 

overestimated the CO columns in the other seasons, respectively, except for summer and 1981 

spring, with MBs of −3.29 to 0.31 × 1017 and −0.62 to 2.09 × 1017 molecules cm−2, 1982 

respectively. WRF–Chem obtained positive MBs in summer and autumn (4.03‒5.12 × 1983 

1017 molecules cm−2) and negative ones in spring and winter (−3.15 to −2.10 × 1017 1984 

molecules cm−2). 1985 

Moreover, after comparing the performances of the models for each pollutant 1986 

between Sections 4.1 and 4.2, the only disparity found between evaluations with 1987 

ground-based observations and those with satellite-borne observations was for CO. The 1988 

formation of CO via the oxidation of methane, an important source of CO emissions 1989 

(Stein et al., 2014), was not considered in the three coupled models, and the methane 1990 

emissions were not included in the MEIC inventory. Furthermore, the contribution of CO 1991 

to atmospheric oxidation capacity (OH radicals) was nonnegligible (e.g., the values were 1992 

approximately 20.54%‒38.97% in Beijing (Liu et al., 2021) and 26%–31% in Shanghai 1993 

(Zhu et al., 2020)). In addition, these discrepancies in the model performances in 1994 

simulating AOD and column concentrations of gases can be explained by the differences 1995 

in the representations of the aerosol species groups, Fast-JX photolysis scheme, and 1996 

gas-phase mechanisms in the three coupled models. More detailed interpretations were 1997 

grouped into four aspects: (1) AODs are calculated via the Mie theory using the refractive 1998 

indices of different numbers (5, 6, and 10) of aerosol species groups in different coupled 1999 

models (WRF–CMAQ, WRF–Chem, and WRF–CHIMERE) (Tables S5–S6); (2) seven 2000 

(294.6, 303.2, 310.0, 316.4, 333.1, 382.0, and 607.7 nm), four (300, 400, 600, and 999 2001 

nm), and five (200, 300, 400, 600, and 999 nm) effective wavelengths were used to 2002 

calculate the actinic fluxes and photolysis rates in the Fast-JX photolysis modules of 2003 

WRF–CMAQ, WRF–Chem, and WRF–CHIMERE, respectively; (3) different methods 2004 

exist in the Fast-JX schemes of the three coupled models for calculating the aerosol and 2005 

cloud optical properties (Tables S1 and S5–S6); (4) 77, 52, and 40 gas-phase species 2006 
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comprised 218, 132, and 120 gas-phase reactions under the CB6, CBMZ, and 2080 

MELCHIOR2 mechanisms, respectively. 2081 

When the three models enabled only the ARI effects, relatively limited 2082 

improvements were observed in the annual AOD and NO2 columns simulated by these 2083 

models. The AOD simulations improved in spring and summer but worsened in autumn 2084 

and winter (Table 4 and Fig. 9). Larger ARI-induced variations in seasonal MBs of the 2085 

NO2 columns were observed in WRF–CMAQ (−0.18 to 0.13 petamolecules cm−2) 2086 

compared with WRF–Chem and WRF–CHIMERE (0‒0.01 petamolecules cm−2). When 2087 

the ARI and ACI effects were enabled in WRF–Chem, the model performance for 2088 

seasonal AOD simulations worsened considerably. The annual and seasonal NO2 2089 

simulations by WRF–Chem became slightly worse, whereas those by WRF–CHIMERE 2090 

became slightly better. Dissimilar to AOD and the NO2 column concentrations, the 2091 

improvements in the annual and seasonal column simulations of total ozone, PBL SO2, 2092 

and NH3 by all the two-way coupled models were limited when one or both of ARI and 2093 

ACI were enabled. 2094 

Table 5. Statistical metrics (R, MB, NMB, NGE, and RMSE) of the simulated and 2095 

satellite-retrieved AOD, TCO, tropospheric column NO2, PBL column SO2, total column 2096 

CO, and total column density of NH3 in ECR. The best results are captured in bold fonts, 2097 

and the annual mean simulations and observations are in italics. 2098 

Variables Statistics WRF-CMAQ_NO WRF-CMAQ_ARI WRF-Chem_NO WRF-Chem_ARI WRF-Chem_BOTH WRF-CHIMERE_NO WRF-CHIMERE_ARI WRF-CHIMERE_BOTH 

AOD (0.27) Mean_sim 0.26 0.27 0.35 0.36 0.25 0.21 0.22 0.22 

R 0.80 0.80 0.80 0.80 0.75 0.87 0.87 0.86 

MB -0.01 -0.01 0.09 0.09 -0.01 -0.05 -0.05 -0.04 

NMB (%) -3.99 -2.93 34.14 35.03 -4.92 -18.72 -17.37 -16.22 

NGE (%) 34.90 34.82 58.21 58.89 41.46 32.15 32.11 32.06 

RMSE 0.09 0.09 0.15 0.15 0.10 0.09 0.09 0.10 

O3 

VCDs 

(312.07 

DU) 

Mean_sim 306.15 306.15 300.77 300.73 300.46 307.69 307.47 307.75 

R 0.98 0.98 0.97 0.97 0.97 0.65 0.65 0.65 

MB -5.92 -5.92 -10.68 -10.72 -10.99 -3.69 -3.91 -3.63 

NMB (%) -1.90 -1.90 -3.43 -3.44 -3.53 -1.19 -1.26 -1.17 

NGE (%) 2.46 2.46 25.02 25.02 25.08 10.95 10.89 10.93 

RMSE 8.91 8.91 83.72 83.73 83.94 39.88 39.71 39.73 

Tropospheric 

NO2 

VCDs 

(2.71×1015 

molecules 

cm-2) 

Mean_sim 3.80 3.91 3.07 3.08 3.06 2.62 2.63 2.63 

R 0.85 0.85 0.87 0.87 0.87 0.87 0.87 0.87 

MB 1.09 1.21 0.62 0.63 0.61 0.28 0.29 0.29 

NMB (%) 40.35 44.64 25.27 25.52 24.89 12.03 12.47 12.42 

NGE (%) 52.80 55.08 46.01 46.05 45.17 46.06 46.31 46.24 

RMSE 3.18 3.33 2.27 2.27 2.27 1.65 1.67 1.68 

PBL SO2 

VCDs (0.09 

DU) 

Mean_sim 0.07 0.07 0.09 0.09 0.06 0.06 0.06 0.06 

R 0.53 0.53 0.56 0.56 0.54 0.50 0.50 0.50 

MB -0.03 -0.02 -0.03 -0.02 -0.03 -0.03 -0.02 -0.02 
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NMB (%) -27.32 -25.48 -32.50 -21.50 -35.08 -28.64 -27.31 -27.51 

NGE (%) 57.45 58.26 67.55 68.07 64.83 68.31 68.61 68.80 

RMSE 0.07 0.07 0.08 0.08 0.07 0.07 0.07 0.07 

Total CO 

VCDs 

(21.60×1017 

molecules 

cm-2) 

Mean_sim 20.34 20.35 22.20 22.20 22.21 22.34 22.36 22.35 

R 0.83 0.83 0.87 0.87 0.87 0.86 0.86 0.86 

MB -1.26 -1.24 0.93 0.93 0.94 1.19 1.21 1.19 

NMB (%) -5.83 -5.75 4.35 4.37 4.44 5.64 5.70 5.65 

NGE (%) 9.33 9.31 10.30 10.28 10.32 11.02 11.06 11.10 

RMSE 2.54 2.54 2.69 2.68 2.69 2.57 2.58 2.58 

Total NH3 

VCDs 

(16.05×1015 

molecules 

cm-2) 

Mean_sim 13.06 13.15 12.31 12.27 8.63 N/A  N/A  N/A  

R 0.76 0.76 0.73 0.73 0.76 N/A  N/A  N/A  

MB -3.00 -2.90 -3.27 -3.32 -3.34 N/A  N/A  N/A  

NMB (%) -18.66 -18.08 -21.01 -21.28 -21.41 N/A  N/A  N/A  

NGE (%) 47.69 48.09 50.84 50.80 50.99 N/A  N/A  N/A  

RMSE 9.26 9.47 9.48 9.46 9.61 N/A  N/A  N/A  

N/A indicates that the outputs of the NH3 column concentrations were not extracted from WRF–CHIMERE simulations 2123 

with/without aerosol feedbacks. 2124 

 2125 

Figure 8. Spatial distributions of seasonal AOD between MODIS observations and simulations using 2126 

the WRF–CMAQ, WRF–Chem, and WRF–CHIMERE models with and without aerosol feedbacks in 2127 

