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Responses to Referees’ Comments

Summary for the Editors

Insightful and constructive comments from both Referees helped us to improve the manuscript.
Below, we summarize the main changes in the revised manuscript in order to address Referees’
major concerns.

Following Referees’ suggestion:

1. In the Abstract, we clarified those terms that were not clear.

2. In Section “Methodology”, we clarified the description of sensitivity simulations and our

choice in terms of spin-up and run period (Sect. 2.2).
3. In Section “Results”:

(a) We completed model evaluation by (a) comparing ERF from NASA ModelE2-YIBs
with IPCC ARS values, and (b) by computing the linear correlation Pearsons coef-
ficient (Pearsons R), the Pearsons R squared (R?) and the root-mean-squared error
(RMSE) between model output and global datasets (i.e., MODIS AOD and the
FLUXNET-derived GPP product) (Section 3.1).

(b) We re-organized Section 3.2 to discuss separately changes in aerosol pollution (now
Sec. 3.2), surface solar radiation (now Sec. 3.3) and surface meteorology (now Sec.
3.4), and, at last, changes in land carbon fluxes (plant productivity in Sec. 3.5,
and isoprene emissions in Sec. 3.6). In each section, we firstly present changes at
the global-scale, afterwards we focus on changes in five key regions: eastern North
America, Eurasia, north-eastern China, the north-western Amazon Basin and central
Africa.

(¢) To clarify discussion of results at regional scale and different mechanisms, we in-
serted Table 5 that presents, for each of the five key regions, absolute and percentage
changes in annual average surface radiation, canopy temperature, GPP and isoprene
emissions. For the five key regions, absolute and percentage changes in seasonal

averages are reported in the Supplementary Material (Table S3 and Table S4).

(d) We discussed more in details changes at the leaf level in Section 3.4.

4. We indicated more clealy the main limits of our approach, including the opportunities and
challenges to linking aerosol-driven changes in surface meteorology to the changes in land

carbon fluxes.

In the following, we address Referees’ comments separately in a point-by-point response.



Responses to Referee #1’s Comments

We thank Referee #1 for their time and consideration. We closely considered the insightful and
constructive comments from Referee #1. Referee #1’s comments have helped us to improve the
manuscript.

Referee #1’s comments are quoted in italics. Authors’ answer follows referee’s comment in

regular font.
Response to Specific Comments

1. Additional experiments: It would be quite interesting to see the model response to coupled
changes in the aerosol emissions, e.g., 50% increase in industrial vs. 50% decrease in biomass
burning, and vice versa. I think this would add another dimension to the paper, but shouldnt

limit the papers acceptance if the model simulations are too time-consuming to perform.

Authors: Referee #1 suggests exciting ideas for future research. We do plan to explore the
impacts of other changes in aerosol emissions according to possible future scenarios, i.e., increases
in some sectors and simultaneous decreases in other sectors. This follow-on work will use the
full land carbon cycle version of NASA ModelE2-YIBs. This paper is already rather long in its
goal to examine the effects of all anthropogenic pollution emissions, biomass burning aerosols
and industrial aerosols on plant productivity. Moreover, additional simulations are way beyond
the scope of the present study because we have already used up the computational resources

allocated for this paper.

2. Abstract: There are couple of instances where a little more explanation is needed so that a
reader can clearly understand the full details of the study. For example, on a first read Im left
wondering what “complex canopies” are, and exactly what you mean by “cooling in the Amazon
Basin”. It is clear when you read the manuscript further, but not when you read the abstract

alone. I suggest the authors just take a little more time to carefully improve the abstract.

Authors: Following Referee #1’s recommendations, we clarified the Abstract by: (a) replacing
“complex canopies” with “forested canopies” (pag. 1, 1. 9), (b) removing the term “cooling”
and by clarifying the explanation of mechanisms operating over tropical biomass regions (the
Amazon Basin and central Africa) (pag. 1, Il. 15-17), and (c) stating upfront the feedbacks
accounted for in the model framework (pag. 1, 1. 4-6):

“The model framework includes all known light and meteorological responses of photosynthesis

but uses fixed canopy structures and phenology.” (see Point 8 below).

3. Page 25440, lines 3: Section number missing.

Authors: Section number (2.1.1) has been inserted (pag. 5, 1. 152).

4. Page 25441, lines19-23: [ had to read this twice first time around. I would bullet point

these different simulation types and indicated more clearly that different emissions are removed

”»

(e.g., “all anthropogenic emissions including biomass burning are removed . ..”7 and “...biomass



burning emissions only are removed ...” etc.)

