Response to Referee #1

We sincerely appreciate the Referee #1°s comments, which indeed help use to improve the manuscript.
We accept all the suggestions proposed by the Referee and revise the manuscript accordingly. Please see
the point-point responses to the comments in the following.

Referee: “One global model is used to study the impact of changes in anthropogenic aerosol emissions
in China on regional radiation budget. The authors found that, compared to 2008, reductions in black
carbon and sulfur dioxide emissions in 2016, separately, had an opposite effect on radiative forcing,
resulting in a net radiative forcing of -0.04 W/m2 by the changes in black carbon and sulfur dioxide
emissions. The main scientific conclusion of this study is by no means novel. A number of studies in the
literature have shown similar conclusions over China, East Asia and/or other regions around the world.
In addition, | have several major specific concerns regarding the methodology and model biases as

described below”

Response: Accepted. We improve the description of the novelty and the scientific implications of this
study in the new text. The novelty mainly includes:
1) The clean-air measures in China led to the heaviest-ever reductions in anthropogenic
emissions over the past decade (please see Table 1 in our manuscript), which provides a unique
opportunity to investigate the aerosol radiative forcings due to such substantial variations in
emissions. We quantified the aerosol-induced radiative forcings at TOA due to both aerosol-
radiation interactions and aerosol-cloud interactions over China and the outflow regions
(North Pacific) using a global climate model and the latest China’s anthropogenic emission
inventory (replacing CMIP6 emissions for China). To our knowledge, no modeling studies
have shown such results before. Please see Line 60-77 in the revised manuscript (Unless noted
otherwise, line numbers are shown for the revised manuscript).
Our results will implicate for predicting climate impacts of emission variations under different
SSP (shared socio-economic pathways) scenarios in the future (e.g., Samset et al., 2019).
Please see Section 3.3 (Line 320-337).



2) Recent studies mainly emphasized the radiative forcings of SO> emission variations over
China in the past decade (Fadnavis et al., 2019), but didn’t uncover their interactions with BC
and other aerosol species (e.g., nitrate) in determining the net aerosol radiative forcings. Our
results suggest that the reductions in SO, emissions and the associated sulfate concentrations
would facilitate the formation of ammonium nitrate and also diminish the radiative forcing of
BC-containing particles through the absorption enhancement effect. These complex effects
should be considered in the assessment of aerosol radiative forcings. Please see Line 257-264.
3) This study indicates that the reductions in sulfate and BC led to the increase in downward
solar radiation flux onto the Earth’s surface. The results provide the first modeling evidence
for the cause of surface brightening in China over the past decade, as shown by the long-term
observations (Schwarz et al., 2020). Please see Line 301-3109.

Major comments

Referee: “1. “the recent decade” in the title and abstract (and a few other places in the main text) should
be changed to the exact time period “2008-2016". Why are these two specific years chosen? Many
published studies on aerosol radiative forcing use 2014 as “present day”. On the other hand, the
simulations were only performed for two years with one year discarded and the results were mostly
presented as the difference between the two time slices. I don’t think the use “trend’ in the description of
discussion of results is appropriate. ”

Response: Accepted. We use “2008-2016" in the revised title.
We chose these two years for analysis because the differences of emissions between these two
years (2008 and 2016) can reflect the decadal changes in China’s anthropogenic emissions
caused by a series of emission control policies from 2008 to the present. The SO2 emissions
in China peaked around 2007 and have declined since then (Li et al., 2017). And the toughest-
ever clean-air policies were conducted between 2013-2017 and led to further reductions in
primary aerosol emissions (Zhang et al., 2019). We added more description on the study period

in the revised manuscript. Please see Line 79-83.



We revise the statement with the use “trend” in the main text. Some trend results from previous
studies and long-term observation data have been shown to support our simulation results.
Please see Line 162-183 and Fig. S6.

Referee: “Given the CAM experiment design, comparison of model results in 2016, which is based on

meteorological conditions in 2008, to observations is not apples-to-apples. Meteorology is probably quite

important for interannual variability in aerosol concentrations (e.g., Yang et al., 2018). Please discuss

how this setup could affect your conclusions.”

Response: Accepted. We performed another simulation using both the emissions and meteorology fields

for 2016 and discussed how meteorology conditions affect aerosol concentrations and the
associated radiative effects. Please see Line 338-346 and Table S4 in the revised manuscript
and SI.

Both this study and previous studies demonstrate that the substantial reductions in
anthropogenic emissions dominated the mitigation of aerosol pollutions in China in the past
decade (Liu et al., 2020; Zhang Q. et al., 2019; Zhang X., et al., 2019). Variation in
meteorological conditions only has a minor effect on the decadal variability in aerosol
concentrations and their radiative effects due to aerosol-radiation interactions over China
(Table S2).

Note that the aerosol-induced cloud radiative forcing cannot be separated from the changes of
meteorological fields. This study mainly focuses on the impacts of inter-annual variations in
anthropogenic emissions on aerosol radiative effects and meteorological factors are not the

key topic of this study.

Referee: “2. 1 also have a concern about the current experimental design and forcing estimates, which

cannot be used to support one of the main conclusion (i.e., the net BC and sulfate radiative forcing of -

0.04 W m-2). Forcing induced by BC emissions reduction and forcing induced by SO2 reduction are

diagnosed in separate simulations with one of the individual aerosol changes included, assuming that the
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forcings induced by the individual aerosol changes are additive. Results in the current study and some
previous studies (e.g., Chen et al., 2017) have shown nonlinearities between emission and forcing changes

even for the same species.”

Response: In this study, the forcings induced by BC and SO, emissions were calculated online in the
same simulations (i.e., differences between Expl6 and Exp08). The separate simulations
(mentioned by the referee) with one of the emission change included were only used for
comparison instead of drawing the main conclusion. Therefore, the nonlinearities between
emissions and forcings have been considered in our study. We add more description for the

calculation of aerosol forcings. Please see Line 103-115.

Referee: “On the other hand, the CRF in this study is calculated by scaling results of different simulations
with the best estimate of effective radiative forcing in IPCC AR5, which needs to be described more
clearly. I am not sure how exactly this was done and why this number is comparable to the DRF calculated
in this study. As far as | know, the AR5 effective radiative forcing is calculated differently from the method
of Ghan (2013). The latter attributes radiation changes induced by above-cloud light absorbing aerosols
to DRF.”

Response: Accepted. In this study, we scaled the global-mean CRF (aerosol effects on cloud forcings)
calculated in our model to the best estimate of the effective radiative forcing due to aerosol-
cloud interactions (—0.5 W m™) given in Chapter 7 of IPCC AR5 report (Boucher et al., 2013),
which makes our CRF results consistent with the current best estimate of CRF. We do not
scale the DRF estimate in this study. The DRF is online diagnosed in the model using the
method of Ghan (2013) that attributes the above-cloud light absorbing effects by aerosols to
DRF. We reword the description for the calculation of CRF in this study. Please see Line 116-
126.



Referee: “3. It looks to me that the CAM AOD is so much off comparing to MISR (Figure S2), especially
over the continental outflow regions and the high latitudes. A difference plot would be able to show the
biases more clearly. There are various studies in the literature that have shown improved aerosol
simulations in CAMS (e.g., Ghan et al. 2016 and references therein). Why aren’t those improvements
included in this version of the CAM model? Model biases in AOD as well as the vertical distribution of
aerosols and how they can impact the forcing estimates in the two regions of interest need to be

quantitatively evaluated and more objectively discussed.”

Response: Accepted. We add more discussions on the model bias in AOD, compare the vertical
distribution of modeled BC concentrations with aircraft measurements, and evaluate the
uncertainties in the forcing estimates. Here, we point out that:

1) A difference plot between modeled and observed AOD from MISR and MODIS have been
given in the Supplementary Materials (Figure S5). The model biases in AOD over some
continental outflow regions and high latitudes (mainly in Southeastern Asia and East of Africa)
are commonly found in CAM models (Sockol and Griswold, 2018; He et al., 2015), even if
improvements for aerosol simulations have been included. It’s quite difficult to quantitatively
evaluate the model biases of radiative forcing estimates, but a qualitatively description of the
potential bias related to AOD has been added in the revised manuscript. Please see Line 225-
236 and Line 274-279.

2) The aerosol simulations have been markedly improved by our group based on standard
CAM models (Matsui 2017; Matsui and Mahowald, 2017). Our model uses an advanced two-
sectional bin representation of size and mixing states of BC particles, which calculates detailed
aerosol processes and their interactions with radiation and clouds. We also include a new
pathway of secondary sulfate formation as well as an improved volatility basis-set approach
for secondary organic aerosols. Our simulations can generally reproduce the spatiotemporal
features of major aerosol compositions over China and outflow areas (Figure 2, Figure S3, and
Table S2). In our understanding, the paper mentioned by the referee, i.e., Ghan et al. (2016),

does not discus improvements of aerosol simulations.