ECR. 2128 
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4.3 Computational performance 2139 

Table 5 presents a summary of the comparative results of the time consumption by 2140 

the central processing unit (CPU) per simulation day using WRF–CMAQ, WRF–Chem, 2141 

and WRF–CHIMERE with and without aerosol feedbacks in 2017. The results indicated 2142 

that WRF–CMAQ consumed the shortest CPU time simulating one-day meteorology and 2143 

air quality with or without enabling aerosol feedbacks. This CPU time consumption was 2144 

followed by WRF–CHIMERE and WRF–Chem. Compared with the simulations without 2145 

aerosol feedbacks, the processing time of WRF–CMAQ with ARI increased by 0.22–0.34 2146 

h per day. The increases in the running time of WRF–Chem and WRF–CHIMERE were 2147 

insignificant (0.02‒0.03 h per day). The CPU times for WRF–Chem and WRF–2148 

CHIMERE with the ARI and ACI effects enabled increased slightly, and the increase in 2149 

the CPU time for the former (0.25 h per day) was higher than that for the latter (0.11 h 2150 

per day). Compared with WRF–CMAQ and WRF–Chem, the CPU time consumed by 2151 

WRF–CHIMERE exhibited clear seasonal differences, with the CPU times in winter and 2152 

spring being significantly longer than those in summer and autumn. These differences can 2153 

be partially explained by the choice of the main configurations, including the model 2154 

resolution, model version, and parametrization schemes (cloud microphysics, PBL, 2155 

cumulus, surface layer, land surface, gas-phase chemistry, and aerosol mechanisms). 2156 

Table 5. Summary of the running time for the different coupled models. 2157 

Month WRF–CMAQ (h) WRF–Chem (h) WRF–CHIMERE (h) 

NO ARI NO ARI BOTH NO ARI BOTH 

Jan. 0.37 0.59 0.69 0.71 0.96 0.67 0.70 0.77 

Feb. 0.35 0.60 0.68 0.70 0.93 0.64 0.67 0.73 

Mar. 0.39 0.65 0.70 0.72 1.00 0.59 0.62 0.72 

Apr. 0.37 0.67 0.67 0.69 0.92 0.54 0.57 0.65 

May 0.39 0.71 0.61 0.66 0.86 0.52 0.55 0.62 

June 0.40 0.74 0.66 0.67 0.95 0.48 0.51 0.63 

July 0.36 0.69 0.65 0.67 0.86 0.49 0.50 0.58 

Aug. 0.38 0.68 0.66 0.68 0.90 0.49 0.52 0.61 

Sept. 0.37 0.63 0.64 0.65 0.89 0.48 0.52 0.63 

Oct. 0.38 0.62 0.66 0.68 0.94 0.53 0.56 0.69 

Nov. 0.36 0.58 0.68 0.70 0.91 0.64 0.67 0.72 

Dec. 0.35 0.57 0.63 0.66 0.87 0.67 0.70 0.74 

 2158 

5 Conclusions 2159 

Two-way coupled meteorology and air-quality models have been deployed in ECR 2160 

in recent years. However, no study comprehensively assessed multiple coupled models in 2161 

this region. To the best of our knowledge, this is the first study to perform comprehensive 2162 
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intercomparisons of the open-sourced two-way coupled meteorology and air-quality 2232 

models (WRF–CMAQ, WRF–Chem, and WRF–CHIMERE). Here, we systemically 2233 

evaluated the hindcast simulations for 2017 and explored the impacts of ARI and/or ACI 2234 

on the model performance and computational efficiency in ECR. 2235 

After detailed comparisons with ground-based and satellite-borne observations, the 2236 

evaluation results revealed that the three coupled models performed well for meteorology 2237 

and air quality, particularly for surface temperature (with an R-value of up to 0.97) and 2238 

PM2.5 concentrations (with an R-value of up to 0.68). The effects of aerosol feedbacks on 2239 

the model performance varied with the two-way coupled models, variables, and time 2240 

scales. The computational time increased by 20%–70% when these two-way coupled 2241 

models enabled aerosol feedbacks compared with when the simulations proceeded 2242 

without aerosol–radiation–cloud interactions. Notably, the three coupled models could 2243 

effectively reproduce the spatiotemporal distributions of the satellite-retrieved CO 2244 

column concentrations but not for ground-observed CO concentrations. 2245 

The intercomparisons revealed some uncertainty sources in the evaluation of the 2246 

aerosol feedback effects. As numerous schemes can be combined with the configurations 2247 

of different coupled models, we only evaluated the simulations with specific settings. 2248 

Future comparisons considering more combinations of multiple schemes within the same 2249 

or different coupled models are desired. Among the three coupled models, the numerical 2250 

representations for specific variables in the same scheme are diverse, e.g., the treatments 2251 

of cloud cover and cloud optical properties in the Fast-JX photolysis scheme. More 2252 

accurate representations of photolysis processes must be considered to reduce evaluation 2253 

uncertainties. Additionally, the FDDA nudging technique can attenuate the ARI effects 2254 

during severe air pollution episodes, and optimal nudging coefficients among different 2255 

regions must be determined. Finally, the actual mechanisms underlying the ACI effects 2256 

are still unclear, and the new advances in the measurements and parameterizations of 2257 

CCN/IN activations and PREC must be duly incorporated in coupled models. 2258 
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Code availability 2260 

The source codes of the two-way coupled WRF v4.1.1-CMAQ v5.3.1, WRF-Chem 2261 

v4.1.1, and WRF v3.7.1-CHIMERE v2020r1 models are obtained from 2262 

https://github.com/USEPA/CMAQ, https://github.com/wrf-model/WRF, and 2263 

https://www.lmd.polytechnique.fr/chimere, respectively (last access: November 2020). 2264 

The related source codes, configuration information, namelist files and automated run 2265 

scripts of these three two-way coupled models are archived at Zenodo with the associated 2266 

DOI: https://doi.org/10.5281/zenodo.7901682 (Gao et al., 2023a; link: 2267 

https://zenodo.org/record/7901682). 2268 
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Data availability 2270 
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https://doi.org/10.5281/zenodo.7925012 (Gao et al., 2023b; link: 2317 

https://zenodo.org/record/7925012). The Chemical ICs and BCs used for WRF-CMAQ, 2318 

WRF-Chem and WRF-CHIMERE are available at 2319 

https://doi.org/10.5281/zenodo.7932390 (Gao et al., 2023c; link: 2320 

https://zenodo.org/record/7932390), https://doi.org/10.5281/zenodo.7932936 (Gao et al., 2321 

2023d; link: https://zenodo.org/record/7932936), and 2322 

https://doi.org/10.5281/zenodo.7933641 (Gao et al., 2023e; link: 2323 

https://zenodo.org/record/7933641), respectively. The emission data used for 2324 

WRF-CMAQ, WRF-Chem and WRF-CHIMERE can be downloaded from 2325 

https://doi.org/10.5281/zenodo.7932430 (Gao et al., 2023f; link: 2326 

https://zenodo.org/record/7932430), https://doi.org/10.5281/zenodo.7932734 (Gao et al., 2327 

2023g; link: https://zenodo.org/record/7932734), and 2328 

https://doi.org/10.5281/zenodo.7931614 (Gao et al., 2023h; link: 2329 

https://zenodo.org/record/7931614), respectively. The DOIs and links regarding the 2330 

output data of each simulation scenario are presented in Table S9. All data used to create 2331 

figures and tables in this study are provided in an open repository on Zenodo 2332 

(https://doi.org/10.5281/zenodo.7750907, Gao et al., 2023i; link: 2333 

https://zenodo.org/record/7750907). 2334 
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Supplement 1 

