Response to Reviewer 1 (Dr. Jean-Francois Lamarque)

We thank Dr. Jean-Francois Lamarque for his insightful and constructive comments.
We revised our manuscript accordingly.

This paper provides a description and evaluation of the aerosols in the BCC-ESM. The paper
provides a reasonable overview of the model characteristics and sufficient comparisons to be
useful. However, it suffers from a certain number of omissions and lack of details that should
be fixed before publication moves forward.

My main concern in this paper is the statement at lines 316-318: “The whole system in BCC
ESM1 fluctuates around +0.7Wm-2 net energy flux at TOM without obvious trend in 600
years (Fig. 1b), and the global mean surface air temperature shows only a small warming (Fig.
la)”. If this is the case, then there is a real problem with this model. There cannot be a
significant TOA imbalance without a significant trend in surface temperature, unless the
ocean is taking up all that excessive forcing. Which would mean huge drifts in the mean
ocean temperature. The authors need to clearly identify if this is a mistake, or the difference
between TOA and TOM, or whether there is a drift in ocean temperatures. But as stated, this
means there is a huge non-conservation of energy in the model.

We apologize for the confusion. TOM (top of model) should be TOA (top of
atmosphere). We double checked our data used and there was indeed an imbalance
of net energy flux at TOA. In order to verify whether there is a drift in ocean
temperatures, Fig.Ic representing the variation of global SST is added. It seems that
the ocean is stable, at least for its upper layer. If we refer to other models of similar
complexity, it seems that a small imbalance commonly exists (Hansen et al., 2005;
Wild et al., 2013) and an average of 1.0 Wm-2 of imbalance is among the CMIP5
models (Wild et al., 2013). In the revised manuscript, we rewrote this paragraph (in
lines 390-393 in the revised manuscript) as “This level of TOA energy imbalance is
close to the average imbalance (1.0 Wm-2) among CMIP5 models (Wild et al., 2013),
and does not cause remarkable climate drift in BCC-ESM1. The global mean TAS
and SST keep around 288.1 K (Fig. 1b) and 295.05 K (Fig. Ic) respectively.”.

Another concern is that the authors make considerable use of the CMIP5 concentrations (by
the way, a correct reference to this data would be Lamarque et al., ACP, 2010), which is a
somewhat circular evaluation. Indeed, the CMIPS5 data were generated using a chemistry
model very similar to the one used in BCC-ESM1. It is true that the emissions are different,
but then the main evaluation this analysis provides is on the similarity of emissions. | would
therefore encourage the authors to expand their model evaluations to include more
observations. For example, the paper
https://www.geosci-model-dev.net/9/1853/2016/gmd-9-1853-2016.pdf includes analysis
against aircraft observations. While I understand that the focus is on aerosols, it cannot be
ignored that the rate of formation of sulfate is dependent on the levels of oxidants in the
troposphere. It would therefore be very useful if some documentation and evaluation of
oxidants (at the very least ozone) is included in the paper.
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We appreciate your very relevant comments. The right reference of Lamarque et al.
(2010) is now used in the revised manuscript. We also agree entirely that the
oxidation capacity should be evaluated, and we followed your suggestion by
comparing the simulated O3 in the 20th century against CMIP6 prescribed data and
global ozonesonde observations from WOUDC. We added a new section ‘4.
Evaluation of O3 and aerosols simulation in the 20th century”. Furthermore, a
comparison of BC simulations against HIPPO BC aircraft observations is also added
in “4.3 Global aerosol distributions at present day”’.

Minor comments

1. Lines 155-157: why is convective transport not considered?

Vertical transport of gas tracers and aerosols due to deep convection is not yet
included in the present version of BCC-AGCM3-Chem, which process is considered
as a part of the deep convection and occurs generally in a small spatial region on a
GCM-box with low-resolution (2.8°at.x2.8°lon.). Another consideration is that a
large uncertainty exists to treat transport of those water-soluble tracers by deep
convection. We are working on this issue. This effect will be involved in the next
version of BCC model. We feel it is important to mention it since we are aware that
the issue can partly matter for the quality of results shown in this manuscript. We
added this explanation in lines 146-151 in the revised manuscript.

2. Lines 189-191: Following the work done in CAM4, it would be quite straightforward to
include some basic representation of NH3 chemistry (see Lamarque et al., GMD, 2012,
section 5).

We apologize for this mistake about NH3. In fact, a previous version of BCC-ESM
did not include NH3. But in the frozen version of BCC-ESM1 that is used in this
work, NH3 is indeed a prognostic variable following CAM4 (Lamarque et al., GMD,
2012). So, we added some description about NH3 in “2.1 SO2, DMS, NH3, and
Sulfate” and Table 1, Table 2, and Table 4 in the revised manuscript.

3. Line 207: reference Hoesly et al.
In the revision, we have added the reference of Hoesly et al. (2018) in line 223 in the
revised manuscript.

4. Lines 251-254: this is an important aspect of the model that needs more discussion. In
particular, what is the aerosol indirect effect in this model?

In the revision, we have added a paragraph in “2.5 Effects of aerosols on radiation,
cloud, and precipitation” to describe the treatment of aerosol indirect effect in
BCC-ESM1.

5. Line 257 (and other places): it is AerChemMIP, not AeroChemMIP
In the revision, we changed “AeroChemMIP” to “AerChemMIP”,

6. Lines 273-276: which emissions are those? The CMIP6 (as the CMIP5) had all emissions
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necessary for tropospheric chemistry, as long as some splitting of lumped emissions (like total
VOC emissions) were performed.
In the revised manuscript, we added more details for this issue in lines 323-337.

“Most historical emissions from anthropogenic source (surface, aircraft plus ship) and
biomass burning from 1850 to 2014 are CMIP6-recommended data (Hoesly et al., 2018;
available at https://esgf-node.llnl.gov/search/inputdmips). Anthropogenic or biomass
burning sources of some tracers which are not included in the CMIPG6 dataset (see Table 4),
anthropogenic emission of H2 and N20 are from monthly climatological dataset provided by
the MOZART-2 standard package. N20 is a prognostic variable in BCC-ESM1 but it is
replaced by CMIP6 prescribed concentration in the historical run. Other emissions
including biomass burning (CH3COCH3) and anthropogenic emission (CH3CHO, CH30H,
and CH3COCH3) are from the IPCC ACCMIP emission inventory
(http://accent.aero.jussieu.fi/ACCMIP.php) covering the period from 1850 to 2010 with
10-year intervals (see Table 4). Monthly lumped emissions of black carbon and organic
carbon aerosols from 1850 to 2014 are downloaded from CMIP6-recommended data, but we
used 80% (for BC) and 50% (for OC) of them in their hydrophobic forms (BCI and OC1)
and the rest in their hydrophilic forms (BC2 and OC2), following the work of Chin et al.
(2002).”

We check the CMIP6 data website again and cannot find anthropogenic emission data of H2
and N20 provided.

7. Line 288: volcanic, not volcano
In the revision, we have corrected to “3.2 Volcanic eruption, lightning and aircraft
emissions”

8. Line 290: this is confusing. It is really not clear that stratospheric aerosols are represented
in this model. Are those really stratospheric emissions, or tropospheric emissions of the
non-eruptive volcanoes?

We apologize for the confusion. We don’t have stratospheric chemistry scheme, and no
stratospheric emissions at all. That statement in the initial manuscript indicates surface
emissions from non-eruptive volcanos. In the revised manuscript, we rewrote the
corresponding paragraph in “3.2 Volcanic eruption, lightning and aircraft emissions”. It
reads in lines 354-360 as “As there is no stratospheric aerosol scheme in BCC-ESM1,
concentrations of sulfate aerosol at heights from 5 to 39.5 km, which volcanic origin, are
directly prescribed using the CMIP6-recommended data (Thomasson et al., 2018) from 1850
to 2014. The effects of surface SO2 emissions from volcanic eruption on the variation of SO2
in the atmosphere and then on the variation of tropospheric SO42- concentration are
considered, and the SO2 emissions from 1850 to 2014 are downloaded from the IPCC
ACCMIP emission inventory (http://accent.aero.jussieu.fi/ACCMIPphp).”

9. Line 293: what are the total NOx emissions from lightning (in TgN/year)?
The globally-averaged mean of the total NOx emissions from lightning during the period of
185010 2014 is 5.19 Tg (N)-yr-1. It is in agreement with observations within the range of 3 to
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6 Tg(N) yr-1 (Martin et al., 2002). In the revised manuscript, we modified the corresponding
description in “3.2 Volcanic eruption, lightning and aircraft emissions”

10. Lines 301-303: this is not clear. Are you describing the relaxation time (of 10-days) of the
concentrations towards the climatology? Is the climatology changing over the course of the
historical period?

Yes, we are describing the relaxation time (10 days) that we used to relax different chemical
variables toward their monthly and zonal mean climatological values, prescribed in the top
two layers. During the revision, we rewrote the corresponding paragraph in “3.3 Upper
boundary of the atmosphere” in lines 371-379 as

“Concentrations of different tracers (03, CH4, N20, NO, NO2, HNO3, CO, and N205) at
the top two layers of the model are set to prescribed monthly climatological values, and
concentrations from below the top two layers to the tropopause are relaxed at a relaxation
time of 10-days towards the climatology. Climatological values of NO, NO2, HNO3, CO and
N205 at the top two layers are extracted from MOZART?2 data package available at the
Website (https://www2.acom.ucar.edu/gcm/mozart-4), originated from the Study of Transport
and Chemical Reactions in the Stratosphere (STARS, Brasseur et al., 1997). Concentrations
for the other tracers (03, CH4, and N20) at the top two model layers are the
zonally-averaged and monthly values from 1850 to 2014 derived from the CMIP6 data
package.”

11. Line 337: there are some anthropogenic/biomass SO2 emissions in 1850, just small ones.
Yes, that is true, anthropogenic emissions were not entirely negligible, although small in
1850. During the revision, we reformulated the corresponding paragraph in lines 411-415.

“We can compare them with CMIP5 recommended concentrations in year 1850, considered
as the reference state in the pre-industrial stage. At that time, there are fewer
anthropogenic/biomass SO2 emissions, the SO4 over land are evidently smaller than those
over oceans especially over the tropical Pacific and Atlantic Oceans, where DMS can be
oxidized to SO2 and then form SO4”

12. Line 373: the correlation really only reflects that the lifetime of SO2 is very short and not
changing much, and therefore the burden will directly follow the emissions.

Yes, we agree entirely with this remark. We modified the descriptions in lines 481-484 as
“Due to increasing SO2 emissions from 1850 to present day (Fig. 6), the global SO2 burden
in the atmosphere increased from 100 Tg in 1850s to 200 Tg in 1980s (Fig. 7a), and has a
high correlation coefficient of 0.996 with the anthropogenic emissions (Fig. 6a), as the
lifetime of SO2 is short. The burden directly followed the emission”.

13. Line 376: what is the “NCAR data package”?

It is MOZART?2 package and corrected in lines 485-487 to “Its natural emissions from
oceans from 1850 to 2010 in the model are the climatological monthly means (Dentener et al.,
2006) from MOZART?2 data package.” in the revised manuscript.

14. Line 400 (and others): a lot of analysis compares to Liu et al (2005). It would be useful to
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include more publications, especially more recent ones.
In the revision, we have added more comparison with recent publications such as Liu et al.
(2016), Matsui and Mahowald (2017), Tegen et al. (2019) in “4.2 Global aerosols budgets”.

15. Figure 5: why is the BCC ESM1 data also shown as 10-year averages? Also, are those the
results of a single ensemble member? More details on the simulation would be useful; in
particular I am assuming that this is a fully coupled simulation.

The 10-year averaged from BCC-ESM1 data used in the previous version of manuscript is
only based on consideration for intercomparison with the 10-year interval CMIP5 data. In
the revised manuscript, we updated those using the yearly mean simulations (Figure 5 is
numbered to Figure 7 in the revised version).



Response to Referee #2

Interactive comment on “Beijing Climate Center Earth System Model version 1
(BCC-ESM1): Model Description and Evaluation” by Tongwen Wu et al.

General

The paper presents a description and an evaluation of the tropospheric aerosols included in
the Beijing Climate Center Earth System Model. The paper consists of a quite general
overview and my main concerns relate firstly to the description of the aerosol scheme which
is rather vague in several parts. Furthermore, it is not so clear what is specific or not to this
aerosol scheme, what has been developed and/or adjusted, compared to other schemes already
in place in other climate models. Secondly, the evaluation is mostly qualitative, and when
some quantitative information is provided, it often refers to quite old references.

Both issues needs to be addressed quite thoroughly for the paper to progress in the review
process. This requires quite some work. My list of particular points appears below.

We thank reviewer #2 for his/her carefully reading our manuscript. We have revised the
manuscript accordingly. We showed more details and descriptions of the aerosol scheme,
and added an evaluation for O3 simulation which is helpful to complement aerosols. We
also presented more quantitative information, and comparisons with recent observation and
references.

Questions/remarks

1. paragraph “Model description”: this paragraph needs some rewriting as some features, eg
ACGM3, AVIM2, are presented twice

We have rewritten this paragraph in “2. Model description”. The components of the
atmosphere, the land, the ocean and the sea ice in BCC-ESM1 are described in separate
paragraph.

2. L146: what is the reference for the “weighted-combination™? Please provide more details.

In the revision, we have reworded this sentence to make our point clearer and rewritten this
paragraph in lines 127-137 as “Dry deposition velocities for the 15 trace gases including
03, CO, CH4, CH20, CH300H, H202, NO2, HNO3, PAN, CH3COCH3, CH3COOOH,
CH3CHO, CH3COCHO, NO, and HNO4 are not computed interactively and directly
interpolated from MOZART2 climatological monthly mean deposition velocities
(https://en.wikipedia.org/wiki/MOZART(model)) which are calculated offline (Bey et al.,
2001; Shindell et al., 2008) using a resistance-in-series scheme originally described in
Wesely (1989). The dry deposition velocities for the other 15 species including MPAN,
ONIT, ONITR, C2H50H, POOH, C2H500H, C3H700H, ROOH, GLYALD, HYAC,
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CH30H, MACROOH, ISOPOOH, XOOH, HYDRALD, and H2 are calculated using
prescribed deposition velocities of 03, CO, CH3CHO, or land surface type and surface
temperature following the MOZART?2 (Horowitz et al., 2003).”

