Referee 1: Prof. William Collins

We are grateful to Prof. William Collins for his time and energy in providing helpful
comments and guidance that have improved the manuscript. In this document, we
describe how we have addressed the reviewer’s comments. Referee comments are shown
in black italics and author responses are shown in blue regular text.

The paper by Yue et al. is a valuable assessment of effects of ozone and aerosol pollution
on NPP over China. In particular this is the first time the aerosol contribution has been
examined in such detail. The modelled ozone damage is compared against field
measurements. This paper should certainly be published in ACP, however some revision
is needed as described below.

The authors should make it clearer how much of the impact of ozone and aerosols on
NPP is natural and how much anthropogenic. The headline numbers are referred to as
due to air pollution, but presumably there would be effects on NPP due to natural ozone.
Two extra runs GIONATLO3 and GIONATHO3 would provide the required data for this.
The authors assert that since the NPP effect is small below 40 ppb the no ozone and
natural ozone simulations are equivalent, but the authors need to demonstrate this with
these two extra runs.

- We performed two extra runs, GIONATLO3 OFF and GIONATHO3 OFF, which
consider offline vegetation damages due to Oz from natural emissions alone. We added a
new Figure S7 to compare the GPP reductions caused by O; with and without

anthropogenic emissions. It shows that Oz from natural sources has trivial impacts on
GPP.

In the Methods section, we revised the text to introduce the two additional experiments:
“To compare the differences between online and offline Os; damage, we perform four
additional simulations which do not account for the feedbacks of Os-induced changes in
biometeorology, plant growth, and ecosystem physiology. Two simulations,
G10ALLHO3 OFF and GI0ALLLO3 OFF, include both natural and anthropogenic
emissions. The other two, GIONATHO3 OFF and G1O0NATLO3 OFF, include natural
emissions alone.” (Lines 253-259)

In the Results section, we describe the findings from the extra runs: “Sensitivity
simulations with zero anthropogenic emissions show almost no O; damage (Fig. S7),
because the [Os3] exposure from natural sources alone is usually lower than the threshold
level of 40 ppbv below which the damage for most PFTs is limited (Fig. 5).” (Lines 402-
405)

When analysing the meteorological changes the authors only show the impacts over
China. In their global model set up the aerosols will change globally and affect global
circulation (even with fixed SST). The authors should therefore show global maps
corresponding to figures 7 and S8 in the supplement. One feature of perturbing aerosols
in fixed-SST simulations is that there are large changes in the land-sea temperature



contrast and hence artificial changes in circulation patterns. The resulting
meteorological changes over China will therefore be a combination of locally driven
effects (such as change in radiation and hence evaporation) and regional-globally driven
effects (such as changes in rainfall and hence soil water). This seems to be particularly
apparent in the AIE simulations where the patterns of changes in precipitation and soil
water bear no relation to the changes in aerosol. The soil moisture changes dominate the
aerosol impacts on NPP and [ am not convinced these can be attributed to the aerosol
changes. The changes in PAR and surface temperature can be much more readily linked
physically to the changes in aerosol, therefore the authors should exclude the soil
moisture changes from their analysis in table 2.

We do agree that the aerosol-induced changes in meteorology over China are a
combination of local and remote effects, but we assert that the changes (local and remote)
are all ultimately attributed to the aerosol radiative perturbation. For example, the
regional soil moisture changes are absolutely caused by the aerosol radiative
perturbations, but may be more linked to a regionally-globally driven dynamical
mechanism rather than the reduction in local downward shortwave. The main goal of this
study is to investigate the terrestrial biospheric response to air pollution in China.
Diagnosing long range dynamical mechanisms is out of scope of this study, especially
because the aerosol impacts are so much smaller than the ozone impacts, this specific
study will not gain from an explicit description of the multi-scale dynamical mechanisms
that drive the regional meteorological changes. Furthermore, the paper is already quite
long with 10 figures and supporting information, and global maps obscure and make it
difficult for readers to see the regional signals in China. Therefore, we decide not to add
further figures of global maps corresponding to figures 7 and S9 in the supplement. In
Section 4.1, we already include a comparison of the simulated aerosol impacts on
meteorology and surface climate against existing published estimates and a discussion of
their realism and uncertainties. Similarly, we select to retain the soil moisture results in
Table 3 (original Table 2). Soil moisture dominates the NPP response in only 2 out of 6
scenarios/cases. Even if the soil wetness changes occur in part through more long range
dynamical mechanisms triggered by the aerosol radiative perturbations, it is important to
highlight the biospheric sensitivity to changes in this driver, oftentimes ignored/neglected
in aerosol-carbon-climate studies. For example, precipitation controls GPP in more than
40% of vegetated land (Beer et al., Science, 2010).

Following Prof. Collin’s suggestions, we make several modifications.

We add: “The resulting meteorological changes over China are a combination of locally
driven effects (such as changes in radiation and hence temperature) and regional-globally
driven effects (such as changes in rainfall and hence soil water).” (Lines 431-434).

We clarify: “Aerosol-induced impacts on precipitation and soil moisture are not
statistically significant over the regionally averaged domain (Tables S5 and S6).
However, for the 2010 and 2030 CLE cases with AIE, 2 out of 6 scenarios, the aerosol-
induced impact on soil moisture dominates the total NPP response (Table 3).” (Lines
626-629)



We emphasize: “our estimate of NPP response to aerosol effects, with or without AIE, is
secondary in magnitude compared to the O3 vegetation damage.” (Lines 633-634)

More explanation of table 2 is needed. What simulations are compared against what to
derive the answers? How are the uncertainties derived? — presumably they are
interannual variability, but different sets of annually-varying data are used for the online
and offline calculations.

- We added more descriptions in the footnote of Table 3 (original Table 2) to explain
how we derive those numbers from different simulations. We clarified in the section 2.4.1
about the uncertainties: “The full list of simulations in Table 2 offers assessment of
uncertainties due to interannual climate variability, emission inventories (CLE or MTFR),
O; damage sensitivities (low to high), and aerosol climatic effects (direct and indirect).
Uncertainties calculated based on the interannual climate variability in the model are
indicated using the format ‘mean =+ one standard deviation’. Other sources of uncertainty
are explicitly stated.” (Lines 276-281).

The interannual climate variability from online and offline simulations are calculated
using different time periods. We clarified in the section 2.4.3 as follows: “Uncertainties
due to interannual climate variability in the model are calculated using different time
periods for the online (15 years, Table 2) and offline (10 years, Table S3) runs.” (Lines
311-313).

Specific points

Page 2, lines 47-53: Uncertainties (including the range between high and low sensitivity)
need to be included here.

- We included uncertainties due to Os sensitivity: “In the present day, O3 reduces annual
NPP by 0.6 Pg C (14%) with a range from 0.4 Pg C (low Os sensitivity) to 0.8 Pg C (high
Ojs sensitivity). In contrast, aerosol direct effects increase NPP by 0.2 Pg C (5%) through
the combination of diffuse radiation fertilization, reduced canopy temperatures, and
reduced evaporation leading to higher soil moisture. Consequently, the net effects of O3
and aerosols decrease NPP by 0.4 Pg C (9%) with a range from 0.2 Pg C (low O;
sensitivity) to 0.6 Pg C (high Os sensitivity). However, precipitation inhibition from
combined aerosol direct and indirect effects reduces annual NPP by 0.2 Pg C (4%),
leading to a net air pollution suppression of 0.8 Pg C (16%) with a range from 0.6 Pg C
(low Oj sensitivity) to 1.0 Pg C (high O; sensitivity).” (Lines 47-56)

Page 2, line 55: suggest to replace “will not alleviate” with “will be further increased”.

- Corrected as suggested.



Page 4, line 93: “not been properly validated” — The authors need to be more explicit
about exactly what deficiencies the previous studies had.

- We clarified the sentence as follows: “Previous regional modeling ... does not always
take advantage of valuable observations to calibrate GPP-O; sensitivity coefficients for
the China domain and typically the derived results have not been properly validated.”
(Lines 94-97)

Page 7, line 186: The authors should clarify that they are referring to 2010 emissions.

- We clarified as follows: “Inter-comparison of present-day (the year 2010) emissions
(Fig. S2) shows ...” (Lines 190-191)

Page 7, line 201: How much does biomass burning contribute to the emissions? Are they
considered natural (in GIONATxxx)?

- We clarified as follows: “Biomass burning emissions, adopted from the IPCC RCP8.5
scenario (van Vuuren et al., 2011), are considered as anthropogenic sources because most
fire activities in China are due to human-managed prescribed burning. Compared with the
GAINSs inventory, present-day biomass burning is equivalent to <1% of the emissions for
NOy, SO,, and NH3, 1.6% for BC, 3.0% for CO, and 9.6% for OC.” (Lines 213-217)

Page 7, lines 205-210: The authors need to describe how the changes in natural
emissions are determined.

- We add a detailed description of the climate-sensitive natural emission sources:

“The model represents climate-sensitive natural precursor emissions of lightning NOy,
soil NOy and biogenic volatile organic compounds (BVOCs) (Unger and Yue, 2014).
Future 2030 changes in these natural emissions are small compared to the anthropogenic
emission changes. Interactive lightning NOy emissions are calculated based on the
climate model’s moist convection scheme that is used to derive the total lightning and the
cloud-to-ground lightning frequencies (Price et al., 1997; Pickering et al., 1998; Shindell
et al,, 2013). Annual average lightning NOy emissions over China increase by 4%
between 2010 and 2030. Interactive biogenic soil NOy emission is parameterized as a
function of PFT-type, soil temperature, precipitation (including pulsing events), fertilizer
loss, LAI, NOy dry deposition rate, and canopy wind speed (Yienger and Levy, 1995).
Annual average biogenic soil NOy emissions increase by only 1% over China between
2010 and 2030. Leaf isoprene emissions are simulated using a biochemical model that
depends on the electron transport-limited photosynthetic rate, intercellular CO,, canopy
temperature, and atmospheric CO, (Unger et al., 2013). Leaf monoterpene emissions
depend on canopy temperature and atmospheric CO; (Unger and Yue, 2014). Annual
average isoprene emission in China increases by 5% (0.39 TgC/yr) between 2010 and
2030 in response to enhanced GPP and temperature that offset the effects of CO-
inhibition. Monoterpene emissions decrease by 5% (-0.25 Tg C) between 2010 and 2030
because CO,-inhibition outweighs the effects of increased warming.” (Lines 220-238).



Page 8, line 217. I suggest including the table of simulations in the main text rather than
the supplement.

- We have moved Table S2 into the main text as suggested (now Table 2).

Page 8, line 232. The authors should list the changes in WMGHG from 2010 to 2030 (at
least CO2 and methane).

- We clarified as follows: “Well-mixed GHG concentrations are also adopted from the
RCP8.5 scenario, with CO;, changes from 390 ppm in 2010 to 449 ppm in 2030, and CH4
changes from 1.779 ppm to 2.132 ppm.” (Lines 264-266)

Page, 9 section 2.4.3. This section isn’t clear about how the meteorological changes are
applied to the offline model. Are they applied as an average (of the last 15 years) of the
table S2 simulations, or are individual years from the table S2 simulations used as input.
If the former: why is there any variability in the offline output? If the latter: the last 3
vears could be strongly influenced by interannual variability.

- We add one sentence to explain how the meteorological changes are applied to the
offline model: “For these simulations, the month-to-month meteorological perturbations
caused by aerosols are applied as scaling factors on the baseline forcing.” (Lines 307-
309) We actually run the offline simulations for 15 years, with the last 10 years used for
the analyses. The paper has been updated for several versions. In the first version, we ran
the offline simulations for only 10 years and did not show the uncertainties in the Table
because the time period was short. In the latest version, we have already re-ran all
simulations to 15 years and calculated uncertainties for Table 3. However, we had
omitted to update the corresponding manuscript text.