1 Evaluations of other meteorological variables  2 

1.1 Ground-based observations 3 

For Q2, RMSEs between WRF-CMAQ, WRF-Chem, and WRF-CHIMERE 4 

simulations and surface observation were consistently below 3 g kg−1, as illustrated in 5 

Table S3 and Fig. S2. Most models exhibited a tendency to underestimate annual and 6 

seasonal Q2, with MBs ranging from −0.57 to −0.18 g kg−1 and −1.16 to +0.20 g kg−1 7 

in WRF-Chem and WRF-CHIMERE, respectively. The more obvious underestimations 8 

appeared in summer. In the MICS-Asia III project, Gao et al. (2018) reported that all 9 

the seven included two-way coupled models produced slightly positive values for Q2 10 

during January 2010 over the North China Plain. In contrast to simulations without 11 

enabling aerosol feedbacks, the negative biases in annual and seasonal Q2 simulated by 12 

WRF-CMAQ_ARI and WRF-CHIMERE_ARI were amplified, and the WRF-13 

CMAQ_ARI simulations exhibited bigger negative biases (see Fig. 3 and Table S3). 14 

The changes in annual, summer, and autumn MBs for WRF-Chem_ARI were consistent 15 

with the trend of WRF-CMAQ_ARI, except for spring and winter. 16 

The annual and seasonal correlation coefficients of precipitation were 0.56‒0.69, 17 

0.46‒0.63, and 0.25‒0.55 for WRF-CMAQ, WRF-Chem, and WRF-CHIMERE, 18 

respectively (Table S3 and Fig. S5). All simulated results presented the highest 19 

correlations in winter and the lowest in summer and the possible reasons are due to the 20 

much more convective activities in summertime, which are not accurately captured in 21 

all coupled models. WRF-CMAQ and WRF-CHIMERE exhibited underestimation and 22 

overestimation in annual and seasonal precipitation, respectively. At the annual and 23 

seasonal scales, WRF-Chem and WRF-CHIMERE overestimated the daily 24 

precipitation magnitude by more than 1 mm day−1, and WRF-CMAQ underestimated it 25 

by approximately 0.5 mm day−1. A similar conclusion was obtained for North America 26 

during 2010, with the magnitude of precipitation MBs being higher in WRF-Chem 27 

compared to WRF-CMAQ (refer to Fig. 11 in Makar et al., 2015). The largest 28 

precipitation MBs simulated by the three models occurred in summer and varied from 29 

−0.70 to + 1.39 mm day−1. The RMSE was highest in WRF-CHIMERE, followed by 30 

WRF-Chem, and WRF-CMAQ, and all models had the largest (> 10 mm day−1) and 31 

smallest (approximately 2.5 mm day−1) values in summer and winter, respectively. 32 

Considering the ARI effects, WRF-CMAQ_ARI simulations amplified the 33 

underestimations of annual and seasonal precipitation in eastern China. In contrast, 34 

WRF-Chem_ARI (except for autumn) and WRF-CHIMERE_ARI simulations 35 

mitigated the overestimations of precipitation. The effects of ARI on summer MBs were 36 

larger in all three coupled models compared to other seasons. When ACI effects were 37 

further included, WRF-Chem_BOTH demonstrated only marginal improvement in 38 

precipitation overestimation compared to WRF-Chem_NO, while WRF-39 

CHIMERE_BOTH gave out certain enhancement of precipitation overestimation. This 40 

can be interpreted as follows: WRF-CHIMERE has the ability to simulate the activation 41 

of aerosol particles into cloud ice via heterogeneous ice nucleation and homogeneous 42 

freezing, whereas WRF-Chem lacks this capability. 43 

Overall, the PBLH was not well simulated by any of the three coupled models, 44 
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which may be a result of the adoption of low resolution sounding data in evaluations 319 

(Brunner et al., 2015) and the different settings of Richardson number thresholds in the 320 

calculation of observed PBLH (Guo et al., 2016). At 08:00 and 20:00 local time (LT), 321 

the simulated PBLHs in WRF-CMAQ have lower correlations only ranging from 0.21 322 

to 0.40 and largest negative MBs varying from −400 to −133 m. These poor 323 

performances were mainly caused by: 1) different configurations of the PBL scheme 324 

were employed in this study, namely, WRF-CMAQ adopted the ACM2 scheme with 325 

hybrid local‒nonlocal closure, while WRF-Chem and WRF-CHIMERE adopted the 326 

YSU scheme with non-local closure (Table 1); 2) Richardson number threshold was set 327 

to different values for unstable atmospheric conditions, i.e., the YSU and ACM2 328 

schemes using the thresholds of 0 and 0.25, respectively (Xie et al., 2012); 3) different 329 

to the YSU scheme, the ACM2 scheme considers the entrainment layer in the PBLH 330 

calculations (Xie et al., 2012). 331 

Meanwhile, all correlations of PBLH simulated by the three coupled models at 332 

20:00 LT (R = 0.3‒0.4) were better than those at 08:00 LT (R = 0.1‒0.2), which 333 

indicated that the PBL schemes in these model were able to calculate PLBH after PBL 334 

collapsing a little better than before PBL developing and more observation with better 335 

spatiotemporal resolutions are needed to further evaluate the models’ performance. In 336 

addition, the RMSEs of PBLH in autumn (369.89‒388.79 m) and winter (347.48‒337 

392.38 m) were smaller than those in spring (405.61‒622.37 m) and summer (348.80‒338 

570.16 m) for all three models. 339 

As shown in Fig. 3 and Table S3, the changes of MB and RMSE of simulated 340 

PBLH induced by the effects of aerosol feedbacks were greater than those of R. 341 

Meanwhile, the MBs were further analyzed. For WRF-CMAQ, ARI effects induced an 342 

increase (−1.93 m) and decrease (+6.66 m) in the annual underestimations of PBLH at 343 

8:00 and 20:00 LT, respectively (Table S3). The negative MBs for WRF-Chem_ARI 344 

and WRF-Chem_BOTH showed an enhancement (08:00 LT: −25.25 m, 20:00 LT: 345 

−25.60 m) and reduction (08:00 LT: +19.65 m, 20:00 LT: +14.09 m) compared to those 346 

for WRF-Chem_NO and WRF-Chem_ARI, respectively. Both the ARI (−6.17 and 347 

−3.34 m) and ACI (−0.65 and −1.11 m) effects further underestimated annual PBLH at 348 

08:00 and 20:00 LT for WRF-CHIMERE. Note that the variations in MBs induced by 349 

aerosol feedbacks for the three coupled models at the annual scale were similar to those 350 

at the seasonal scale. 351 

 352 

1.2 Satellite-borne observations 353 

As indicated in Table 3, the three coupled models demonstrated good performance 354 

in simulating the shortwave radiation at the top of the atmosphere (SRTOA) and 355 

longwave radiation at the top of the atmosphere (LRTOA). The annual MBs for SRTOA 356 

and LRTOA are ranging from −4.40 to +5.42 W m−2 and −2.14 to 0.66 W m−2, 357 

respectively. Seasonal SRTOA was also well simulated by all three models, especially 358 

in winter (Figure S10). For seasonal LRTOA, the WRF-CMAQ and WRF-Chem model 359 

performances were better than that of WRF-CHIMERE for all seasons except autumn 360 

(Figure S11). No matter whether ARI and/or ACI effects were enabled or not, 361 

simulations by WRF-CMAQ exhibited negative MBs in all seasons and WRF-362 
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CHIMERE displayed negative MBs in all seasons except for spring. For WRF-Chem, 542 

it produced underestimations and overestimations of SRTOA in spring‒summer and 543 

autumn‒winter, respectively. 544 

 545 

2 Evaluations of other air quality variables 546 

According to the annual statistical results (Table 4 and Fig. S17), the NO2 547 

simulated by all three models had comparable correlations (0.50‒0.60) with ground-548 

based observations. WRF-CMAQ slightly overestimated NO2 (MBs of +2.74 to +3.26 549 