3) Because the observations of vertical profiles of sulfate and BC for a long period (> 1 month)
are quite limited in China mainland, we evaluate the model performances of BC profiles in the
continental outflow region (i.e., North Pacific) using the aircraft measurements from the

HIPPO campaign. Please see Figure S1 and Line 183-186 in the revised manuscript.

Minor comments and technical edits:
Referee: “Line 57-59: | believe there are quite a few other studies in the literature that are relevant here.”

Response: Accepted. We add relevant literatures in the revised manuscript. To our knowledge, very few
studies have focused on the aerosol radiative forcings in response to the substantial emission
variations in China over the past decade. Please see Line 61-72.

Referee: “Line 71: CAMS should be spelled out as “Community Atmosphere Model version 5”

Response: Accepted. We reword this sentence. Please see Line 88.

Line 80: Change “simulation” to “simulating”

Response: Accepted. Please see Line 90.

Line 108: How about global emissions for 2016? No changes in emissions of other regions? The CEDS
emissions only went up to 2014.

Response: Accepted. The global emissions other than China used in all simulations are from the CEDS
for 2008, because we focus on impacts of the China’s emission variations on aerosol radiative

effects. We add more description for emissions. Please see Section 2.2.



Line 127-128: Why MISR AOD is used here rather than other remote sensing or hybrid products that are

often used by the aerosol modeling community to evaluate models.

Response: Accepted. Because the inter-annual variations in observed AOD over China in the recent
decade are consistent between MISR and other remote sensing products, such as MODIS
(shown in J. Li, 2020), only MISR AOD was used in the original manuscript. We add the
spatial maps of MODIS AOD for 2008 and 2016. The detailed values of observations and the
comparison with simulations have been given in the main text and supplementary figures.
Please see Figure S4 and Figure S5 and Line 211-221.

Line 164-165: this sentence needs clarification. Do you mean less ammonium sulfate leads to more
ammonium nitrate over East China in 2016? Assuming that all else being equal?

Response: Accepted. In the case with only SOz emission variation included (Expl16S02), nitrate
concentrations increase by almost the same level with those in the 2016 case (Expl6, with
changes in all emission variables). Therefore, the reductions in sulfate have led to elevated
particulate nitrate concentrations during 2008-2016, given that NHs emissions are unchanged.
This is caused by the aerosol thermodynamic equilibrium in the sulfate-nitrate-ammonium-
water system (Chapter 10 in Seinfeld and Pandis, 2016). We add more sentences to explain
the increase of nitrate concentrations resulted from the reductions in sulfate. Please see Line
191-199.

Figure 4: It’s very difficult to see the AERONET observations in the figure. Is there only one site that can

represent East Asia? I don’t see much value added here.

Response: Accepted. We modify Figure 4 to show the location of the AERONET station more clearly.
There are some AERONET stations located in China, but only Beijing and Xianghe stations
have long-term data available from 2008 to 2016 (also used by Li, 2020). Because these two



sites correspond to the same model horizontal grid, we use the averaged value from them to

show the long-term variation of AOD for the region. Please see Line 239-243 and Figure 4.

Figure 6: How was the total RF calculated? How does this compared to the TOA forcing difference
between Exp08 and Expl16?

Response: Accepted. The total RF induced by the aerosols is calculated by combining the aerosol DRF
and CRF at TOA derived from the Exp08 and Exp16 cases. The CRF has been scaled based
on the IPCC AR5 report. Please see Line 289-292 and the Figure 7 caption.

We understand that the phrase “TOA forcing difference” mentioned by the referee here means
the regional-mean change in the net radiation flux at TOA between the two cases. It is
estimated to be +0.46 W m, quite close to the sum of aerosol DRF and CRF (+0.50 W m™).

The CRF mentioned here is the original estimate by the model without a scaling.
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Response to Referee #2

Thanks very much for the Referee #2’s helpful comments. We revise our manuscript according to the

annotated document. Please see the point-to-point responses in the following.

Referee: “I recommend a more focused title, rather than a whole sentence.”

Response: Accepted. The title has been changed to "Aerosol radiative forcings induced by variations in
anthropogenic emissions over China during 2008-2016".

Referee: “result->resulted; latest->the latest”

Response: Accepted. We reword them. Please see Line 6-10 in the revised manuscript.

Referee: “Line 25: This phrase is a non-sequitor with respect to what is given above. Is an aerosol-

induced positive radiative forcing truly desirable?”

Response: Accepted. Because aerosol radiative forcings induced by anthropogenic emissions potentially
influence surface temperature and precipitation, we imply that targeted regulations of
emissions are required to mitigate the risk of climate change. We reword the sentence to

highlight implications of this study. Please see Line 26-28.

Referee: “Line 60: the->a; don’t->do not”

Response: Accepted. We modify them. Please see Line 67-68.

Referee: “Line 72: A verb is missing from this phrase.”

11



Response: Accepted. We reword the sentence. Please see Line 90.

Referee: “Line 88: ... species for years 2008 and 2016 for....”

Response: Accepted. We reword the sentence. Please see Line 105.

Referee: “Line 91: Also for all the 2016 simulations? what is the reasoning behind that? unless you used
the proper 2016 meteorology for the 2016 simulations and the phrase is simply misleading. Line 96: As
long as you used the 2008 meteo for the 2008 run and the 2016 meteo for the 2016 run. Otherwise, you

cannot separate anything, I think.”

Response: Because change in meteorological conditions (clouds, winds, etc.) could also influence the
calculation of aerosol radiative effects, we need to separate the contribution of emission
variations on aerosol radiative effects by using the fixed meteorological fields from one fixed
year. Such kind of separation is commonly adopted in previous studies on evaluating aerosol
climate effects due to emission variations for a long-term period (e.g., Leibensperger et al.,
2012; Fadnavis et al., 2019).

We add more description for the treatment of meteorological fields in this study and perform
a sensitivity simulation to discuss the effects of meteorological conditions on aerosol radiative
forcings. Please see Line 113-115, Line 338-346, and Table S4.

Referee: “Table 2: 1 think you need to define with lat/lon boxes what EC is and also you need to add the

reference to the emission inventory in the table legend.”

Response: Accepted. We add the definition of EC and the reference to the emission. Please see the Table

2 caption.
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Referee: “Line 123: Is this data public? give a website and a reference to this data. Have they been used
before in studies? have they been validated? you should make this clear before you use them to validate

your model runs.”

Response: Accepted. The EANET databases have been widely used for air pollution studies and model
evaluation of inorganic aerosol components (e.g., Itahashi et al., 2018). The program has
adopted the regular Quality Assurance/Quality Control. Details can be found at:
https://www.eanet.asia/. We add more description for the database. Please see Line 140-144

and Data availability.

Referee: “Line 123: including->include.”

Response: Accepted. Please see Line 143.

Referee: “Line 123: From the text above the impression given is that you run your model only for the
Chinese domain. Do you mean you also run for Japan? I think a plot showing the model domain with a
species of your choice would be a nice addition to your section 2.1. You should also address the issue
whether the chosen emission inventory, species concentrations, etc. that apply to China also apply to

Japan.”

Response: Accepted. The climate model, CAM5/ATRAS, was ran on a global scale in this study. The
model configuration is consistent among different regions. The emission inventory used for
China is from MEIC and the rest of the world from CMIP6. Please see Line 103-107 and
Section 2.2.

Referee: “Line 128: Which version of the data did you use? downloaded from where? did you regrid?
you need to provide references for this data and discuss their validation. How do they compare for e.g.

against MODIS, which is the more established satellite dataset? ”
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Response: Accepted. The version and download source of MISR data have been included in the revised
manuscript. Further, we add the MODIS AOD data for comparison with the model. The
differences between modeled and observed AOD from MISR and MODIS are shown in the
Supplementary Materials. The detailed comparison between MISR and MODIS has been
provided by Garay et al. (2020) and references therein. Please see Line 155-159 and Figure
S4 and S5.

Referee: “Line 132: This agreement is not shown by Figure 1la/b. You need a different representation,
either a line plot, since your stations are point locations or a table with numbers. You also have to be
very clear as to how you handdled the ground-based measurements. You are comparing a point
observation from the ground with a model with moderately big pixels. How did you deal with
representativeness errors? SO2 has a very clear seasonal cycle, how does that apply to your comparisons?
do you create monthly mean values from the observations? for which time of the day? There are many

choices that can affect your comparisons and those need to be made clear in the text, in Section 2.3.”

Response: Accepted. We demonstrate that our model can represent the inter-annual variations in aerosol
concentrations on a regional scale for 20082016 by comparing with available ground-based
and satellite observations as well as previous studies.

1) We add the quantitative comparison between modeled and observed sulfate concentrations
(Table S2). Please see Line 162-176, Table S1, and Table S2.