Authors: To clarify the paragraph that describes the sensitivity simulation types, we follow Ref-
eree #1’s suggestion and use an itemized list where, for each simulation, the removed emissions

are more clearly stated (pag. 7, 11. 209-213).

5. Section 2.2: I can see why understand why a long simulation is needed, but a little more
Justification on why the first 12 years (€ not 10 or 15 years) are discarded, and why only for
example the last 20 years (€4 not 30 years) are used.

Authors: To clarify our choices in terms of spin-up and run period, we added the following
sentences: “The global atmospheric oxidant-aerosol composition usually takes about 2 years
to spin-up, while the atmospheric dynamics and land-surface climate takes about 10 years to
reach steady-state due to an imposed aerosol radiative forcing. Therefore, we discard the first 12
model run years as spin-up. The remaining 20 model run years are averaged for analysis. Twenty
model years of data are necessary such that any aerosol-driven variable differences between the
control and sensitivity simulations are statistically significant relative to internal climate model
variability.” (pag. 7; 1. 224-230).

6. Section 3.2, Page 25445, line 2: I may be interpreting Table 1 wrong, but simNObb has
a notable effect on SOA ACB reducing it from 1.37 to 1.14.

Authors: Referee #1 is correct. Removal of biomass burning reduces SOA ACB by 17%.
Hence, we completed our comments on Table 1 and highlighted the contribution of biomass
burning emissions to SOA ACB by 17% (pag. 10, 11. 329-331).

7. Section 3.2.2: [ think that it would be prudent to discuss changes in leaf temperature
actually here (& included figure S11 or S12 in the main manuscript) in preparation for the

following discussions on isoprene emissions. Or maybe have a new section 3.2.3 instead.

Authors: Following Referee #1’s suggestion, we modified Figure 5, which previously showed
changes at the surface in atmospheric temperature (SAT) and relative humidity (RH), with
a new version of Figure 5 that presents changes in transpiration efficiency (i.e., a proxy of
canopy conductance), RH and canopy temperature. Relying on these new graphics, in the
tropical regions we find evidence for a bio-meteorological feedback, which we discussed in detail
in Sec. 3.4. By enhancing plant productivity, anthropogenic pollution aerosols increase canopy
transpiration. In the north-western Amazon Basin, biomass burning aerosols drive the largest
increase in transpiration efficiency, resulting in the largest decrease in canopy temperature (pag.
14, 11. 458-467). Annual changes in SAT are still commented on in the manuscript (pag. 14; 11.
442-451), and shown in Figure S3 the Supplementary Material.

8. Section 4: [ appreciate the authors discussion on the studys limitations. But I think not
allowing leaf phenology to respond to the changes in aerosol emissions is a significant issue.
Canopy inputs are changing and thus ecosystems will respond accordingly. Is there anyway this
effect can be quantified in this system set-up or has its likely magnitude been quantified in a

stmilar study. I think this problem should also be directlymentioned in the abstract as well.

Authors: While we agree with Referee #1 that interactive leaf phenology and land carbon

allocation may influence the vegetation response to aerosol emissions, we emphasize that this



was a deliberate choice on our part for this first study that focuses on GPP and isoprene responses
only. The feedbacks between vegetation and the atmospheric aerosol composition are extremely
complex and challenging to disentangle. We decided it was useful and sensible to quantify the
GPP and isoprene sensitivity to pollution aerosol emissions in a model framework that includes
all known meteorological and light responses of photosynthesis, but that uses fixed canopy
structures and phenology i.e. no feedbacks from dynamic carbon allocation or phonological
timing allowed in this first study. The goal is to provide a benchmark for future research
that will add in the dynamic LAI and phenology feedbacks. The model framework does
include feedbacks from the meteorologically-altered vegetation carbon, water and energy fluxes
on the atmospheric aerosol composition. We assert that the only real way that dynamic carbon
allocation would potentially substantially influence the GPP response to aerosol emissions is
through LAT changes, which would be a positive feedback, implying that our current results are
underestimates and/or at the low end of the range of sensitivities. To our knowledge, there is
only one existing published study that applies prognostic LAI [1]. However, that study did not
isolate the effects of prognostic LAI. Our recent work with the YIBs land carbon cycle model has
suggested that changes in the growing season length between 1982-2011 due to all global change
drivers has little impact on regional carbon uptake and BVOC emission fluxes [2]. Therefore,
it seems unlikely that the aerosol-induced rapid-adjustment meteorological changes described in
detail in Section 3.3 would have substantial impacts on phenological timing and growing season
length. Even if they did, the impacts on annual average GPP would apparently be minor. That
said, our follow-on research is applying similar simulation methodology to assess the impacts of
aerosol emissions on GPP, isoprene and other land carbon and water fluxes using a fully dynamic
land carbon cycle model with interactive carbon allocation and prognostic phenology. Since the
reviewer has raised important interest, we will endeavor to isolate the effects of individual global
change drivers in this future research.