μg m−3, and NMBs of +8.77% to +10.44%). In contrast, WRF-Chem (MBs of −10.03 550 

to −9.22 μg m−3, and NMBs of −32.14% to −29.55%) and WRF-CHIMERE (MBs of 551 

−9.35 to −8.96 μg m−3, and NMBs of −29.96% to −28.73%) tended to significantly 552 

underestimate NO2 in eastern China. For seasonal variations (Fig. 7), WRF-CMAQ 553 

showed the best performance in winter, and generally overestimated NO2 in all seasons 554 

with the NMBs ranging from −2.21% to 34.34%. Both WRF-Chem and WRF-555 

CHIMERE had maximum R and NMB values (0.42 to 0.50 and −13.09% to −3.23%, 556 

respectively) in winter, and minimum values (0.57 to 0.62 and −41.57% to −38.05%, 557 

respectively) in summer. The annual and seasonal positive biases of WRF-CMAQ are 558 

partially caused by lack of incorporation of heterogeneous reactions of NO2 that 559 

occurred on ground and aerosol surfaces (Spataro et al., 2013; Li et al., 2018; Liu et al., 560 

2019). Recently, Zhang et al. (2021) addressed these gaps in CMAQ v5.3 but related 561 

modules had not been integrated into the latest officially released version (version 5.4). 562 

For WRF-Chem and WRF-CHIMERE, underestimations of NO2 were consistent with 563 

overestimations of O3, as the NOx depletions were dominated by O3 titrations. In 564 

addition, subtle differences existed in the default settings of reaction rate constants for 565 

specific chemical reactions referring to NOx in WRF-CMAQ, WRF-Chem, and WRF-566 

CHIMERE. More detailed information can be found in the source code files of 567 

mech_cb6r3_ae6_aq.def, module_cbmz.F, and rates.F, respectively. With ARI 568 

feedbacks enabled, the annual and seasonal R values of NO2 simulated by WRF-CMAQ 569 

improved, but the NMBs worsened. In contrast, both WRF-Chem and WRF-CHIMERE 570 

presented improvements. Our results showed that ARI effects tended to amplify NO2 571 

overestimations in WRF-CMAQ, and alleviate underestimations in WRF-Chem and 572 

WRF-CHIMERE. This can be explained by the ARI-induced NO2 reductions being 573 

associated with slower photochemical reactions, strengthened atmospheric stability and 574 

O3 titration, and vice versa. The inclusion of ACI effects in WRF-Chem and WRF-575 

CHIMERE resulted in relatively limited improvements in model performances. 576 

All models had the poorest performance in the annual and seasonal SO2 and CO 577 

simulations over eastern China (Table 4 and Fig. 6). For SO2, annual correlations were 578 

comparable for all models ranging from 0.39 to 0.41. All three models underestimated 579 

SO2. WRF-CMAQ showed the smallest MB of −4.31 μg m−3, while WRF-Chem had 580 

the largest of −10.30 μg m−3. Gao et al. (2018) also demonstrated that all two-way 581 

coupled models, except the WRF-Chem version from the University of Iowa modelling 582 

group, tended to underestimate SO2 (−54.77 to 4.50 μg m−3) over the North China Plain 583 

during January 2013. The R values for all models were highest in autumn and winter 584 

(0.31‒0.46) and lowest in spring and summer (0.16‒0.38), while NMBs showed the 585 
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opposite trend. As concluded by Liu et al. (2010), the larger underestimations of 738 

seasonal SO2 concentrations were caused by the weaker solar radiation and lower 739 

amount of precipitation in winter compared to summer. These conditions slowed down 740 

the photochemical conversion of SO2 to SO4
2-

 , wet scavenging, and aqueous-phase 741 

oxidation rates of SO2. 742 

For CO (Table 4), WRF-CHIMERE (0.47‒0.48) had higher correlation 743 

coefficients than those of WRF-CMAQ (0.23‒0.24) and WRF-Chem (0.21‒0.22). All 744 

three models underestimated CO concentrations, with MBs ranging from −0.52 to 745 

−0.39 mg m−3. These underestimations were partly attributed to uncertainties in the 746 

vertical allocation of CO emissions (He et al., 2017). WRF-CMAQ and WRF-Chem 747 

both produced spring-minimum (0.15) and winter-maximum (0.36) seasonal cycles of 748 

R values (Fig. 6), while WRF-CHIMERE presented high (0.47) and low (0.26) 749 

correlations in winter and summer, respectively. Negative seasonal NMBs varied from 750 

−56.94% to −33.18% in all coupled models. When ARI effects were considered, annual 751 

and seasonal SO2 and CO model performances in all three models showed slight 752 

improvement (R increased approximately 0.01 and NMB enhanced from 0.98% to 753 

1.71%). Moreover, the enhancements in the simulation accuracies of SO2 and CO for 754 

the two-way coupled WRF-Chem and WRF-CHIMERE were dominated by ARI effects 755 

rather than ACI effects. 756 

 757 

S1 Statistical metrics 758 

The correlation coefficient (R), mean bias (MB), normalized mean bias (NMB), 759 

normalized gross error (NGE) and root mean square error (RMSE) were adopted to 760 

assess the accuracy of coupled models in simulating meteorological and air quality 761 

parameters against the ground-based and satellite observations with the following 762 

equations: 763 

 764 

 R=
∑ (p
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where pi and oi are the simulated and observed parameters, respectively, n is the 770 

total number of the values used for evaluation, and p̅ and o̅ are the averages of the 771 

simulation and observation, respectively. 772 
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Table S1. Summary of representations of cloud cover and cloud optical properties in 797 

the Fast-JX scheme for WRF-CMAQ, WRF-Chem and WRF-CHIMERE. 798 

Model Cloud clover Cloud optical properties 

Optical properties Effective Wavelength Hydrometeor types Method 

WRF-CMAQ 1. CFa from WRF and CF 

calculated using RH and RH 

thresholds 

2. Exponential-random 

overlapping 

Extinction, single 

scattering albedo and 

asymmetry factor 

294.6, 303.2, 310.0, 316.4, 

333.1, 382.0 and 607.7 nm 

Cloud liquid water, rain, 

snow, graupel and ice 

The parameterizations proposed by Hu 

and Stamnes (1993) and Fu (1996) 

WRF-Chem 1. CF=0 if CLWCb=0 

2. CF=1 if CICc>0 

Cloud optical depth 300, 400, 600 and 999 nm Cloud liquid water Based on the empirical functions of 

relative humidity and cloud liquid water 

content 

WRF-CHIMERE 1. CF=0 if CLWC or CIWC=0 

2. CF=1 if CLWC or CIC>0 

Cloud optical depth 200, 300, 400, 600, and 999 nm Cloud liquid water and ice Based on the functions of cloud effective 

radii and cloud liquid water/ice content 

aCF is cloud fraction. bCLWC is cloud liquid water content. cCIC is cloud ice content. 799 

 800 

Table S2. Summary of the treatments for aerosol size distributions and components in 801 

each mode or bin for the coupled WRF-CMAQ, WRF-Chem and WRF-CHIMERE 802 

models. 803 
Model Aerosol 

mechanism 

Modal approach 

Aitken Accumulation Coarse 

WRF-CMAQ AERO6 BC, OC, sulfate, nitrate, ammonium, PMOTHRd, PNCOMe water, 

metals 

BC, OC, sulfate, nitrate, ammonium, PMOTHR, 

PNCOM, water, metals, sea salt, dust 

PMCf, sea salt, dust 

  Sectional approach 

WRF-Chem MOSAICa Bin 1 Bin 2 Bin 3 Bin 4  

0.039‒0.156 μm 0.156‒0.625 μm 0.625‒2.5 μm 2.5‒10.0 μm  

Black carbon (BC), OC, sulfate, 

nitrate, sea saltd 

BC, OC, sulfate, nitrate, sea salt BC, OC, sulfate, nitrate, sea salt Dust, sea salt, OINg  

WRF-CHIMERE SAMb Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 Bin 9 Bin 10 

0.039‒0.078 μm 0.078‒0.156 μm 0.156‒0.312 μm 0.312‒0.625 μm 0.625‒1.25 μm 1.25‒2.5 μm 2.5‒5.0 μm 5.0‒10.0 μm 10.0‒20.0 μm 20.0‒40.0 μm 