2) More details on the use of ground-based observation data are added in the methods section
and supplementary materials. Because monthly observation data for aerosol components are
very limited and not publicly available in China (particularly for 2008), we average the data
derived from different measurement campaigns and compare them with the annual-mean
simulation results extracted from the model horizontal grid closest to the observation sites.
Please see Line 140-147, Table S1, and Table S2.

3) Although monthly observations of sulfate are not available, we validate the model

performance of SO seasonality using satellite-based SO2 column measurements by OMI. The
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model presents a consistent seasonal pattern of SO concentrations with satellite retrievals in
China. Please see Figure S2.

4) It’s clear that both the observations and simulations have demonstrated notable decreases
of sulfate concentrations over East China, as shown in Figure 1 and Table S2. Representation
errors of in-situ observations are possible, but they could not change the temporal variations
of sulfate concentrations, which are highly dependent on regional emissions in China (Zheng
etal., 2015).

Referee: “Line 135: Again, this agreement is not demonstrated and the findings of Liu et al. should be

stated here in numbers.”

Response: Accepted. We add the detailed result given by Liu et al. (2018). Please see Line 171-172.

Referee: “Line 138: Again, you need to explicitly give the findings of Li et al. that actually agree with

your 10microgram m-3 finding.”

Response: Accepted. We show the findings of Li et al (2017) to support our results. Please see Line 166-
169.

Referee: “Line 141: What percentage of the wind is downwind per annum?”

Response: Accepted. The long-range transport of aerosols in China is dominated by the westerly winds,
which are prevailing winds from the west toward the east in the middle latitudes between 30N
and 60N (Liang et al., 2004). Because our simulations were conducted on a global scale, the
quantitative impacts of China’s emission variations on the aerosol distributions in different
downwind regions can be seen clearly in Fig. 2. We improve the sentence. Please see Line
175-176.
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Referee: “Line 142: verity->verify.”

Response: Accepted. We modify this word. Please see Line 177.

Referee: “Line 146: You cannot find a trend by two years only. If you had all the years between 2008 and
2016, i.e. 9 years, then you might be able to claim this. Your simulations show a difference between two

years, this is not a trend. ”

Response: Accepted. The results mentioned here are derived from the simulations in 2008 and 2016.
Nevertheless, the variations of BC and sulfate in the model are in line with exiting observations,
which have demonstrated the decreasing trends over the past decade (Liu et al., 2018; Kanaya
et al., 2020). We reword the sentence. Please see Line 177-183.

Referee: “Line 147: You need to mark this island for those of us who do not know where it is and show
in a figure this decline. Again, if you are showing results from two years only this is not an "interannual”

decline, this is a decline between two years.”

Response: Accepted. The decline of BC concentrations in Fukue island between 2008 and 2016 has been
noted in Figure 1c, d. The long-term observations in Fukue island show a significantly
decreasing trend in BC concentrations (Kanaya et al., 2020) and support our simulation results.

Referee: “Line 150: This fact was not made clear in a satisfactory manner to the audience. You need

more precise statistics. ”

Response: Accepted. As suggested by the referee, we add more detailed statistical data for the comparison
between simulations and observations as well as previous studies. We also reword this
sentence. Please see Table S3, Line 162-190.
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Referee: “Figure 1: You mean, the locations of the EANET stations are shown, not the actual numbers

these provide. Replace literatures with literature.”

Response: Accepted. We replace the word literature used here. The observed aerosol concentrations (the
values) at EANET stations are shown in Figure 1. The inner colors of each circle represent the
magnitude of aerosol concentrations, which are overlaid on the map of simulation results. The

detailed location information of EANET stations is given in Table S1.

Referee: “Figure 2: This is not a map of China, this is a global map. Does this mean you run your

simulations for the entire globe? this should be made clear in Section 2.1.”

Response: Accepted. We run the global climate model on a global scale. Please see Line 103-104.

Referee: “Line 162: Not shown clearly. Impossible to tell what colour the dots have. ”

Response: Accepted. The comparison of simulated nitrate concentrations with observations can be seen
in both Table S2 and Figure S3. The observed concentrations are shown in colored dots, which

are overlaid on the map of simulations.

Referee: “Line 165: Similar, i.e.? in numbers?”

Response: Accepted. The numbers are added here. Please see Line 196-198 in the revised manuscript.

Referee: “Line 182: Not a trend if only two years are used. ”

Response: Accepted. We reword the phrase in this section. Please see Line 211.

Referee: “Line 184: This is a very important finding and should be included in the main paper.”
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Response: Thanks for the suggestion. Because similar findings for the comparison between satellite-
observed and modeled AOD have been reported in several previous studies (He et al., 2015;
Sockol and Small Griswold, 2017), we only display those results in the Supplementary
Materials (Figure S4 and S5).

Referee: “Line 187: This can be due to a million different reasons. You do not give an std, maybe the
respective errors compensate for this difference. Also, how exactly did you calculate the annual mean
AOD from the two sets of information? did you collocate on a daily basis, then created the monthly and

then the annual? another way? these simple choices may affect your numbers greatly.”

Response: Accepted. We show the standard deviations (i.e., uncertainties ranges given by the MISR
product, please see Garay et al., 2020) and inter-annual trends in AOD values from MISR.
The MISR aerosol product at a one-year temporal resolution is used in this study. Please see
Figure S6 and Line 155-159 and Line 227-228 in the revised manuscript.

MISR AOD during 2008-2016
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Fig. S6 Inter-annual variation in AOD at 550 nm retrieved by MISR over East China during 2008-2016.
The mean values (dots) and standard deviations (vertical lines) are calculated using the gridded AOD
and standard deviation from the Level-3 MISR product with a one-year temporal resolution. The black
line represents the linear fit of the AOD (T-test: 0=0.013<0.05).
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Referee: “Line 188: How negative? precisely.”

Response: Accepted. The numbers are added in the statement. Please see Line 218-220.

Referee: “Figure 4: So, these are the global changes due to the local emission variation? which

experiment is this, from Tablel? the first?”

Response: Accepted. The changes are derived from the Exp08 and Expl6 simulations. All the
experiments are performed on a global scale but only results in China and outflow areas used
for analysis. Figure 4 shows the changes in East Asia and continental outflows. Please see
Line 103-115.

Referee: “Figure 4: Where are the coloured dots?”

Response: Accepted. We update Figure 4 to show the location of the AERONET station. The detailed
values of observations and the comparison with simulations have been given in the main text.
Please see Line 237-242.

Referee: “Line 206: That may be the case, but from the material you provide, it cannot be verified. ”

Response: Accepted. More details on the model evaluation on aerosol optical properties and associated
uncertainties are added in the section. We reword this sentence here based on the evidence we
provided. Please see Line 222-246.

Referee: “Line 244: You need to show these results.”

Response: Accepted. The results have been shown in this sentence. Please see Line 285-287.
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Referee: “Figure 5: Why not zoom these maps to show Asia only? more detail would appear and it is

clear that the rest of the world is not affected.”

Response: Accepted. We zoom out the Figure to underline the variations in Asia and surrounding areas.

Please see Figure 5 and Figure 6 in the revised manuscript.

Referee: “Figure 5f: This map is impossibly noisy, neighboring pixels show -1 and 1 Wm-2 forcing, this

is not physical.”

Response: We would like to point out that the response of cloud radiative forcing to aerosol perturbations
is distinguishable from the noise over China and north Pacific (Figure 5f). The aerosol-induced
cloud radiative forcing (CRF) is estimated by varying the anthropogenic emissions between
2008 and 2016 in two different simulations. The CRF noise can be caused by the aerosol-
meteorology feedback in the global climate model. Such anomalies of aerosol-induced CRF
signals are also seen in similar studies (e.g., Shi and Liu, 2019).
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Abstract. Anthropogenic emissions in China play an important role in altering global radiation budget. Over the recent decade,
the clean-air options in China resulted in substantial reductions in anthropogenic emissions, such as sulfur dioxide (SO,)_and

primary carbonaceous aerosols, and consequently improved air quality. However, the resultantasseciated ehanges-aerosol

radiative forcingsin-aeresol-chmate-effects are poorly understood_and few reported. In this study, we use an advanced global
climate model integrated with the latest anthropogenic emission inventory to estimate the ehanges—n-the-aerosol radiative
forcings by the anthropogenic emission variation in China between 2008 and 2016. OFirst-eur simulations exhibit decreases
of 46% and 25% for the annual mean surface-level sulfate and black carbon (BC) mass concentrations in East China,

respectively, which is the key region subject to stringent emission control options. In the meantime, Fthe simulated aerosol

optical depth and aerosol absorption optical depth show decreasing tendencies. Results reveal that Fthe substantial reductions

in SO, emissions yield a positive all-sky shortwave aeresekdirect radiative forcing of +0.17 W m™ at the top of the atmosphere