3. L156: is turbulent transport included? if not, then you are missing sub-grid scale transport
and the overall distribution of chemical species would be quite different considering this
sub-grid scale transport. Please explain what is your rationale for presenting an evaluation
without these processes.

Yes, Vertical transport of gas tracers and aerosols due to deep convection is not yet
included in the present version of BCC-AGCM3-Chem, which process is considered as a
part of the deep convection and occurs generally in a small spatial region on a GCM-box
with low-resolution (2.8°lat. X2.8%on.). Another consideration is that a large uncertainty
exists to treat transport of those water-soluble tracers by deep convection. But this effect
will be involved in the next version of BCC model. We have added those expressions in
lines 146-151.

4. L173: the Wesely approach has 3 terms. Why did you retain only two terms? Please
indicate if you compute the terms interactively or not. This is at the moment not clearly
stated.

Yes, the Wesely (1989) approach has 3 terms. We have cleared clarified this in lines
184-187 in the revised manuscript as “The dry deposition velocity of SO2 follows the
resistance-in-series approach of Wesely (1989) using the formula, Wgg, = 1/(ry +1p +
1), in which r,, ry, and r. are the aerodynamic resistance, the quasi-laminar boundary
layer resistance, and the surface resistance, respectively and they are interactively
computed in each model time step.”

5. L179: it seems to me that the reactions listed in Table 2, and their reaction rates, are the
same as the ones that appear in Lamarque et al. 2012. This should be noted in the paper,
as therefore both the chemistry and the aerosol modules of the BCC-ESM1 and
CAM-Chem used for generating what the authors refer as the “CMIP5 recommended”
aerosol concentrations are quite similar. This should be made quite clear in the paper.
Possibly a paragraph in the paper could be dedicated to what is specific to this scheme, if

this is relevant.

Yes, the reactions listed in Table 2 are referred to CAM-Chem (Lamarque et al., 2012). We
have rewritten the description in lines 178-180 in the revised manuscript as “The present
version of aerosol scheme belongs to a bulk aerosol model and mainly refers to the scheme
of CAM-Chem (Lamarque et al., 2012), but the nucleation and coagulation of aerosols are
still ignored.”

6. L182: there is no reference to DMS in Benkowitz 1996. Please clarify what you mean.

That is our confusion about the reference. In the revision of the manuscript, we have
reworded this sentence in lines 193-196 as “The main source of DMS is from oceanic
emissions via biogenic processes. It is prescribed with the climatological monthly data that
are extracted from MOZART? package (https://www2.acom.ucar.edu/gcm/mozart-4). ”



7. LI191: is there a reference for this assumption?

That is related to “NH3”. In the first version of manuscript, we make a mistake about NH3.
In fact, the previous version of BCC-ESM did not include NH3 simulation in the chemistry
scheme. But in the frozen version of BCC-ESM1 that is used in this work, NH3 is already
set as a prognostic variable following CAM4 (Lamarque et al., GMD, 2012). So we added a
description about NH3 in “2.1 SO2, DMS, NH3, and Sulfate” and Table 1, Table 2, and
Table 4 in the revised manuscript.

8. L215: please clarify why in this paragraph about OC and BC your write about “soluble
gases”?

We have rewritten the description in line 226-228 as “OC2 and BC2 are soluble aerosols,
and their sinks are primarily governed by wet deposition. Their in- and below-cloud
scavenging follows the scheme of Neu and Prather (2011)”.

9. L224: what are the values of this scaling factor?

We have clarified it in lines 236-237 as “S is a scaling factor and set to 4.05x10°",
4.52x10™", 1.15x10°", 1.20x10°7 for four bins of sea salt aerosols (Table 4), respectively.”

10. L252: Wu et al 2019 is not in the list of references; and what do you mean by “it is
parameterized”, what is “it”? Do you refer to the aerosol first indirect effect or to the first
and second effects? Please provide further details, in particular if you parameterize the
second indirect effect of aerosols that not all climate models consider

We have added Wu et al 2019 in the list of references, and added a paragraph in “2.5

Effects of aerosols on radiation, clouds, and precipitation” to describe the treatment of
aerosol indirect effect in BCC-ESM1. In the first version of manuscript “it is parameterized”
means “liquid cloud droplet number concentration is parameterized”. Its details are added.

11. L257: “historical” is not an AerChemMIP simulation but rather a CMIP6 simulation that
will be a basis for a large number of CMIP6 analyses, including some AerChemMIP
analyses, but also other MIPs analyses. Please correct this wording throughout the
document. If the simulation you present is an historical CMIP6 simulation, please indicate
the baseline name of the corresponding files on the ESGF. Do you present one ensemble
member or several members?

We have rewritten description about “historical” experiment in “3. Experiment design for
the 20th century climate simulation”. It followed the historical simulation protocol
designed by CMIP6 (Eyring et al., 2016) which is named as “historical” in the Earth
System Grid Federation (ESGF). The protocol details the historical experiment forced with
emissions evolving from 1850 to 2014 refer to Collins et al. (2017). Three members of
historical experiments are conducted and the first member is analyzed in this work.

12. L264: “only O3 is a prognostic variable”: what about CHa4, it is part of the chemistry
scheme and therefore it is also a prognostic variable isn’t it? what about also CO2?

CH4 and N20 may be selected as prognostic variables. But both are suggested in

AerChemMIP to take prescribed values for the historical experiment. CO2 is also

prescribed using CMIP6 historical forcing data. We have clarified this point in lines
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307-312 in the revised manuscript.

13. L274: the CMIP6 anthropogenic emissions are meant to cover all that is required for a
climate model. Can you explain why this was not the case for your model?

Anthropogenic emissions for most tracers are available in the CMIP6 data. But we cannot
find anthropogenic emission data for H2 and N20O that we need. The details about the
emission data used are given in the revised manuscript.

14. L276: to my knowledge there is no such CMIP6 recommendation for hydrophobic and
hydrophilic forms. Please rephrase your sentence.

Yes, there is no such CMIP6 recommendation for hydrophobic and hydrophilic forms. So,
we use monthly lumped emissions of black carbon and organic carbon aerosols and then
we divided them separately to 80% of BC and 50% of OC emitted in their hydrophobic
forms (BC1 and OCI) and the rest being in their hydrophilic forms (BC2 and OC2)
following the work of Chin et al. (2002). This is cleared in lines 333-337.

15. L279 and following: please describe in more details the formation of Secondary Organic
Aerosol from vegetation that you consider? what comes out of MEGAN2.1, are they
related to OC2 only, and not OC2 and OC17? ...

OC does not belong to biogenic volatile organic carbons (VOCs). The hydrophilic organic
carbon (0OC2) can be formed from natural biogenic volatile organic compound (VOC)
emissions. It is calculated online in the land component model BCC-AVIM?2 and assumed
to equal to 10% of monoterpenes emission following the algorithm of Chin et al. (2002).
Those expressions are added in lines 348-352.

16. L291: factor 2-4 high: this is a strong affirmation! The Ge et al. 2016 study is older than
the CMIP6 data. How do they relate? And furthermore, do you have a stratospheric
aerosol scheme that uses these data? If yes, please describe the scheme, if not please
clarify your sentence.

The work of Ge et al. 2016 is not mentioned, and this statement is now removed in the
revised manuscript. As for stratospheric aerosol, we only considered SO4. We have
rewritten this paragraph in lines 354-360 as “As there is no stratospheric aerosol scheme in
BCC-ESM1, concentrations of sulfate aerosol at heights from 5 to 39.5 km, which volcanic
origin, are directly prescribed using the CMIP6-recommended data (Thomasson et al.,
2018) from 1850 to 2014. The effects of surface SO2 emissions from volcanic eruption on
the variation of SO2 in the atmosphere and then on the variation of tropospheric SO42-
concentration are considered, and the SO2 emissions from 1850 to 2014 are downloaded
firom the IPCC ACCMIP emission inventory (http://accent.aero.jussieu.fr/ACCMIP.php).”

17. L304: please clarify what the MOZART?2 data package include, data? Chemistry code?...

We have clarified those in lines 374-376 as “Climatological values of NO, NO2, HNO3, CO
and N205 at the top two layers are extracted from MOZART?2 data package available at the
Website (https://www2.acom.ucar.edu/gcm/mozart-4), originated from the Study of Transport
and Chemical Reactions in the Stratosphere (STARS, Brasseur et al., 1997).”

Yes, MOZART? data package includes data and chemistry code.
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18. L307: to my knowledge the CMIP6 data package does not include neither CH4, nor N2O:
what do you refer here to?

We have checked them. The CMIP6 data package includes zonally and monthly values of
CH4 and N20.

19. Table 1 and Table 4: there are incoherences between species listed in both Tables. For
example, CH3COCHO is not emitted in Table 1 and has emissions in Table 4. Please
carefully check consistency between these tables.

We have corrected the incoherence between Tables 1 and 4.
20. L318: “only a small warming”: please quantify this

We have rewritten this paragraph in lines 381-395 of the revised manuscript and added the
time series of global SST in Figure 1.

21. L324: mean and uncertainty should not be of different orders. Please correct here and in
other places in paper.

We have corrected those expressions in “3.4 The preindustrial model states”

22. L.331: these are not concentrations but rather loads, and what is the reference for these
“CMIP5 recommended concentrations”?

Figures 2a-2c¢ show the time series of global annual total masses in the troposphere
(integrated from the surface to 100 hPa) in the last 450 years of the piControl. It is derived
from CMIP5 recommended concentrations. The reference of CMIP5 data is Lamarque et
al. (2010) and has added in the text.

23. L338: why do you think there is such a distribution?

We added some words about the distribution of SO42- in year 1850 in lines 411-415 of the
revised manuscript as “We can compare them with CMIP5 recommended concentrations in
year 1850, considered as the reference state in the pre-industrial stage. At that time, there
are fewer anthropogenic/biomass SO2 emissions, the SO4 over land are evidently smaller
than those over oceans especially over the tropical Pacific and Atlantic Oceans, where
DMS can be oxidized to SO2 and then form SO4.”

24. L350: in addition to pointing out similarities, please address differences between CMIP5
and BCC-ESM1 outputs, and why there are such differences/similarities

We have added sentences in lines 428-432 as “Relative lower relations for sulfate, black
carbon and organic carbon are possibly caused as different anthropogenic emission
sources are used in BCC-ESM1 and to create CMIP5 data. Dust and sea salts belong to
natural aerosols and depend on the land and sea surface conditions, so their spatial
distributions are easy to be captured and have relatively higher correlations between
CMIPS5 data and BCC-ESM1 simulations.”

25. L376: what is this particular "NCAR data package"
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We have corrected it in lines 485-487. It is MOZART? data package.

26. L378: sentence "This decrease trend possibly results from the prescribed emissions have
not year-to-year variations and ..." is not clear

It is modified in lines 487-491 as “As shown in Fig 7a, the global amount of DMS in the
whole atmosphere was about 0.12 Tg during 1850-1900 and decreased to 0.055 Tg in 2010.
This decrease trend maybe partly results from the speeded rate of DMS oxidation with
global warming, and the loss of DMS gradually exceeds the source of ocean DMS emission
to cause a net loss of DMS in the atmosphere since 1910s”

27. L386: the sentence "The trends of global BC and OC burdens are similar to that of sulfate,
but they showed continuous increases from 1950 to present.” is not clear

This sentence is modified in lines 496-499 of the revised manuscript as “As for global BC
and OC burdens, BCC-ESM1 results show continuous increases since 1850s, especially
from 1950 to present. From 1910°s to 1940°s, the CMIP5 data show a slight decrease of BC
and OC burdens in the atmosphere.”

28. L390: "was slightly enhanced from 1950 to 2000" : I rather see a similar burden in 1950
and in 2000. Please be clearer, and do you have evidence of increasing soil dryness during
that period?

We have corrected its description in lines 501-504. Global dust burden in the period from
1980 to 2000, not from 1950 to 2000, shows evident increase. The details about the
temperature and soil moisture in drought areas will be explored in other paper.

29. L400: "largely due to stronger wind speed": differences could be due to differences in
underlying DMS concentrations in the oceans. What supports your affirmation?

DMS emission from the ocean is computed by wind near the sea surface. We have not
compared the wind simulations in BCC-ESM with the data used in Liu et al. (2005). So, we
cancelled the original description to account for their difference of DMS emission from
oceans between BCC-ESM|1 and the values in Liu et al. (2005).

30. L406: air traffic is part of anthropogenic activities; please rephrase your sentence, and
what about biomass burning emissions? biomass burning emissions, SO, from volcanic
eruption?

We have modified descriptions in lines 512-516. There are three parts of SO2 source listed
in Table 5. One is produced from the DMS oxidation, the second is from airplane emissions
to the atmosphere, and the rest included emissions from anthropogenic activities and
volcanic eruption at surface.

31. L407: you indicate that volcanic emissios are not included. I wonder in Figure 3 what
corresponds to the area of large loads of sulfate around Central America?

Corrected it. Volcanic emission of SO2 at surface is included.
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32. L423: it seems that the total of 45.2 Tg/yr for OC is incoherent with what appears in
Figure 4b; please correct.

In the Table 6, the units of OC sources and sinks are Tg (OM)/yr in order to compare with
the data of Liu et al. (2012), and assumed OC equal to OM/1.4. We have transferred the
units of OC sources and sinks to Tg (OC) yr—1 in Table 6 to keep coherence with the data
in Figure 4b.