In the Abstract, we add the following sentences:

e “The model framework includes all known light and meteorological responses of photosyn-

thesis but uses fixed canopy structures and phenology.” (pag. 1, 1l. 4-7).

e “Future research needs to incorporate the indirect effects of aerosols and possible feedbacks

from dynamic carbon allocation and phenology.” (pag. 1, 1l. 19-20).

We add 2 sentences to existing explanatory paragraph in Section 2.1.1 (pag. 6, ll. 187-197):
“Linkages between vegetation and atmospheric aerosols are extremely complex. This version of
the land carbon cycle model captures the meteorological (light, temperature, relative humidity,
precipitation) responses of photosynthesis. The use of fixed canopy structures and phenology
means that leaf mass is not driven by photosynthetic uptake of CO, and a closed carbon cycle
is not simulated. Thus, the simulated GPP and isoprene emission responses may be underes-
timated because the LAI is insensitive to CO, uptake and climate. The objectives here are to
examine the meteorological responses in detail and to offer a benchmark for future research that
will incorporate additional feedbacks from dynamic LAI and phenology. For example, aerosol-
induced effects on light and surface temperature may alter (i) the onset and shutdown dates of
photosynthesis and growing season length (Yue et al., 2015a) (ii) the carbon allocation, LAI and
tree height that provide a feedback to GPP (Yue et al., 2015b).”

We add to Section 4 (pag. 18, 1l. 605-606):



“Thirdly, we did not include feedbacks from dynamic LAI and phenology that may lead to an
underestimation of the effects of aerosol-induced effects on plant-productivity. Future research

will address these three limitations.”

9. Table 1: I would find this table quicker to understand if the changes were in percentages but
it is not critical. Also one could expand the table to include the relevant numbers for regional

changes so as to correspond to the discussions in sections 3.3.1 to 3.3.3 of the main text.

Authors: To simplify the reading-understanding of Table 1, we provided percentage changes in
ACB between the control and the sensitivity simulations. Moreover, we added two new tables
(Table S1 and Table S2) to the Supplementary Material where we present changes in annual
average sulfate, nitrate and SOA ACB (Table S1) and ERF (Table S2) over selected key regions.

10. Comment: There are a lot (!) of figures in the Supplementary Material but few if any
of these figures are actually referenced in the main text. If its important than they should be

mentioned in the main text.

Authors: We agree with Referee #1, hence we kept only Figures that are discussed in the main
text and we reduced the number of Figures in the Supplementary Material (from 14 figures in

the previous version to 8 figures in the current one).



Responses to Referee #2’s Comments

We thank Referee #2 for their time and consideration. We closely considered the insightful and
constructive comments from Referee #2. Referee #2’s comments have helped us to improve the
manuscript.

Referee #2 raises some pertinent points about (a) the assessment of model evaluation, (b)
the complexity of Section 3.2 and (c¢) the unique attribution of changes in land carbon fluxes to
prevailing mechanisms. Following Referee #1’s recommendation, we completed model evaluation
with computation of the linear correlation Pearsons coefficient (Pearsons R), the Pearsons R
squared (R?) and the root-mean-squared error (RMSE). In the revised manuscript, we re-
organized Section 3.2 to discuss separately regional changes in aerosol pollution (now Sec. 3.2),
surface solar radiation (now Sec. 3.3) and surface meteorology (now Sec. 3.4), and we inserted
Table 5 that gathers changes in annual averages over target regions. Together with an attempt
to clarify the discussion of results, we indicate the main limits of our approach, including the
opportunities and challenges to linking aerosol-driven changes in surface meteorology to the
changes in land carbon fluxes.