(TOA) primarily through the weakening of sulfate scattering effects, and an aerosol-induced cloud radiative forcing of +0.13

W m2.in East China during 2008-2016. The reduction in BC emissions induces a negative BC radiative forcing of —0.34 W

m2. -Hence, that-the positive radiative forcing by the SO, emission reductions may beis counterbalanced by those of the

decrease of BC concentrations in China during 2008—2016. Besides, the model experiments show a clear enhancement of the

downward solar radiation flux that reach the Earth’s surface over China caused by the mitigation of aerosol pollution, agreeing

with long-term observation records of the shortwave energy balance from recent studies. While the radiative forcing at TOA

is small locally due to the counteracted effects of SO, and BC emissions, it is relatively larger (+0.16 W m™2) over the north
Pacific remote regions for this period, primarily contributed by the reductions in sulfate particles and their effects on cloud
properties. By adopting\With-a comprehensive future emission scenario for China in 2030 and 2050 developed by the recent
study, we predict that the strictest environmental policies will induce the change of aerosol radiative forcings of +0.55 and

+1.23 W m2 over East China between 2016—2030 and 2016—2050, respectively. Since aerosol radiative forcings potentially

influence surface temperature, boundary layer dynamics, and precipitation through fast climate responses, tailoredFargeted

emission control policies are desirable to improve air quality and mitigate the risk of climate change in the future.

1. Introduction
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Aerosols perturb the global energy balance by aerosol-radiation interactions, such as the scattering and absorption of sunlight
(Charlson et al., 1992), and by aerosol-cloud interactions through the activation of cloud condensation nuclei (CCN) particles
into cloud droplets, which impact on both the cloud albedo and lifetime (Twomey, 1974; Andreae and Rosenfeld, 2008). The
changes in anthropogenic aerosol concentrations from preindustrial to present days are estimated to induce a global-mean net
cooling effect of —0.4 to —1.5 W m2 at the top of the atmosphere (TOA) that partly mask the warming effects by increased
carbon dioxide (Boucher et al., 2013).

It is commonly known that black carbon (BC) and sulfate aerosols are important contributors to the radiation absorption and
scattering effects of anthropogenic aerosols in the global scale. Bond et al. (2013) estimated that the industrial-era (1750—2005)
direct radiative forcing of BC is 0.71 W m™2. Until now, uncertainties embedded in the radiative forcing of BC are still large
due to the insufficient treatment of BC atmospheric processes in climate models including the impacts of BC on liquid clouds
(Koch and Del Genio, 2010; Chung and Seinfeld, 2002) and the role of BC in acting as ice nuclei (Kulkarni et al., 2016).
Moreover, the mixing state is one of the key parameters that determine the optical properties and CCN activity of BC (Jacobson,
2001; Stier et al., 2006; Matsui, 2016). Recent studies find that explicit representation of BC aging processes can increase the
confidence in the estimates of BC direct radiation forcing (Matsui et al., 2018a). Unlike BC that is directly emitted into the
atmosphere, sulfate aerosols mainly originate from the chemical transform of sulfur dioxide (SO.) via the photochemical
oxidation by OH radical, aqueous and heterogeneous reactions (Seinfeld and Pandis, 2016). The accurate estimate of sulfate
radiative forcing relies heavily on the representation of secondary sulfate formation in climate models and SO, emissions
(Huang et al., 2015). Sulfate aerosols are estimated to exert a global-mean direct radiative forcing of —0.32 W m for the time
period of 1750 to 2010 (Myhre et al., 2013), with remarkable radiative perturbation in the north mid-latitude region (20=-40<
N) due to the rapidly increased anthropogenic SO, emissions in China over the past few decades. The tremendous
anthropogenic emissions in China not only result in severe air pollution, but also significantly alter the global aerosol radiation
budget (Li et al., 2016a).

During the past ten years, China has implemented stringent air pollution control measures and the SO, emissions started to
decrease in 2007 with the application of flue gas desulfurization in the power sector. Especially since 2013, the toughest-ever
clean air policies have led to substantial reductions in anthropogenic emissions in China. According to the latest emission
inventory, the national annual emissions of SO,, NOy, BC, and organic carbon (OC) have declined by 62%, 17%, 27%, and
35%, respectively during 20102017 (Zheng et al., 2018). Recent studies have demonstrated significant improvements of air
quality in China attributable to those various emission control measures (Zhang et al., 2019). Specifically, SO, emissions
exhibited the most notable reduction among all pollutants for this period, which reduce the concentrations of sulfate aerosols

dramatically and mitigate the PM, s pollution and acid rain issues (Liu et al., 2020; Liu et al., 2018).

The unprecedented reductions in anthropogenic emissions over China provide a unigue opportunity to investigate the responses

of aerosol climate effects to such high variations in their precursor emissions. Those emissions changes would lead to the
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perturbation of the Earth’s solar radiation budget, consisting of the aerosol forcings at the top of atmosphere due to aerosol-

radiation interactions and aerosol-cloud interactions. Fadnavis et al. (2019) estimate that the Chinese SO, emissions reduction

during 2006-2017 produces a positive clear-sky direct radiative forcing of +0.6 to +6 W m2 over China. Paulot et al. (2018)

have investigated the trends in the aerosol radiative effects in eastern China from 2001 to 2015 and shown a clear decreasing

tend in AOD starting from 2007 due to reductions in SO, emissions. Previous estimates of aerosol forcings may be inadequate

since they adopt athe clear-sky condition and simple treatment of the mixing between sulfate and BC and do not consider the

aerosol-cloud interaction_in their simulations, all of which are important in the calculation of aerosol total radiative effects

(Ghan, 2013). Until now, it remains unclear how the overall changes in anthropogenic_emissions in China in the past decade

(from 2007 to the present) including not only SO, emissions but also BC and other aerosol components impact aerosol forcings

in source regions and outflows. BC emissions are reported to be significantly reduced in eastern China from 2010 to 2019 as

inferred from rapidly decreased BC concentrations observed at an in-situ site near China mainland (Kanaya et al., 2020).

Because BC particles exert a positive radiative effect through direct absorption of solar radiation and absorption enhancement

by non-BC patrticles (like sulfate and organics) in the atmosphere(Matsui, 2020), the radiative effects caused by the changes

in BC and non-BC emissions should be quantified in detail. Estimates of aerosol radiative forcings can favor a better prediction

of the climate responses of future emission scenarios, like the shared-economic pathways (SSPs), on a regional or global scale.

In this study, we aim to evaluate the response of aerosol radiative forcings (RFs) including both direct radiative effects and

aerosol effects on clouds to the change in anthropogenic emissions in China between 2008 and 2016. We chose these two years

for analysis because the differences of emissions between these two years (2008 and 2016) can reflect the inter-annual changes

in China’s anthropogenic emissions caused by a series of national emission control measures over the past decade (Li et al.,

2017; Zhang et al., 2019). Model experiments using Aan advanced global climate model integrated with the latest bottom-up

emission inventory for China are performed is-used-to diagnose the changes in RFs from different aerosol components (sulfate,
nitrate, BC etc.)_and their interactions with radiation and clouds. Furthermore,w\We perform-another-experiment-tofurther

predict the radiative effects of aerosols with projected emission scenarios for the years 2030 and 2050.

2. Methods
2.1 Model experiments

In this study, we use the Community Atmosphereic Model version 5 (CAMS5) with the Aerosol Two-dimensional bin module
for foRmation and Aging Simulation version 2 (CAM5/ATRAS?2) (Matsui and Mahowald, 2017; Matsui, 2017). The release
version of CAMS5 can simulateien emissions, gas-phase chemistry (MOZART), aerosol microphysical and secondary
formation processes, wet/dry deposition, and aerosol-radiation-cloud interactions (Liu et al., 2012). The ATRAS2 module
(Matsui et al., 2014) uses a two-dimensional sectional representation with 12 particle size bins (from 1 to 20000 nm in diameter)

and 8 BC mixing state bins (from fresh BC to aged BC-containing particles) for various microphysical and chemical processes
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of aerosols, including new particle formation, condensation/coagulation, aerosol activation, wet/dry deposition, and
interactions with radiation and clouds. The model treats aerosol-cloud interactions in stratiform clouds using a physically
based two-moment parameterization that considers the aerosol effects on cloud properties (Morrison and Gettelman, 2008).
The secondary formation of sulfate is found to be important when simulation sulfate concentrations in China, but is not
represented well in current chemistry-climate models (Hung and Hoffmann, 2015; Cheng et al., 2016). To better reproduce the
temporal evolution of sulfate concentrations in China, we add a new pathway suggested by previous studies for secondary
sulfate formation in our model, that is, the heterogeneous oxidation of gaseous SO; to particulate sulfate onto aerosol surfaces

under high humidity conditions (Huang et al., 2014). The uptake coefficients of SO, are specified as the range between 2.0 x

107°and 1.0 x 10 under the ambient relative humidity of 50—100%.