BC, OC, sulfate, 

PPMc 

BC, OC, sulfate, 

PPM 

BC, OC, sulfate, 

PPM 

BC, OC, sulfate, 

PPM 

BC, OC, sulfate, 

PPM 

BC, OC, sulfate, dust, 

sea salt 

Dust, sea 

salt 

BC, OC, PPM, 

dust, sea salt 

Dust, sea salt Dust 

aMOSAIC is the Model for Simulating Aerosol Interactions and Chemistry, and the cbmz-mosaic emissions in "PNNL" format (emiss_inpt_opt==101) was used in WRF-Chem simulations. 804 
bSAM is the sectional aerosol mechanism. 805 
cPPM is the primary particulate matter. 806 
dPMOTHR is the remaining particulate matter that can not be speciated into fine mode, and more detailed information is at  807 
https://www.airqualitymodeling.org/index.php/CMAQv5.0_PM_emitted_species_list . 808 
ePNCOM is the primary non-carbon organic matter in fine mode and more detailed information is at https://www.airqualitymodeling.org/index.php/CMAQv5.0_PM_emitted_species_list . 809 
fPMC is the primary particulate matter in coarse mode and more detailed information is at https://www.airqualitymodeling.org/index.php/CMAQv5.0_P M_emitted_species_list. 810 
gOIN is the other inorganic matter. 811 

 812 

Table S3. Statistical metrics (R, MB, NMB, NGE, and RMSE) between simulated and 813 

observed annual SSR, T2, RH2, Q2, WS10, WD10, precipitation, and PBLH at 08:00 814 

and 20:00 LT) in eastern China. The best results are in bold, while mean simulations 815 

and observations are in italics. 816 

Variables Statistics WRF-CMAQ_NO WRF-CMAQ_ARI WRF-Chem_NO WRF-Chem_ARI WRF-Chem_BOTH WRF-CHIMERE_NO WRF-CHIMERE_ARI WRF-CHIMERE_BOTH 

SSR 

(155.22 W 

m-2) 

Mean_sim 191.12 171.14 194.52 180.04 191.71 197.88 188.63 189.54 

R 0.88 0.89 0.88 0.89 0.88 0.85 0.85 0.85 

MB 35.89 15.91 39.30 24.82 36.48 42.65 33.41 34.32 

NMB (%) 23.12 10.25 25.32 15.99 23.50 27.48 21.52 22.11 

NGE (%) 206.62 170.85 202.41 170.70 208.05 242.53 221.67 226.29 

RMSE 133.05 120.60 134.16 123.94 134.45 154.71 147.73 148.57 

T2 

(13.68 ℃) 

Mean_sim 12.81 12.61 12.99 12.84 12.96 11.84 11.68 11.69 

R 0.97 0.97 0.97 0.97 0.97 0.96 0.96 0.96 
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MB -0.86 -1.06 -0.68 -0.83 -0.71 -1.83 -2.00 -1.98 

NMB (%) -6.33 -7.76 -4.97 -6.09 -5.21 -13.39 -14.60 -14.50 

NGE (%) 10.58 10.76 10.79 10.95 10.86 17.00 17.65 17.60 

RMSE 2.88 2.94 3.05 3.07 3.05 3.87 3.94 3.97 

Q2 

(8.87 g kg-1) 

Mean_sim 8.69 8.51 8.57 8.54 8.58 8.35 8.30 8.30 

R 0.90 0.90 0.89 0.89 0.89 0.88 0.88 0.88 

MB -0.18 -0.35 -0.30 -0.32 -0.28 -0.52 -0.57 -0.56 

NMB (%) -2.00 -3.98 -3.36 -3.66 -3.19 -5.84 -6.37 -6.35 

NGE (%) 16.80  16.85  19.70  19.66  19.77  20.55  20.65  20.62  

RMSE 2.93 2.95 3.09 3.09 3.10 3.17 3.18 3.18 

RH2 

(67.48 %) 

Mean_sim 71.03 70.51 70.01 70.33 70.13 70.41 70.58 70.46 

R 0.73 0.73 0.68 0.68 0.68 0.65 0.65 0.65 

MB 3.55 3.03 2.53 2.85 2.64 2.93 3.10 2.97 

NMB (%) 5.26 4.49 3.74 4.22 3.92 4.34 4.59 4.41 

NGE (%) 19.90 19.91 23.45 23.71 23.71 24.77 24.88 24.90 

RMSE 18.92 18.98 19.78 19.79 19.84 20.81 20.82 20.84 

WS10 

(2.81 m s-1) 

Mean_sim 3.27 3.23 3.30 3.29 3.30 3.85 3.83 3.83 

R 0.62 0.61 0.60 0.59 0.59 0.47 0.47 0.47 

MB 0.45 0.42 0.49 0.48 0.49 1.04 1.02 1.02 

NMB (%) 16.16 14.98 17.45 17.11 17.53 36.98 36.27 36.34 

NGE (%) 96.20 95.00 100.16 100.09 100.55 136.55 135.59 135.75 

RMSE 1.89 1.88 1.92 1.92 1.93 2.46 2.45 2.45 

WD10 

(175.27 °) 

Mean_sim 177.13 176.62 177.87 177.82 178.11 171.97 171.53 171.68 

R 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

MB 1.85 1.35 2.60 2.55 2.83 -3.31 -3.74 -3.60 

NMB (%) 1.06 0.77 1.48 1.45 1.62 -1.89 -2.14 -2.05 

NGE (%) 94.30 94.00 101.16 101.09 101.55 126.75 125.79 125.85 

RMSE 149.57 149.45 149.45 149.38 149.57 148.70 148.47 148.71 

Precipitation 

(PREC) 

(2.72 mm d-

1) 

Mean_sim 2.46 2.31 3.24 3.19 3.26 3.31 3.24 3.21 

R 0.59 0.59 0.50 0.50 0.50 0.35 0.34 0.34 

MB -0.27 -0.42 0.51 0.46 0.53 0.59 0.52 0.48 

NMB (%) -9.80 -15.35 18.86 16.83 19.43 21.46 18.96 17.63 

NGE (%) 310.71  283.10  442.60  428.11  445.89  573.24  565.36  557.56  

RMSE 8.03 7.96 10.32 10.26 10.33 10.87 10.85 10.93 

PBLH00 

(432.13 m) 

Mean_sim 253.54 251.61 288.41 263.16 282.81 276.45 270.28 269.63 

R 0.21 0.21 0.17 0.17 0.17 0.17 0.17 0.17 

MB -178.59 -180.52 -143.72 -168.97 -149.32 -155.68 -161.85 -162.50 

NMB (%) -41.33 -41.77 -33.26 -39.10 -34.55 -36.03 -37.45 -37.61 

NGE (%) 58.89 58.75 54.37 56.96 54.51 57.20 57.63 57.28 

RMSE 380.23 378.79 371.27 379.72 372.14 373.78 375.85 374.52 

PBLH12  

(547.02 m) 

Mean_sim 230.14 236.80 358.05 332.45 346.54 363.47 360.13 359.03 

R 0.40 0.40 0.39 0.40 0.39 0.34 0.35 0.35 

MB -316.88 -310.22 -188.97 -214.57 -200.48 -183.55 -186.89 -188.00 

NMB (%) -57.93 -56.71 -34.55 -39.22 -36.65 -33.56 -34.16 -34.37 
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NGE (%) 65.84 65.23 59.55 59.05 59.49 59.65 59.32 59.66 

RMSE 505.64 502.24 459.64 460.51 459.50 470.39 467.90 469.19 

 825 
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Table S4. Effects of aerosol feedbacks (ARI and/or ACI) considered in different coupled models on statistical metrics between annual and seasonal 

meteorological and air quality simulations and observations in eastern China. 
Surface observations  WRF-CMAQ_ARI WRF-Chem_ARI WRF-Chem_ACI WRF-Chem_BOTH WRF-CHIMERE_ARI WRF-CHIMERE_ACI WRF-CHIMERE_BOTH 