Referee #2’s major comments are quoted in italics. Authors’ answer follows referee’s comment.
Response to General Comments

1. Section 3.2.1: [ found Sections 3.2.1 a bit difficult to follow. May I suggest treating the re-
sults for direct and diffuse radiation each alone in their own subsections/paragraphs, followed by
a summary on the net impact on total radiation? Or alternatively, treat each region in their own
separate subsections/paragraphs? In my opinion, this section could be refocused so that its more
consistent with what is important for understanding the results presented in Section 3.53.1 and
3.83.2. I was not convinced how the effects of cooling and scattering were unequivocally separated
later in the manuscript, and I suspect that could be laid out more clearly in the presentation of
results here. I also had trouble being convinced of some of the regional comparisons that were

being made.

Authors: We agree with Referee #2 that the structure of Section 3.2 needed to be improved
and clarified. For this reason, we re-structured the whole Section 3 and chose to discuss, in
the order, contributions of aerosol pollution from the different sensitivity simulations (Sec. 3.2),
aerosol-driven changes in surface solar radiation (Sec. 3.3) and in surface meteorology (Sec. 3.4),
and, at last, changes in land carbon fluxes (plant productivity in Sec. 3.5, and isoprene emissions
in Sec. 3.6). In each section, we firstly present changes at the global-scale, afterwards we focus
on changes in five key regions: eastern North America, Eurasia, north-eastern China, the north-
western Amazon Basin and central Africa. We agree with Referee #2 that comparisons among
key regions were not clear from the figures showing the spatial distribution of annual/seasonal
changes. Hence, we added a new table in the revised manuscript (Table 5) that presents,
for each of the five key regions, absolute and percentage changes in annual average surface
radiation, canopy temperature, GPP and isoprene emissions. For the five key regions, absolute
and percentage changes in seasonal averages are reported in the Supplementary Material (Table

S3 and Table S4). In the revised manuscript, the comparison between key regions is now mostly



based on results gathered in Table 5. The methodology to compute absolute and percentage
differences in annual and seasonal averages over selected key regions is presented in Section 2.2
(pag. 7-8, 1. 231-237).

2. p. 25446, lines 5—-6: [Its unclear from Figure 4 that the eastern US shows much larger of
an increase in diffuse radiation than over China for example (especially looking at panel (i)).

This point seems important further on in the article, so I think it deserves further clarification.

Authors: Table 5 should now help in clarifying this point. Table 5 shows a larger increase in
annual average diffuse radiation over eastern North-America compared to Eurasia and north-
eastern China due to all anthropogenic aerosols (pag. 13, 1. 415-420):

“The eastern North America shows the largest increase in annual diffuse radiation due to all
anthropogenic aerosols (+8.6 W m~2; +6.2%), followed by north-eastern China and central
Africa, which experience similar changes (~ +7.4-7.9W m~2; ~ +5.7%). Over the eastern
North-America, the increase in diffuse radiation maximizes during boreal summer (+13.6 W
m~2; +8.9%), with changes that are 1.6-5.7W m™2 (1.9-3.3 %) higher that those observed over
north-eastern China and Eurasia (Table S3 in the Supplementary Material).”

However, in response to non-biomass burning aerosols, eastern North-America, Eurasia and
north-eastern China show similar increases in diffuse radiation (pag. 17, 1. 568-570):

“In response to aerosol pollution from non-biomass burning sources Europe and China show a
large decrease in annual average direct radiation (—24-26%), but a similar increase in diffuse
radiation (+3-5%) as eastern North America (Table 5).”.

3. p. 25446, lines 8—-11: The authors state that biomass burning aerosol drive the decrease
in several regions (in the range of -6 to -28 W m™2), but as I look at Figure 4 over the regions
named, it seems to me that subtracting the industrial sources also result in decreases on the order
of -6 to -12 W m~2 and larger. This seems especially true when looking at the seasonal results

in Figure S6. Am I misinterpreting the plots?

Authors: Referee #2 is correct. In the revised manuscript, the insertion of Table 5 should make
this point clearer and illuminate the comparison of impacts of biomass burning and industrial
sources on surface radiation. In industrialized key regions (i.e., eastern North America, Eura-
sia and north-eastern China), industrial aerosols (non-biomass burning aerosols) mostly drive
changes in surface radiation (pag. 13, 1l. 415-425). On the contrary, in biomass burning key
regions (i.e., the north-western Amazon Basin and central Africa), biomass and non-biomass
burning aerosols share a similar contribution to changes in surface radiation (pag. 13, 1. 425-
429).

4. Section 3.3.1 and 3.2.1: To pick up on this a little more, I also had some trouble with
Section 3.3.1. Many of the conclusions here seemed to depend on contrasting the magnitude of
certain effects over various regions. However, when I would try to corroborate the statements by
consulting the Figures myself, in some cases the magnitudes didnt appear to be all that different.
This might have to do with the Figures themselves, or maybe this could be improved by refocusing

Section 3.2.1. In some cases, perhaps (re-?) stating some of the actual values would help.