The model is running at the horizontal resolution of 1.9<°x2.5°with 30 vertical layers from the surface to ~40 km on the global
scale. Several simulation experiments are designed with different inputs of anthropogenic emissions as shown in Table 1. We
vary the anthropogenic emissions of all species for yearsbetween 2008 and 2016 ferin China, termed as Exp08 and Exp16,

respectively. The Exp16SO2 and Expl6BC cases are made by replacing the SO, and BC emissions in the Exp08 with those

for 2016, respectively. Note that the radiative effects by each aerosol component are calculated online by our model and we

use the results in the Exp08-Expl16 cases for discussing the main conclusion and implications. The cases of Expl16SO2 and

Exp16BC with only one of the emission change included are used for comparison with the Exp16 to reflect the interactions of

BC and SO, emission variations. We perform 2-year simulations for each experiment and the first year is for spin-up and the

second year is for analysis. The meteorological fields were nudged by using the Modern-Era Retrospective analysis for

Research and Applications Version 2 (MERRAZ2) data and were fixed at the year 2008 in these experiments to iselate-separate

the contribution of emissions on aerosol radiation effects from variation in meteorological fields. The inter-annual change in

meteorological conditions could influence aerosol radiative forcings but is not the focus of this study, and we simply discuss

their importance in Section 3.3.

We diagnose both the aerosel-direct radiative effects of aerosols (DRE) and aeroseleffects-on-cloudscloud radiative effects
(CRE) in the model. The changes in DRE and CRE between the emissions years 62008 and 2016 can be regarded as aerosol

RF{direct radiative forcing (DRF) and aerosol-induced cloud radiative forcing (CRF)) owing to the variation of anthropogenic
emissions-for-this-peried. HereSpecifically, the aerosol DRE at TOA for each specific aerosol component_(e.qg., sulfate, BC
and others) is online calculated as the differences between the standard radiative fluxes and the diagnosed_one radiative-fluxes

that subtracting this species in the radiation module. Then the aerosol DRF is calculated as the difference of DRE between

2008 and 2016. The aerosol effects on clouds are diagnosed following Ghan (2013) using the variables of clean-sky (neglecting
the scattering and absorption of all aerosol species) radiative flux. The CRF values are scaled to the best estimate (—0.5 W m~

2) of effective radiative forcing due to aerosol-cloud interactions given by the Fifth Assessment Report of the Intergovernmental



125

| 130

135

140

145

150

Panel on Climate Change (IPCC ARS5) (Boucher et al., 2013). This process yields a reasonable estimate of CRF based on our

model results and present knowledge of aerosol-cloud interactions from the latest IPCC report.

2.2 Anthropogenic emissions for China

The global anthropogenic emissions for the year of 2008 are taken from Hoesly et al. (2018) based on the Community
Emissions Data System (CEDS), while the emissions in China are replaced by the Multi-resolution Emission Inventory (MEIC)
for 2008 or 2016, which provide a more realistic representation of China’s emissions from fossil fuels and biofuels (Zheng et
al., 2018). The global emissions other than China used in all simulations are taken from the CEDS for 2008. In addition, the

ammonia emissions in China are taken from Liu et al. (2018), in which the estimates of agricultural ammonia emissions are
well constrained and show good performance in the simulation of atmospheric ammonia. As shown in Table 2, several major

species including BC, primary organic carbonsaeresels (OC), and SO, experience reductions of emissions between 2008 and

2016 due to the clean-air policy in China in this period. The majority (more than 90%) of those emission reductions are found
in East China (marked in Fig. 1), which is characterized with dense population and economic activities and is the key region
subject to stringent air pollution control. For instance, emission reductions in East China are 57% for SO, 27% for BC, and
30% for OC.

2.3 Observation data

In order to evaluate the model performance for aerosol simulations, we collect the monthly measurement concentrations of
inorganic aerosol chemical components (sulfate, nitrate, and ammonium) from Acid Deposition Monitoring Network in East

Asia (EANET). The database has been widely used for the studies of air pollution and acid deposition for the region (Itahashi

etal., 2018). The EANET stations used in this study includeing one site in southern China and nine sites in western and central

Japan. We also obtain the observation data of aerosol compounds for the period 2008-2016 from different measurement

campaigns and the yearly averages of them are used to indicate the decadal variation of major aerosol components over China

(Table S2). For comparison, the annual mean simulation results are taken from the model surface-level horizontal grid closest

to these observation sites. In addition, we use observations of vertical profiles of BC concentrations from the HIAPER Plow-

to-Plow Observations (HIPPO) aircraft campaigns conducted in the north Pacific region (Wofsy, 2011). The HIPPO data are

obtained from five deployments across the central Pacific during 2009—2011 and include measurements of BC mass

concentrations from a single-particle soot photometer (SP2) instrument (Schwarz et al., 2013). The monthly mean BC

concentrations in the simulation for 2008 are used for comparison with observations from the same month in five HIPPO

campaigns despite the differences in the years selected between the model and observations (Fig. S1).

We employ measurements of aerosol optical depth (AOD) and single scatter albedo (SSA) fromuse Aerosol Robotic Network
AERONET-(AERONET Aerosol-Reobotic-Network) surface-stations to reflect variations of aerosol optical properties during
2008-2016. The available stations that have long-term data records are Beijing (39.98°N, 116.38E) and Xianghe (39.75°N,
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116.96 °E). In addition, the AOD at 550 nm retrieved by the Multi-angle Imaging Spectroradiometer (MISR) Level-3 product
(Garay et al., 2020)_and the dark target and deep blue combined 550 AOD by the Moderate Resolution Imaging

Spectroradiometer (MODIS) aboard NASA's Terra (Sayer et al., 2014) are used for comparison with our model results. Both

satellite products provide the annual-mean or monthly-mean AOD data at a horizontal resolution of 0.5<°x0.5 <that can reflect

the temporal changes over China during 2008—2016.

3. Results
3.1 Changes in the burdens of sulfate and BC mass

We first evaluate the simulated sulfate mass concentrations with the observations in China and Japan between the emission
years of 2008 and 2016 (Fig. 1a, b). The simulated sulfate using CAM5/ATRAS2 model generally agrees weH-with available
observations with respect to the magnitude and spatial patterns, showing high annual mean concentrations up to 20 ug m=3in
East China in 2008 and decreasing to less than 10 pg m in 2016 due to the reductions of about 60% in SO, emissions_(Table
S2). Greater reductions of more than 10 ug m™ are found in northern part of East China (Figure 1a, b), where the SO, emission

reductions are the most notable in the country (Li et al., 2017). The observed SO, loadings given by Li et al. (2017) show

severe SO, pollutions (up to 2.0 DU, 1 DU = 2.69 %< 10% molecules cm=2) before 2010 in the northern China and significant

mitigation in 2016 with the column as low as about 0.5 DU. Despite the lack of sulfate monthly observations, the model

satisfactorily captures the seasonal patterns of SO, amounts retrieved by the Aura Ozone Monitoring Instrument (Fig. S2). The

variation of annual mean sulfate concentrations in East China is on average of —3.5 pg m~ (—46%) from 2008 to 2016, which
is close to another model result (—=50%) within the region (Liu et al., 2018). fathe-meantime-The sulfate mass column burden

(integral of concentrations from surface to the top of atmosphere) averaged over East China exhibits a decrease of 4.5 mg m2,
equal to 35% of that burden-in 2008 (Fig. 2a, ¢). Moreover, the averaged-sulfate burden in the northern Pacific (the region

marked in Fig. 2) decreases on average by 0.38 mg m2 (—18%)-in-the-northern-Pacific(theregion-marked-in-Fig-2), reflecting

the impacts of SO, emission reductions from East China to the downwind regions dominated by the westerly wind field in the

middle latitudes.

We verifty the trendvariation of-in modeled BC concentrations using the measurements in three typical sites located in East
China and western Japan_(Fig. 1c, d). The long-term observational records of BC concentrations in Beijing and Shanghai
present clear decreasing trends over the recent decade (Xia et al., 2020; Wei et al., 2020). For the two time slice (i.e., 2008 and
2016), Fthe annual mean surface BC decreases from 8.5 ug m in-2008-to 3.5 ug m3 in-2016-in Beijing, and from about 4.0
pug m 2 to 2.2 ug m 2 in Shanghai. Similar reductions are shown in our simulations for the emission years of 2008 and 2016
{Fig—cd), with the averaged decrease of 25% over East China. The continuous decline_(=5.8+1.5) % yr'?) in_surface BC
concentrations observed at Fukue Island in western Japan from 2010 to 2018 further supports the reduction of the BC emissions

in East China (Kanaya et al., 2020). Moreover, we evaluate the vertical distributions of BC concentrations in the northern
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Pacific using the BC measurement by HIPPO campaigns (Fig. S1). Despite some underestimation of modeled BC in a few

months, there is in general a reasonable agreement between modeled and observed BC concentrations from surface to the
upper troposphere. During 2008-2016, the annual mean BC burdens decrease by 0.38 mg m™2 (22%) for East Chinathis+egion
and by 0.016 mg m~2 (13%) in the northern Pacific, respectively (Fig. 2b, d).-The-column-burdens-of BC-experiencereductions
of 22%-in-East-China—and-13%in-the-nerthern—Pacific(Fig—2d). In general, the results suggest that the integration of
CAMS5/ATRAS?2 model and the MEIC emission inventory for China can reproduce the observed inter-annual-trenddecline in

the sulfate and BC concentrations over the recent decade caused by the variations of anthropogenic emissions.