SSR Annual R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Spring R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Summer R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Autumn R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Winter R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

         
T2 Annual R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Summer R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) 

Autumn R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) 

Winter R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) 

         
SH2 Annual R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) 

Summer R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Autumn R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

Winter R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

         
Q2 Annual R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Spring R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Summer R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) 

Autumn R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(-) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Winter R(↓), MB(↓), RMSE(-) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

         
WS10 Annual R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) 

Spring R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Summer R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Autumn R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Winter R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) 
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PBLH_00 Annual R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) 

Spring R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) 

Summer R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) 

Autumn R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) 

Winter R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

         
PBLH_12 Annual R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Spring R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) 

Summer R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Autumn R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Winter R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

         
Precipitation Annual R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Summer R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Autumn R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) 

 Annual        
PM2.5 Annual R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

Spring R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Summer R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Autumn R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

Winter R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

         
O3 Annual R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Summer R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Autumn R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) 

         
NO2 Annual R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) 

Summer 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) 
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Autumn 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

         
SO2 Annual 

R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Summer 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

Autumn 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

         
CO Annual 

R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Summer 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Autumn 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) 

 
Satellite observations  WRF-CMAQ_ARI WRF-Chem_ARI WRF-Chem_ACI WRF-Chem_BOTH WRF-CHIMERE_ARI WRF-CHIMERE_ACI WRF-CHIMERE_BOTH 

SSR Annual 
R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Spring 
R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Summer 
R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Autumn 
R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) 

Winter 
R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) 

         
SLR Annual 

R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

Spring 
R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

Summer 
R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) 

Autumn 
R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

Winter 
R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) 

         
TSR Annual 

R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Spring R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) 

Summer 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Autumn 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) 

Winter 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) 
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TLR Annual 

R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

Spring 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

Summer 
R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) 

Autumn 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

Winter 
R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

         
Precipitation Annual 

R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring 
R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Summer 
R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Autumn 
R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

         
CF Annual 

R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Spring 
R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Summer 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Autumn 
R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

         
LWP Annual 

R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Spring 
R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Summer 
R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

Autumn 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) 

Winter 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) 

         
AOD Annual 

R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Spring 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) 

Summer 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) 

Autumn 
R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

         
O3 VCDs Annual 

R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

Summer 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) 
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Autumn 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Winter 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

         
NO2 VCDs Annual 

R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) 

Summer 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Autumn 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) 

Winter 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) 

 Annual        
SO2 VCDs Annual 

R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↓) 

Spring 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Summer 
R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Autumn 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

Winter 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↓), MB(↑), RMSE(↑) 

         
CO VCDs Annual 

R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Spring 
R(↓), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

Summer 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) 

Autumn 
R(↓), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↓) R(↑), MB(↑), RMSE(↑) 

Winter 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↓) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↑), RMSE(↑) 

         
NH3 VCDs Annual 

R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) 
N/A N/A N/A 

Spring 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↓), MB(↓), RMSE(↑) 

N/A N/A N/A 

Summer 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) R(↑), MB(↓), RMSE(↓) 

N/A N/A N/A 

Autumn 
R(↓), MB(↑), RMSE(↑) R(↓), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) 

N/A N/A N/A 

Winter 
R(↑), MB(↑), RMSE(↑) R(↑), MB(↑), RMSE(↑) R(↑), MB(↓), RMSE(↑) R(↑), MB(↓), RMSE(↑) 

N/A N/A N/A 
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Table S5. Radiation variables used in the two-way coupled WRF-CMAQ, WRF-Chem 1 

and WRF-CHIMERE models with only enabling ARI compared to without aerosol 2 

feedbacks. 3 
Model SW/LW radiation 

schemes 
Turning off feedback Turning on ARI feedback 

Direct effects Semi-direct effects 
WRF-CMAQ RRTMG/RRTMG Aerosol optical properties 

are not calculated 
Aerosol extinction, single scattering 
albedo (ωo ), and asymmetry factor 
(g) 14 shortwave bands and 5 
longwave bands (Wong et al., 2012) 

1. Solar uv and ir fluxes 
2. Radiative heating rate for the 

tten1d variable 

WRF-Chem RRTMG/RRTMG Aerosol optical properties 
are not calculated 

ωo (300 nm, 400 nm, 600 nm, 999 
nm), g (300 nm, 400 nm, 600 nm, 
999 nm), AOD (τ) (300 nm, 400 nm, 
600 nm, 999 nm, 16 bands 3400 nm 
to 55600 nm) (Zhao et al., 2011) 

1. Solar uv and ir fluxes 
2. Radiative heating rate for the 

tten1d variable 

WRF-CHIMERE RRTMG/RRTMG Aerosol optical properties 
are not calculated 

ωo  (400 nm, 600 nm), g (400 nm, 
600 nm), AOD (300 nm, 400 nm, 
999 nm, 16 bands 3400 nm to 55600 
nm) (Briant et al., 2017) 

1. Solar uv and ir fluxes 
2. Radiative heating rate for the 

tten1d variable 

 4 

Table S6. Description of refractive indices and radiation schemes used in the WRF-5 

CMAQ, WRF-Chem and WRF-CHIMERE models.  6 
Model Refractive indices of aerosol species groups 

SW LW 

WRF-CMAQ 1. Water (1.408+1.420×10-2i, 1.324+1.577×10-1i, 1.277+1.516×10-3i, 1.302+1.159×10-3i, 

1.312+2.360×10-4i, 1.321+1.713×10-4i, 1.323+2.425×10-5i, 1.327+3.125×10-6i, 

1.331+3.405×10-8i, 1.334+1.639×10-9i, 1.340+2.955×10-9i, 1.349+1.635×10-8i, 

1.362+3.350×10-8i, 1.260+6.220×10-2i) 

2. Water-soluble (1.443+5.718×10-3i, 1.420+1.777×10-2i, 1.420+1.060×10-2i, 

1.420+8.368×10-3i, 1.463+1.621×10-2i, 1.510+2.198×10-2i, 1.510+1.929×10-2i, 

1.520+1.564×10-2i, 1.530+7.000×10-3i, 1.530+5.666×10-3i, 1.530+5.000×10-3i, 

1.530+8.440×10-3i, 1.530+3.000×10-2i, 1.710+1.100×10-1i) 

3. BC (2.089+1.070i, 2.014+0.939i, 1.962+0.843i, 1.950+0.784i, 1.940+0.760i, 

1.930+0.749i, 1.905+0.737i, 1.870+0.726i, 1.850+0.710i, 1.850+0.710i, 1.850+0.710i, 

1.850+0.710i, 1.850+0.710i, 2.589+1.771i) 

4. Insoluble (1.272+1.165×10-2i, 1.168+1.073×10-2i, 1.208+8.650×10-3i, 1.253+8.092×10-3i, 

1.329+8.000×10-3i, 1.418+8.000×10-3i, 1.456+8.000×10-3i, 1.518+8.000×10-3i, 

1.530+8.000×10-3i, 1.530+8.000×10-3i, 1.530+8.000×10-3i, 1.530+8.440×10-3i, 

1.530+3.000×10-2i, 1.470+9.000×10-2i) 

5. Sea-salt (1.480+1.758×10-3i, 1.534+7.462×10-3i, 1.437+2.950×10-3i, 1.448+1.276×10-3i, 

1.450+7.944×10-4i, 1.462+5.382×10-4i, 1.469+3.754×10-4i, 1.470+1.498×10-4i, 

1.490+2.050×10-7i, 1.500+1.184×10-8i, 1.502+9.938×10-8i, 1.510+2.060×10-6i, 

1.510+5.000×10-6i, 1.510+1.000×10-2i) in terms of 14 wavelengths at 3.4615, 2.7885, 

2.325, 2.046, 1.784, 1.4625, 1.2705, 1.0101, 0.7016, 0.53325, 0.38815, 0.299, 0.2316, 8.24 