33. L490: please provide some quantitative information with these plots, as for instance
appears in the AeroCom web page with scatter plots
(https://aerocom.met.no/cgi-bin/surfobs_annualrs.pl)

We have added some statistical values such as Table 7 to list the regional mean and spatial
standard deviation, minimum and maximum values at IMPROVE and EMEP network sites
versus simulated concentrations of sulfate (S042-), organic carbon (OC), black carbon
(BC), and the spatial correlation between observed and simulated multi-years averaged
annual means.

34. L500: please provide some quantitative elements on the extinction coefficients, also single
scattering albedo and asymmetry parameter3

As limited length of the text, the other optical feature of aerosols such as extinction
coefficients, single scattering albedo and asymmetry parameters, and even their feedbacks
on radiation and global temperature change will be explored in the other paper. It is
mentioned in lines 706-709 in “5. Summary and discussions”

35. L502 (and paragraph): do you show a 1997-2003 average or the 2008 year as indicated in
the figure; please provide quantitative information (bias, rmse..., or normalized figures as you
prefer). This comment is valid for all figures. They should all be accompanied with some
quantitative information

We have added Table 7 to list the regional mean and spatial standard deviation, minimum
and maximum values at IMPROVE and EMEP network sites versus simulated
concentrations of sulfate (§042-), organic carbon (OC), black carbon (BC), and the spatial
correlation between observed and simulated multi-years averaged annual means.

36. L516: I don’t feel the evaluation is “comprehensive” so far. Please review this affirmation
as you make some progress in a future version of the paper3

“comprehensive” is changed to “primary” in line 660.

37. L530: you indicate that you used prescribed concentrations for CH4, and in Table 4 you
indicate that you consider CH4 emissions. Please clarify

CH{ is a prognostic variable in the chemistry scheme of BCC-ESM1. So, emission of CH4
listed in Table 4 is used to simulate CH4 concentration, but some WMGHGs such as CH4,
N20, CO2, CFC11 and CFCI2 according to the experimental protocol of AerChemMIP
are prescribed using CMIP6 prescribed concentrations (to replace prognostic values of

12



CH4 and N20 from the chemistry scheme). It is clarified in “3. Experiment design for the
20th century climate simulation” in the revised manuscript.

38. L541: there is no such compararison of all of these aerosols with observations. Please be
more precise.

Modified the description in lines 684-685 in the revised manuscript as “Global budgets of
aerosols were evaluated through comparisons of BCC-ESM1 results for 1990-2000 with
reports in various literatures for sulfate, BC, OC, sea salt, and dust.”.

39. L560: I don’t understand “How about the GHGs simulations in the AeroChemMIP
historical run?” please be clearer and more precise4

03 is evaluated in this work. Other GHGs such as CH4 and N20 concentrations can be
simulated when forced with emissions and their simulations also need to be evaluated in
future. Those are added at the end of “5. Summary and discussions”.

40. Figure 4: please add biomass burning emissions, if not done yet, or indicate if they are
already part of the figurd

Modified the captions of Figure 4, and all the biomass burning emissions are included in
natural emissions in (a)-(c).

41. Figure 14: do you compare monthly observations averaged over 1998-2005 with monthly
model outputs averaged over 1998-2005? please formulate more precise.

The data plotted in Figure 14 (it is numbered to Figure 15 in the revised manuscript) are
multi-years averaged annual means over the available years 1990-2005 for IMPROVE
sites and 1995-2005 for EMEP sites and corresponding simulations. The caption of Figure
15 is rewritten as “Scatter plots showing observed versus simulated multi-years averaged
annual mean sulfate (§04), organic carbon (OC), black carbon (BC) mixing ratios at
IMPROVE and EMEP network sites. Observations are averages over the available years
1990-2005 for IMPROVE sites, and 1995-2005 for EMEP sites.”

Minor questions/remarklat the paper focuses on tropospheric aerosols

1. L1: the title is misleading and should be changed at the paper focuses on tropospheric
aerosols

This is a very good suggestion. The title “Beijing Climate Center Earth System Model
version 1 (BCC-ESM1): Model Description and Aerosols Simulation Evaluation” is
changed to “Beijing Climate Center Earth System Model version 1 (BCC-ESM1): Model
Description and Aerosols Simulation Evaluation”

2. L49: “Besides gaseous”

13



In the revision, we have rewritten this sentence to “Besides gaseous components,
atmosphere also contains various aerosols, which are important for cloud formation and
radiative transfer.” in lines 52-53 of the revised manuscript.

3. L51: aerosol are particles; so change “aerosol particles” to “aerosols”

It is modified in line 54 of the revised manuscript.

4. L59, and others: homogeneise writing of chemical compounds, for instance O3

Expressions for chemical compounds similar to O3 in the whole text are modified to keep
homogenies.

5.L99: “BCC-ESM1 is a fully-coupled global climate-chemistry-aerosol model “: it seems to
me that BCC-ESM1 is more than that; I would say it is an “Earth System Model with

interactive chemistry and aerosol components” if you want to insist on these components

We thank the reviewer for pointing this out. This sentence is rewritten to “BCC-ESM1 is an
Earth System Model with interactive chemistry and aerosol components.” in lines 101-102
of the revised manuscript.

6. L120: change “used” to “uses”

It is corrected.

7. L122: please clarify “ranged to”

The sentence is rewritten to “MOMA4-L40 uses a tripolar grid of horizontal resolution with
1° longitude by 1/3° latitude between 30°S and 30°N ranged to 1° longitude by 1° latitude
from 60°S and 60°N poleward and 40 z-levels in the vertical.” in lines 161-163.

8. L145: it is not clear whether deposition velocities are computed interactively, as in Wesely,
or consist of monthly means.

We have clarified those expressions in lines 127-137 of the revised manuscript.

9. L198: remove “Its”

In the revision, we have removed the word “Its”.

10. L238: please be more precise on the Web page

The Web page is https://svn-ccsm-inputdata.cgd.ucar.edu/trunk/inputdata/atm/cam/dst/. It
is denoted as in line 251 in the revised manuscript.

11. L252: Wu et al 2019 is not in the list of references; and what do you mean by “it
is parameterized”, what is “it”?

The reference of Wu et al.(2019) is added in the list of references. The sentence “it is
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parameterized” means “liquid cloud droplet number concentration is parameterized”. We
have added the description about its parameterization in “2.5 Effects of aerosols on
radiation, cloud, and precipitation” in the manuscript.

12. L263: AGCM-Cheml: is this the correct name of the model?

“BCC-AGCM3-Chem” is the name of the atmosphere component model of BCC-ESM1. It
is corrected in line 261 of the revised manuscript.

13. L264: please reformulate “at each model step and interacts with radiations”

We have rewritten this expression in lines 307-310 of the revised manuscript.

14. L276: add “see Table 4”

It is modified.

17. L283: MEGAN acronym already introduced

It is modified.

18. L310: change “1850 AD conditions” to “1850 conditions”.

It is modified.

19. L317: change “600” to “450”

It is modified.

20. L385: early 1980s

It is modified.

21. L513: please correct the North American coordinates; and correct also in Figure 14 the
European coordinates; and furthermore the coordinates you indicate in the text do not
correspond to those of Figure 14

Figure 14 is numbered to Figure 19 in the revised manuscript. We have corrected the
legends in Figure 19 and the expressions in the text.

22. L543: in relevant literature

“in relevant literatures” is corrected to “in relevant literature”.

23. Table 1: please indicate that interactive surface emissions are considered for sea salt and
dust

We added the expression “In the column of surface emission, interactive surface emissions

15



are considered for sea salt and dust.” in the caption of Table 1.

24. Table 5: I could not find figures for the sinks of DMS in Liu 2005 Table 4. Where do
your figures come from?

It is our mistake as our references confusing and cancelled in the revised manuscript.

25. Table 6: f for Ginoux 2001

Ginoux et al. (2001) is added in the list of references.

26. Figure 1: change SAT into tas official CMIP6 variable

It is modified in Figure 1.

27. Figure 5: what is the "20th historical simulations"? Same question in caption of Figure 11

The expression of “20th historical simulations” is changed to “CMIPG6 historical
simulations” in Figures 7 and 14 in the revised manuscript.

28. Figure 5: change "blue" to "black”

It is modified. Figure 5 is renumbered to Figure 7 in the revised manuscript.
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Abstract. BCC-ESM1 is the first version of a fully-coupled Earth System Model with
interactive atmospheric chemistry and aerosols developed by the Beijing Climate Center,
China Meteorological Administration. Major aerosol species (including sulfate, organic
carbon, black carbon, dust and sea salt) and greenhouse gases are interactively simulated with
a whole panoply of processes controlling emission, transport, gas-phase chemical reactions,
secondary aerosol formation, gravitational settling, dry deposition, and wet scavenging by
clouds and precipitation. Effects of aerosols on radiation, cloud, and precipitation are fully
treated. The performance of BCC-ESM1 in simulating aerosols and their optical properties is
comprehensively evaluated as required by the Aerosol Chemistry Model Intercomparison
Project (AerChemMIP), covering the preindustrial mean state and time evolution from 1850
to 2014. The simulated aerosols from BCC-ESM1 are quite coherent with
CMIP5-recommended data, and—in-situ measurements from surface networks (such as

IMPROVE in the U.S. and EMEP in Europe), and aircraft observations. A comparison of

themodeled aerosol optical depth (AOD) at 550 nm fer-all-aeresels—with-the satellite AOD

observations retrieved from Moderate Resolution Imaging Spectroradiometer (MODIS) and

Multi-angle Imaging SpectroRadiometer (MISR) and surface AOD observations from

AErosol RObotic NETwork (AERONET) shows reasonable agreements between simulated

and observed AOD. However, BCC-ESM1 seems—to—shows weaker upward transport of
aerosols from the surface to the middle and upper troposphere, likely reflecting the deficiency
of representing deep convective transport of chemical species in BCC-ESM1. With an overall
good agreement between BCC-ESM1 simulated and observed aerosol properties, it
demonstrates a success of the implementation of interactive aerosol and atmospheric

chemistry in BCC-ESM1.
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1. Introduction

Atmosphere is a thin gaseous layer around the Earth, consisting of nitrogen, oxygen and
a large number of trace gases including important greenhouse gases (GHG) such as water
vapor, tropospheric ozone (0O;), carbon dioxide (CO,), methane (CHy), nitrous oxide (N,O),
and chloro-fluoro-carbons (CFCs). Besides the—gaseous components, atmosphere also
contains various aerosols, which are important for cloud formation and radiative transfer.
Atmospheric trace gases and aerosols—partieles are actually interactive components of the
climate system. Their inclusion in global climate models (GCMs) is a significant
enhancement for most state-of-the-art climate models (Lamarque et al., 2013; Collins et al.,
2017). Early attempts in coupling global climate dynamics with atmospheric chemistry can be
traced back to late 1970s, when 3D transport of ozone and simple stratospheric chemistry
were firstly incorporated into a GCM to simulate global ezene(Os) production and transport
(e.g., Cunnold et al. 1975; Schlesinger and Mintz 1979). Since mid-1980s, a large number of

on-line global climate/chemistry models have been developed to address issues of the

tropospheric aerosol and its interactions with cloud (e.g., Chuang et al. 1997; Lohmann et al.
2000; Ghan and Easter, 2006; Jacobson 2012). Aerosols and chemically reactive gases in the
atmosphere exert important influences on global and regional air quality and climate (Collins
etal., 2017).

Since 2013, the Beijing Climate Center (BCC), China Meteorological Administration,
has continuously developed and updated its global-fully-coupled GCMekimate—model;, the

Beijing Climate Center Climate System Model (BCC-CSM) (Wu et al., 2013; Wu et al., 2014;

Wu et al., 2019). BCC-CSM version 1.1 was one of the comprehensive carbon-climate

models participating te—in the phase five of the Coupled Model Intercomparison Project
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biogeochemistry changes (e.g. Mora et al., 2013), and carbon-climate feedbacks (e.g. Arora et
al., 2013; Hoffman et al., 2014). BCC-CSM includes main climate-carbon cycle processes
(Wu et al,, 2013) and the global mean atmospheric CO, concentration is calculated from a
prognostic equation of CO, budget taking into account global anthropogenic CO, emissions

In recent years, BCC has put large muech—efforts in developing a global
climate-chemistry-aerosol fully-coupled Earth System Model (BCC-ESM1) on the basis of

BCC-CSM2 (Wu et al., 2019). The objective is to interactively simulate global aerosols (e.g.

sulfate, black carbon, etc.) and main greenhouse gases (e.g. Os;, CHs, NO, and CQO,) in the
atmosphere and to investigate feedbacks between climate and atmospheric chemistry.
BCC-ESM1 is at the point to be publicly released, and it is actively used byir BCC for several
CMIP6-endorsed research initiatives (Eyring et al. 2016), including the Aerosol Chemistry
Model Intercomparison Project (AerChemMIP, Collins et al., 2017) and the Coupled
Climate—Carbon Cycle Model Intercomparison Project (C4MIP, Jones et al. 2016).

The purpose of this paper is to evaluate the performance of BCC-ESM1 inte simulatinge
aerosols and their optical properties in the 20th century. The description of BCC-ESM1 is
presented in Section 2. The experimental protocol is givenshews in Section 3. Section 4
presents the evaluations of aerosol simulations with comparisons to CMIP5-recommended

data (Lamarque et al., 2010) and data obtained from both global surface networks and satellite

observations. The regional and global characteristics compared to observations and estimates
from other studies are analyzed. Simulations of aerosol optical properties in the 20th century
are also analyzed in Section 4. Conclusions and discussions are summarized in Section 5.
Information about code and data availability is givenshews in Section 6.