Page 10, lines 298-299. The agreement in figure 3 doesn’t suggest that the “Evaluations
at rural sites better match the observations”. The correlation is no better than for all
sites, and by eye only the summer points look to show any correlation at all.

- We revise the text as follows: “Evaluations at rural sites (Table S4), which represent
the major domain of China, show a mean bias of -5% (Fig. 3). The magnitude of such
bias is much lower than the value of 42.5% for the comparisons at urban-dominant sites
(Fig. 2f).” (Lines 346-348)

Page 12, line 346-348. The online model presumably allows the g_s changes to feed back
on the ozone concentrations, which should increase them. Therefore it might be expected
that the online model would show more ozone damage. The authors should compare the
g s and surface ozone concentration changes between the online and offline models.

- The online model does allow g changes to feed back onto the atmospheric
composition. However, our model does not show significant Oz concentration feedbacks
at the current level of vegetation and g, damage, likely because of multiple offsetting



influences on chemistry. We have now included g changes in a revised Figure S6 and
described them in the text as follows: “At the same time, the Os-induced reductions in
stomatal conductance (Fig. S6a) can increase canopy temperature and inhibit plant
transpiration, leading to surface warming (Fig. S6b), dry air (Fig. S6c), and rainfall
deficit (Fig. S6d).” (Lines 395-398)

Page 12, lines 348-349. Are the authors saying they have carried out a GIONATLO3
simulation, and the NPP change (compared to GIONATNO3) is identically zero every-
where? If so, this needs to be explained more clearly. If not, then the authors need to be
clearer about the evidence they have that the zero anthropogenic emissions show no
damage. The damage functions in fig 5 don’t go exactly to zero at 40 ppb.

- We performed two additional sensitivity runs with the climate model ModelE2-Y1Bs,
G10NATLO3 OFF and GIONATHO3 OFF, to examine damages by natural O;. We
found negligible instead of zero impacts of background Os from natural precursor sources
in China. We show the results in the new Figure S7. In the main text, we clarified as
follows: “Sensitivity simulations with zero anthropogenic emissions show almost no O3
damage (Fig. S7), because the [O3] exposure from natural sources alone is usually lower
than the threshold level of 40 ppbv below which the damage for most PFTs is limited
(Fig. 5).” (Lines 402-405)

Page 12, line 352. The uncertainty here also needs to include the uncertainty in plant
sensitivity (i.e. the range from high to low). Technically you should refer to the “central
value” between high and low, rather than “average”.

- We clarified as follows: “Our results indicate that present-day surface O; causes
strong inhibitions on total NPP in China, ranging from 0.43 + 0.12 Pg C yr’' with low
sensitivity to 0.76 + 0.15 Pg C yr’' with high sensitivity (Table 3). The central value of
NPP reduction by O3 is 0.59 £ 0.11 Pg C yr'', assuming no direct impacts of O3 on plant
respiration.” (Lines 405-409)

Page 12, line 362. Have the authors checked whether the absolute relative humidity is
affected, i.e. whether the relative humidity change is purely due to the decreased
temperature.

- We plotted changes in stomatal conductance and specific humidity (the figure below).
It shows that specific humidity changes little. As a result, most of the changes in RH are
driven by lower saturation vapor pressure. In the text, we clarified as follows: “Reduced
insolation decreases summer surface temperature by 0.63°C in the East, inhibiting
evaporation but increasing relative humidity (RH) due to the lower saturation vapor
pressure (Table S5). These feedbacks combine to stimulate photosynthesis (Fig. 8a),
which, in turn, strengthens plant transpiration (not shown).” (Lines 417-421).
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Page 12, lines 363-364. There are a lot of statements presented here without any
evidence. The authors have not shown strengthened plant transpiration and have not
demonstrated that any increase in RH is due to this (rather than simply decreased
temperatures or increased horizontal moisture transport). Similarly the authors have not
shown diagnostics demonstrating a direct causal chain between transpiration and
precipitation or cloud cover. Both of these could instead be due to changes in circulation
patterns.

- We agree that the original statements were rather terse. As shown above, the increase
in transpiration (left panel of the above figure) does not increase specific humidity (right
panel). Advection and convergence may alter the local moisture budget. In the revised
text, we clarify as follows: “Atmospheric circulation and moisture convergence are also
altered due to the pollution-vegetation-climate interactions, resulting in enhanced
precipitation (Fig. 7b) and cloud cover (Fig. 7d).” (Lines 421-423)

Page 12, lines 367-369. Again no evidence is presented that the decrease in summer
precipitation is due to a reduction in the cloud droplet size. Ultimately precipitation is
driven by moisture convergence.

—> The precipitation changes are due to a combination of altered cloud microphysics and
atmospheric circulation patterns for which we have no way of disentangling. We modify
the statement as follows: “Inclusion of AIE results in distinct climatic feedbacks (Fig.
S9). Summer precipitation decreases by 0.9 mm day™ (13%), leading to a 3% decline in
soil moisture (Table S6).” (Lines 424-426)

Page 13, lines 382-384. This sentence wasn’t very clear. Is it referring to changes in
heterotrophic respiration? If so, it should be said explicitly.

- We have removed the sentence about the impact of phenological changes.
Quantification of such effects requires additional simulations, which are out of the scope
of this study.



Page 13, line 395. There doesn’t seem to be any change in soil water in the North China
Plain (fig S8f) in the same region where NPP decreases in fig S9d.

(f) Relative changes in soil water (%)
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—> The results shown in Fig. SOf (original Fig. S8f) are based on last 15-year simulations
(years 6-20). However, results of offline simulations are based on 10-year meteorology
(years 6-15). We show the changes in soil moisture for years 6-15 in the above. We can
see that the pattern of soil water deficit in the above figure matches NPP changes in Fig.
S10d (original Fig. S9d). The changes of soil water in North China Plain are not
statistically significant in both the 15-year and 10-year simulations. The lack of
significance may cause the inconsistency of NPP changes, i.e., the pattern of Fig. S10d,
between the 10-year and 15-year simulations. However, the main conclusion that soil
moisture plays the domain role in the NPP responses remains correct because NPP
changes by temperature and radiation are far smaller than that by soil moisture. In the
text, we added the following statement to remind readers about the discrepancies between
online and offline simulations: “Uncertainties due to interannual climate variability in the
model are calculated using different time periods for the online (15 years, Table 2) and
offline (10 years, Table S3) runs.” (Lines 311-313)

Page 14, line 404. Is the agreement between the offline and online O3 inhibition true as a
geographical pattern as well as the China total?

= Yes. We show both the online and offline damage below. Although we can see some
differences at the individual grid cell level, the spatial patterns are quite similar between
the online and offline runs. We do not present the figure in the paper because it is already
busy with 10 Figures and supporting information. Instead, we state: “Application of
ModelE2-YIBs that allows for these feedbacks gives an Os-induced damage to annual
GPP of 10.7%, a similar level to the damage computed in YIBs offline. The spatial
pattern of the online O3 inhibition also resembles that of offline damages (not shown).”
(Lines 399-402)




(a) Offline AGPP by O3 low (b) Offline AGPP by O3 high

50°N
40°N
30°N @ 65
20°N [} N ~ ! 2N\ ~
75°E 90°E 105°E  120°E  135°E 75°E 90°E 105°E  120°E  135°E
Min = -2.8 Max = 0.0 Min = -4.2 Max = 0.0
(c) Online AGPP by O3 low (d) Online AGPP by O3 high
50°N
40°N
30°N ?ﬁ ?ﬁ
20°N [ 7N n 2N
75°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E
Min = -3.1 Max= 1.1 Min = -3.9 Max= 1.2
B 3 e §
-3 -2 -1 0 1 2 3 (gCday’)

Page 14, line 406-407. Explain that the range quoted is for no AIE compared to AIE.
Uncertainties should also be quoted and include the range between high and low
sensitivity.

- We clarified as follows: “In the year 2010, the combined effects of O3 and aerosols
(Table 3) decrease total NPP in China by 0.39 (without AIE) to 0.80 Pg C yr' (with
AlE), ...” (Lines 468-470)

We do not add uncertainties of O3 sensitivity here to avoid redundancy and repetition.
Instead, we include those uncertainties in a subsequent sentence: “Independently, O3
reduces NPP by 0.59 Pg C yr’', with a large range from 0.43 Pg C yr'' for low sensitivity
to 0.76 Pg C yr'' for high sensitivity (Table 3).” (Lines 476-478)

Page 14, line 427. What is the change in methane in 2030?



- In the Methods section, we now describe the changes in CH4 concentrations: “Well-
mixed GHG concentrations are also adopted from the RCPS8.5 scenario, with CO;
changes from 390 ppm in 2010 to 449 ppm in 2030, and CH4 changes from 1.779 ppm to
2.132 ppm.” (Lines 264-266)

We agree that the increased global [CH4] also contributes to higher [O3]. We clarified the
sentence as follows: “In contrast, the enhancement of [O3] results from the increased NOx
emissions, higher level of background CH4 (~20%), and higher air temperature in the
warmer 2030 climate.” (Lines 491-493)

Page 15, lines 434-436. It would be useful to be told the change in g s between 2010 and
2030.

- We include the g_s change in the text: “Despite ..., which contributes to g, inhibition
of 4% on the country level, ...”. (Lines 500-501)

Page 15, line 436. Need to include the high-low sensitivity range here.
- We clarified as follows: “...the future Os-induced NPP damage in 2030 degrades to

14% or 0.67 Pg C yr'l (Table 3), with a range from 0.43 Pg C vr'! (low O;_sensitivity) to
0.90 Pg C yr'! (high Os sensitivity).” (Lines 501-503)

Page 15, line 441. Need to include the high-low sensitivity range here.

- We clarified as follows: “The model projects much lower damage to NPP of only 0.12
Pg C yr'l, with a range from 0.06 Pg C yr' (low O3 sensitivity) to 0.20 Pg C yr'' (high
O3 sensitivity), mainly due to the 40% reduction in [O3] (Fig. 10c). Including both
aerosol direct and indirect effects, O3 and aerosols together inhibit future NPP by 0.28 Pg
C yr'l, ranging from 0.12 Pg C yr'' with low O3 sensitivity to 0.43 Pg C yr' with high O3
sensitivity.” (Lines 507-512).

Figure 3. The right hand plot needs a legend to explain the colours.
- A legend was added as suggested.

Figures 4, 6, 8, 9, 10, S5, S7, §9: The south east China box should be shown in every
panel.

- We prefer to show the box domain only in panel (a) of the figures to be concise and
for improved clarity.

Figure 4. The key for blue and black dots should be provided within the graphs.

- We tried to add the legend for blue and black dots on the scatter plot but found it
difficult to place it because of the space limit. It is also inappropriate to place the legend
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outside the scatter plot because there are many coloured points in the middle panels (b
and e). As a result, we do not make any changes to this Figure.

Figure 5. The key for colours should be provided in the graphs. It would be useful to
provide the letter keys within table S1. A different key may be better as there a several
authors starting with “Z”.

- A legend for symbol colours has been added for Figure 5. We added a new column to
indicate the abbreviations of references shown in Figure 5. Different authors with the

same initials have been differentiated with additional characters. For example, ‘Fo’
represents Foot et al. (1996).

Figure 8. Clarify here and/or in the text that the PAR changes include the DRF.

- We have added the following sentence in the figure caption: “The NPP responses to
PAR include the DRF effects.”