μm 

1. Water (1.160+0.321i, 1.140+0.117i, 1.232+0.047i, 1.266+0.038i, 1.300+0.034i) 

2. Water-soluble (1.570+0.069i, 1.700+0.055i, 1.890+0.128i, 2.233+0.334i, 1.220+0.066i) 

3. BC (1.570+2.200i, 1.700+2.200i, 1.890+2.200i, 2.233+2.200i, 1.220+2.200i) 

4. Insoluble (1.482+0.096i, 1.600+0.107i, 1.739+0.162i, 1.508+0.117i, 1.175+0.042i) 

5. Sea-salt (1.410+0.019i, 1.490+0.014i, 1.560+0.017i, 1.600+0.029i, 1.402+0.012i) in terms of 5 

thermal windows at 13.240, 11.20, 9.73, 8.870, 7.830 μm 

WRF-Chem 1. Water (1.35+1.524×10-8i, 1.34+2.494×10-9i, 1.33+1.638×10-9i, 1.33+3.128×10-6i) 

2. Dust (1.55+0.003i, 1.550+0.003i, 1.550+0.003i, 1.550+0.003i) 

3. BC (1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i) 

4. OC (1.45+0i, 1.45+0i, 1.45+0i, 1.45+0i) 

5. Sea salt (1.51+8.66×10-7i, 1.5+7.019×10-8i, 1.5+1.184×10-8i, 1.47+1.5×10-4i) 

6. Sulfate (1.52+1.00×10-9i, 1.52+1.00×10-9i, 1.52+1.00×10-9i, 1.52+1.75×10-6i) in terms of 4 

spectral intervals in 0.25-0.35, 0.35-0.45, 0.55-0.65, 0.998-1.000 μm 

1. Water (1.532+0.336i, 1.524+0.360i, 1.420+0.426i, 1.274+0.403i, 1.161+0.321i, 1.142+0.115i, 

1.232+0.0471i, 1.266+0.039i, 1.296+0.034i, 1.321+0.0344i, 1.342+0.092i, 1.315+0.012i, 

1.330+0.013i, 1.339+0.01i, 1.350+0.0049i, 1.408+0.0142i) 

2. Dust (2.34+0.7i, 2.904+0.857i, 1.748+0.462i, 1.508+0.263i, 1.911+0.319i, 1.822+0.26i, 

2.917+0.65i, 1.557+0.373i, 1.242+0.093i, 1.447+0.105i, 1.432+0.061i, 1.473+0.0245i, 

1.495+0.011i, 1.5+0.008i) 

3. BC (1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 

1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i,) 

4. OC (1.86+0.5i, 1.91+0.268i, 1.988+0.185i, 1.439+0.198i, 1.606+0.059i, 1.7+0.0488i, 

1.888+0.11i, 2.489+0.3345i, 1.219+0.065i, 1.419+0.058i, 1.426+0.0261i, 1.446+0.0142i, 

1.457+0.013i, 1.458+0.01i) 

5. Sea salt (1.74+0.1978i, 1.76+0.1978i, 1.78+0.129i, 1.456+0.038i, 1.41+0.019i, 1.48+0.014i, 

1.56+0.016i, 1.63+0.03i, 1.4+0.012i, 1.43+0.0064i, 1.56+0.0196i, 1.45+0.0029i, 1.485+0.0017i, 

1.486+0.0014i) 

6. Sulfate (1.89+0.22i, 1.91+0.152i, 1.93+0.0846i, 1.586+0.2225i, 1.678+0.195i, 1.758+0.441i, 

1.855+0.696i, 1.597+0.695i, 1.15+0.459i, 1.26+0.161i, 1.42+0.172i, 1.35+0.14i, 1.379+0.12i, 

1.385+0.122i) in terms of 16 spectral intervals in 10-350, 350-500, 500-630, 630-700, 700-820, 

820-980, 980-1080, 1080-1180, 1180-1390, 1390-1480, 1480-1800, 1800-2080, 2080-2250, 

2250-2390, 2390-2600, 2600-3250 cm-1 

WRF-CHIMERE 1. Water (1.35+2.0×10-9i, 1.34+2.0×10-9i, 1.34+1.8×10-8i, 1.33+3.4×10-8i, 1.33+3.9×10-7i) 

2. Dust (1.53+0.0055i, 1.53+0.0055i, 1.53+0.0024i, 1.53+8.9-4i, 1.53+7.6-4i) 

3. BC (1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i) 

4. OC (1.53+0.09i, 1.53+0.008i, 1.53+0.005i, 1.53+0.0063i, 1.52+0.016i) 

5. Sea salt (1.38+8.7×10-7i, 1.38+3.5×10-7i, 1.37+6.6×10-9i, 1.36+1.2×10-8i, 1.35+2.6×10-5i) 

6. PPM (1.53+0.008i, 1.52+0.008i, 1.52+0.008i, 1.51+0.008i, 1.5+0.008i) 

7. SOA (1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i) 

8. H2SO4 (1.5+1.0×10-8i, 1.47+1.0×10-8i, 1.44+1.0×10-8i, 1.43+1.3×10-8i, 1.42+1.2×10-6i) 

9. HNO3 (1.53+0.006i, 1.53+0.006i, 1.53+0.006i, 1.53+0.006i, 1.53+0.006i) 

10. NH3 (1.53+0.0005i, 1.52+0.0005i, 1.52+0.0005i, 1.52+0.0005i, 1.52+0.0005i) in terms of 

5 wavelengths at 0.2, 0.3, 0.4, 0.6, 0.999 μm 

 

1. Water (1.42+0.02i, 1.35+0.0047i, 1.34+0.0085i, 1.33+0.015i, 1.32+0.01i, 1.32+0.13i, 

1.32+0.032i, 1.3+0.034i, 1.27+0.039i, 1.23+0.047i, 1.15+0.1i, 1.16+0.32i, 1.27+0.4i, 1.41+0.43i, 

1.52+0.37i, 1.65+0.55i) 

2. BC (1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 

1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 1.95+0.79i, 

1.95+0.79i) 

3. OC (1.43+1.42i, 1.46+1.43i, 1.46+1.25i, 1.46+2.67i, 1.45+1.89i, 1.42+1.71i, 1.43+1.71i, 

1.25+0.007i, 2.67+0.005i, 1.89+0.01i, 1.71+0.013i, 1.43+0.014i, 1.46+0.025i, 1.46+0.062i, 

1.46+0.064i, 1.45+0.031i) 

4. Salt (1.43+0.019i, 1.37+0.0043i, 1.36+0.0084i, 1.36+0.011i, 1.34+0.01i, 1.35+0.083i, 

1.34+0.029i, 1.31+0.03i, 1.33+0.037i, 1.29+0.042i, 1.2+0.09i, 1.2+0.27i, 1.3+0.34i, 1.47+0.37i, 

1.56+0.03i, 1.51+0.09i) 

5. PPM (1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.05i, 1+0.5i, 

1+0.2i, 2.6+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i) 

6. SOA (1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 

1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 1.56+0.003i, 

1.56+0.003i, 1.56+0.003i, 1.56+0.003i) 

Formatted

Formatted: Justified

Formatted: Justified

Formatted: Justified

Deleted:  7 
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7. H2SO4 (1.35+0.16i, 1.4+0.13i, 1.39+0.12i, 1.38+0.12i, 1.35+0.15i, 1.42+0.18i, 1.26+0.16i, 

1.15+0.44i, 1.57+0.73i, 1.83+0.7i, 1.71+0.46i, 1.68+0.2i, 1.59+0.21i, 1.87+0.48i, 1.89+0.27i, 

1.86+0.31i) 

8. HNO3 (1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.05i, 

1+0.5i, 1+0.2i, 2.6+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i) 

9. NH3 (1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.01i, 1.45+0.05i, 1+0.5i, 

1+0.2i, 2.6+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i, 1.7+0.2i) in term of 16 

wavelengths at 3.4, 4, 4.3, 4.6, 5.2, 6.1, 7.0, 7.8, 8.8, 9.7, 11.1, 13.2, 15.0, 17.7, 23.5, 55.6 μm 