2. Model description

BCC-ESM1 is an Earth System Model with interactive chemistry and aerosol®

components, in which the atmospheric component is BCC Atmospheric General Model

version 3 (Wu et al, 2019) with interactive atmospheric chemistry (hereafter

BCC-AGCM3-Chem), land component BCC Atmosphere and Vegetation Interaction Model

version 2.0 (hereafter BCC-AVIM2.0), ocean component Modular Ocean Model version 4

(MOM4)-L40, and sea ice component [sea ice simulator (SIS)]. Different components of
4
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BCC-ESM1 are fully coupled and interact with each other through fluxes of afully-eoupled

each—other through fluxes—of - momentum, energy, water, carbon and other tracers at their
interfaces. The coupling between the atmosphere and —ané-the ocean is done every hour.
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The BCC-AGCM3-Chem combines 66 gas-phase chemical species and 13 bulk aerosol

compounds as listed in Table 1. Apart from 32 gas-phase species of dimethyl sulfide (DMS),

and-SO, ;and NH3, the other 63 gas-phase species are the same as those in the “standard

version” of MOZART2 (Model for Ozone and Related chemical Tracers, version 2), a global
chemical transport model for the troposphere developed by the National Center for
Atmospheric Research (NCAR) driven by meteorological fields from either climate models or
assimilations of meteorological observations (Horowitz et al., 2003). Advection of all tracers

in BCC-AGCM3-Chem is performed through a semi-Lagrangian scheme (Williamson and

Rasch, 1989), and vertical diffusion within the boundary layer follows the parameterization of [;ﬁﬁgiﬁﬁg: TR
Holtslag and Boville (1993). The gas-phase chemistry of the 63 MOZART2 gas-phase species ”E izj\éz T\_E
as listed in Table 1 is treated in the same way as that in the “standard version” of MOZART2 {[ HikAH: T
/’//,// R TR

(Horowitz et al., 2003), and —Fthere are 33 photolytic reactions and 135 chemical reactions ”///////{ WK Fh
involving 30 dry deposited chemical species and 25 soluble gas-phase species. Their—dry Uﬂ’/%iﬁizz Ef
Iy /////// : 7N

Mm{%ﬁﬁm:rﬁ

Wesely-(1989)-Dry depositi locities for the 15 t luding O3, CO, CH,, CH,0,/ ///;// {%ﬁﬁ%: I
5 N2 g —

ry deposition velocities for the 15 trace gases including Oz, CO, CI H,, CH,O ,/// Rt Th

CH;O0H, H;0p, NO,, HNO;, PAN, CH;COCH;, CH;COOOH, CH;CHO, CH;COCHO, NO, - ﬁ*ﬁiﬁﬁ‘k I
HRERE: e

and HNO, are not computed interactively and directly interpolated from MOZART2 __ {#g=p: Fis
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climatological monthly mean deposition velocities

(https://en.wikipedia.org/wiki/MOZART(model)) which are calculated offline (Bey et al., 2001;

Shindell et al., 2008) using a resistance-in-series scheme originally described in Wesely

(1989).; The dry deposition velocities and-these—for the other 15 species including MPAN,

o 0 0 A A

ONIT. ONITR, CoH;OH. POOH, CoH:OOH. C;H,;00H. ROOH, GLYALD, HYAC. CHOH, _-- i iﬁ;‘ﬁi L
D : 7N
MACROOH. ISOPOOH, XOOH, HYDRALD. and H; are calculated determined—using & \\\\@\\\{'”FE‘%:T:W‘J: Fhw
: . y . L (R T
weighted-combination—of-prescribed deposition velocities of Ogezene, CO, er-CH;CHO, or \\\\{%1:& xH: Fh
land surface type and surface temperature following the MOZART2 (Horowitz et al., 2003). ' \\\{ it R
Lo (R Fhs
Wet removals by in-cloud scavenging for 25 soluble gas-phase species in the “standard '\ {%pﬁi@g@; TR
version” of MOZART?2 use the parameterization of Giorgi and Chameides (1985) based on \\% giiﬁ i:ﬁ
1 FhR
their temperature dependent effective Henry’s law constants. In-cloud scavenging is
proportional to the amount of cloud condensate converted to precipitation, and the loss rate
depends on the amount of cloud water, the rate of precipitation formation, and the rate of
tracer uptake by the liquid phase water. Other highly soluble species such as HNO;, HyOp, - /{[giii iﬁ
T : 2
ONIT, ISOPOOH, MACROOH, XOOH, and Pb-210 are also removed by below-cloud \{%%EQEKJ: Thr

washout as calculated using the formulation of Brasseur et al. (1998). Below-cloud
scavenging is proportional to the precipitation flux in each model layer and the loss rate
depends on the precipitation rate. Vertical transport of gas tracers and aerosols due to deep
convection is not yet included in the present version of BCC-AGCM3-Chem, which process

is considered as a part of the deep convection and occurs generally in a small spatial region on

a GCM-box with low-resolution (2.8°lat.><2.8°lon.). Another consideration is that a large

uncertainty exists to treat transport of those water-soluble tracers by deep convection. But this

effect will be involved in the next version of BCC model.

The BCC-AVIM2.0 is the land model with terrestrial carbon cycle. It is described in

details in Li et al. (2019) and includes biophysical, physiological, and soil carbon-nitrogen

dynamical processes. The terrestrial carbon cycle operates through a series of biochemical

and physiological processes on photosynthesis and respiration of vegetation. Biogenic

emissions from vegetation are computed online in BCC-AVIM?2.0 following the algorithm of

the Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1

Guenther et al., 2012).
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The oceanic component of BCC-ESM1 is the Modular Ocean Model version 4 with 40

levels (hereafter MOM4-1.40), and the sea ice component Sea Ice Simulator (SIS).

MOM4-1.40 uses a tripolar grid of horizontal resolution with 1° longitude by 1/3° latitude

between 30°S and 30°N ranged to 1° longitude by 1° latitude from 60°S and 60°N poleward

and 40 z-levels in the vertical. Carbon exchange between the atmosphere and the ocean are

calculated online in MOM4-L.40 using a biogeochemistry module that is based on the

protocols from the Ocean Carbon Cycle Model Intercomparison Project—Phase 2 (OCMIP2

http://www.ipsl.jussieu.fr/OCMIP/phase2/). SIS has the same horizontal resolution as

MOM4-1L40 and three layers in the vertical, including one layer of snow cover and two layers

of equally sized sea ice. Details of oceanic component MOM4-L.40 and sea-ice component

SIS that are used in BCC-ESM1 may be found in Wu et al. (2013) and Wu et al. (2019).-

In the following sub-sections, we will describe the treatments in BCC-ESM1 for 32

gas-phase species of DMS,-and-—_SO; and Ni, 13 prognostic acrosol species including L /HA#:_[hs
sulfate (SO4Y), 2 types of organic carbon (hydrophobic OC1, hydrophilic OC2), 2 types of
black carbon (hydrophobic BC1, hydrophilic BC2), 4 categories of soil dust (DST01, DST02,
DSTO03, DST04), and 4 categories of sea salt (SSLTO1, SSLT02, SSLTO03, SSLT04).
Concentrations of all aerosols in BCC-ESM1 are mainly determined by advective transport,
emission, dry—_deposition, gravitational settling, and wet scavenging by clouds and
precipitation, except for SO, which gas-phase chemical reaetions—and aqueous phase
conversion from SO, are also considered. The present version of aerosol schemes belongs to a
bulk aerosol aeresel—type—of-model_and mainly refers to the scheme of CAM-Chem
(Lamarque et al., 2012), and-but the nucleation and coagulation of aerosols are still ignored.
2150, DMS, NH,, and Sulfate e T
SO, is a main sulfuric acid precursor to form aerosol sulfate SO,*. Conversions of SO,
to SO4* occur by gas phase reactions (Table 2) and by aqueous phase reactions in cloud
droplets. The dry deposition velocity of SO, follows the resistance-in-series approach of /{;ﬁ%&iﬁﬁg: ?%Eﬁé:, e }
,@gﬁm: Ak B, m‘rzm@:}
Wesely (1989) using the formula, Wsg, = 1/(r, + 13, + 1), in which ra, r,_and r, are the /~ {%ﬁgicag; A L 1 ]
aerodynamic resistance, the quasi-laminar boundary layer resistance, and the §grf@cpg///{%*§ﬁﬁg: TP : 30 1 }
RE %

resistance, respectively and they are interactively computed in each model time stepF,andf. .- {%*%EQEFJ

DR A
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loss rate of SO, due to wet deposition is computed following the scheme in the global

Community Atmosphere Model (CAM) version 4, the atmospheric component of the
Community Earth System Model (Lamarque; et al., 2012).

The sources of SO, mainly come from fuel combustion, industrial activities, and
volcanoes. SO, can also be formed from the oxidation of DMS as listed in Table 2 in which

their reaction rates follow CAM-Chem (Lamarque et al. 2012). The main source of DMS is

from oceanic emissions via biogenic processes. It is prescribed with ustre-the climatological

monthly data that are extracted from MOZART2 data—package

(https://www?2.acom.ucar.edu/gcm/mozart-4). eriginated—from—the—International —Global

SO4* is one of the prognostic aerosols in BCC-AGCM3-Chem. Its treatment follows

CAM4-Chem (Lamarque et al., 2012). It is produced primarily by the gas-phase oxidation of

SO, (in Table 2) and by aqueous phase oxidation of SO, in cloud droplets. The gas phase
reactions, rate constants, and gas-aqueous equilibrium constants are given by Tie et al. (2001).
The heterogeneous reactions of SO4> occur on all aerosol surfaces. Their treatment follows a
Bulk Aerosol Model (BAM) used in CAM4 (Neale et al., 2010). The heterogeneous reactions
depend strongly on pH values in clouds which are calculated from the concentrations of SO,,
HNO,;, H,0,, NH;, Os, HO,, and SO, —Only NH,—i i i

of2-0- NH; is a gas tracer apart from MOZART?2 (Table 1). Its sources include aircraft and -~ {ﬁ%ﬁﬁg: Fhr

surface emissions due to anthropogenic activity, biomass burning, and biogenic emissions

from land soil and ocean surfaces (Table 4). SO4” is assumed to be all in aqueous phase_due

to water uptake.; although Wang et al. (2008a) showed that ~34% of sulfate particles are in
solid phase globally due to the hysteresis effect of ammonium sulfate phase transition.
However, in terms of radiative forcing, consideration of solid sulfate formation process
lowers the sulfate forcing by ~8% as compared to consideration of all sulfate particles in
aqueous phase (Wang et al., 2008b). Future model development may consider the life cycle of

NHj. The sulfate in- and below-cloud scavenging follows Neu and Prather (2011). Washout
9
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of SO, is set to 20% of the washout rate of HNO; following Tie et al. (2005) and Horowitz
(2006). ¥s—dDry deposition velocity of SO4* is also calculated by the resistance-in-series
approach.
2.2 Aerosols of organic carbon and black carbon

BCC-AGCM3-Chem treats two types of organic carbon (OC), i.e. water-insoluble tracer
OCl1 and water-soluble tracer OC2, and two types of black carbon (BC), i.e. water-insoluble
tracer BC1 and water-soluble tracer BC2. As shown in Table 2, hydrophobic BC1 and OC1
can be converted to hydrophilic BC2 and OC2 with a constant rate of 7.1x10™° s™' (Cooke and
Wilson, 1996). The 4 tracers of organic carbon and black carbon are mainly from emissions
of anthropegenieaetivities-including both fossil fuel and biomass burning, and are from the

CMIP6 data package (https://esgf-node.llnl.gov/search/inputdmips/, Hoesly et al., 2018).

Beside anthropogenic and biomass burning emissions, hydrophilic organic carbon OC2 can

also come direethy-from natural biogenic volatile organic compound (VOC) emissions. Fhey

Dry deposition velocities for all the 4 OC and BC tracers are set to 0.001m.s”. OC2 and

BC2 are soluble aerosols, and their sinks are primarily governed by wet deposition. Their in-

and below-cloud scavenging follows the scheme of Neu and Prather (2011)-.and-the-transfer

2.3 Sea salt aerosols

As shown in Table 3, sea salt aerosols in the model are classified into four size bins (0.2—
1.0, 1.0-3.0, 3.0-10, and 10-20 1 m) in diamaterdiameter. They originate from oceans and
are calculated online by BCC-ESM1. The upward flux Fgoq_sq;¢ Of sea salt productions for
four bins is proportional to the 3.41 power of the wind speed uqy,, at 10 m height near the

sea surface (Mahowald et al., 2006) and is expressed as

Fseq—saie =S (ulom)3'41a (€8]

for foureach size bins of sea salt aerosols in BCC-ESM 1, respectively.

Dry deposition of sea salts depends on the turbulent deposition velocity in the lowest
10
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atmospheric layer using aerodynamic resistance and the friction velocity, and the settling
velocity through the whole atmospheric column for each bin of sea salts. The turbulent
deposition velocity and settling velocity depend on particle diameter and density (listed in
Table 3). In addition, the fact that the size of sea salts changes with humidity is also
considered. The wet deposition of sea salts follows the scheme for soluble aerosols used in
CAM4, and depends on prescribed solubility and size-independent scavenging coefficients.
2.4 Dust aerosols

Dust aerosols behave in a similar way as sea salts. Their variations involve three major
processes: emission, advective transport, and wet/dry depositions. The dust emission is based
on a saltation-sandblasting process, and depends on wind friction velocity, soil moisture, and
vegetation/snow cover (Zender et al., 2003). The vertical flux of dust emission is corrected by
a surface erodible factor at each model grid cell which has been downloaded from NCAR
website —

(https://nearuear-edu/https://svn-ccsm-inputdata.cgd.ucar.edu/trunk/inputdata/atm/cam/dst/).