Figure S3. The key for colours should be provided in the graphs.

- A legend key has been added for Figure S3 as suggested.

Figure S5. The colour scale for percentages should use the red colours for all the positive
values, and blue only if there are negative ones, otherwise use the same colours as for the

absolute values.

- We have changed the colour scale for percentages to the same ones as the absolute
values in Figure S5.
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Referee 2

We are grateful to the reviewer for their time and energy in providing helpful comments
and guidance that have improved the manuscript. In this document, we describe how we
have addressed the reviewer’s comments. Referee comments are shown in black italics
and author responses are shown in blue regular text.

This study explores the impact of air pollution on crop production, with a specific focus
on China. This is a nice study and in many ways ambitious in scope, though it builds on a
series of YIBs model developments described in previous literature. This is a great
application of coupling atmospheric chemistry and biosphere modeling and in general 1
found the paper was well executed. I suggest a little more work to clarify the details
behind these results, but after these minor corrections, the paper should be in good shape
for publication in ACP.

Specific Comments

1. The paper would benefit from a clearer distinction/discussion of impacts attributed to
meteorology feedbacks from PM & O3 forcing vs. aerosol indirect effects. The former are
referred to as “direct effects” though they are in fact meteorological feedbacks. In
general, it would be helpful if the authors provided a clearer quantification of these
specific effects and the model simulations used to assess them.

- We appreciate that the terminology may be a little challenging in multidisciplinary
studies, but we believe that our decisions have made the impacts as clear as possible. We
have adopted the use of “direct” and “indirect” as exactly used in the IPCC assessments
because these terms are widely used in the aerosol-climate community. The direct and
indirect aerosol effects are both associated with meteorological feedbacks. Throughout
the manuscript, we emphasize when we are referring to feedbacks and whether they
derive from aerosol direct and/or indirect effects.

2. The meteorological & hydrological responses presented primarily in 3.3 should
include some standard deviation numbers since multiple years of simulation were run to
assess natural variability. Are the changes in soil moisture and precipitation significant?

- We have separated the original Table S6 into two Tables, with S5 for annual statistics
and S6 for summer statistics. Each Table includes the mean changes and one standard
deviation (brackets) indicating the uncertainties.

In Section 3.3, we have added following statement to emphasize that the changes in
hydrological fields have large uncertainties: “Compared to aerosol-induced perturbations
in radiation and temperature, responses in hydrological variables (e.g. precipitation and
soil moisture) are usually statistically insignificant on the domain average due to the large
relative interannual climate variability (Tables S5 and S6).” (Lines 428-431).
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3. The paper needs a more consistent time-scale. The overall results are presented as
annual, however all the figures (except Fig 10) show summertime results only. The
authors should either include evaluation for all seasons (or annual means), or present the
final results only for summer. As is, the reader cannot judge model skill or response for
other seasons.

> The reason why our analyses and the Figures focus on the summer is that both
GPP/NPP and air pollution (especially O3) reach maximum at this season. The largest
interactions between carbon flux and air pollution are found for this season. It is not a
contradiction to show Figures on the summer average and provide annual average
impacts because the carbon loss in summer largely dominates the annual total. We found
that, for Os; damages, “about 61% of such inhibition occurs in summer, when both
photosynthesis and [O3] reach maximum of the year.” (Lines 409-410). For the combined
O3 and aerosol effects, “a dominant fraction (60% without AIE and 52% with AIE) of the
reduced carbon uptake occurs in summer, when both NPP and [Os] reach maximum of
the year.” (Lines 474-476). We also elect to present and summarize the annual average
results to the reader for consistency with regional carbon budget studies. Having the
annual average values easily available facilitates comparison with other carbon flux
impacts and carbon emissions. For example, we found that: “the combined effects of O;
and aerosols (Table 3) decrease total NPP in China by 0.39 (without AIE) to 0.80 Pg C
yr'' (with AIE), equivalent to 9-16% of the pollution-free NPP and 16-32% of the total
anthropogenic carbon emissions”. (Lines 469-471)

4. The paper should discuss the potential implications of the high bias in simulated
diffuse fraction and potentially in O3 (the evaluation of simulated O3 is mixed).

- We added following statements to discuss the implications of biases in diffuse fraction
and O3: “Predicted [Os] is largely overestimated at urban sites but exhibits reasonable
magnitude at rural sites (Figs 2 and 3). Measurements of background [Os] in China are
limited both in space and time, restricting comprehensive validation of [O3;] and the
consequent estimate of O3 damages on the country level.” (Lines 595-598)

“The model overestimates diffuse fraction in China (Fig. 4), likely because of simulated
biases in clouds. Previously, we improved the prediction of diffuse fraction in China
using observed cloud profiles for the region (Yue and Unger, 2017). Biases in simulated
AOD and diffuse fraction introduce uncertainties in the aerosol DRF especially in the
affected localized model grid cells. Yet, averaged over the China domain, our estimate of
NPP change by aerosol DRF (0.09 Pg C yr'') is consistent with the previous assessment
in Yue and Unger (2017) (0.07 Pg C yr'l).” (Lines 619-625)

Details
1. Line 71: typo “meteorology, and clouds.”

- Corrected as suggested.
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2. Line 90: need to define the square brackets in [O3]

- We added the following definition: ““...Os concentrations ([Os])” (Line 94).
3. Line 93-94: language “less well understood”

- Corrected as suggested.

4. Line 149-150: not quite true, the CLM includes more PFTs, this should be clarified
here.

> The 8 PFTs used in climate model ModelE2-YIBs are aggregated from a land cover
data set with 16 PFTs, which are used by the CLM model. We clarified as follows: “For
both global and regional simulations, 8 plant functional types (PFTs) are considered (Fig.
S1). This land cover is aggregated from a dataset with 16 PFTs, which are derived using
retrievals .... The same vegetation cover with 16 PFTs is used by the Community Land
Model (CLM)” (Lines 150-155).

5. Line 188: this is a large difference in NH3 emissions, do the authors know why the
inventories differ?

- We clarify as follows: “The discrepancies among different inventories emerge from
varied assumptions on the stringency and effectiveness of emission control measures.
While the GAINS 2010 ammonia emissions from China are larger than the RCP8.5 and
HTAP emissions as shown in Fig. S2, they are close in magnitude to the year 2010
emissions of 13.84 Tg yr”' estimated by the Regional Emission inventory in ASia (REAS,
http://www.nies.go.jp/REAS/).” (Lines 193-198)

6. Line 202-203: do these changes in biomass burning emissions seem realistic?

—> The reviewer raises an interesting and provocative question. The future changes in
biomass burning in China are small, and that is indeed realistic based on current
understanding of fire activity in China today. For example, wildfire activity is limited in
China today. We state in the manuscript: “Biomass burning emissions, adopted from the
IPCC RCP8.5 scenario (van Vuuren et al., 2011), are considered as anthropogenic
sources because most fire activities in China are due to human-managed prescribed
burning. Compared with the GAINs inventory, present-day biomass burning is equivalent
to <1% of the emissions for NOy, SO,, and NH3, 1.6% for BC, 3.0% for CO, and 9.6%
for OC.” (Lines 213-217)

7. Lines 205-207: are these natural emissions simulated online or specified? Are there
appropriate references that could be cited for this?

- We add a detailed description of the climate-sensitive natural emission sources:

14



“The model represents climate-sensitive natural precursor emissions of lightning NOy,
soil NOy and biogenic volatile organic compounds (BVOCs) (Unger and Yue, 2014).
Future 2030 changes in these natural emissions are small compared to the anthropogenic
emission changes. Interactive lightning NOy emissions are calculated based on the
climate model’s moist convection scheme that is used to derive the total lightning and the
cloud-to-ground lightning frequencies (Price et al., 1997; Pickering et al., 1998; Shindell
et al,, 2013). Annual average lightning NOy emissions over China increase by 4%
between 2010 and 2030. Interactive biogenic soil NOy emission is parameterized as a
function of PFT-type, soil temperature, precipitation (including pulsing events), fertilizer
loss, LAI, NOy dry deposition rate, and canopy wind speed (Yienger and Levy, 1995).
Annual average biogenic soil NOy emissions increase by only 1% over China between
2010 and 2030. Leaf isoprene emissions are simulated using a biochemical model that
depends on the electron transport-limited photosynthetic rate, intercellular CO,, canopy
temperature, and atmospheric CO, (Unger et al., 2013). Leaf monoterpene emissions
depend on canopy temperature and atmospheric CO; (Unger and Yue, 2014). Annual
average isoprene emission in China increases by 5% (0.39 TgC/yr) between 2010 and
2030 in response to enhanced GPP and temperature that offset the effects of CO,-
inhibition. Monoterpene emissions decrease by 5% (-0.25 Tg C) between 2010 and 2030
because CO,-inhibition outweighs the effects of increased warming.” (Lines 220-238).

8. Lines 208-209: Please explain why isoprene emissions increase and monoterpene
emissions decrease (text later indicates that land cover is fixed)

—> Please see above response to Point (7).

9. Section 3.1.1 & Figure 1: Please discuss the spatial differences between observed and
simulated GPP/NPP.

->We add the following information to Section 3.1.1: “For GPP, prediction in the
summer overestimates by 6.2% over the southern coast (< 28°N), but underestimates by
23.7% over the North China Plain (NCP, [32-40°N, 110-120°E]). Compared with the
MODIS data product, predicted summer NPP is overall overestimated by 20.6% in China
(Fig. 1), with regional biases of 40.0% in the southern coast, 51.2% in the NCP, and 38.7%
in the Northeast (> 124°E).” (Lines 327-331)

10. Line 282: Is R=0.86 a typo? Figure I suggests this should be 0.75

- The R=0.86 is for the annual GPP as shown in Figure S4. We have indicated both
Figure 1 and Figure S4 in the text. (Line 325)

11. Figure 2 caption: should include years
- We added the information of years as follows: “...observations from (b) the satellite

retrieval of the MODIS (averaged for 2008-2012), and (e) and (h) measurements from
188 ground-based sites (at the year 2014)” (Lines 959-961)
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12. Section 3.1.2 & Figure 2: Please briefly discuss where the model is too high and too
low and what species might contribute to these biases. Also quantify the last sentence
(line 298-299)

- We describe the AOD biases as follows: “Predicted AOD also reproduces the
observed spatial pattern, but underestimates the high center in NCP by 24.6%.” (Lines
339-340)

In the Discussion Section 4.2, we explain the cause of AOD biases: “Simulated surface
PM, s is reasonable but AOD is underestimated in the North China Plain (Fig. 2), likely
because of the biases in aerosol optical parameters. Using a different set of optical
parameters, we predicted much higher AOD that is closer to observations with the same
aerosol vertical profile and particle compositions (Yue and Unger, 2017).” (Lines 615-
619)

We revise the text as follows: “Evaluations at rural sites (Table S4), which represent the
major domain of China, show a mean bias of -5% (Fig. 3). The magnitude of such bias is
much lower than the value of 42.5% for the comparisons at urban-dominant sites (Fig.
21).” (Lines 346-348)

13. Line 308: “diffuse fraction agree” — this is incorrect. The simulation appears biased
quite high in some regions. Please correct.

- We corrected the sentence: “Simulated diffuse fraction reproduces observed spatial
pattern with high correlation coefficient (» = 0.74, p < 0.01), though it is on average
25.2% larger than observations (Figs 4d-4f). Such bias is mainly attributed to the
overestimation in the North and Northeast. For the southeastern region, where high
values of GPP dominate (Fig. 1), predicted diffuse fraction is in general within the 10%
difference from the observations.” (Lines 357-362)

14. Section 4.2 should also acknowledge that the response of the hydrological cycle to
aerosols is also a major source of uncertainty.