Authors: We agree with Referee #2 that figures showing the spatial distribution of an-

nual/seasonal changes between the control and the sensitivity simulations do not provide a



proper support to compare the magnitude of aerosol-driven impacts in the five key regions. To
answer to this point and underpin discussion of results, in the revised manuscript we added
Table 5 (plus Table S3 and Table S4 in the Supplementary Material) to show changes (absolute
and percentage changes) in annual (seasonal in the Supplementary Material) average surface
radiation, canopy temperature, GPP and isoprene emissions. In the revised manuscript, the
quantitative discussion of results is now mostly based on values summarized in these tables (i.e.,
Table 5 in the main text, Table S3 and Table S4 in the Supplementary Material).

5. p. 25450, lines 4-8: [ dont see from Figure 4 how the increase in diffuse radiation
over the eastern US is that much larger than over China and parts of Europe (as I mentioned
above). Moreover, its not at all convincing from Figure 5 that SAT over the eastern US is
“reduced”. There is a very small isolated patch of blue, but there is mo hatching anywhere to
denote significance, and most of the region is blank. Im also confused as to what is “contrary”
about Furope and China experiencing a strong reduction in total and direct radiation. Panel 4a
and 4b show the US experiences comparable decreases in total and direct radiation as for parts
of Europe, and maybe China. Maybe part of this confusion can be clarified by better summary
of the results of Figure 4 in Section 3.2.17

Authors: We attempt to avoid confusion via Table 5, plus Table S3 and Table S4 in the
Supplementary Material. As described in point 2, anthropogenic pollution aerosols drive a
larger increase in annual average diffuse radiation over eastern North-America compared to
Eurasia and north-eastern China (pag. 13, l1l. 415-420). However, non-biomass burning aerosols
(non-BBAs) drive similar increase in diffuse radiation in eastern North-America, Eurasia and
north-eastern China (pag. 17, 11. 568-570).

In terms of total and direct radiation, due to non-BBAs, Eurasia and north-eastern China
undergo the largest reduction in total and direct radiation. Over Eurasia and north-eastern
China, decreases in total and direct radiation maximize during boreal summer, with changes
that double those observed over eastern North-America (pag. 13, 1l. 423-425).

6. p. 25450, lines 22—23: I can see from Figure 4 how it might be true that the increase in
diffuse radiation over the Amazon is weaker than over central Africa but it doesnt seem that
different, either. As a matter of fact, Section 3.2.1 places the two regions in the same sentence
within the same range ...So its not clear how the statement “the Amazon basin experiences
a weaker increase in diffuse radiation” can be all that significant. Again, this might be helped
by better structuring Section 3.2.1 to correspond to the conclusions being made here in Section
3.3.1 (and/or by referring to exact values over specific regions, for diffuse and direct radiation
separately). Likewise, the “larger cooling” experienced by the Amazon basin compared to central
Africa (Figure 5) doesnt appear notable to me either. In Panel 5a, they have roughly the same
amount of area that is hatched as significant. This statement seems tmportant to their conclu-
stons about how “cooling dominates in the Amazon basin”, but as is, I think the authors need to

do a better job showing that this is true.

Authors: In the revised manuscript, we reformulate our hypothesis regarding aerosol-driven
effects on tropical regions (Sec. 3.4, pag. 13-15). In the model, photosynthesis and stomatal
conductance are coupled through the Farquhar-Ball-Berry approach. Direct radiative forcing

(DRF)-driven increases in photosynthesis and GPP are associated with increases in canopy con-



ductance and relative humidity via increased transpiration. Due to BBAs, the north-western
Amazon Basin records the largest increase in transpiration efficiency and, as a corollary, the
largest decrease in canopy temperature (—0.31 K; —0.10 %), which is ~ 0.1 K larger than the
decrease in canopy temperature over central Africa and north-eastern China. (pag. 13, 1l. 460—
467). We name this as “bio-meteorological effect” since reductions in the canopy temperature
observed in the north-western Amazon Basin represents a positive feedback on plant produc-
tivity (further increases) in response to the DRF-driven increases. The same bio-meteorological
effect (i.e., robust decrease in canopy temperature and corresponding GPP enhancement) seems
to operate also in central Africa and north-eastern China; these regions undergo additional sub-
stantial robust reductions in direct radiation. In central Africa, the analysis of seasonal changes
in GPP reveals that enhancement in GPP maximizes in boreal autumn, together with decrease
in canopy temperature, while reductions in direct radiation maximizes in boreal summer (pag.