Soil erodibility is prescribed by a physically-based geomorphic index that is proportional to
the runoff area upstream of each source region (Albani et al., 2014). Like sea salts, dry
deposition of dust aerosols includes gravitational and turbulent deposition processes, while
wet deposition results from both convective and large scale precipitation and is dependent on
prescribed size-independent scavenging coefficients.
2.5 Effects of aerosols on radiation, clouds, and precipitation

The mass mixing ratios of bulk aerosols are prognostic variables in BCC-ESM1 and
directly affect the shertwave—radiative transfer in the atmosphere with their treatments
following the NCAR Community Atmosphere Model (CAM3, Collins et al., 2004). Indirect
effects of aerosols are taken into account in the present version of BCC-AGCM3-Chem (Wu
et al., 2019). Aerosol particles act as cloud condensation nuclei and exert influence on cloud
properties and precipitationthe—hydrelogical-eyele, and ultimately impact the hydrological
cyclepreeipitation.—

Prognostic aerosol masses are used to estimate the liquid cloud droplet number

concentration Negne (cm™) in BCC-AGCM3-Chem. Negy is explicitly calculated using the

empirical function suggested by Boucher and Lohmann (1995) and Quaas et al. (2006):
11
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Nee =exp|[ 5.1+0.41In(m,,, )] @ (ormexs %
where Mgere (M g.m”) is the total mass of all hydrophilic aerosols, {%ﬁiﬁﬁg %‘Zwﬁé I% 1 ]
R LB R }
Myerp = Mg + My +m504 +mNH4Noz * @ / ///{{ ﬁiﬁﬁﬁ ‘fﬁﬂf T4 0 F
— . ) it D OYRHE: EATYERE: J
oA
ie. the first bin of sea salt (mgg), hydrophilic organic carbon (mgc). sulphate (mgg, ). ar and*/ {‘F}?#ﬁiﬁﬁ‘] Thr ]
NH,NG;. A dataset of NH,NO, from NCAR CAM-Chem (Lamarque et al., 2012) is 11§e,d,1£1 = {Ezigz TZ‘ - )
: ? D11, FRB }
our model. {
{m%ﬁ%:?%m¢%,?%ﬁ J
Nedna is an important factor in determining the effective radius of cloud droplets for™ - - (BRAR: ! ey = ]
IR T4t 0 F4F
radiative calculation. The effective radius of cloud droplets ., is estimatedas ‘{%#&EQEKJ TR B, FRER }
=BT . m) {Eﬁﬁ%:?%m¢%,?%ﬁ }
j\ \\\t\ . 2 R S o
where [ is a parameter dependent on the droplets spectral shape and follows the calculation X \\\ {%ﬁ’ﬁ%’ Fh: LB, FEE J
\\ \\ gifh, .
proposed by Peng and Lohmann (2003), b %:zi;‘: iizz i; 1 %
\\ \\ g :
B=0.00084N,,, +1.22. G Immca@: LB, FHH }
he vol hted loud droplet radi *\* | wrmEE ]
Zivol s the volume-weighted mean cloud dropletradivs, % ‘ \\ (%*&EQEFJ YN i & ]
1/3 11 fs3,
oo _|: 3LWC /(47ZPWchnc):|/ ) (6) x\\\:\ [‘%ﬁiﬁﬁg Ak W, B }
***************************************** ‘\ﬂ[ﬁﬁﬁaiﬂ )
where ,, i the liquid water density and LWC_the cloud liquid water content (zem™. U (R %Wﬁﬁ@, 71|
______ “ﬂ\w{mmﬁm FAk: 1L B, TS J
e L
h D it EAT ﬁﬁ:O?}

il
w{%ﬁﬁ@3$w:n@,$mm

(

(

(

collection of cloud water by rain, auto-conversion of ice to snow, collection of ice by snow, | t: X
llection of liqui h ion of cloud liqui i PWAUT) SRR (1)
and collection of liquid by snow. The auto-conversion of cloud liquid water to rain (PWAUT) ' ‘\\\\ e fﬁ
is dependent on the cloud droplet number concentration and follows a formula that was '\ \\\ A ... [3]
e ra
originally suggested by Chen and Cotton (1987), W (Rl BT 0 FH )
SN L (R )
PWAUT CI autql Pa / pw[ qII\/I)a J H (rl vol rlc vol) (7) \\\:\ \\{ ;ﬁ?ﬁiﬁﬁg [ ... [6] i
A w ' ¥ncde A 4 {%ﬁ’iﬁﬁg fﬁ
*************************************************** \\\ﬂ%ﬁﬁ% FhEHG: wF 1|
L . 8]
{ﬁﬁ@aiﬂ ]
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documenting and understanding past and future changes in the chemical composition of the (R (1]}
VA fri:n . = & . =
atmosphere, and estimating the global-to-regional climate response from these changes. [ LA \\\‘[ ;ﬂ:%ﬁm' TG F ] ]
********************************* T [ 5]
Modelling groups with_full chemistry and acrosol models are encouraged to perform all |\ #HRE: FHhes: X7 1 )
\\ \\\\\\t\\\\\\\{ %ﬁi‘m [ ... [16] i
L (e )
tropospherie-aerosols-and-atmespheriechemistry- (Collins et al., 2017). To assess the ability of \\\‘\\\\( i e N ... [18]
\\\\\\\\‘[ WA (. To7)
our model to simulate aerosols (mean and variability), we have followed the historical \\ \‘\\\\\\{ ] [W
Wt \\ [ﬁ
simulation designed by CMIP6 (Eyring et al., 2016) which is named as “historical” \\\\\\ ‘{ ’ft&iﬁﬁ‘] . 21]
B \\\\\‘\( it .. [22]
experiment in the Earth System Grid Federation (ESGF). The AereChemMIP-protocol details ' \\\‘\% A .. [23]
Lo U R . [24]
of the historical experiment forced with emissions evolving from 1850 to 2014 refer to \\\\\{ A [W
Collins et al. (2017). Oz in the historical simulation is an interactive prognostic variable and \\{ A (... [26] ]
(e (. 27])
feedbacks on radiation, and the concentrations of other WMGHG. e.g. CH4, N,O, COQL\ ‘[‘F}?#&iﬁﬁ‘]: TH ]
. , . . o {mmRm: Lk T )
CECI11, and CFCI12, are prescribed using CMIP6 historical forcing data as §11,2295,t1,09,lpv\,\ - (BwRE: F b T )
AerChemMIP protocol. Although CH, and NoO are prognostic variables in_the chemistry }%’F&iﬁﬁg: L VA N %
R TR
scheme (Table 1), their prognostic values at each model step in the historical experiment are \‘[%ﬁviﬁﬁ‘]: TR ]
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replaced by CMIP6 data. The rest of Other—historical forcing data include: (1)—menthly

zonally-mean-CECH and - CECI2 concentrations«2) yearly global gridded land-use forcing

data sets, and (23) solar forcing. All these datasets were downloaded from

Jhttps://esgf-node.llnl.gov/search/input4mips/, Climate feedback processes that involve changes
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black carbon and organic carbon aerosols from 1850 to 2014 blackecarbon-and-erganic-ecarbon
aerosels-are downloaded from CMIP6-recommended data, but we used assume-80% (for BC)

and 50% (for OC) of them in their hydrophobic forms (BC1 and OC1) and the rest in their26%

in hydrophilic forms (BC2 and OC2), following the work of Chin et al. (2002). , R e

FiveSeven tracers of ISOP, ACET (CH;COCHs;), C,H,, CsHg, and Monoterpenes (C;oH,6)

in Table 1 belong to biogenic volatile organic carbons (VOCs)—ie—SOP—ACET

(EH,COCH -G H CHCH o Terpenes (€ (H );and-OCE2. As shown in Table 4, those -~ { WA A Lbr/ T

VOCs emissions are—direetly online calculated in BCC-ESM1 following the modeling
framework of the Model of Emissions of Gases and Aerosols from Nature version 2.1
(MEGAN?2.1, Guenther et al., 2012) using simple mechanistic algorithms to account for major

known processes controlling biogenic emissions. The MEGAN-MEGAN2.1 can provide a

flexible scheme for estimating 16 tracers of biogenic emissions from terrestrial ecosystems

including five VOCs emissions used in BCC-ESM1 (Table 4). All the VOCs emissions

| R R BRI

depend on current and past surface air temperature,-and solar flux, and the landscape types. ; - Times-Roman, 11 %, “ciAiits:

NF 1

and-Ttheir calculation requires global maps of plant functional type (PFT) and leaf area index

(LAI) which is a prognostic variable from the land model BCC-AVIM2. The effect of

R T BIA)

~

A NF 1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : Times—Roman, 11 s, FAREIf:

monoterpenes emissions as calculated online with the MEGAN2.1 algorithm in BCC-AVIM2 \\\\\\\\\ R TN

"' | Times—Roman, 11 %, <FAKZifh:

are converted to_hydrophilic organic carbon (OC2) to account for formation of secondary ' (3% L T4
VR Tk (R
organic aerosols following Chin et al. (2002) in this version of BCC-ESM1. ' E%SIRoman, 11 8%, ARGt
\\ \\ =
3.2 Volcanice eruption, lightning and aircraft emissions || R ek

EER

NN)
i | Times—Roman, 11 5%, PG

As there is no stratospheric aerosol scheme in BCC-ESM1, concentrations of sulfate \
R A (BRI

aerosol at heights from 5 to 39.5 km, which volcanic origin, are directly prescribed using the Tl

Times—Roman, 11 %, FAAEIf:

CMIP6-recommended data (Thomasson et al., 2018) from 1850 to 2014. The effects of

surface SO, emissions from volcanic eruption on the variation of SO2 in the atmosphere and

then on the variation of tropospheric SO,” concentration are considered, and the SO,

emissions from 1850 to 2014 are downloaded from the IPCC ACCMIP emission inventory

o UmRm: FhEie: o
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(Table 1). The emissions of NO from lightning are online calculated in BCC-AGCM3-Chem

following the parameterization in MOZART?2, and—_the globally-averaged mean during the

period of 1850 to 2014 is 5.19 Tg(N):yr'', which is in agreement with observations within the _ -

lightning depends on the cold cloud thickness from the level of 0°C to the cloud top (Price

and Rind, 1992)._

3.3 Upper boundary of the atmosphere
As no stratospheric chemistry is included in the present version of BCC-AGCM3-Chem,
it is necessary to ensure a proper distribution of chemically-active stratospheric species

inetuding O, CH s NLONONO, - HNO, - CO—and N,Os. Concentrations of different these

climatologywith-a—10-day-time-seale-down-to-the-tropopause. Climatological values of NO,
NO,, HNO;, CO and N,Os at the top two layers medellevels—are extracted from use

MOZART?2 data package available at the Website

Transport and Chemical Reactions in the Stratosphere (STARS, Brasseur et al., 1997).

Concentrations for the other tracersef (Ojezene, CHi, and N,O) at the top two model

layersewels are the zonally-averaged and monthly values from 1850 to 2014 derived from the

CMIP6 data package.
3.4 The preindustrial model states

The preindustrial state of BCC-ESM1 is obtained from a piControl simulation of over 600
years in which all forcings including emissions data are fixed at 1850 AB-conditions. The

initial state of the piControl simulation itself is obtained through individual spin-up runs of
16
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each component of BCC-ESM1 in order for the piControl simulation to run stably and fast to

o

reach its equilibrium. Figures 1(a-cb) show the time series of global yearly means of the net -~ {‘%’F&iﬁﬁ‘]: FHEG: TF 1
energy budget at top of the atmosphere (TOA), near-surface air temperature_(TAS). and sea
surface temperature (SST) the—net-energybudget-attop—of-the—medel (FOM)—from the
piControl simulation for the last 450 years. It shows that the surface climate in BCC-ESM1 _ _ - SR THEE: O )
nearly reaches its equilibrium after 600 years piControl simulation. The whole 7sy§t§rpfipy//{ﬁ*§iwg: FHAG: XF 1
BCC-ECSMI fluctuates around +0.7 W-m™ net energy flux at TOAM without obvious trend
in 450600 years (Fig. lab). This level of TOA energy imbalance is close to the gvﬁe;agg:gx/{%%ﬁm: FHAE: T 1 ]
imbalance (1,0 W) among CMIPS models (Wild et al., 2013). and do not cause remarkable - e ERLLI ﬁ: - )
AN {%ﬁ‘mﬁa@: FHEiIE: F 1,k J
climate drift in BCC-ESM1. ;and-tThe global mean surface—airtemperature TAS and SST . i
(ke Fihmi: o7 1
keep around 288.1 K (Fig. 1b) and 295.05 K shews—enly—a—small-warming—(Fig. 1ca),
respectively. During the last 450 years, there are (£0.2°K amplitude_of TAS and SST)
oscillations of centennial scale for the whole globe (Figs. 1b and Ic), which are certainly
caused by internal variation of the system. , - Eﬁ';ﬁ%@ ; I?ZMS: LB, A
Figuress 2a-2¢ show the time series of global annual total burdensmasses of SO, DMS,,//{%*HEQ: RIS
TR e o
and OH in the troposphere (integrated from the surface to 100 hPa) in the last 450 years of the
piControl simulation, Without any anthropogenic source, the SO, amount in the ,trprSPh@s//{%ﬁﬁw FIIE: 1
nearly keeps the level of waries—around-0.0868==0-002 Tg in the 450 years of the piControl
simulation. Tropospheric DMS varies around the value of 0.1162=0-002 Tg. Tropospheric OH,
as an important gas species oxidizing SO, to form SO4* (Table 2), keeps at a stable level in
the atmosphere. ASO42‘Lalso remains at a stable level of 0.556==6-004 Tg in the atmosphere in -~ { ks eaN: R T
S e A e e e SRR i 1
the whole period of the piControl simulation (Figure 2d),. Wi i . ) ‘[ R FHEI6E: Tl
(R B 07 |
i =+
¢The amounts of BC and OC in the troposphere vary around 0.0395-0-005 Tg and 0.275% (BRI P CF 1
0-005 Tg (Figures 2¢-2f), respectively. Dust and sea salt acrosols are at the level of 224 Tg | #HRM: Pkt 5 |
S (A FHSE: T
and 11.7==4+ Tg_(Figures 2g-2h), respectively. All those data are close to the global mean R R B
concentrations of 0.604 Te SO, 0.046 Tg BC. 030 Te OC, 2218 Tg dust, and 11,73 Tg sea -~ - FHRH: FHHME: 307 1
salts in 1850 which are estimated based on the CMIP5 prescribed data in 1850 (Lamarque et -~ { HRAN: FHRE: L |
al.. 2010). o . . . R b SO
o (mRRN: FHEa: U
777777777777777777777777777777777 R R O

o 0 ) W WU U A

Figure 3 shows the global spatial distributions of annual mean sulfate, organic carbon,
17
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black carbon, dust, and sea salt aerosols in the whole atmospheric column averaged for the
last 100 years of the piControl simulation of BCC-ESM. We can compare them with CMIP5
recommended concentrations in year 1850, considered as the reference state in the

pre-industrial stage. At that time, there are fewer, anthropogenic/biomass SO, emissions, the