Our-modelshows similarconcentrations-{10—20pem%)-of The simulated particulate nitrate concentrations are compared well

with the measurements (Fig. S3 and Table S2). We find that the annual mean nitrate concentrations are elevated by about 1.0

ug m3 (20%) in East China between emission years 2008 (Exp08) and 2016 (Exp16);. The nearly consistent variation takes

place in the Exp16SO2 case. Since NH3; emissions are unchanged, the variation in SO, emissions is responsible for the increases

of particulate nitrate concentrations. The reductions of ammonium sulfate particleswhich-can -release free ammonia_in the air

to facilitate the- partitioning of ammenium-nitrate toward the aerosol phase (Ansari and Pandis, 1998). Similar increase (1-2

ug m 3, 28%) of surface nitrate concentrations inwithin the region has been reported by Liu et al. (2018) for the period using

a regional chemical transport model. Such a relationship between SO, emissions and nitrate concentrations in China has been

also pointed out by Leung et al. (2020). In addition, the annual mean concentrations of particulate ammonium and organic

aerosols in East China are reduced by 0.41 ug m™ and 0.13 pg m™3, respectively.

The simulations also reveal thatFurthermore; the reductions in sulfate and BC burdens would dampen new particle formation

and the growth of particles via condensation and coagulation processes to serve as CCN. Figure 3 shows the longitude-height
(pressure in hPa) distribution of the changes (%) in particle number concentrations with the diameters larger than 10 nm (N10)
and diagnostic CCN numbers at supersaturation of 0.4% (CCNO.4) along the latitude 35°N, which is characterized with notable
reductions in sulfate and BC burdens. The N10 shows decreases of about 20% in East China (100-130 <E) from the surface to
300 hPa. The simulated CCNO.4 concentrations decrease not only in East China (30%) but also in the middle troposphere
(700—200 hPa) over the north Pacific region (10%). According to the sensitivity experiment Exp16SO2, these variations in
N10 and CCNO.4 are primarily accounted by decreases of particulate sulfate in East China and the downwind regions. The
decreases of CCN concentrations would alter the cloud properties through the activation into cloud droplets and subsequently

change the radiation budget, which is discussed in the next sections.

3.2 VariationsTrends in aerosol optical properties

The pronounced variations of sulfate and BC concentrations between 2008 and 2016 would induce the change in aerosol
optical properties, i.e., aerosol optical depth (AOD) and absorption aerosol optical depth (AAOD) at 550 nm. First—we-find
thateurThe CAM/ATRAS?2 model captures the observed hotspots of AOD (> 0.3) over North Africa, East China, the tropical
Atlantic Ocean, and West-South Asia by comparing to the MISR and MODIS measurements (Fig. S4 and Fig. S5). The annual

7
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mean AOD for East China in the model (0.25) is lower than that from MISR (0.34) and MODIS (0.41) in the year of 2008.
The comparison-bias—glebal of regional AOD distributions with satellite-observed measurements are similar to previous-GAM
meodel modeling studies by CAM models (Sockol and Small Griswold, 2017; He et al., 2015). For instance, Sockol and Small
Griswold (2017)_present the difference between averaged AOD predicted by the CAM models and MODIS of < —0.2 over

East China. The model biases found in some continental outflow areas in the tropics and South Hemisphere may be related to

inadequate simulations of sea salt aerosols and their optical properties in the marine atmosphere (Bian et al., 2019; Burgos et

al., 2020).

Figure 4 presents the differences of simulated AOD and AAODthese-eptical-variables at 550 nm between 2008 and 2016.
Corresponding to the reductions in sulfate and BC mass concentrations, AOD shows percent decreases of 2—10% over most
of East China (marked in black box in Fig. 4), with a region average ofen-average-of 5.2%.--whichtThe variation-in AOD
from-induced by sulfate particles decreases by 35% and has a dominant contribution to the tetalAOD variation. Recent studies

find a statistically significant decrease of 10—20% for AOD in the same region over the recent decade based on the remote
sensing observations from the surface (AERONET) and space (MODIS and MISR (Fig. S4)) (Li, 2020; Zhang et al., 2017,
Zhao et al., 2017). The annual mean AOD retrieved by MISR varied from 0.3440.07 in 2008 to 0.2640.06 in 2016 and shows
a significantly decreasing trend during the period (Fig. S6), while the simulated AOD in the CAM5/ATRAS2 model decreases

by about 0.02 between the two years. The underestimation of AOD trendsvariability may be partially attributable related-to

he—negative-bias—of-modeled-AOD-as-abovementionedthe inadequate representation of decadal variations in dust aerosol

concentrations from both natural and anthropogenic sources. Recent studies have found a considerable decline in dust episodes

over East China during 2007—2014 due to decreased maximum wind speeds and control of air pollution (Wang et al., 2018),

and the resulting decrease of dust loadings and their light extinction in air would contribute to the decreases of total AOD, but

those effects cannot be fully represented in our simulations. Moreover, the parametrization of aerosol hygroscopicity,

especially for light-scattering components (sulfate, nitrate, OA, etc.), can highly determine modeled aerosol extinction

coefficients and thus is an important source of uncertainties in the estimate of AOD in climate models (Burgos et al., 2020;
Reddington et al., 2019).

The simulated annual mean AAOD decreases by about 16% (from 0.018 to 0.015) over East China between the emission years
of 2008 and 2016 (Fig. 4), with salient decrease up to 40% in the northern part, which is subject to high reductions of BC
emissions and resultant column burdens (Fig. 2). We compare the model results with the averaged observations in two
AERONET stations (located in the same model horizontal grid and fabelled-marked in Fig. 4) with long-term records available.
The AAOD from AERONET are calculated using the observed AOD and SSA at 550 nm wavelength. The annual mean
observed—AOD and AAOD at the AERONET site decrease by about 29% and 40%, respectively, while our model
underestimates the variability of AOD, but agrees well with observed AAOD variation. Overall, both the simulations and

observations demonstrate a clear decline in AOD and AAOD over China between 2008 and 2016 and the reductions in sulfate
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and BC particles play a critical role in the phenomenon. The resulting effects on the solar radiation budget over China and

outflow areas are discussed in the next section.

3.3 Radiative forcings by the change in anthropogenic emissions between 2008 and 2016

Here, we focus on the all-sky aerosol RFs at TOA by the inter-annual variation in anthropogenic emissions over China between
2008 and 2016, especially for East China. Both the aerosol shortwave DRF (also termed as RFs due to aerosol-radiation
interactions) and shortwave + longwave aerosol effects on CRF (including the semi-direct and indirect effects in this study)
are considered. As shown in Fig. 5 and Fig. S7, the decrease of sulfate mass burdens due to the substantial reduction in SO,
emissions induce a positive radiative forcing by diminishing the scattering effects of sulfate aerosols. The mean sulfate DRF
is +0.38 W m™2 over East China during the study period, with high values of more than 0.6 W m™2 in the north part that
experiences the most notable reduction in sulfate burdens. As a result of SO, emission reductions, nitrate concentrations have
increased; and the merged nitrate and ammonium DRF is estimated to be —0.21 W m™2, though the decrease of particulate

ammonium concentrations should yield a positive RF.

The reduction in BC emissions would diminish the absorption effect of BC particles with the decline of the annual mean BC
mass burden of 22% over East China between 2008 and 2016 _(Fig. 5b and Fig. S8). The resultant BC DRF in the Exp16 case
is —0.34 W m2 in the region, accounting for 19% of the BC DRE in 2008. This is 17% higher than the estimate of BC DRF

derived from the simulation scenario with BC emission change only (Exp16BC) —Fhatis because the concurrent declines in

sulfate concentrations and associated water uptake weaken the absorption enhancement of BC-containing particles, and thus
further diminish the positive radiative effects of BC. The absorption enhancements by BC coating materials will be overlooked
if BC is externally mixed with other aerosols in climate models, which will significantly underestimate the magnitude of the
BC DRF for China between 2008 and 2016. Moreover, the treatment of aging processes of BC is another important factor in
determining the radiation effects of BC-containing particles. The models with single mixing state for BC-containing particles
(without considering the aging processes from fresh BC to thickly-coated BC) could overestimate (underestimate) the BC DRF
when BC-containing particles are assumed to be internally mixed (externally mixed) with other components immediately after
emissions (Bond et al., 2013; Matsui et al., 2018a).