- We revised the text to acknowledge the uncertainty as follows: “Aerosol-induced
impacts on precipitation and soil moisture are not statistically significant over the
regionally averaged domain (Tables S5 and S6). However, for the 2010 and 2030 CLE
cases with AIE, 2 out of 6 scenarios, the aerosol-induced impact on soil moisture
dominates the total NPP response (Table 3).” (Lines 626-629)
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Abstract

Atmospheric pollutants have both beneficial and detrimental effects on carbon uptake by
land ecosystems. Surface ozone (O3) damages leaf photosynthesis by oxidizing plant cells,
while aerosols promote carbon uptake by increasing diffuse radiation and exert additional
influences through concomitant perturbations to meteorology and hydrology. China is
currently the world’s largest emitter of both carbon dioxide and short-lived air pollutants.
The land ecosystems of China are estimated to provide a carbon sink, but it remains unclear
whether air pollution acts to inhibit or promote carbon uptake. Here, we employ Earth

system modeling and multiple measurement datasets to assess the separate and combined

effects of anthropogenic O; and aerosol pollution on net primary productivity (NPP) in { Deleted: ozone ]
China. In the present day, Os reduces annual NPP by 0.6 Pg C (14%) with a range from 0.4 _ { Deleted: air pollution }
Pg C (low Ojs sensitivity) to 0.8 Pg C (high O sensitivity). In contrast, aerosol direct effects, | Deleted: 4 Pe C (9%). resulting from a decrease of 0. ]
: [ Deleted: by ozone damage, and an increase of ]

increase NPP by 0.2 Pg C (5%) through the combination of diffuse radiation fertilization, {Deleted: N }
reduced canopy temperatures, and reduced evaporation leading to higher soil moisture. ‘_‘[Deletedi 5%) by }
[ Deleted: . The enhancement by aerosols is a ]

Consequently, the net effects of O; and aerosols decrease NPP by 0.4 Pg C (9%) with a

range from 0.2 Pg C (low Os_sensitivity) to 0.6 Pg C (high Oj; sensitivity). However,

precipitation inhibition from combined aerosol direct and indirect effects reduces annual

NPP by 0.2 Pg C (4%), leading to a net air pollution suppression of 0.8 Pg C (16%) witha -

{ Deleted:

%).

range from 0.6 Pg C (low Os sensitivity) to 1.0 Pg C (high O; sensitivity). Our results

reveal strong dampening effects of air pollution on the land carbon uptake in China today.

Following the current legislation emission scenario, this suppression will pe further .-~
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not alleviate

increased by the year 2030, mainly due to a continuing increase in surface O;. However, .-~
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ozone

the maximum technically feasible reduction scenario could drastically relieve the current
level of NPP damage by 70% in 2030, offering protection of this critical ecosystem service

and the mitigation of long-term global warming.
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1 Introduction

Surface ozone (O3) and atmospheric aerosols influence land ecosystem carbon uptake both
directly and indirectly through Earth system interactions. O3 reduces plant photosynthesis
directly through stomatal uptake. The level of damage is dependent on both surface ozone
concentrations ([O3]) and the stomatal conductance (g;), the latter of which is closely
related to the photosynthetic rate (Reich and Amundson, 1985; Sitch et al., 2007;
Ainsworth et al., 2012). The impact of aerosol pollution on vegetation is less clear.
Atmospheric aerosols influence plant photosynthesis through perturbations to radiation,

meteorology, and clouds. Observations (Cirino et al., 2014; Strada et al., 2015) suggest that

{ Deleted: cloud

an increase in diffuse light partitioning in response to a moderate aerosol loading can
improve canopy light use efficiency (LUE) and promote photosynthesis, known as diffuse
radiation fertilization (DRF), as long as the total light availability is not compromised
(Kanniah et al., 2012). Atmospheric aerosols also reduce leaf temperature (Steiner and
Chameides, 2005; Cirino et al., 2014), but the consequence for photosynthesis depends on
the relationship between the local environmental temperature and the photosynthetic
optimum temperature of approximately 25°C. Aerosol-induced changes in evaporation and
precipitation are interconnected but impose opposite effects on photosynthesis; less
evaporation preserves soil moisture in the short term but may decrease local rainfall
(Spracklen et al., 2012) and lead to drought conditions in the long term. Furthermore,
aerosol indirect effects (AIE) on cloud properties can either exacerbate or alleviate the

above feedbacks.

China is currently the world’s largest emitter of both carbon dioxide and short-lived air

pollutants (http://gains.iiasa.ac.at/models/). The land ecosystems of China are estimated to

provide a carbon sink (Piao et al., 2009), but it remains unclear how air pollution may affect
this sink through the atmospheric influences on regional carbon uptake. Os damages to
photosynthesis, including those in China, have been quantified in hundreds of

measurements (Table S1), but are limited to individual plant species and specific O3

concentrations ([O3]). Previous regional modeling of O3 vegetation damage (e.g., Ren et

al., 2011; Tian et al., 2011) does not always take advantage of valuable observations to
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108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

calibrate GPP-Os sensitivity coefficients for China domain and typically the derived results

have not been properly validated. The aerosol effects on photosynthesis are less well
understood. Most of the limited observation-based studies (Rocha et al., 2004; Cirino et
al., 2014; Strada et al., 2015) rely on long-term flux measurements or satellite retrievals,
which are unable to unravel impacts of changes in the associated meteorological and
hydrological forcings. Modeling studies focus mainly on the aerosol-induced enhancement
in diffuse radiation (e.g., Cohan et al., 2002; Gu et al., 2003; Mercado et al., 2009), but
ignore other direct and indirect feedbacks such as changes in temperature and precipitation.
Finally, no studies have investigated the combined effects of O3 and aerosols or how the
air pollution influences may vary in response to future emission regulations and climate

change.

In this study, we assess the impacts of O3 and aerosols on land carbon uptake in China
using the global Earth system model NASA GISS ModelE2 that embeds the Yale
Interactive Terrestrial Biosphere model (YIBs). This framework is known as NASA
ModelE2-YIBs and fully couples the land carbon-oxidant-aerosol-climate system (Schmidt
et al.,, 2014; Yue and Unger, 2015). The global-scale model accounts for long-range
transport of pollution and large-scale feedbacks in physical climate change. The coupled
Earth system simulations apply present-day and future pollution emission inventories from
the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS) integrated

assessment model (http://gains.iiasa.ac.at/models/). The simulations include process-

based, mechanistic photosynthetic responses to physical climate change, O; stomatal
uptake, carbon dioxide (CO,) fertilization, and aerosol radiative perturbations, but not
aerosol and acid deposition (Table 1). The O3 and aerosol haze effects on the land carbon
cycle fluxes occur predominantly through changes to gross primary productivity (GPP) and
net primary productivity (NPP). Therefore, the current study focuses on GPP and NPP

impacts and does not address changes in net ecosystem exchange (NEE).

2 Methods

2.1 YIBs vegetation model
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The YIBs model applies the well-established Farquhar and Ball-Berry models (Farquhar
et al., 1980; Ball et al., 1987) to calculate leaf photosynthesis and stomatal conductance,
and adopts a canopy radiation scheme (Spitters, 1986) to separate diffuse and direct light
for sunlit and shaded leaves. The assimilated carbon is dynamically allocated and stored to
support leaf development (changes in leaf area index, LAI) and tree growth (changes in
height). A process-based soil respiration scheme that considers carbon flows among 12
biogeochemical pools is included to simulate carbon exchange for the whole ecosystem
(Yue and Unger, 2015). Similar to many terrestrial models (Schaefer et al., 2012), the
current version of YIBs does not include a dynamic N cycle. Except for this deficit, the
vegetation model can reasonably simulate ecosystem responses to changes in [CO>],
meteorology, phenology, and land cover (Yue et al., 2015). A semi-mechanistic O3
vegetation damage scheme (Sitch et al., 2007) is implemented to quantify responses of

photosynthesis and stomatal conductance to O3 (Yue and Unger, 2014).

The YIBs model can be used in three different configurations: site-level, global/regional
offline, and online within ModelE2-YIBs (Yue and Unger, 2015). The offline version is
driven with hourly 1°x1° meteorological forcings from either the NASA Modern Era
Retrospective-analysis for Research and Applications (MERRA) (Rienecker et al., 2011)
or the interpolated output from ModelE2-YIBs. The online YIBs model is coupled with the
climate model NASA ModelE2 (Schmidt et al., 2014), which considers the interplay
among meteorology, radiation, atmospheric chemistry, and plant photosynthesis at each
time step. For both global and regional simulations, 8 plant functional types (PFTs) are

considered (Fig. S1). This land cover js aggregated from a dataset with 16 PFTs, which are
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derived psing retrievals from both the Moderate Resolution Imaging Spectroradiometer

(MODIS) (Hansen et al., 2003) and the Advanced Very High Resolution Radiometer
(AVHRR) (Defries et al., 2000). The same vegetation cover with 16 PETs is used by the
Community Land Model (CLM) (Oleson et al., 2010).

Both the online and offline YIBs models have been extensively evaluated with site-level

measurements from 145 globally-dispersed flux tower sites, long-term gridded benchmark
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products, and multiple satellite retrievals of LAI tree height, phenology, and carbon fluxes
(Yue and Unger, 2015; Yue et al., 2015). Driven with meteorological reanalyses, the offline
YIBs vegetation model estimates a global GPP of 122.3 + 3.1 Pg C yr', NPP of 63.6 + 1.9
Pg C yr', and NEE of -2.4 £ 0.7 Pg C yr' for 1980-2011, consistent with an ensemble of
land models (Yue and Unger, 2015). The online simulations with ModelE2-YIBs,
including both aerosol effects and O3 damage, yield a global GPP of 125.8 + 3.1 Pg C yr’
! NPP of 63.2+ 0.4 Pg C yr'', and NEE of -3.0 + 0.4 Pg C yr”' under present day conditions.

2.2 NASA ModelE2-YIBs model

The NASA ModelE2-YIBs is a fully coupled chemistry-carbon-climate model with
horizontal resolution of 2°%2.5° latitude by longitude and 40 vertical levels extending to
0.1 hPa. The model simulates gas-phase chemistry (NO,, HO,, O,, CO, CH,, NMVOCs),
aerosols (sulfate, nitrate, elemental and organic carbon, dust, sea salt), and their interactions
(Schmidt et al., 2014). Modeled oxidants influence the photochemical formation of
secondary aerosol species (sulfate, nitrate, secondary organic aerosol). In turn, modeled
aerosols affect photolysis rates in the online gas-phase chemistry (Schmidt et al., 2014).
Heterogeneous chemistry on dust surfaces is represented (Bauer et al., 2007). The
embedded radiation package includes both direct and indirect (Menon and Rotstayn, 2006)
radiative effects of aerosols and considers absorption by multiple GHGs. Simulated surface
solar radiation exhibits the lowest model-to-observation biases compared with the other 20
IPCC-class climate models (Wild et al., 2013). Simulated meteorological and hydrological
variables have been full validated against observations and reanalysis products (Schmidt

etal.,2014).