Without any-industrial-and fossil-fuel-anthropogenic-emissions-of SOy the-S0,” over land are

evidently smaller than those over oceansis—mainty—distributed especially over the tropical

are several centers of high values of black carbon and organic carbon in East and South Asia,
Europe, Southeast America, and in the tropical rain forests in Africa and South America.
They mainly result from biomass burning including vegetation fires, fuel wood and
agricultural burning. Dust aerosols are mainly distributed in North Africa, Central Asia, North
China, and Australia, where arid and semi-arid areas locate. Dust emitted from Sahara Desert
can be transported to the tropical Atlantic by easterly wind. The sea salt aerosols are mainly
distributed over the mid-latitude Southern Oceans, the tropical southern Indian Ocean, and the
tropical northern Pacific Ocean, where wind speeds near the sea surface are strong. As shown
in Fig. 3, all the spatial distribution patterns of CMIP5-derived sulfate, black carbon, organic

carbon, dust, and sea salt aerosols (Lamarque et al., 2010) are well simulated in BCC-ESM1 .;

and-tThere are high spatial correlation coefficients, 0.76 for sulfate, 0.77 for black carbon,
0.77 for organic carbon, 0.94 for dust, and 0.94 for sea salts, between CMIP5 data and

BCC-ESM1 simulations. Relative lower relations for sulfate, black carbon and organic carbon

are possibly caused as different anthropogenic emission sources are used in BCC-ESM1 and

to create CMIPS5 data. Dust and sea salts belong to natural acrosols and depend on the land

and sea surface conditions, so their spatial distributions are easy to be captured and have

relatively higher correlations between CMIP5 data and BCC-ESM1 simulations.

O is_an_important oxidant. So, the evaluation of simulated tropospheric O; is helpful to

understand the aerosols simulations. BCC-ESMI1 is driven by most of the

CMIP6-recommended emission data. As shown in Figure 4, the zonal distributions of the total
18
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amounts of tropospheric Oy below 300 hPa to the ground and their changes with time from

1850 to 2014 from the CMIP6-recommend dataset (Table 4) are well simulated by

BCC-ESM1. Evident jncreasing trends since 1850 almost exist in every latitudes, especially -~
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igure 5 shows the vertical profiles of Oy simulations with comparison fo globa . I}IZE‘)V Roma%l% (EP%%‘H gﬂiﬁi Gk
[N 11 PG S 1
ozonesonde observations averaged for the monthly data over 2010-2014 from the World
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Ozone and Ultraviolet Radiation Data Centre (WOUDC: http://woudc.org/data.php, last ', '\ {rﬁ‘*&iﬁﬁﬁt FHBE: LT 1, R
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access: 24 September 2019) in nine regions which are averaged from 41 global WOUDC §1§e§ W { TS FEPIE: L
\ (el e o |
The details of WOUDC data may refer to Lu et al. (2019). As shown in Figure 5, BfCﬁCﬁESMﬁlJ\\ C (R Ak (R Times

well captures the observed ozone vertical structure at all regions. At the lower and middle

LT\,

W

troposphere (i.e. below 6 km), the model typically shows positive bias within 5 ppbv for the !\

Southern Hemisphere and 10 ppbv for the Northern mid-latitudes, similar to those simulated

oy

from many other global atmospheric chemical models (Young et al., 2013, 2018). The model

has larger ozone overestimation in the upper troposphere and stratosphere at most regions atj
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and/or errors in modeling ozone exchange between the stratosphere and the troposphere. 0 NG

Global tropospheric ozone burden derived from our simulation is 335 Tg averaged over 5

2010-2014, in consistent with recent assessment from multi chemistry, models (Young et al., \
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4.1 Global aerosols trends < R —‘HZIS _(BRIA) Times
\\\\ New Roman, R 3T
igure 64(a)-(c) show the time series of global total emissions of SO,, OC, and BC to the A i
Figute &4(2)-{c) show the tme series of EroDAL TN STISSIONS 0155 2 OF, andBELo the N (ERERM: THEE: O
atmosphere from natural and anthropogenic sources. Emissions of SO, are largely due related A\ R ik Al 0 K,
\ BN %E%ﬁi&: 3.57 F4F, ATHE: 1.5
to industrial production. From 1850 to 1915, SO, emissions increased year by year as the ' itf7 i
{%ﬁﬁ%:?%%é:i?l
Industrial Revolution intensified and expanded. But from 1915 to 1945, the increase trend of f'ﬁﬁ'%iﬁﬁﬁ: ARG L
(BmRE: FhEE: 7 |

SO, emissions evidently-became slower as broke out the First and the Second World Wars.
After that period, with growing industrial productions, SO, emissions increased again and
reached a maximum around the end of 1970s. During the 1980s and 2000s, with a substantial
decrease of SO, emissions in Europe and the United States, the global SO, emissions has been

decreasing since the 1980s despite the rapid increase of SO, emissions in South and East Asia
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as well as in developing countries in the Southern Hemisphere in recent years (Liu et al.,
2009). The OC and BC emissions substantially increased since 1950s just after the Second

World War. The global total OC emission in 2010 was nearly twice as much as that in

R 74K Times New

pre-industrial (year 1850) and increased by 18 Tg ¢ —yr 1; “Anthropogenic black carbon //){Roman, S 7 1

R L O

—

emissions increased from 1 Tg--yr" in 1850 to nearly 8 Tg:-yr in 2010.

Anthropogenic SO,, OC and BC emissions strongly affect the variations of atmospheric

A )

U

concentrations of PMS.—SOs—sulfate, OC, and BC. The global 0.50.5" gridded data of -~ L FHRM: FIRG: X7 |
f§f{%ﬁﬁm:?mme;y?L
CMIPS-recommended aerosols masses with 10-years interval from 1850 to 2000 (Lamarque . b
(R FHG: o 1
et al., 2010) provides an important reference to evaluate the aerosol simulations in {%ﬁiﬁﬁﬁ: FEEE: T 1
BCC-ESM1. As shown in Figure 75b-75f, the annual total aerosol burdensmasses of SO.>, - /{‘%JF&EQEFJ: FHEG: LF 1
OC, and BC in the whole atmosphere column as simulated by the BCC-ESM1 20™ century
historical simulation are generally consistent with the values derived from
CMIP5-recommended aerosols concentrationsmasses. Due to_increasing SOy @miﬁﬁiQI}S,fIQIIL,//{ﬁ*gﬁ%: RIS ;‘@: .
TR T L
1850 to present day (Fig. 64), the global SO, burden in the atmosphere increased from 100 Tg
in 1850s to 200 Tg in 1980s (Fig. 75a), and has a high interannual-correlation coefficient of
0.996 with the anthropogenic emissions (Fig. 64a). as —the lifetime of SO, is short. The -~ %ﬁf‘ﬁg: FHAE: 3T 1,
burden directly followed the emission. DMS in the atmosphere is oxidized by OH and NOy to . L FHHRM: FHhHE: L7 |
L N e e
form SO, (Table 2). Its natural emissions from oceans from 1850 to 2010 in the model are the ) ‘[ WA FAREEG: S L
climatological monthly means_(Dentener et al., 20060), from MOZART2 NCAR-data package. -~ { HRAN: FHRE: L |
As shown in Fig 75a, the global amount of DMS in the whole atmosphere was about 0.12 Tg
during 1850-1900 and decreased to 0.055 Tg in 2010. This decrease trend maybe partly
possiblyresultss from the speeded rate of DMS oxidation with global warming, the-preseribed -~ { R PP T |

large-along—with-global-warmingin-the 20th-eenturyand the loss of DMS gradually exceeds

the source of ocean DMS emission to cause a net loss of DMS in the atmosphere since 1910s.

Largely driven by SO, anthropogenic emissions, the sulfate burden shows three different
stages from 1850 to present. In the first period from 1850s to 1900s, the sulfate burden had a
weak linear increase. It increased significantly in the second stage from 1910’s to 1940’s, and

then exploded since 1950’s, until the middle 1970s and earlyier 1980s. The sulfate burden
20
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then remained nearly stable and even showed slightly decreases as seen from the CMIPS5 data.

FEE: 1

R e

data show a slight decrease of BC and OC burdens in the atmosphere.are-simtlarto-that-of /{‘ﬁ##&iﬁﬁﬁ: THAE: LT 1 }

The dust and sea salt aerosols in the atmosphere are largely determined by the
atmospheric circulations and states of the land and ocean surface. We can see that the global

dust burden in the atmosphere showed-atarge-interannual-variability-and-was-shehtly evident
increase enhaneed—from 19850 to 2000, which could be partly caused by evident global

warming since 1980 and increasing soil dryness resulting in more surface dust to be released

in the atmosphere. Their details will be explored in the other paper. =7 { HRAN: FHRE: L | }

4.2 Global aerosols budgets

We further evaluate global aerosols budgets by comparing a 10-year average of -~ { R PP 7 | ]

FH: CE 1

OC, sea salt, and dust. Their annual total emissions, average atmospheric mass loading, and
mean lifetimes are listed in Tables 5 and 6. It is worth emphasizing that the global mean total
source and sink for each type of aerosols in BCC-ESM1 are almost balanced.

The global DMS emission from the ocean is 27.4 Tg(-S)--yr ' in BCC-ESM. Itis-higher

surface—This high-emission in BCC-ESM is nearly balanced by the gas-phase oxidation of

DMS to form SO,. The DMS burden is 0.1266 Tg-S with a lifetime of 0.78 days, which is
within the range of other models reported in the literature. As shown in Table 5, the total SO,

production averaged for the period of 1991 to 2000 is 76.93 Tg(-S)-—yr '. A rate of 13.2

WA FHEHG: CF 1, T J

from air-planetra£fie emissions to the atmosphere, and the rest (63.63 Tg(-S)--yr™', near 82.7%) {%ﬁﬁﬁg: FHBE: LF | ]

from anthropogenic activities_and volcanic eruption at surface. Here—the-emissions—of-SO,

from—veleanie—eruption—are—not—ineladed—The amount of SO, produced from the DMS
oxidation is in the range of other works (10.0 to 24.7 Tg(-S)--yr™") reported in Liu et al (2005).

All the SO, production is balanced by SO, losses by dry and wet deposition, and by gas- and

aqueous-phase oxidation. Half of its loss (38.74 Tg(-S)-—yr) occurs via its aqueous-phase
21
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oxidation to form sulfate. Other losses through dry and wet depositions and gas-phase
oxidation to form SO,” are also important (Table 2). All the sinks are in the range from the
literature (Liu et al., 2005). The global burden of SO, in the atmosphere is 0.4824 Tg-S with a
lifetime of 1.12 days, consistent with values in literature (Liu et al., 2005).

Sulfate aerosol is mainly produced from aqueous-phase SO, oxidation (38.73 Tg(-S)--yr™)
and partly from gaseous phase oxidation of SO, (10.32 Tg(-S)-yr™), and is largely lost by wet
of values in other models reported in Textor et al. (2006). Its global burden is 1.896:63 Tg S
and the lifetime is 4.69 days, which are within the range of 1.716-57 to 2.436-66 Tg S-and
3.723 to 5.4 days in the literatures (Textor et al., 2006; Liu et al., 2012; Liu et al., 2016 et

al5—2009; Matsui and Mahowald, 2017; Tegen et al., 2019; the value derived from CMIP5

data).
Sources of BC and OC are mainly from anthropogenic emissions. Based on the CMIP6

data, there are, on average, 7.22 Tg--yr' BC and 13.91452 Tg-—yr' OC from fossil and

2000. Most of them are scavenged through convective and large-scale rainfall processes. The

//{‘%*ﬁiﬁﬂﬁ: TGt 07 1, Lk }

b

(R FHEn: o |

)

R e o 1

/{ﬁ*&iﬁﬁﬁ: TG XF 1, b J
7N

(R FHEn: o |

)

respectively (Table 6), all close to values of 0.114 Tg BC and 0.69 Tg OC derived from the

CMIPS5 data, and within the range of 0.11-0.26 Tg BC (Textor et al., 2006; Matsui and

Mahowald, 2017; Tegen et al., 2019) and less than the values of 1.25-2.2 Tg OC in other

literatures (Textor et al., 2006; Tegen et al., 2019). The simulated BC and OC lifetimes are

5.4-6.6 days OC in literatures (Matsui and Mahowald, 2017; Tegen et al., 2019). —

The emissions of dust and sea salt are mainly determined by winds near the surface. The

annual total dust emission in BCC-ESM1 is 2592 Tg yr', higher than AeroCom multi-model
mean (1840 Tg yr ', Textor et al., 2006), but comparable to other studies (Chin et al., 2002;

Liu et al., 2012; Emmens-et-al;20+0Matsui and Mahowald, 2017). The average dust loading

is 22.93 Tg, lower than the value of 35.9 Tg in Ginoux et al. (2001) but slightly higher than

the value of 20.41 Tg derived from CMIP5 data. The average lifetime for dust particles is
22
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3.23 days that is shorter than the AeroCom mean (4.14 days)_and the value of 3.9 days in

recent study (Matsui and Mahowald, 2017). The simulated sea salt emission is 4667.2 Tg yr ',

slightly lower than the simulated value in Liu et al. (2012), and substantially lower than the

D FHREE: e 1, b J

o (mRRm:

Tg and close to the CMIP5 data. Their averaged lifetimes are 0.93 days and close to the value

in the recent of Matsui and Mahowald (2017) but longer than the AeroCom mean (0.41days

Textor et al., 2006).