We find that the total aerosol DRF due to all components is —0.18 W m over East China between the emission years of 2008
and 2016, with the dominant sources from the reductions in SO, and BC emissions (Fig. 6a). Noticeably, the BC and sulfate
DRF (—0.34 vs. +0.38 W m) are almost counterbalanced by each other. After considering the negative nitrate DRF (-0.21 W
m-2) resulting from the SO, emission reduction, the net DRF from SO, emissions between 2008 and 2016 is +0.17 W m2, OA
and dust aerosols have the mean DRF of —0.06 and +0.003 W m2 and contribute few to the total aerosol DRF during the study

period. A few uncertainties remain in our estimates of aerosol DRF. The model bias in the AOD variability compared to the

satellite observations could transform into the uncertainties in aerosol DRF. As mentioned early, the model underestimation

of AOD variability during the study period might stem from the uncertainties in dust emissions (natural and anthropogenic
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sources) and aerosol water uptake by hygroscopic components that are not well represented in current climate models (Burgos

et al., 2020). Because the AAOD variation is simulated reasonably, the aerosol scattering effects contributing to AOD from

dust, sulfate and OA may be underestimated in our simulations.

We further consider aerosol effects on CRF with the combination of semi- and in-direct effects, following Ghan (2013). The
variation of BC and SO, emissions have distinct impacts on cloud radiative effects. First, as mentioned in Section 3.1, the
responses of CCN numbers are negligible to the reduction in BC emissions, but of significant to the reduction in SO, emissions
with a decrease of 20% for the CCN number concentrations at 0.4% supersaturation. The changes in SO, emissions and
associated decline in sulfate would alter in-direct effects by serving as CCN due to its high hygroscopicity (Twomey, 1974;
Andreae and Rosenfeld, 2008). By separating the contribution between SO, and BC emissions to CRF (the Exp16SO2 and
Expl6BC cases), we find that the annual mean CRF is +0.16 W m2 due to the decreased SO emissions in East China between
2008 and 2016, whilst only —0.05 W m™ due to decreased BC emissions. The positive CRF can be explained by the decrease
of simulated CCN numbers (Fig. 3), and it is indicative of less solar radiation outgoing back to the space by clouds and therefore
potentially warming the atmosphere. By accounting for the interaction between sulfate and BC particles, we find a net aerosol-
induced CRF of +0.13 W m2, and the total RF of that combines aerosol DRF and CRF together is —0.04 W m™2 over East
China during our study period (Exp08 - Exp16).

While the impacts of SO, and BC reductions on RFs (DRF + CRF) are very small locally (—0.04 W m™2), there are markedly
positive cloud radiative effects mostly within 0.3—0.6 W m2 in the north Pacific region (Fig. 5), with the mean CRF over the
north Pacific (marked in Fig. 5f) of +0.16 W m™2, which are associated with the decrease of CCN due to reductions in SO,
emissions in China (Figs. S7). Since the aerosol DRF in the north Pacific region is negligible, the aerosol effects on cloud
dominate the total radiative effects when the anthropogenic emissions in China varied from 2008 to 2016. Our results suggest
an important role of SO, emissions in China in altering the cloud optical properties in the north Pacific. It should be noted that
aerosol effects on cloud radiative properties remain the largest uncertainties in calculating global and regional radiation
perturbation by anthropogenic aerosols in current climate models, which should be further constrained by measurements of

cloud properties.

Furthermore, the inter-annual variations in scattering and absorbing aerosols during 2008—2016 lead to changes in downward

radiation flux onto the Earth’s surface (Fig. 6). Evident enhancement in surface radiation flux (i.e., surface brightening) take

place in East China. The decreases of BC absorption and sulfate scattering effects allow more solar radiation reaching the

surface with the temporal changes estimated of +0.96 W m~2 decade* and +0.75 W m=2 decade?, respectively (Fig. 6b, c).

Increases of nitrate and OA concentrations diminish the downward surface solar shortwave radiation. The net change in the

annul-mean surface radiation due to all aerosols is as large as 1.1 W m= decade* (Fig. 6a). Compared to those induced by

aerosols-radiation interactions, the aerosol-induced cloud effects on surface radiation are minor (+0.20 W m 2 decade ). With

the consideration of the overall effects by the differences in emissions between 2008 and 2016, the simulated downward
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radiation fluxes onto surface increase by +1.3 W m2 decade ™. Our results agree with the long-term observational trend of the

shortwave energy balance in China from 2000-2015 provided by Schwarz et al. (2020). They have shown a positive trend in

downward surface shortwave radiation of +1.420.2 W m~2 decade* for the period, which is considered to be mainly driven by

the reductions in the atmospheric shortwave absorption. The decadal change in solar absorption of BC is estimated to be —1.4

W m2 decade ! in our simulations, 56% lower than the observed total atmospheric shortwave absorption (=3.240.4 W m?

decade™) based on observational data for the similar period (Schwarz et al., 2020). Apart from BC, other absorbing aerosol

components, like anthropogenic magnetite (Matsui et al., 2018b)_and brown carbon from fossil fuels and biomass or biofuel

burning sources (Zhang et al., 2020; Yan et al., 2017)_may also contribute to decadal variation of atmospheric shortwave

absorption in China. In summary, our simulation results provide the first modeling evidence for that the mitigation of aerosol

pollution, particularly of BC and sulfate, critically determines the surface brightening observed in China over the recent decade
(Yang et al., 2019; Schwarz et al., 2020).

In order to understand how aerosol DRF and CRF respond to future emissions, we refer to the projected anthropogenic emission
scenarios in China recently developed by Tong et al. (2020) for 2030 and 2050. For these scenarios, they have integrated the
shared socio-economic pathways (SSPs), climate targets of Representative Concentration Pathways (RCPs), and local air
pollution control measures to create dynamic projection of China’s emissions in the future decades. Here, among their designed
scenarios, we choose the SSP1-RCP26-BHE (Best Health Effect), which denotes the best-available environmental policies and
therefore the largest reductions of emissions, to predict the upper bound of climate effects from anthropogenic aerosols. We
performed the simulations by using the same meteorological nudging with the historical case for 2008 (Exp08) and scaling
anthropogenic emissions (BC, SOz, NOx, OC, VOCs, Primary PM, NHs;, and CO) in China separately from 2016 to 2030 and
from 2016 to 2050 in-each-grideeH-following Tong et al. (2020) (the-scaling-factorsforeach-speciesare-shown-in-Table S1S3).
The projected emissions of greenhouse gases are not considered and only the aerosol effects on radiation budget are shown
here. We find that under the strictest air pollution control policies, the aerosol DRF are +0.24 W m2 between 2016—2030 and
+0.64 W m2 between 2016—2050 over East China_(Fig. 7). The total radiative effects with the combination of DRF and CRF
reach +0.55 W m~2and +1.23 W m2, respectively. For this scenario, although BC emissions keep decreasing in the future, the
reductions in scattering aerosols like OA and nitrate induce high positive RFs. The RFs ferof OA and nitrate due to aerosol-

radiation interactions are +0.27 and +0.52 W m™2 in-ourcases-between 2016—2050. Similar to our case, Samset et al. (2019)

have estimated a net radiative forcing induced by sulfate and BC aerosols of approximately +0.5 W m2 over China under a

strong_air-quality policy (SSP1-1.9) from 2014-2030 using the climate model Oslo CTM3 with an oversimplification of

aerosol-cloud interaction effects. In addition, the aerosol effects on clouds forcings in north Pacific are around +0.2 W m2 for
the both 2016—2030 and 2016—2050 cases and lower than the CRF in East China.

This study mainly focuses on the impacts of emission variations on aerosol radiative forcings, while the meteorological

conditions could also affect aerosol forcings. We perform another simulation experiment with the meteorological nudging and

anthropogenic emissions both for 2016 (referred to as Exp16m) and compared the resulting aerosol DRF with those found in
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the Exp16 case (only emission variation included; see Table S4). Note that in the Expl6m case, the aerosol effects on cloud

forcings cannot be separated from the variation in meteorological fields in the model. The changes in BC and sulfate mass

burdens for Exp08-Expl6m (differences between the Exp08 and Expl6m cases) are close to those for Exp08-Expl6, but the

BC DRF value is reduced by about 29% due to variation in meteorology during 2008—2016. Nevertheless, both our results and

previous studies (Liu et al., 2020; Zhang et al., 2019) demonstrate that the decadal variations in aerosol pollutions and DRF

are dominated by the reductions in anthropogenic emissions over the past decade.