2.3 Emissions

We use global annual anthropogenic pollution inventories from the GAINS integrated
assessment model (Amann et al., 2011), which compiles historic emissions of air pollutants
for each country based on available international emission inventories and national

information from individual countries. Inter-comparison of present-day (the year 2010)
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emissions (Fig. S2) shows that the GAINS V4a inventory has similar emission intensity
(within £10%) in China as IPCC RCP8.5 scenario (van Vuuren et al., 2011) for most

species, except for ammonia, which is higher by 80% in GAINS. The discrepancies among

different inventories emerge from varied assumptions on the stringency and effectiveness

of emission control measures. While the GAINS 2010 ammonia emissions from China are

larger than the RCP8.5 and HTAP emissions as shown in Fig. S2, they are close in

magnitude to the year 2010 emissions of 13.84 Tg yr'l estimated by the Regional Emission

inventory in ASia (REAS, http://www.nies.go.jp/REAS/).

The GAINS inventory also projects medium-term variations of future emissions at five-
year intervals to the year 2030. The current legislation emissions (CLE) scenario applies
full implementation of national legislation affecting air pollution emissions; for China, this
represents the 11" five-year plan, including known failures. By 2030, in the CLE inventory,
CO decreases by 18%, SO, by 21%, black carbon (BC) by 28%, and organic carbon (OC)
by 41%, but NOy increases by 20%, ammonia by 22%, and non-methane volatile organic
compounds (NMVOC) by 6%, relative to the 2010 emission magnitude in China. To
account for potential rapid changes in policy and legislation, we apply the maximum
technically feasible reduction (MTFR) emission scenario as the lower limit of future air
pollution. The MTFR scenario implements all currently available control technologies,
disregarding implementation barriers and costs. With this scenario, the 2030 emissions of

NOx decrease by 76%, CO by 79%, SO, by 67%, BC by 81%, OC by 89%, ammonia by

65%, and NMVOC by 62% in China, indicating large improvement of air quality. Biomass
burning emissions, adopted from the IPCC RCPS.5 scenario (van Vuuren et al., 2011), are

considered as anthropogenic sources because most fire activities in China are due to

human-managed prescribed burning. Compared with the GAINs inventory, present-day

biomass burning is equivalent to <1% of the emissions for NOy, SO,, and NH3, 1.6% for

BC, 3.0% for CO, and 9.6% for OC. By the year 2030, biomass burning emissions decrease

by 1-2% for all pollution species compared with 2010.

The model represents climate-sensitive natural precursor emissions of lightning NO,, soil

NOy and biogenic volatile organic compounds (BVOCs) (Unger and Yue, 2014). Future

{ Deleted: black carbon
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[ Deleted: at the year 2030

/" | Deleted: Natural emissions of air pollution show much
/| smaller changes by 2030 compared with anthropogenic
emissions. Lightning NOy emissions increase by ~4% (0.02
Tg N) and soil NO, emissions increase by ~1% (0.001 Tg N).
Emissions of biogenic VOCs, predicted with a
photosynthesis-based scheme (Yue et al., 2015), increase by
5% (+0.39 Tg C) for isoprene but decrease by 5% (-0.25 Tg
C) for monoterpenes. Changes in natural emissions of SO,
(volcano and ocean sources) and NH; (ocean source) are
trivial over China. -
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2030 changes in these natural emissions are small compared to the anthropogenic emission

changes. Interactive lightning NO emissions are calculated based on the climate model’s

moist convection scheme that is used to derive the total lightning and the cloud-to-ground

lightning frequencies (Price et al., 1997; Pickering et al., 1998; Shindell et al., 2013).

Annual average lightning NO, emissions over China increase by 4% between 2010 and

2030. Interactive biogenic soil NO, emission is parameterized as a function of PFT-type,

soil temperature, precipitation (including pulsing events), fertilizer loss, LAI, NOy dry

deposition rate, and canopy wind speed (Yienger and Levy, 1995). Annual average

biogenic soil NO, emissions increase by only 1% over China between 2010 and 2030. Leaf

isoprene emissions are simulated using a biochemical model that depends on the electron

transport-limited photosynthetic rate, intercellular CQO,, canopy temperature, and

atmospheric CO, (Unger et al., 2013). Leaf monoterpene emissions depend on canopy

temperature and atmospheric CO, (Unger and Yue, 2014). Annual average isoprene

emission in China increases by 5% (0.39 Tg C yr']) between 2010 and 2030 in response to

enhanced GPP and temperature that offset the effects of CO»-inhibition. Monoterpene
emissions decrease by 5% (-0.25 Tg C) between 2010 and 2030 because CO,-inhibition

outweighs the effects of increased warming.

2.4 Simulations

2.4.1 NASA ModelE2-YIBs online

We perform 24 time-slice simulations to explore the interactive impacts of O3 and aerosols

on land carbon uptake (Table 2). All simulations are performed in atmosphere-only .-
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configuration. In these experiments, [Os] and aerosol loading are dynamically predicted,
and atmospheric chemistry processes are fully two-way coupled to the meteorology and
the land biosphere. Simulations can be divided into two groups, depending on whether AIE
are included. In each group, three subgroups are defined with the emission inventories of

GAINS 2010, CLE 2030, and MTFR 2030 scenarios. In each subgroup, one baseline

experiment is set up with only natural emissions, (denoted with NAT). The other three .-

implement all natural and anthropogenic sources of emissions, (denoted with ALL), but
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(LO3), and high sensitivity, (HO3). To compare the differences between online and offline

03 damage, we perform four additional simulations which do not account for the feedbacks
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of Os-induced changes in biometeorology, plant growth, and ecosystem physiology. Two
simulations, G10ALLHO3 OFF and GI10ALLLO3 OFF, include both natural and
anthropogenic emissions. The other two, GIONATHO3 OFF and G1ONATLO3 OFF,

include natural emissions alone.

We use prescribed sea surface temperature (SST) and sea ice distributions simulated by
ModelE2 under the IPCC RCPS.5 scenario (van Vuuren et al., 2011). For these boundary
conditions, we apply the monthly-varying decadal average of 2006-2015 for 2010
simulations and that of 2026-2035 for 2030 simulations. Well-mixed GHG concentrations
are also adopted from the RCP8.5 scenario, with CO», changes from 390 ppm in 2010 to

J
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449 ppm in 2030, and CH4 changes from 1.779 ppm to 2.132 ppm. Land cover change

projections for this scenario suggest only minor changes between the years 2010 and 2030;
for example, the expansion of 3% for grassland is offset by the losses of 1% for cropland
and 4% for tropical rainforest. As a result, we elect to apply the same land cover, which is
derived from satellite retrievals, for both present-day and future simulations (Fig. S1). We
use present-day equilibrium tree height derived from a 30-year spinup procedure (Yue and
Unger, 2015) as the initial condition. All simulations are performed for 20 years, and the
last 15 years are used for analyses. For simulations including effects of CO, fertilization,
climate change, and O3 damages, GPP and NPP reach new equilibrium within 5 years while
those for NEE may require several decades due to the slow responses of the soil carbon

pools (Fig. S3)._The full list of simulations in Table 2 offers assessment of uncertainties

due to interannual climate variability, emission inventories (CLE or MTFR), O3 damage

sensitivities (low to high), and aerosol climatic effects (direct and indirect). Uncertainties

calculated based on the interannual climate variability in the model are indicated using the

format ‘mean + one standard deviation’. Other sources of uncertainty are explicitly stated.

2.4.2 YIBs offline with MERRA meteorology
We perform 15 simulations to evaluate the skill of the O3 damage scheme for vegetation in

China (Table S2). Each run is driven with hourly meteorological forcings from NASA
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319 GMAO MERRA (Rienecker et al., 2011). One baseline simulation is performed without
320  inclusion of any O3 damage. The others, seven runs in each of two groups, are driven with
321  fixed [O3] at 20, 40, 60, 80, 100, 120, and 140 ppbv, respectively, using either low or high
322 Oj sensitivities defined by (Sitch et al., 2007). Thus, [O3] in these offline runs is fixed
323  without seasonal and diurnal variations to mimic field experiments that usually apply a
324  constant level of [O3] during the test period. We compare the Os-affected GPP with the Os-
325  free GPP from the baseline simulation to derive the damaging percentages to GPP, which
326  are compared with values for different PFTs from an ensemble of published literature
327  results (Table S1). All simulations are performed for 1995-2011, and the last 10 years are
328  used for analyses.

329

330  2.4.3 YIBs offline with ModelE2-YIBs meteorology

331  Using the offline YIBs vegetation model driven with ModelE2-YIBs meteorology, we

332 perform 30 simulations to isolate the impacts of aerosol-induced changes in the individual

|333 meteorological drivers on carbon uptake (Table S3). Experiments are categorized into two { Deleted: S4 }

334 groups, depending on whether the GCM forcings include AIE or not. In each group, three
335  subgroups of simulations are set up with different meteorology for GAINS 2010, CLE
336 2030, and MTFR 2030 scenarios. Within each subgroup, five runs are designed with the
337  different combinations of GCM forcings. One baseline run is forced with meteorology
338  simulated without anthropogenic acrosols. The other four are additionally driven with
339  aerosol-induced perturbations in temperature, PAR, soil moisture, or the combination of

B40 the above three variables. For these simulations, the month-to-month meteorological

B41  perturbations caused by aerosols are applied as scaling factors on the baseline forcing. The

342  differences of NPP between sensitivity and baseline runs represent contributions of

B43  individual or total aerosol effects. Each simulation is performed for 15 years, with the last { Deleted: 10 years, with the last 3 years used for analyses ]

344 10 years used for analyses. Uncertainties due to interannual climate variability in the model

B45  are calculated using different time periods for the online (15 years, Table 2) and offline (10

B46  years, Table S3) runs., { Formatted: Font:Times New Roman, Font color: }
47 Auto

348 3 Results

349
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FSZ 3.1 Evaluation of ModelE2-YIBs over China { Deleted: ModelE
353

354  3.1.1 Land carbon fluxes: GPP and NPP

355  To validate simulated GPP, we use a gridded benchmark product for 2009-2011 upscaled

356  from in situ FLUXNET measurements (Jung et al., 2009). For NPP, we use a MODIS

357  satellite-derived product for 2009-2011 (Zhao et al., 2005). Both datasets are interpolated

358  to the same resolution of 2°x2.5° as ModelE2-YIBs. Simulated GPP and NPP reproduce

359  the observed spatial patterns with high correlation coefficients (R=0.46-0.86, p < 0.001)

|360 and relatively low model-to-observation biases (< 20%) (Fig. 1 and Fig. S4). High values

361  of the land carbon fluxes are predicted in the East and the Northeast, where forests and

B62  croplands dominate (Fig. S1). For GPP, prediction in the summer overestimates by 6.2%

B63  over the southern coast (< 28°N), but underestimates by 23.7% over the North China Plain

B64 (NCP, [32-40°N, 110-120°E]). Compared with the MODIS data product, predicted

B65  summer NPP is overall overestimated by 20.6% in China (Fig. 1f), with regional biases of
B66  40.0% in the southern coast, 51.2% in the NCP, and 38.7% in the Northeast (> 124°E).
367

368  3.1.2 Surface air pollution and AOD

369  For surface concentrations of PM, s and O3, we use ground measurements available for

370 2014 from 188 sites operated by the Ministry of Environmental Protection of China

F71 (http://www.aqgicn.org/). In addition, we use rural [O3] from published literature (Table S4) { Deleted: S5
372 to evaluate the model. For AOD, we use gridded observations of 2008-2012 from MODIS

73 retrievals. The model simulates reasonable magnitude and spatial distribution of surface { Deleted: AOD and

74  PM,; concentrations (Fig. 2). Predicted AOD also reproduces the observed spatial pattern,

75  but underestimates the high center in NCP by 24.6%. Long-term measurements of [O,] are

376  very limited in China. Comparisons with the 2014 one-year data from 188 urban sites show
377  thatsimulated [O;] reproduces reasonable spatial distribution but overestimates the average
378  concentration by >40%. Such discrepancy is in part attributed to the sampling biases,

379  because urban [O;] is likely lower than rural [O;] due to high NO, emissions (NO, titration)

80 and aerosol loading (light extinction) in cities. Evaluations at rural sites (Table S4), which { Deleted: S5) better match the observations that

81  represent the major domain of China. show a mean bias of -5% (Fig. 3). The magnitude of { Formatted: Font:Times
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86  such bias is much lower than the value of 42.5% for the comparisons at urban-dominant
87  sites (Fig. 2f).