4.3 Global aerosol distributions at present day = {

gaik: e 0 K,

. 3.57

C FRFIE: CFE L

%
3
=

LS SCE 1, T

%
5
=F

averaged for the period of 1991-2000, respectively. Here, BCC-ESM1 simulated results are

T PG F ]

compared with the CMIP5-recommended data for the same period. Unlike the pre-industrial
level of sulfate shown in Fig. 2, sulfate concentrations at present day (Fig. 86) are strongly
influenced by anthropogenic emissions, and have maximum concentrations in the industrial

regions (e.g., East Asia, Europe, and North America). Their seasonal variations are distinct

A{ R

and are characterized by high concentrations in boreal summer and low concentrationsjevels

A{ R

in boreal winter. These spatial distributions simulated by BCC-ESM1 are well consistent with

e s ot A e

the CMIP5 data, with spatial correlation coefficients in DJF and JJA reaching 0.92 and 0.83

FHBIE: LF 1

)

(Figure 13), respectively. The deviation of the spatial pattern in BCC-ESM1 is less from the -~ { HH A

CMIP5 data in DJF but larger in JJA (Figure 13).

Unlike sulfate whose maximum concentrations are mainly distributed between 60°N
and the equator, peaking concentrations of BC and OC as shown in Figs. 97 and 108 are
located near the tropics in the biomass burning regions (e.g., the maritime continent, Central
Africa, South America), and their seasonal variations from DJF to JJA are evidently weaker
than those of sulfate except in South America. In boreal summer, there are centers of high
values in the industrial regions in the Northern Hemisphere mid-latitudes (i.e., East Asia,
South Asia, Europe, and North America). These main features of spatial and seasonal
variations in CMIP5 data are well captured by BCC-ESM1, and the BCC-ESM1 vs. CMIP5

spatial correlation coefficients (Figure 13) are 0.90 (OC in DJF), 0.91 (BC in DJF), 0.91 (OC
23
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in JJA) and 0.92 (BC in JJA). There are less deviations of spatial pattern for OC in DJF and

As show in Figure 119, dust concentrations in the atmosphere show largest values over
strong source regions such as Northern Africa, Southwest and Central Asia, and Australia,
and over their outflow regions such as the Atlantic and the western Pacific. In DJF, the
CMIPS data shows centers of high concentrations over East Asia and Central North America,

centers in the CMIP5 data may not be true, since frozen soils in these areas in winter lead to

unfavorable conditions for soil erosion by winds, The spatial correlation coefficients between

CMIPS and BCC-ESM1 remain high: 0.95 in JJA and 0.88 in DJF_(Figure 13). Small

deviations of spatial pattern for dust simulations in BCC-ESM1 show less magnitude of dust

maximums against with CMIP5 data (Figure 13).

As shown in Figure 126, high sea salt concentrations are generally over the storm track
regions over the oceans, e.g., middle-latitudes in the Northern Oceans in DJF and the
Southern Ocean in JJA where wind speeds and thus sea salt emissions are higher. In addition,
there is a belt of high sea salt concentrations in the subtropics of both hemispheres where
precipitation scavenging is weak. Their spatial distributions in BCC-ESM1 are consistent with
the CMIP5 data with correlation coefficients of 0.92 in JJA and 0.90 in DJF_(Figure 13). The

spatial deviations of sea salt are much closer to CMIP5 data than those of sulfate, OC, BC,

and dust distributions (Figure 13).

Figure 14+ shows vertical prefiles—distributions of zonally-averaged annual mean

concentrations of sulfate, organic carbon, black carbon, dust, and sea salt aerosols in the
period of 1991-2000. Both BCC-ESM1 and CMIPS5 results show that strong sulfur, OC, and
BC emissions in the industrial regions of the Northern Hemisphere mid-latitudes can rise
of OC, BC, and dust aerosols are confined below 500 hPa, while sulfate can be transported to

higher altitudes. Sea salt aerosols are mostly confined below 700 hPa, as the particles are

large_in size, and favorable for wet removal and gravitational settling towards the surface. It
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CMIPS data, likely reflecting the omission of deep convection transport of tracers in
BCC-ESM1.

evaluate the BCC-ESM1 model results with ground observations. Annual mean SO42‘, BC and
OC aerosol eencentration-observations from the Interagency Monitoring of Protected Visual
Environments (IMPROVE) sites over 1990-2005 in the United States

(http://vista.cira.colostate.edu/IMPROVE/) and from the European Monitoring and Evaluation

Programme (EMEP) (http://www.emep.int) sites over 1995-2005 are used. As shown in

Figure 152a and 152b, the BCC-ESM simulated sulfate concentrations are in general

comparable to the EMEP observations in Europe, but are systematically by about 1 JJ,girfnf# _

higher than the U.S. IMPROVE observations. As for BC, there are large model biases at both
European and U.S. sites (Figs. 152c and 152d), especially BCC-ESM overestimates BC
overestimated for IMPROVE sites but systematically underestimated for EMEP sites. Some

statistical features for simulated concentrations versus EMEP and IMPROVE observations are

listed in Table 7. These comparisons are overall fairly reasonable considering the

uncertainties in emissions and the coarse model resolution.

(High-Performance Instrumented Airborne Platform for Environmental Research)

Pole-to-Pole Observations (HIPPO) (Wofsy et al., 2011). The HIPPO campaign provided

observations of black carbon concentration profiles over Pacific Ocean and North America

between 2009 and 2011. Following Tilmes et al. (2016), model results here are sampled along

the HIPPO flight tracks, and then averaged to different latitude and altitude bands for

reasonable agreement in terms of the spatial distributions and seasonal variations of BC levels.

BCC-ESM1 generally reproduces the observed hemispheric gradients of BC, i.e. the larger

large overestimations, of BC observations over the tropics, which is also found in the

25
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4.4 Aerosol Optical Properties

AOD is calculated by summing the AOD in each model layer for each aerosol species using

the assumption that they are externally mixed.

The aeresel-optical-depth-{AOD) observations retrieved from MODIS and MISR over®

the period of 1997-2003, and from AERONET over the period of 1998-2005

(http://aeronet.gsfc.nasa.gov) are used to evaluate the 1997-2003-averaged AOD at 550 nm in

BCC-ESM. Figure 137 shows averages of MISR and MODIS AOD with corresponding
averages from BCC-ESM. The BCC-ESM1 simulated AOD generally captures the spatial
distribution of MISR and MODIS retrievals. The model overestimates AOD over East China.
It also systematically underestimates the MODIS observations in the Southern Hemisphere,
but is closer to MISR observations.

Figure 18 shows multi-years annual means of BCC-ESM1 simulated AOD values

versus observations from AERONET over the period of 1998-2005. The basic pattern of

modeled global AOD is similar to that of observations and their spatial correlation reaches _

0.56. Large values of AOD are mainly distributed in land continents such as North African,

South Asia, East Asia, Europe, and eastern part of North America. Figures 19a-19d4 present

scatter plots of observed versus simulated multi-year monthly mean AOD at those sites of

AERONET in Europe, North America, East Asia, and South Asia over the period of

1998-2005, respectively.

sites-in-Europe, North-America, East Asia;and Seuth-Asia- Model simulated monthly AOD

generally agrees with observations within a factor of 2 for most sites. BCC-ESM slightly

overestimates the AOD in European—(43-4-554°N-and-7.6-27-6°E)—_and North American
43-4-554°N-and-7-6-27-6°E)-sites. In those regions, BCC-ESM also slightly overestimates

MODIS and MISR AOD observations (Fig. 173).
26

- - RS gt A 0 JEOK,

BHEgak: 3.57 T, BOAMEEB
A 0.5 47, BJE: 0.5 17

R e v
TR wse: 1

Km0 e o

)
A mRRAn: vt or
L e I O A

J

R I 0

R 7 (BRIA) Times
New Roman, 11 %, HFifh: 3¢
“1

(mRE: e or 1
/{ﬁﬁﬁm:ﬁﬁzﬁﬁ%ﬂzsﬁ}
7

(e reEie: o1
(R e oE 1 )




763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

4.5. Summary and discussions

(This paper presentsed a primaryeemprehensive evaluation of aerosols simulated in® -~

version 1 of the Beijing Climate Center Earth System Model (BCC-ESM1) with the
implementation of the interactive atmospheric chemistry and aerosol based on —the newly
developed BCC-CSM2. Global aerosols (including sulfate, organic carbon, black carbon, dust
and sea salt) and major greenhouse gases (e.g., O;, CHs, N,O) in the atmosphere can be are
interactively simulated when anthropogenic emissions are provided to the model.-
Concentrations of all aerosols in BCC-ESM1 are determined by the processes of advective
transport, emission, gas-phase chemical reactions, dry deposition, gravitational settling, and
wet scavenging by clouds and precipitation. The nucleation and coagulation of aerosols are
ignored in the present version of BCC-ESM1. Effects of aerosols on radiation, cloud, and

precipitation are fully included.

We evaluated the performance of BCC-ESM1 in simulating aerosols and their optical
properties in the 20th century following CMIP6 historical simulation according to the

requirement of the Aerosel-ChemistryModelH-IntercomparisonProjeet{AerChemMIPy. It is

forced with anthropogenic emissions evolving from 1850 to 2014 but some WMGHGS such

as CHy, NpO, CO,, CEC11 and CFC12 are prescribed using CMIP6 prescribed concentratlons -7 { ?*&iﬁﬁg'

(to replace prognostic values of CHy and NpO from the chemistry scheme). —The

M@MMMWH%@H4H\IQQ£QQ£FGH%¢%M
CMIP6-recommended—data—Both direct and indirect effects of acrosols are considered in

BCC-ESM1. Initial conditions of the AeroChemMIP—-CMIP6 historical simulation are
obtained from a 600-year piControl simulation in the absence of anthropogenic emissions,
which well captures the pre-industrial concentrations of sulfate{S0,>), organic carbon (OC),
black carbon (BC), dust, and sea salt aerosols and are consistent with the CMIP5
recommended concentrations for the year 1850._

their natural emissions implemented in BCC-ESM1, the model simulated S0,%, BC, and OC
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aerosols in the atmosphere are highly correlated with the CMIP5-recommended data. The
long-term trends of CMIPS aerosols from 1850 to 2000 are also well simulated by
BCC-ESM1. Global budgets of aerosols were evaluated through comparisons of BCC-ESM1
results for 1990-2000 with reports in various literatures ebservational-data—at-present-day-for
sulfate, BC, OC, sea salt, and dust. Their annual total emissions, glebal-atmospheric mass
loading, and mean lifetimes are all within the range of values reported in relevant literatures.

Evaluations of the spatial and vertical distributions of BCC-ESM1 simulated present-day

datasets and in-situ measurements of surface networks (IMPROVE in the U.S. and EMEP in

Europe), and HIPPO aircraft —observations indicate good agreement among them. The

BCC-ESM1 simulates weaker upward transport of aerosols from the surface to the middle and
upper troposphere (with reference to CMIP5-recommended data), likely reflecting a lack of
deep convection transport of chemical species in the present version of BCC-ESM1. The
aerosol-optical-depth-f{AOD) at 550 nm for all aerosols including sulfate, BC, OC, sea salt,
and dust aerosols was further compared with the satellite AOD observations retrieved from
MODIS and MISR and surface AOD observations from AERONET. The BCC-ESM1 model
results are overall in good agreement with these observations within a factor of 2. All these
comparisons demonstrate the success of the implementation of interactive aerosol and

atmospheric chemistry in BCC-ESM1.