4. Summary

In this study, we quantify the all-sky aerosol RF for China (especially East China) due to the substantial variations of
anthropogenic emissions in the country between 2008 and 2016 using a global climate model. Our simulations demonstrate
that the dramatic reductions (—57%) in SO, emissions decrease sulfate mass burdens by 35% in East China and 18% in north
Pacific, while the burdens of BC are reduced by 25% due to decreased BC emissions (—27%) for this period. It is estimated
that the reductions in SO, emissions give rise to +0.38 W m for sulfate DRF at TOA, —0.21 W m for nitrate and ammonium
combined DRF, and +0.13 W m for aerosol-induced CRF, and meanwhile the BC emission reduction induce a cooling effect
of —0.34 W m2 over East China. Since the effects from other aerosol components are negligible in our simulations, the changes
in SO, and BC emissions dominate the aerosol radiative effects-forcings between 2008 and 2016. Their net RF by-the-changes
in-the-BC-and-SO,-emissions is —0.04 W m, implying a counterbalancing effect. It’s also interesting to note that the declines

in sulfate concentrations and associated water uptake weaken the absorption enhancement of BC-containing particles, and

contribute to 17% of the BC DRF compared to that with BC emission changed only. Such an effect cannot be detected without

an explicit treatment of absorption enhancement for internally mixed BC particles, as developed in our model (Matsui, 2020).

Moreover, in agreement with the observational-based study on the long-term trend of the downward shortwave radiation that

reaches the Earth’s surface (Schwarz et al., 2020), our simulations indicate the surface brightening over China from 2008 to

2016. It is estimated that the annul mean surface solar radiation increases by +1.3 W m2 decade, which is primarily

contributed by the diminishment of BC absorption and sulfate scattering effects in the atmosphere. The results provide the

direct modeling evidence for the cause of observed surface brightening in China over the recent decade. Even though the BC

and SO, emissions exert an overall balanced radiative effect at TOA, the solar radiation budgets have been perturbed both at

surface and within the atmosphere, which would influence the surface temperature, boundary layer development, and East
Asia monsoon (Huang et al., 2018; Hong et al., 2020; Li et al., 2016b).

While the lecal-radiative forcing at TOA is small locally due to the counteracted effects of SO, and BC emissions, there is
relatively large positive change of about +0.16 W m2 due to aerosol effects on clouds in the north Pacific remote region,
primarily contributed by reductions in sulfate particles and their effects on cloud properties via CCN activation. The decrease

of sulfate burdens (—18%) in the north Pacific due to the emission control of SO in China results in more than 10% decreases
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of CCNO.4 in the middle troposphere (700—200 hPa) over the north Pacific, which would reduce the cloud droplet numbers
and weaken the cloud albedo. Therefore, our results highlight the importance of China’s SO, emissions not only in the
contribution to the local radiative forcing, but also in altering the radiation budget in the downwind Pacific regions through

the transport of secondary sulfate aerosols and associated effects on clouds.

We further predict the aerosol radiative effects using the recently developed China’s emission scenario for 2030 and 2050. The
results demonstrate that under the strictest environmental policies for China, the total aerosol RF (DRF + CRF) from the
projected emission scenarios are +0.55 W m~2 between 2016—2030 and +1.23 W m2between 2016—2050. These effects should
be considered by combining with the emission projection of greenhouse gases to better evaluate the responses of climate to

future human emissions over the regional and global scales.

Appendix A: List of acronyms
AERONET Aerosol robotic network

AOD Aerosol optical depth

AAOD Absorption aerosol optical depth

ATRAS2 Aerosol two-dimensional bin module for formation and aging simulation version 2
BC Black carbon

BHE Best health effect

CAMb5 Community Atmospheric Model version 5

CCN Cloud condensation nuclei

CCNO0.4 CCN number concentrations at supersaturation of 0.4%

CRF Cloud radiative forcing

DRE Direct radiative effect

DRF Direct radiative forcing

EANET Acid deposition monitoring network in East Asia

HIPPO HIAPER Pole-to-Pole Observations

IPCC AR5 The Fifth assessment report of the Intergovernmental Panel on Climate Change
MEIC Multi-resolution emission inventory for China

MERRA2 Modern-Era retrospective analysis for research and applications version 2
MISR Multi-angle imaging spectroradiometer

MODIS Moderate Resolution Imaging Spectroradiometer

MOZART Model for ozone and related chemical tracers

N10 particle number concentrations with the diameter larger than 10 nm

NOXx Nitrogen oxides
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ocC Organic carbon

oMl Ozone Monitoring Instrument

RCP Representative Concentration Pathways

RF Radiative forcing

RFari Radiative forcing due to aerosol-radiation interaction
SO; Sulfur dioxide

SSA Single scatter albedo

SSP Shared socio-economic pathways

TOA Top of the atmosphere

Data  availability. ~EANET  observation data is freely available from the online  website
(https://monitoring.eanet.asia/document/public/index, last access: 10 March 2020). AERONET data for AOD and SSA can be
accessed from Goddard Space Flight Center (https://aeronet.gsfc.nasa.gov/new_web/data.html, last access: 20 April 2020).
MISR data is available from the Atmospheric Science Data Center at NASA (https://eosweb.larc.nasa.gov/, last access: 20
May 2020). Historical and future anthropogenic emissions for China are provided from the MEIC database

(http://www.meicmodel.org/, last access: 15 May 2020).
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Table 1. Model simulation experiments with different emission scenarios for China

SOz BC Others
Exp08 2008 2008 2008
Expl6 2016 2016 2016
Expl16S0O2 2016 2008 2008
Expl6BC 2008 2016 2008
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620 Table 2. Anthropogenic emissions for major species in China and East China (EC) between 2008 and 2016 (units: Tg year-
1). The emissions are derived from the MEIC database (Zheng et al., 2018). The geographical range of the EC is shown in

Fig. 1
2008 2016
China EC China EC
BC 1.7 1.5 1.3 11
NOx 24 21 23 19
oC 3.2 2.7 2.3 19
PM2.s 12 11 8.1 6.9
SO2 30 28 13 12
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625 Figure 1. Map of simulated surface PM,s sulfate (a-b) and BC (c-d) concentrations (units: pg m~3) over China and
surrounding areas between 2008 (left column) and 2016 (right column). The observations of the annual mean sulfate and BC
concentrations obtained from EANET and literatures (Table S2) are shown for comparison. The geographical range of East
China (21°-43° N, 102°-122° E) is marked in Fig. 1a. The annual mean surface BC concentrations observed at Fukue island

(32.759N, 128.68° E) in western Japan for 2010 (Fig. 1c) and 2016 (Fig. 1d) are marked

630
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Figure 2. Change in particulate sulfate and BC burdens due to the emission variation in China between 2008 and 2016. (a-b)
and (c-d) denote the mass (mg m™2) and percent differences (%), respectively. The north Pacific region (24°—45° N, 145°
635 E—140° W) is marked with the black box in Fig. 2a
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Figure 3. Pressure-longitude distribution of the annual-mean percent differences in the N10 and CCNO.4 along the latitude
640 35N due to the emission variation in China between 2008 and 2016
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Figure 4. The changes (%) in AOD and AAOD due to variation in anthropogenic emissions in China between 2008 and

645 2016. The observations provided by AERONET are shown in colored dots for comparison with the simulations.
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Figure 5. DRF from total aerosols (a), BC (b), sulfate (c), nitrate + ammonium (d), and OA + dust (e), and aerosol-induced

650 CRF (f). Two regions of interest, East China and the north Pacific, are marked in Fig. 5a and 5f with black boxes.
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Figure 6. Changes in downward surface shortwave radiation over China and outflow regions between the emissions from
2008 and 2016 due to effects of all aerosols (a), BC (b), sulfate (c), nitrate + ammonium (d), OA + dust (e), and cloud albedo

induced by aerosols (f). The positive values indicate the surface brightening and the negative surface dimming.

26



(@) (b)

0.8 1 1.4 -

East China 1 North Pacific Total East China North Pacific

0.6 - i 1.2 i
0.4 Sulfate RFari E 10 i
- 02 ] CRF 1 CRF - 08 ] DRF o i
€ 00- | € 0.6 ]
; _0.2_' Total BC ’ ; 0.4 - E
0.4- OA 0.2 /

-0.6 1 NOs#NH, 0.0 : E_
1 RFari !

-0.8- -0.2- 2050 2030

655

Figure 7. (a) Summary of total RF, RF for major aerosol components due to aerosol-radiation interactions (RFari), and
aerosol effects on clouds (CRF) in East China and the north Pacific due to the changes in anthropogenic emissions between
2008 and 2016; (b) Aerosol DRF and CRF owing to projected anthropogenic emissions for 2030 and 2050 relative to 2016.
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