388

389  3.1.3 Shortwave radiation

390  We use ground-based observations of surface shortwave radiation and diffuse fraction from
391 106 pyranometer sites managed by the Climate Data Center, Chinese Meteorological
392 Administration (Xia, 2010). Site selection is based on the availability of continuous
393  monthly measurements during 2008-2012, resulting in 95 sites for the evaluation of total

394  shortwave radiation. For diffuse radiation, we select the 17 sites only that provide

B95  continuous measurements during 2008-2012. Simulated surface shortwave radiation ¢ 5 | Deleted: and diffuse fraction agree well with measurements
at 106 sites, especially over the East where low solar

B96  well with measurements at 106 sites (Figs 4a-4c). Simulated diffuse fraction reproduces insolation while high diffusion are predicted (Fig. 4).

B97  observed spatial pattern with high correlation coefficient (r = 0.74, p < 0.01), though it is
398

Figs 4d-4f). Such bias is mainly attributed to

on average 25.2% larger than observations

399 the overestimation in the North and Northeast. For the southeastern region, where high

400  values of GPP dominate (Fig. 1), predicted diffuse fraction is in general within the 10%

401  difference from the observations.

402

403  3.1.4 Ozone vegetation damage function

04  We adopt the same approach as Yue et al. (2016) by comparing simulated GPP-to-[O3]

4

|405 responses (Table S2) with observations from multiple published literature (Table S1). We { Deleted: S3
406  aggregate these measurements into six categories, including evergreen needleleaf forest
407  (ENF), deciduous broadleaf forest (DBF), shrubland, C3 herbs, C4 herbs, and a mixture of
408  all above species. We derive the sensitivity of GPP to varied [O3] (Fig. 5) using the YIBs
409  offline version. For most PFTs, simulated O; damage increases with [Os] in broad
410  agreement with measurements. Predicted O; damage reproduces observations with a
411  correlation coefficient of 0.61 (for all samplings, #=32) and in similar magnitudes (-17.7%
412 vs. -20.4%), suggesting that the damage scheme we adopted from Sitch et al. (2007) is
413  ready to use in China. For the same level of [Os], deciduous trees suffer larger damages
414  than evergreen trees because the former species are usually more sensitive (Sitch et al.,
415  2007) and have higher g, (therefore higher uptake) (Wittig et al., 2007). Flux-based O3
416  sensitivity for C4 herbs is only half that of C3 herbs (Sitch et al., 2007), however,
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concentration-based O3 damages, both observed and simulated, are larger for C4 plants

because of their higher uptake efficiency following high g, (Yue and Unger, 2014).

3.2 O; effects in China

We focus our study domain in eastern China (21°-38°N, 102°-122°E, including the North
China Plain, the Yangtze River Delta, and part of the Sichuan Basin), a region that suffers
from high levels of Os; and aerosols from anthropogenic pollution sources (>75%
contribution; Fig. S5). We estimate that surface O3 decreases annual GPP in China by
10.3% based on YIBs offline simulations in the absence of feedbacks from O3 vegetation
damage to meteorology and plant growth. The damage is stronger in summer, when the
average GPP decreases by ~20% for both deciduous trees and C3 herbs in the East (Fig.
6). In contrast, a lower average damage to GPP of ~10% is predicted for evergreen
needleleaf trees (because of low sensitivity) and C4 herbs (because of the mismatched

spatial locations between C4 plants and high [Os], Fig. S1 and Fig. 2d).

O3 damage to photosynthesis can influence plant growth. At the same time, the O3-induced

reductions in stomatal conductance (Fig. S6a) can increase canopy temperature and inhibit

plant transpiration, leading to surface warming (Fig. S6b), dry air (Fig. S6¢), and rainfall .

[ Deleted: (Lombardozzi et al., 2015),

deficit (Fig. S6d). These biometeorological feedbacks may in turn exacerbate the .-

dampening of land carbon uptake. Application of ModelE2-YIBs that allows for these

feedbacks gives an Os-induced damage to annual GPP of 10.7%, a similar level to the

damage computed in YIBs offline. The spatial pattern of the online Os_ inhibition also .~

{Deleted: S6

Deleted: Sensitivity simulations (

resembles that of offline damages (not shown). Sensitivity simulations with zero .-~

anthropogenic emissions show almost no O3 damage, (Fig. S7), because the [O3] exposure .-

from natural sources alone is usually lower than the threshold level of 40 ppbv below which -

(
(

{ Deleted: ,
(

Deleted: and online)

Deleted: damaging

the damage for most PFTs is limited (Fig. 5). Our results indicate that present-day surface

05 causes strong inhibitions on total NPP in China, ranging from 0.43 £0.12 Pg C yr'I with -

low sensitivity to 0.76 + 0.15 Pg C yr'' with high sensitivity (Table 3). The central value

of NPP reduction by O3 is 0.59 £ 0.11 Pg C yr', assuming no direct impacts of O; on plant -

{ Deleted: inhibition, averaged for low and high plant

sensitivities, reduces

~{ Deleted: (Table2),
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respiration. About 61% of such inhibition occurs in summer, when both photosynthesis

and [O;] reach maximum of the year.

3.3 Aerosol haze effects in China

Aerosols decrease direct solar radiation but increase diffuse radiation (Fig. S8), the latter .-~

{Deleted: S7

of which is beneficial for canopy photosynthesis. The onling-coupled model quantifies the -

concomitant meteorological and hydrological feedbacks (Fig. 7) that further influence the
radiative and land carbon fluxes. Reduced insolation decreases summer surface

temperature by 0.63°C in the East, inhibiting evaporation but increasing relative humidity

(RH) due to the lower saturation vapor pressure (Table S5). These feedbacks combine to .-

stimulate photosynthesis (Fig. 8a), which, in turn, strengthens plant transpiration (not

shown). Atmospheric circulation and moisture convergence are also altered due to the .-

pollution-vegetation-climate interactions, resulting in enhanced precipitation (Fig. 7b) and

cloud cover, (Fig. 7d). Moreover, soil moisture increases (Fig. 7f) with lower evaporation .~

(Fig. 7¢) and higher precipitation, (Fig. 7b). Inclusion of AIE results in distinct climatic .

feedbacks (Fig. S9). Summer precipitation decreases by 0.9 mm day™ (13%), leading toa -

3% decline in soil moisture (Table S6). The AIE, lengthens cloud lifetime and increases .

cloud cover, further reducing available radiation and causing a stronger surface cooling.

Compared to aerosol-induced perturbations in radiation and temperature, responses in

hydrological variables (e.g. precipitation and soil moisture) are usually statistically

insignificant on the domain average due to the large relative interannual climate variability

(Tables S5 and S6). The resulting meteorological changes over China are a combination of

locally driven effects (such as changes in radiation and hence temperature) and regional-

globally driven effects (such as changes in rainfall and hence soil water).

We separate the relative impacts due to aerosol-induced perturbations in temperature,
radiation, and soil moisture (Fig. 8). The overall impact of the aerosol-induced
biometeorological feedbacks on the carbon uptake depends on the season and vegetation
type. In the summer, the aerosol-induced surface cooling brings leaf temperature closer to

the photosynthetic optimum of 25°C, DRF enhances light availability of shaded leaves and

14
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LUE of sunlit leaves, and the wetter soil alleviates water stress for stoma. Consequently,
aerosol-induced hydroclimatic feedbacks promote ecosystem NPP, albeit with substantial

spatiotemporal variability (Fig. 8a and Table 3). Surface cooling enhances NPP in summer

(Fig. 8b) but induces neutral net impacts on NPP in spring and autumn (not shown), when
leaf temperature is usually below 25°C, because the cooling-driven reductions of

photosynthesis are accompanied by simultaneous reductions in plant respiration. We find

We find

strong aerosol DRF in the Southeast and the Northeast, where AOD is moderate (Fig. 8c).
Over the North China Plain and the Southwest, aerosol DRF is more limited. In these
regions, the local background aerosol layer and/or cloud over are sufficiently optically
thick that the effect of anthropogenic aerosol pollution is largely to attenuate direct sunlight
and reduce NPP (Cohan et al., 2002). Aerosol-induced cooling increases soil moisture over
most of the East (Fig. 7f), but the beneficial responses are confined to the Central East (Fig.
8d), where C3 crops dominate (Fig. S1). These short-root plants are more sensitive to short-

term water availability than deep-root trees (Beer et al., 2010; Yue et al., 2015).

In contrast, inclusion of AIE results in detrimental impacts on NPP (Table 3).

induced drought strongly reduces regional NPP especially over the Northeast and North

China Plain (Fig. S10d), where cropland dominates (Fig. S1). Meanwhile, the increases in .-

cloud cover reduce available radiation, leading to weakened aerosol DRF effects over the

Southeast while strengthened NPP reductions in the Southwest (Fig. S10c¢).

3.4 Combined effects of O3 and aerosol

Simultaneous inclusion of the aerosol effects on the land biosphere has negligible impacts
on O3 damage. The online Os inhibition, which is much stronger in magnitude than the
aerosol effects, shows insignificant differences relative to the offline values (10.7% vs.
10.3%). As a result, we consider Oz and aerosol effects to be linearly additive. In the year

2010, the combined effects of O3 and aerosols (Table 3) decrease total NPP in China by

0.39 (without AIE) to 0.80 Pg C yr'l (with AIE), equivalent to 9-16% of the pollution-free .-
NPP and 16-32% of the total anthropogenic carbon emissions (Liu et al., 2015). Spatially, -
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| Deleted: Plant phenology is responding to aerosol-induced
cooling; however, such changes alone exert much smaller
impacts on the ecosystem carbon uptake compared to those
driven directly by temperature changes (Yue et al., 2015).
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a dominant fraction (86% without AIE and 77% with AIE) of the reduced carbon uptake
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occurs in the East, where dense air pollution is co-located with high NPP (Figs 1 and 2).

Temporally, a dominant fraction (60% without AIE and 52% with AIE) of the reduced

carbon uptake occurs in summer, when both NPP and [Os] reach maximum of the year.

Independently, O; reduces NPP by 0.59 Pg C yr', with a large range from 0.43 Pg C yr*

sign of the aerosol effects is uncertain. Without AIE, aerosol is predicted to increase NPP
by 0.2 Pg C yr'', because of regionally confined DRF effects and enhanced soil moisture
(Fig. 8). With inclusion of AIE, aerosol decreases NPP by 0.2 Pg C yr'l, mainly due to

reduced soil moisture (Fig. S10). The uncertainty of individual simulations, calculated

from the interannual climate variability, is usually smaller than that due to O; damage

sensitivity and AIE (Table 3).

3.5 Future projection of pollution effects

Following the CLE scenario, by the year 2030, predicted summer [Os] increases by 7%,
while AOD decreases by 5% and surface PM, s concentrations decline by 10% (Fig. 9).
These changes are predominantly attributed to changes in anthropogenic emissions, as
natural sources show limited changes. The reduction of AOD is related to the decreased

emissions of SO,, black carbon, and organic carbon (Fig. S2). In contrast, the enhancement

of [Os] yesults from the increased NO, emissions, higher level of background CHy (~20%),

{ Deleted: 2

{ Deleted: S9

{ Deleted: 2

{ Deleted: is caused by

and higher air temperature in the warmer 2030 climate. The moderate decline of aerosol

loading in the 2030 CLE scenario brings benefits to land ecosystems through DRF effects

(Table 3) because light scattering is often saturated in the present-day conditions due to .