 1 

Table S7. Microphysics variables used in the two-way coupled WRF-CMAQ, WRF-2 

Chem and WRF-CHIMERE models with enabling ACI effects compared to those 3 

without aerosol feedbacks. 4 
Model Microphysics 

scheme 

Turning off feedback Turning on ACI feedback 

First indirect effects Second indirect effects 

WRF-CMAQ Morrison 1. Prescribed constant CDNC value of 250 
cm-3 

None None 

WRF-Chem Morrison 1. Prescribed constant CDNC value of 250 
cm-3 

2. Constant cloud droplet effective radius 
with 10 μm 

3. Cloud droplet extinction coefficient, 
single scattering albedo, and asymmetry 
factor 

4. Prescribed ice nucleating particle (INP) 
concentration based on empirical 
formula (Rasmussen et al., 2002) 

1. Hygroscopicity 
2. Prognostic CDNC based on Köhler 

theory 
3. Prognostic cloud droplet effective 

radius 
4. Prognostic cloud droplet extinction 

coefficient, single scattering albedo, 
and asymmetry factor 

5. Prescribed INP 

1. Prognostic cloud-to-rain 
autoconversion rate 

WRF-CHIMERE Thompson 1. Prescribed constant CDNC values of 
300 cm-3 

2. Prescribed INP from heterogeneous ice 
nucleation in iceDeMott subroutine 
module_mp_thompson.F file using 
climatical dust concentration 
(dimeters > 0.5μm) (DeMott et al., 
2015) and homogeneous freezing 
(Thompson and Eidhammer, 2014) with 
climatological hygroscopic aerosol 
concentrations (dimeters > 0.1μm) 
generated by 
QNWFA_QNIFA_Monthly_GFS file 

3. Prescribed cloud droplet and ice 
effective radius 

4. Prescribed extinction coefficient, single 
scattering albedo, and asymmetry factor 
of cloud droplet and ice 

1. Hygroscopicity 
2. Prognostic CDNC based on Köhler 

theory 
3. Prognostic INP from heterogeneous 

ice nucleation based on online dust 
calculation (dimeters > 0.5 μm) and 
homogeneous freezing with 
prognostic hygroscopic aerosol 
concentrations (dimeters > 0.1μm) 
(Tuccella et al., 2019) 

4. Prognostic cloud droplet and ice 
effective radius 

5. Prognostic extinction coefficient, 
single scattering albedo, and 
asymmetry factor of cloud droplet 
and ice 

1. Prognostic cloud-to-rain 
autoconversion rate 

 5 

Table S8. Summary of download information on model output of each simulation 6 

scenario. 7 
Scenario DOI Link Reference 

WRF-CMAQ_NO https://doi.org/10.5281/zenodo.7951404 https://zenodo.org/record/7951404 Gao et al., 2023i_part1 

https://doi.org/10.5281/zenodo.7951467 https://zenodo.org/record/7951467 Gao et al., 2023i_part2 

https://doi.org/10.5281/zenodo.7951475 https://zenodo.org/record/7951475 Gao et al., 2023i_part3 

WRF-CMAQ_ARI https://doi.org/10.5281/zenodo.7949895 https://zenodo.org/record/7949895 Gao et al., 2023j_part1 
https://doi.org/10.5281/zenodo.7950644 https://zenodo.org/record/7950644 Gao et al., 2023j_part2 

https://doi.org/10.5281/zenodo.7950830 https://zenodo.org/record/7950830 Gao et al., 2023j_part3 

WRF-Chem_NO https://doi.org/10.5281/zenodo.7943804 https://zenodo.org/record/7943804 Gao et al., 2023k_part1 

https://doi.org/10.5281/zenodo.7945383 https://zenodo.org/record/7945383 Gao et al., 2023k_part2 

https://doi.org/10.5281/zenodo.7946944 https://zenodo.org/record/7946944 Gao et al., 2023k_part3 

https://doi.org/10.5281/zenodo.7947169 https://zenodo.org/record/7947169 Gao et al., 2023k_part4 

WRF-Chem_ARI https://doi.org/10.5281/zenodo.7947050 https://zenodo.org/record/7947050 Gao et al., 2023l_part1 

https://doi.org/10.5281/zenodo.7948216 https://zenodo.org/record/7948216 Gao et al., 2023l_part2 

https://doi.org/10.5281/zenodo.7949410 https://zenodo.org/record/7949410 Gao et al., 2023l_part3 

https://doi.org/10.5281/zenodo.7949561 https://zenodo.org/record/7949561 Gao et al., 2023l_part4 

WRF-Chem_BOTH https://doi.org/10.5281/zenodo.7939221 https://zenodo.org/record/7939221 Gao et al. 2023m_part1 

https://doi.org/10.5281/zenodo.7943002 https://zenodo.org/record/7943002 Gao et al. 2023m_part2 
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 1 
Figure S1. Statistical metrics (R, MB and RMSE) between simulated and observed 2 

annual T2 in eastern China. 3 

 4 

 5 
Figure S2. The same as Fig. S1 but for Q2. 6 

 7 

 8 
Figure S3. The same as Fig. S1 but for RH2. 9 

 10 

Deleted: s11 

Formatted: Normal

Formatted: Centered

Formatted: Justified

Formatted: Normal, Left

Formatted: Justified



16 
 

 1 
Figure S4. The same as Fig. S1 but for WS10. 2 

 3 

 4 
Figure S5. The same as Fig. S1 but for PREC. 5 

 6 

 7 
Figure S6. The same as Fig. S1 but for PBLH at 08:00 LT. 8 
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 1 
Figure S7. The same as Fig. S1 but for PBLH at 20:00 LT. 2 

 3 

 4 
Figure S8. Comparisons of model capacities between our study (red stars) and previous 5 

literature (box plots) in terms of the surface T2, RH2, Q2, and WS10 in eastern China. 6 

Note that red stars in the fifth column of each subgraph represent the statistical metrics 7 

of WRF-CHIMERE in this study. 8 
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1 
Figure S9. Spatial distributions of seasonal SLR between CERES observations and 2 

simulations from WRF-CMAQ, WRF-Chem, and WRF-CHIMERE with and without 3 

aerosol feedbacks in eastern China. 4 

 5 
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Figure S10. The same as Fig. S9 but for SRTOA. 7 
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 1 
Figure S11. The same as Fig. S9 but for LRTOA. 2 

 3 

 4 
Figure S12. The same as Fig. S9 but for precipitation. 5 
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 1 
Figure S13. The same as Fig. S9 but for cloud fraction. 2 

 3 

 4 
Figure S14. The same as Fig. S9 but for liquid water path. 5 
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 1 
Figure S15. Statistical metrics (R, MB and RMSE) between simulated and observed 2 

annual PM2.5 concentrations in eastern China. 3 

 4 

 5 
Figure S16. The same as Fig. S15 but for O3. 6 

 7 

 8 
Figure S17. The same as Fig. S15 but for NO2. 9 
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 1 
Figure S18. The same as Fig. S15 but for SO2. 2 

 3 

 4 
Figure S19. The same as Fig. S15 but for CO. 5 
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 1 
Figure S20. Comparisons of model capacities between our study (red stars) and 2 

previous literature (box plots) in terms of surface PM2.5 and O3 concentrations in eastern 3 

China. Note that red stars in the fifth column of each subgraph represent the statistical 4 

metrics of WRF-CHIMERE in this study. 5 

 6 

 7 
Figure S21. Spatial distributions of seasonal total column ozone between OMI 8 

observations and simulations from WRF-CMAQ, WRF-Chem and WRF-CHIMERE 9 

with and without aerosol feedbacks in eastern China. 10 
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 1 
Figure S22. The same as Fig. S21 but for tropospheric NO2 column. 2 

 3 

 4 
Figure S23. The same as Fig. S21 but for PBL SO2 column. 5 
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 1 
Figure S24. The same as Fig. S21 but for total CO column concentrations. 2 

 3 

 4 
Figure S25. Spatial distributions of seasonal total NH3 column between MOPITT 5 

observations and simulations from WRF-CMAQ and WRF-Chem with and without 6 

aerosol feedbacks in eastern China. 7 
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 1 

Figure S26. Summary of the selected options of radiation and microphysics schemes in 2 

coupled WRF-CMAQ, WRF-Chem and WRF-CHIMERE in this study. 3 

 4 
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