This work has only evaluated the ability of BCC-ESM1 to simulate aerosols._The™ ™

variations of aerosols especially for sulfate are related to other gaseous tracers such as OH

and NOs; (Table 2), which are determined by the MOZART?2 gaseous chemical scheme as

implemented in BCC-ESM 1, and require further evaluation. As limited length of the text, the

other optical feature of aerosols such as extinction coefficients, —single scattering albedo and

asymmetry parameters, and even their feedbacks on radiation and global temperature change

will be explored in the other paper. O is evaluated in this work. Other GHGs such as CHy and
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Source codes_of BCC-ESM1 model are freely available upon request addressed to - <~
(g0 it

Tongwen Wu (twwu@cma.gov.cn). Model output of BCC CMIP6 AerChemMIP simulations

described in this paper is distributed through the-Earth-System-Grid Federation (ESGF) and

freely accessible through the ESGF data portals after registration. Details about ESGF are

presented on the CMIP Panel website at
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1154 | Table 1. Chemical species considered in BCC-AGCM3-Chem. Species marked with star (). - { #HR#: FHSE: L7 1
1155 | denote those added in BCC-ESM1 apart from the 63 species used in MOZART2. In the \{%ﬁﬁ%: W3R 5
1156 | column of surface emission, interactive surface emissions are considered for sea salt and dust, - - ‘[ R FHEI6E: 0Tl
1157
Species | Dry Wet  Surface Aircraftplane Volcanic - {#HR: Fhuif: 07 |
deposition deposition emission emission _emission - R R e
03 N
N
NO N N, N,
NO; N ~
NO3
HNO3 N N,
HO;NO; N N
N20s
CH. N N N
CH30;
CH300H N N
CH20 N, N N,
co N N N
OH
HO,
H,0: N N
C3Heg N
ISOP N
Gastracers PO, B (R TAEE: T
CH5CHO J J oo - (mRRm: THEe: oF 1
POOH N N
CH3CO3
CH3COOOH N N
PAN N,
ONIT N, N
C2He N
C2Hy N
C4H10 ’\/
MPAN N,
ISOPO;
MVK N
MACR N
MACRO;
MACROOH N, N
MCO3
C2Hs0;
C:HsOOH N N
CioHie v
1158 . R FaEG: o
1159
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1160 Table 1. Continued.
Species name Dry Wet Surface  Aircraftp 7Vfo§c,,apic[ WA FHH6: T
deposition deposition emission lase emissi(in( IR Gt £ 0.83 -
CsHs < R it oF
C3H702
C3H;00H v J
CH3COCH3 v v
ROOH v
CH;0H v v J
C.HsOH J J < R FHEn: oF
GLYALD N v
HYAC J v
EOn - ﬁgmﬁa@: FHBIE: LT
EO T e
HYDRALD y J {#Rm: Frhya: oF
Gas tracers RO: AR i o7
B GHAC@@HQ::::::::::::t::::::::ﬁ:::::::;4:;;;;;;;;;;;;;;(”{m&m: B X7
Rn-222 N
Pb-210 v v REC T RS
ISOPNO; v (R it or
ONITR N v
X0,
XOOH J v
ISOPOOH J J
H; v J
Stratospheric O3 J - {%ﬁiﬁﬁﬁ: i 0.83 T4
Inert O3 J
S0, v v J v J
DMS* J
) NHy J 4 ekl FHEie: T
50,2 N J T { BRRM: TG
oc1* v v J J s L
o0c2" J J J . S (R PG OF
BC1* J J J S S (R e E 1
BC2* J J J R (R e oE
SSLTO1" J J I o (ERm: e 0 L
Aerosols SSLT02* J J {ﬁ?ﬁiﬁﬁﬁt FHRBIE: L1
********** sSLITo3- T ke e o
SSLT04" v v
DSTO1* v J
DST02* v J
DST03* v v
DST04" v v
{mgsm: TeEie: o7
161 |, )~
1162
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1163

1164

1165

1166

1167

1168
1169

expressed in K, air density (M) in molecule cm >, ki and ko in cm® molecule ' s\,

Chemical reactions Rate

ko=3.0E-31%(300/T)**3.3; ki=1.E-12; f=0.6
9.60E-12%exp(-234./T)

DMS+NQy =~ SOu+HNQ,  190E-I3*exp(520T) ...
pct -BCZ TMOE06
ot -0  7MeE%6 00000
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1172

1173

Table 3. Size and density parameters of bulk aerosols.

. Mean radius (pm) /  Geometric standard Density

Aerosols  Species Name o o 3

bin size (um) deviation (pm) (gem™)
50,2804 Sulfate 00s 203 177 - R it 0r L
BCl hydrophobic black carbon 002 200 0 - {%ﬁiﬁﬁﬁ: TR T 1
BC2 hydrophilic black carbon 002 200 o A FHhgIa: oF 1
oct hydrophobic organic carbon 003 224 .8 - { AW AT 0 1
oc2 hydrophilic organic carbon ~ 0.03 224 18 SRR T 0 L
DSTO1  Dust 0.55/bin: 0.1-10 200 25 - {%ﬁiﬁﬁﬁ FAEBIE: 1
DST02  Dust 1.75/bin: 1.0-2.5 200 25 (R TG O
DSTO3  Dust 3.75/bin:25-50 200 25 L T R
DST04 Dyst 7.50/bin: 5.0-10. 200 25 - {;ﬁ?%iﬁﬁg TG S 1
SSLTO1  Seasalt 0.52/bin: 0.2-1.0 200 22 - {%*&iﬁﬁﬁ FAEBIE: 1
SSLT02 Seasalt 238/bin: 1.0-3.0 200 22 = {;ﬁ?ﬁﬁﬁg PG S 1
SSLT0O3  Seasalt . 486/bin:3.0-10. 200 22 (R FEIe: CF 1
SSLT04  Seasalt 15.14/bin: 10.-20. 2.00 22 R e SCE 1
77777777777777777777777777777777777777777777777777777777777777 R TR 0T 1
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Table 5. Global budgets for DMS SO, and sulfate in the period of 1991 to 2000. Units are g*ﬁiﬁﬁ‘]: TG L7 1, T }

{m&m; FARGi: 1 )

sources and sinks, Tg(-S) yr ; ! burden, Tg-S; lifetime, days.

BCC-ESM Other studies and CMIP5 data
(1991-2000 mean)
DMS  Sources 274 <« {mERe: vhme o1
Emission 274 10.7-23.7° (RN T FEE 146 )
Sinks 28.0
Gas-phase oxidation 28.0 10.7-23.7°
Burden 0.1206 0.042-0.29+5°
Lifetime 0.78 0.5-3.0° {ﬂﬂ%iﬁﬁ‘]: B L 1 J
SO: _ Sowces _____________ 69 R e
Emission at surface 63.63 {ﬂi‘#&iﬁﬁ‘]: R X 1 ]
Emission from airplane  0.10 ’{ MR 70 e 14 5 J
DMS oxidation 13.20 10.0-24.7° {’T‘-ﬁ*&ﬁﬁ{] SRGiE: SCF 1, F }
Sinks 76.96
Dry deposition 18.53 16.0-55.0° /i’,’[ﬁ%iﬁm TG E 1
Wet deposition 9.36 0.0-19.9° i*ﬁi“ﬁé oL jji@il%ﬁgﬁoj ‘
Gas-phase oxidation 10.33 6.1-16.8" /! ’ -0.01 FFF, 478 [EEH 14 6
Aqueous-phase oxidation 38.74 24.5-57.8" ! {'ﬂi‘ﬁiﬁﬁﬁ FEFE: 7 1, qk }
Burden 0.4824 0.4020-1.220-64* i E e —
Lifetime 112 0.6-2.6" ol (Bl ikt r 1)
SO Sources 4905 59671313« “ { Ts: ke Sov 1, L }
Emission 0.00 ',r,,/[%#}it‘.aﬁ FHBIE: O 1 )
SO, aqueous-phase 38.73 , | {’Fﬁ*&iﬁﬁ‘] TGS L1, JE }
oxidation r”u/’/’ EAs/ TR _
SO, gas-phase oxidation 1032 4‘ ‘/“’” /,/,{ﬁ*&ﬁﬁ‘]: FHEG: XF 1,k }
Sinks 49.06 W (ERRm: g or 1
Dry deposition 2.20 4.96-5.51° (R FAEE: r 1
Wet deposition 46.86 39.34-40.20° /«,f’f/'///{%ﬁﬁm: FhEE: Cr 1
Burden 1.890-63 1.980-66+0.4846", 1.710-57°~ «‘ff )| AR etk (BRA) Times
oot | e e |
Lifetime 4.69 4.12+0.74° 3.72-3.77° ,/ I ] {ﬁﬁ:&ﬁﬁﬁ jwk&m T 1 )
543.3%,3.7-4.0] R R0 Tines ‘
/ ,,”// New Roman, ({P30) +HCIES (R
T T < ), 11 B, B 0T 1
Notes: References denote a_for; Liu et al. (2005),: b_for --Textor et al._(-2006):, ¢_for- the values ’,’/ {’F’rﬂ%ﬁﬁfl: SR S 1 J
derived from CMIP5 prescribed aerosol masses averaged from 1991 to 2000.; d_for- Liu et al. ,// {ﬁﬂgiﬁm; PRt w1 )
(2012)5_e—tu-et-ak—2009)g for Matsui and Mahowald (2017). and h for Tegen et al. (2019). j’/ {WRRARN: B 7 1 )
Values of DMS, SO, and sulfate burdens in the literature d are transferred from TgS to Tg /~  { #KRAM: FHHE: TF 1 )
(species) for units consistence 5 {’rﬁrﬂfﬁﬁﬁfl: FARBE: SCF 1 )

TR BT, SRR G
H a4 4k, a‘JMJ%“ﬁ%IJ A
3PSO, e
el
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Table 6. Same as Table 5, but for global budgets for black carbon, organic carbon, dust, and G HAEE, S
sea salts. Units are sources and sinks, Tg yr’l; burden, Tg; lifetime, days. B
BCC-ESM Other studies and «- 7 { AR J
(1991-2000 mean) ~ CMIP5 data AR e v
A R AR B
BC  Sources 722 K AR, ATHR: REEE 15 W }
Emission 7.22 11.94+2.7), 7.8¢ _{ A T2l
Sinks 7.24 7.75%,7.8¢ A mmRm (0
Dry deposition 0.90 0.27% 1.30-1.64° R (. 17}
Wet deposition 6.34 7.5% 6.10-6.45° AR (10
Burden 0.13 0.114%,0.24+0.1* 0.11%0.14-0.26" HHERE: H-0.51 T4, (i _
0.084-0.123¢ mmfﬁuﬁa«mmﬁtu “Hs,
PR [E(E 15 5
Lifetime 6.60 7.12+2.35* 3.95-4.8058°, 5.0, HRAM %)
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Notes: References denote a_for; Liu et al. (2005).; b for Textor et al._(-2006), ¢ derived from
CMIPS prescribed aerosol masses averaged from 1991 to 2000, d for Liu et al. (2012),-and e for
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Figure 1. The time series of global and annual mean of (a) net energy budget at top of atmosphere

Ms%&e%enmem%%%(b)%ﬁgyb&ége%epﬂﬁ%nm&%ﬁé}

near-surface air temperature (K). and (c) sea surface temperature (K) in the last 450 years of thea

piControl simulation.
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Figure 2. Same as in Figure 1, but for the global burdens of (a) SO,, (b) DMS, (c¢) OH, and (d-h)
different aerosols (inunit-of Fg)-in the troposphere (below 100 hPa). Units are Tg.
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row), organic carbon (OC; second row), black carbon (BC; third row), dust (fourth row), and sea
salt (fifth row) aerosols in the whole atmospheric column. The left panels show the mean
averaged for the last 100 years of BCC-ESM pre-industrial piControl simulations, and the right
panels show the CMIP5 recommended aerosol concentrations in year 1850 (the website at IIASA

51

2,
(8047 ﬁrst\,

(AR ke O )

e %%ﬁm:%Tﬂﬁ,$%%é:}

O xE

C(ERRAm: wdbie: or
(R FHHa: Ly 1 )

R rdgie: or 1

R e v




| units: DU

(a)lBCC-ESIM1

60N
30N

30S
60S

T T T T

1980

T T T T T

1920 1950

1890

F T T

1860
(b) CMIP6

2010

units: DU

60N
30N

30S
60S

2010

1980

1890 1920 1950

1860
| | ||
25 30 35 40 45 50 55 60
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300 hPa to the ground from, 1871 to 1999 for (a) BCC-ESM1 and (b) CMIP6 data. Unit: DU,
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Figure 75. The time series of global yearlyanaual amounts of (a) SO, and DMS and (b-f) aerosols
in the whole atmosphere column from the CMIP6 26" historical simulations of BCC-ESM1

are interpolated from the time series in 10-year interval. Units: Tg.
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panels) mean sulfate (SO4) acrosol column mass concentrations averaged for the period of
19791-2000. Left panels show the historical simulations of BCC-ESM1, and right panels the

CMIP5-recommended data. Units: mg.m™.
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62



Pressure (mb)
B8y 58883 8

Pressura (mib)
83 88 8% 8

Pressure (mb}

Prassura (mb)

Pressure (mb)

Pressure (mb)
B8y 545 883 5

L]
() SSLT

:

HERIRTEE

Pressure (mb}

8837 535 8%

Pressure {mb)
Bgy 88983
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CMIP5 recommendation data. Units: pg m™.
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Figure 152. Scatter plots showing observed versus simulated multi-years averaged annual mean
sulfate (SO4™), organic carbon (OC), black carbon (BC) mixing ratios at IMPROVE and EMEP
network sites. Observations are averages over the available years 1990-2005 for IMPROVE sites,
and 1995-2005 for EMEP sites. Simulated values are those at the lowest layer of BCC-ESM1.
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Table 7. Observed versus simulated concentrations of sulfate ( SOAZ’) organic carbon (OC), black*

carbon (BC) for the regional mean and spatial standard deviation, minimum and maximum values

at IMPROVE and EMEP network sites, and the spatial correlation between observed and

simulated multi-years averaged annual means. Simulated values are selected for the same

locations and same valid observation time. The data used same as those in Figure 12.
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Figure 16. Comparison of modelled black carbon (BC) aerosol (red lines) with observations from
HIPPO aircraft campaigns over the Pacific Ocean (black symbols, bars represent the full data range).

Observations from different HIPPO campaigns were averaged over 5° latitude bins and three different

altitude bands (left column: 1-2 km, middle column: 4-5 km, and right column: 7-8 km) along the
ight track over the Pacific Ocean. Model results were sampled along the flight track and then

fl
averaged over the abovementioned regions for comparison.
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Figure 173. Global distribution of annual mean AOD simulated in BCC-ESM1 compared with the

MISR and MODIS data for the year 2008.
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Figure 18. Observed versus simulated annual means of AOD at AERONET sites. Each data point

represents the mean averaged for available monthly values of AOD. The dot sizes denote the

magnitudes of AOD at sites. The spatial correlation is 0.56.
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Figure 194. Scatter plots of observed versus simulated monthly mean AOD at AERONET sites in

(a) Europe (b) North America
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