{ Deleted: NO, accompanied with the

{ Deleted: 2

high local AOD and regional cloud cover. Benefits from the aerosol pollution reductions
are offset by worsening O3 vegetation damage in the CLE future world (Fig. 10b). Os-free
([O3]=0) NPP increases by 14% in 2030 due to CO; fertilization and global climate change.
Despite [CO»] increases from 390 ppm in 2010 to 449 ppm in 2030 in the RCP8.5 scenario

(van Vuuren et al., 2011), which contributes to g inhibition of 4% on the country level, the -

future Os-induced NPP damage in 2030 degrades to 14% or 0.67 Pg C yr'' (Table 3), with

arange from 0.43 Pg C yr'] (low O3 sensitivity) to 0.90 Pg C yr'l (high Oj sensitivity).
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580  The MTFR scenario reflects an ambitious and optimistic future in which there is rapid
581  global implementation of all currently available technological pollution controls. AOD

582  decreases by 55% and [O;] decreases by 40% for this future scenario (Fig. 9). The model

583  projects much lower damage to NPP of only 0.12 Pg C yr‘l, with a range from 0.06 Pg C | Deleted: (0.28 Pg C yr' with AIE), mainly from the 40%
1 L I . L . reduction in [O5] (Fig. 10c). These damages are of similar
584  yr~ (low Oj sensitivity) to 0.20 Pg C yr~ (high O3 sensitivity), mainly due to the 40% magnitude to modeling uncertainties (Table 2).

585  reduction in [Os3] (Fig. 10¢). Including both aerosol direct and indirect effects, O; and

586  aerosols together inhibit future NPP by 0.28 Pg C yr", ranging from 0.12 Pg C yr'1 with
587  low Os_sensitivity to 0.43 Pg C yr'l with high Os sensitivity. As a result, The MTFR

588  scenario offers strong recovery of the land carbon uptake in China by 2030.

589

590 4. Discussion

591

592 4.1 Comparison with previous estimates

593

594  Previous estimates of Os; damages over the whole China region are very limited. Two
595  important studies, Tian et al. (2011) and Ren et al. (2011), have quantified the impacts of
596  surface Oz on carbon assimilation in China. Both studies applied the dynamic land
597  ecosystem model (DLEM) with O3 damage scheme proposed by Felzer et al. (2004), except
598  that Tian et al. (2011) focused on NEE while Ren et al. (2011) also investigated NPP. The
599  Felzer et al. (2004) scheme calculates O3 uptake based on stomatal conductance and the
600  AOT40 (accumulated hourly Oz dose over a threshold of 40 ppb). Yue and Unger (2014)
601  estimated Os-induced reductions in GPP over U.S. using Sitch et al. (2007) scheme and
602  found an average value of 4-8% (low to high sensitivity), consistent with the reduction of
603 3-7% in Felzer et al. (2004). For this study, we estimate that present-day O3 decreases NPP
604 by 0.43-0.76 Pg C yr’', higher than the 0.42 Pg C yr'' calculated by Ren et al. (2011).
605  However, the percentage reduction of 10.1-17.8% in our estimate is weaker than the value
606  0of24.7% in Ren et al. (2011). The main reason for such discrepancy lies in the differences

07  in the climatological NPP. Combining all environmental drivers (e.g. [CO;], meteorology,

6
FOS [O3], and aerosols), we predict an average NPP of 3.98 £ 0.1 Pg C yr' for the year 2010 { Deleted: =

609  (uncertainties from AIE) with the ModelE2-YIBs model. This value is close to the average

FIO of 3.35 £ 1.25 Pg C yr’' for 1981-2000 calculated based on 54 estimates from 33 studies { Deleted: =
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(Shao et al., 2016). Using DLEM, Ren et al. (2011) estimated an optimal NPP of 1.67 Pg
C yr! for 2000-2005 over China, which is only half of the literature-based estimate.

In the absence of any previous studies of aerosol pollution effects on land carbon uptake in
China, our strategy is to compare separately the simulated aerosol climatic feedback
(climate sensitivity) and simulated NPP response to climate variability (NPP sensitivity)

with existing published results. ModelE2-YIBs simulates an annual reduction of 26.2 W

m™ in all-sky surface solar radiation over the East due to aerosols pollution (Table S5),

similar to the estimate of 28 W m™ by Folini and Wild (2015). In response to this radiative
perturbation, aerosol pollution causes a widespread cooling of 0.3-0.9 °C in summer over
the East (Fig. 7a), consistent with estimates of 0-0.9 °C by Qian et al. (2003), 0-0.7 °C by
Liu et al. (2009), and average of 0.5 °C by Folini and Wild (2015). Aerosol pollution effects
on regional precipitation patterns in China are not well understood due to different climate
model treatments of land-atmosphere interactions and the interplay between regional and
large-scale circulation. In ModelE2-YIBs, without AIE, aerosol induces a “northern
drought and southern flood” pattern in agreement with Gu et al. (2006), but different to Liu
et al. (2009) who predicted widespread drought instead. Including both aerosol direct and
indirect effects, ModelE2-YIBs simulates an average reduction of 0.48 mm day" in

summer rainfall widespread over China (Fig. S9b), similar to the magnitude of 0.4 mm

{ Deleted: S6

{ Deleted: S8b

day' estimated with the ECHAMS5-HAM model (Folini and Wild, 2015), but higher than
the 0.21 mm day™ predicted by the RegCM2 model (Huang et al., 2007).

Sensitivity experiments with YIBs show that summer NPP increases following aerosol-
induced changes in temperature, radiation, and precipitation (Fig. 8). The cooling-related
NPP enhancement (Fig. 8b) collocates with changes in temperature (Fig. 7a), indicating
that sensitivity of NPP to temperature is negative over eastern China. Such temperature
sensitivity is consistent with the ensemble estimate based on 10 terrestrial models (Piao et
al., 2013). For the aerosol-induced radiative perturbation, many studies have shown that
moderate aerosol/cloud amount promotes plant photosynthesis through enhanced DRF,
while dense aerosol/cloud decreases carbon uptake due to light extinction (Cohan et al.,

2002; Gu et al., 2003; Rocha et al., 2004; Alton, 2008; Knohl and Baldocchi, 2008;
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Mercado et al., 2009; Jing et al., 2010; Bai et al., 2012; Cirino et al., 2014; Strada et al.,
2015). Theoretically, at each specific land location on the Earth, there is an AOD threshold
below which aerosol promotes local NPP. The threshold is dependent on latitude,
cloud/aerosol amount, and plant types. In a related study by Yue and Unger (2017), we

applied a well-validated offline radiation model to calculate these AOD thresholds over
China. We conclude that present-day AOD is lower than the local thresholds in the
Northeast and Southeast but exceeds the thresholds in the North China Plain, explaining
why aerosol-induced diming enhances NPP in the former regions but reduces NPP in the
latter (Fig. 8c). On the country level, the NPP enhancement due to aerosol DRF is 0.07 Pg
C yr'1 in Yue and Unger (2017), very close to the 0.09 Pg C Vr'1 estimated with ModelE2-

YIBs model (Table 2).

4.2 Uncertainties

A major source of uncertainty originates from the paucity of observations. For instance,
direct measurements of aerosol pollution effects on NPP are non-existent for China. The
aerosol effects involve complex interactions that challenge the field-based validation of the
underlying independent processes. Field experiments of O; vegetation damage are
becoming more available, but their applications are limited by the large variations in the
species-specific responses (Lombardozzi et al., 2013), as well as the discrepancies in the
treatments of [O3] enhancement (Wittig et al., 2007). Instead of equally using all individual
records from multiple literatures (Lombardozzi et al., 2013), we aggregate Oz damage for
each literature based on the seasonal (or growth-season) average. In this way, the derived
PFT-level GPP-[Os] relationships are not biased towards the experiments with a large
number of samplings. Such aggregation also reduces sampling noise and allows
construction of the quantified GPP-[Os] relationships used for model assessment. Predicted

[Os] is largely overestimated at urban sites but exhibits reasonable magnitude at rural sites

(Figs 2 and 3). Measurements of background [Os] in China are limited both in space and

time, restricting comprehensive validation of [Os;] and the consequent estimate of Os;

damages on the country level.
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We have estimated O3 damages to NPP (instead of GPP), an optimal indicator for net
carbon uptake by plants. Our calculations assume no impacts of O3 on autotrophic
respiration. Yet, limited observations have found increased plant respiration in response to
O; injury (Felzer et al.,, 2007), suggesting that our calculation of Os-induced NPP
reductions might be underestimated. Current large mechanistic uncertainties in the role of
anthropogenic nitrogen (N) deposition to China’s land carbon uptake (Tian et al., 2011;
Xiao et al., 2015) have prohibited the inclusion of dynamic carbon-nitrogen coupling in
the Earth system model used here. Previous studies have suggested that inclusion of N
fertilization can relieve or offset damages by Os, especially for N-limited forests (Ollinger
et al., 2002). Relative to the present day, atmospheric reactive N deposition increases by
20% in the CLE scenario but decreases by 60% in the MTFR scenario, suggesting that the
stronger O3 damage in CLE might be overestimated while the reduced damage in MTFR

might be too optimistic. ,

Our estimate of NPP responses to aerosol pollution is sensitive to modeling uncertainties

in concentration, radiation, and climatic effects. Simulated surface PM, s is reasonable but

AOD is underestimated in the North China Plain (Fig. 2), likely because of the biases in

aerosol optical parameters. Using a different set of optical parameters, we predicted much

higher AOD that is closer to observations with the same aerosol vertical profile and particle

compositions (Yue and Unger, 2017). The model overestimates diffuse fraction in China

(Fig. 4), likely because of simulated biases in clouds. Previously, we improved the

prediction of diffuse fraction in China using observed cloud profiles for the region (Yue

and Unger, 2017). Biases in simulated AOD and diffuse fraction introduce uncertainties in

the aerosol DRF especially in the affected localized model grid cells. Yet, averaged over

the China domain, our estimate of NPP change by aerosol DRF (0.09 Pg C yr']) is

consistent with the previous assessment in Yue and Unger (2017) (0.07 Pg C yr'}). Aerosol-

induced impacts on precipitation and soil moisture are not statistically significant over the

regionally averaged domain (Tables S5 and S6). However, for the 2010 and 2030 CLE

cases with AIE, 2 out of 6 scenarios, the aerosol-induced impact on soil moisture dominates

the total NPP response (Table 3). Furthermore, the relatively coarse resolution of the global
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|716 model and usage of emission inventories may introduce additional biases and exacerbate
717  the total uncertainties.
718

719  Importantly, our estimate of NPP response to aerosol effects, with or without AIE, is

|720 secondary in magnitude compared fo the O3 vegetation damage, suggesting that the net { Deleted: with

721  impact of current air pollution levels in China is detrimental to the land carbon uptake
722 there. Locally, this pollution damage exerts a threat to plant health, terrestrial ecosystem
723  services, and food production. Globally, air pollution effects may enhance planetary
724  warming by decreasing the land removal rate of atmospheric CO,. Our results show
725  substantial benefits to the protection of plant health and the regional land carbon sink in
726  China from stringent air pollution controls, especially for Oz precursors. Our analysis
727  highlights the complex interplay between immediate and more local pollution issues, and
728  longer-term global warming. Future air pollution controls provide an additional co-benefit
729  to human society: the offsetting of fossil fuel CO, emissions through enhanced land

730  sequestration of atmospheric CO,.
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Table 2. Summary of 24 online simulations with the ModelE2-YIBs model

Simulations Period Emissiqn Emission Ozone ' Aerosol
Inventories sources damage indirect effect
G10NATNO3 2010 GAINS * Natural Null No
G10ALLNO3 2010 GAINS All¢ Null No
G10ALLLO3 2010 GAINS All Low No
G10ALLHO3 2010 GAINS All High No
G30NATNO3 2030 GAINS CLE" Natural Null No
G30ALLNO3 2030 GAINS CLE All Null No
G30ALLLO3 2030 GAINS CLE All Low No
G30ALLHO3 2030 GAINS CLE All High No
M30NATNO3 2030 GAINS MTFR ¢ Natural Null No
M30ALLNO3 2030 GAINS MTFR All Null No
M30ALLLO3 2030 GAINS MTFR All Low No
M30ALLHO3 2030 GAINS MTFR All High No
GIONATNO3 AIE 2010 GAINS Natural Null Yes
G10ALLNO3_AIE 2010 GAINS All Null Yes
G10ALLLO3_AIE 2010 GAINS All Low Yes
GI10ALLHO3 AIE 2010 GAINS All High Yes
G30NATNO3_AIE 2030 GAINS CLE Natural Null Yes
G30ALLNO3_AIE 2030 GAINS CLE All Null Yes
G30ALLLO3_AIE 2030 GAINS CLE All Low Yes
G30ALLHO3 AIE 2030 GAINS CLE All High Yes
M30NATNO3 AIE 2030 GAINS MTFR  Natural Null Yes
M30ALLNO3_AIE 2030 GAINS MTFR All Null Yes
M30ALLLO3_AIE 2030 GAINS MTFR All Low Yes
M30ALLHO3 AIE 2030 GAINS MTFR All High Yes

* GAINS is short for the v4a emission inventory of Greenhouse Gas and Air Pollution

Interactions and Synergies (http://gains.iiasa.ac.at/models/index.html).

CLE is the emission scenario predicted based on current legislation emissions.

° MTFR is the emission scenario predicted with maximum technically feasible reductions.

4 All emissions including both natural and anthropogenic sources. For the detailed

anthropogenic emissions, refer to Fig. S2.
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Table 3. Changes in NPP over China due to combined and separate effects * of air

1020  pollution (units: Pg C yr'")
1021
2010 2030 CLE 2030 MT’FR’""{ Formatted Table
0; (mean) " -0.59 £ 0.11 (-0.60 £ 0.13) -0.67 £0.11 (-0.71 £0.16) -0.29 £ 0.14 (-0.31 £ 0.10)

Low sensitivity

High sensitivity
Aerosol (total) ¢

Temperature d

Radiation ¢

Soil moisture ¢

O; + aerosol (net) ©

-0.43 +0.12 (-0.40 + 0.13)
-0.76 +0.15 (-0.80 + 0.16)
0.20 % 0.08 (-0.20 % 0.09)
0.03 % 0.04 (0.01 + 0.04)
0.09 + 0.04 (-0.03 + 0.04)
0.07 % 0.07 (-0.19 % 0.10)
-0.39 = 0.12 (-0.80 = 0.11)

-0.43 +0.14 (-0.51 £0.16)
-0.90 £ 0.13 (-0.92 £ 0.18)
0.23 % 0.14 (-0.09 £ 0.19)
0.04 % 0.02 (0.02 + 0.05)
0.16 % 0.06 (-0.01 = 0.06)
0.01 % 0.09 (-0.09 % 0.15)
-0.43 £ 0.12 (-0.80 = 0.10)

-0.22+0.17 (-0.15 £ 0.10)
-0.36 +0.16 (-0.46 + 0.12)
0.16 % 0.14 (0.04 + 0.17)
0.03 % 0.04 (0.00 + 0.04)
0.11 % 0.04 (-0.03 + 0.03)
0.03 % 0.12 (0.00 + 0.09)
-0.12 % 0.13 (-0.28 = 0.14)

1022

1023 * Results shown are the averages + one standard deviation. Simulations with both aerosol

1024  direct and indirect radiative effects (AIE) are shown in the brackets.

1025 ° Mean O; damages are calculated as half of differences in ANPP between low and high { Deleted: Uncertaintics for mean
1026  sensitivities, e.g., present-day mean Oz damage is = (G10ALLHO3+G10ALLLO3) —

1027  GI0ALLNOS3.

1028  © Combined aerosol effects are calculated with the ModelE2-YIBs climate model, e.g.,

1029  present-day aerosol effect is GIOALLNO3 — G1I0ONATNO3.

1030  “Separate aerosol effects are calculated with the offline YIBs vegetation model driven with

1031  forcings from the climate model (Table S3). { Deleted: S4
1032  ° The net impact of O3 damages and aerosol effects, for example at present day, is

1033  calculated as 1(GlOALLHOS-&-G]OALLLO}) — GIONATNOS3.

1034

1035

1036

1037

1038

1039

1040

30



1043
1044

1045
1046
1047
1P48
1049
1050

1051
1052
1053

50°N
40°N
30°N

20°N

50°N
40°N
30°N

20°N

Figure 1. Evaluation of simulated summertime carbon fluxes by ModelE2-YIBs. Panels
show GPP (top row) and NPP (bottom row) over China. Simulation results (a, d) are the
average of GI0ALLHO3 and GI0ALLLO3, which are performed with the climate model
ModelE2-Y1IBs using high and low ozone damage sensitivities (Table 2). The correlation

coefficients (1), relative biases (b), and number of grid cells (n) for the comparisons are

(a) Simulated summer GPP

(b) Observed summer GPP
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listed on the scatter plots. Units: g C m™ day™.
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Figure 2. Evaluation of simulated summertime air pollution in China. Evaluations shown
include (a) aerosol optical depth (AOD) at 550 nm, (d) [O;] (units: ppbv), and (g) PMps
concentrations (units: pg m™) with observations from (b) the satellite retrieval of the
MODIS, (averaged for 2008-2012), and (e) and (h) measurements from 188 ground-based -
sites, (at the year 2014). Simulation results are from G10ALLNO3 performed with the -
climate model ModelE2-YIBs (Table 2). The correlation coefficients (r), relative biases .~
(b), and number of sites/grids (n) for the comparisons are listed on the scatter plots.
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Figure 3. Evaluation of simulated [Os] at rural sites in China. Simulation results are from

G10ALLNO3 performed with the climate model ModelE2-YIBs (Table 2). For the scatter
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plots, green, pink, and blue points represent values in spring, summer, and autumn,

respectively. The data sources of all sites are listed in Table S4.
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(a) Simulated summer total SW (b) Observed summer total SW (c) total SW
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Figure 4. Evaluation of simulated radiation fluxes by ModelE2-YIBs. Panels show
summertime surface (a) total shortwave radiation (units: W m™) and (d) diffuse-to-total

fraction with (b, e) observations from 106 sites. Simulation results are from G10ALLNO3

performed with the climate model ModelE2-YIBs (Table 2). The correlation coefficients

(1), relative biases (b), and number of sites (n) for the comparisons are listed on the (c, )
scatter plots. The blue points in the scatter plots represent sites located within the box

regions in southeastern China as shown in (a).
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1099
1100 Figure 5. Comparison of predicted changes in summer GPP by O3 with measurements.« { Formatted: Justified, Line spacing: 1.5 lines
1101  Simulations are performed using the offline YIBs vegetation model (Table S2) and { Deleted: S3

1102 averaged for all grid squares over China weighted by the area of a specific PFT. Black
1103 points show the simulated mean reductions with error bars indicating damage range from
1104  low to high Oj; sensitivity. Solid squares with error bars show the results (mean plus
1105  uncertainty) based on measurements reported in the literature (Table S1). Experiments

1106  performed for vegetation types in China are denoted with blue symbols. The author initials

1107  are indicated for the corresponding studies., { Deleted: .
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Figure 6. Predicted offline percentage damage to summer GPP caused by Os. Panels show
the damages to (a) ENF (evergreen needleleaf forest), (b) DBF (deciduous broadleaf
forest), (c) C3 herbs, and (d) C4 herbs over China in the year 2010. Simulations are
performed with the climate model ModelE2-YIBs, which does not feed O; vegetation
damages back to affect biometeorology, plant growth, and ecosystem physiology. The
results are averaged for the low and high damaging sensitivities:

((G10ALLHO3_OFF+G10ALLLO3_OFF)/G10ALLNO3 — 1)x100%

The average value over the box domain of (a) is shown in the title bracket of each subpanel.
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(e) Relative changes in evaporation (%) (f) Relative changes in soil water (%)
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Figure 7. Changes in summer meteorology due to direct radiative effects of anthropogenic
aerosols. All changes are calculated as the differences between the simulations
G10ALLNO3 and GIONATNO3. For (a) temperature, (b) precipitation, and (c) relative
humidity, we show the absolute changes as GI0ALLNO3 — GIONATNO3. For (d) middle
cloud cover, (e) evaporation, and (f) soil water content, we show the relative changes as
(GIOALLNO3/G10NATNO3 — 1) x 100%. Significant changes (p<0.05) are marked with
black dots.
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1139  Figure 8. Decomposition of aerosol-induced changes in summer NPP. Changes in NPP are

1140  caused by aerosol-induced changes in (b) surface air temperature, (c) photosynthetically

1141  active radiation (PAR), (d) soil moisture, and (a) the combination of above three effects.

1142 Simulations are performed with the offline YIBs vegetation model driven with

1{143  meteorological forcings simulated with the ModelE2-YIBs climate model (Table S3). The { Deleted: S4).

1{144  NPP responses to PAR include the DRF effects. The color scale for the first panel is

1145  different from the others. The average NPP perturbation over the box domain in a is shown

1146  in the bracket of each title. Units: g C m™ day™.
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Figure 9. Predicted changes in summertime air pollution by 2030. Panels shown are for (a,

b) AOD, (c, d) [Os], and (e, f) PM, s concentrations for the year 2030 relative to 2010 based -

{ Formatted: Subscript

on scenarios of (left) current legislation emissions (CLE) and (right) maximum technically
feasible reduction (MTFR). Results for the left panels are calculated as (G30ALLNO3 —
G10ALLNO3). Results for the right panels are calculated as (M30ALLNO3 -
G10ALLNO3). The average value over the box domain of (a) is shown in the title bracket

of each subpanel.
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(a) ANPP in 2010 (-0.61) (b) ANPP in 2030 CLE (-0.76) (c) ANPP in 2030 MTFR (-0.23)
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1163  Figure 10. Impacts of air pollution on NPP in the whole of China. Results shown are
1164  combined effects of aerosol and O3 on the summer NPP in (a) 2010, (b) 2030 with CLE
1165  scenario, and (c) 2030 with MTFR scenario. Results for the top panels do not include
1166  aerosol indirect effects (AIE) but do include the meteorological response to aerosol direct
1167  radiative effects. The average NPP perturbation over the box domain in (a) is shown in the
1168  bracket of each title. The perturbations to annual total NPP by aerosol, O3, and their sum
1169  over the whole China are shown in (d-f) for different periods, with (right) and without (left)
1170  inclusion of AIE. Damages by Os are averaged for low and high sensitivities with error
1171  bars indicating ranges. The percentage changes are calculated based on NPP without AIE.
1172 Simulations are performed with the ModelE2-YIBs model. Only the significant changes (p
1173 <0.05) are shown in (a-c).
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