16, 11. 524-529).

7. p. 25451, lines 12—-16: Again, given the results that have been presented, Im mnot yet
convinced that the different mechanisms for each region (light scattering over Eastern US; re-
ductions in direct radiation in Europe and China; cooling in the Amazon Basin) could have been
established from the present model results alone. In my opinion, the arguments leading up to

this based on the present model results alone have not been clearly developed.

Authors: Please see Responses to points (1)—(6) above. We agree with Referee #2 that the way
our original ideas were presented may not have been conclusively supported by the simulations
results available to us. The new Table 5 makes the key drivers and processes across regions more
quantitatively apparent and transparent. Of course, more than one mechanism operates in each
region, and a confounding issue is that the mechanisms are not independent of each other.
Therefore, given the quantitative data available to us from the completed global simulations
e.g. as presented in Table 5, we identify the predominant mechanism in each region while fully
recognizing the complexity of aerosol-meteorology-vegetation interactions.

As a final note, we expect the analyses to become increasingly complex when we turn on the dy-
namic carbon allocation and prognostic phenology. Therefore, in our on-going project work, we
are developing a standalone version of YIBs that includes a fully coupled atmospheric radiative

transfer scheme, which will be applied in our future studies.

Response to Specific Comments

1. Section 2.1 p. 25441, line 2: Is there a particular reason that the Unger et al. 2013
ACPD article is being cited, when the ACP article is available?

Authors: For Unger et al. (2013), the correct reference, which concerns the ACP article and
not the ACPD, has been entered in the Reference list.

2. Section 2.2 p. 25442, line 16: Can you state/show some of the IPCC values that you are

referring to for comparison, so the reader can see how consistent the results here are?

Authors: Following Referee’s #2 comment, we compare NASA ModelE2-YIBs to ERF and
RF values from the IPCC AR5 values in Section 3.1 (pag. 8, 1l. 241-255). Although the ERF

and RF concepts differ, since our study only encompasses the direct aerosol effect and since the



IPCC ARS5 report only presents RF by single component, we compare IPCC AR5 RF values to
the corresponding ERF simulated by NASA ModelE2-YIBs, which are reported in Table 2 (i.e.,
SimCTRL—SimNOant values).

3. p. 25442, line 23: This is certainly on the low end of the global isoprene emissions estimate.

Could you comment on why this might be?

Authors: We inserted comments about the global isoprene estimation provided by NASA
ModelE2-YIBs and changed the sentence to (pag. 8, 1. 260-266):

1" which is at the low end of the range of previous

“The global isoprene source is 402.8 TgC yr~
global estimates (e.g., 400-700 TgC yr—!, Guenther et al., 2006). However, a recent study
suggests a larger range of 250-600 TgC yr—! (Messina et al., 2015). The photosynthesis-based
isoprene emission models tend to estimate a lower global isoprene source than empirical models
because the scheme intrinsically accounts for the effects of plant water availability that reduce

isoprene emission rates (Unger et al., 2013).”.

4. Sections 3.1.1 and 3.1.2: Its not clear to the reader how “consistent” the AOD and GPP
results are with observations. While the Figures do a good job showing that the model can broadly

reproduce some of the spatial patterns, could some quantifiable statistics from the comparisons
be shared?

Authors: As suggested by Referee #2, we add a new table (Table 4) to present quantifi-
able statistics regarding model evaluation against observations: MODIS for coarse aerosol op-
tical depth (AOD), and global FLUXNET-derived gross primary productivity. In the revised
manuscript, for annual and seasonal (i.e., boreal summer and winter) average, Table 4 reports:
the linear correlation Pearsons coefficient (Pearsons R), the Pearsons R squared (R?) and the
root-mean-squared error (RMSE). Comments concerning model evaluation and Table 4 are
reported in Section 3.1 (for coarse-AOD: pag. 9-10, 1. 301-307; for GPP: pag. 10, 1. 316-319).
Moreover, for GPP, we reported the main results of site-level evaluation of the model YIBs as
performed in [? | (pag. 10, 1. 320-323).

5. Section 3.2.1: p. 25445, lines 14—16: Should the authors clarify when they say “slightly
affected” or “highly sensitive” that they are referring to the relative change (%)% The absolute

magnitudes seem roughly equally considerable (~2-8 Wm™2).

Authors: We rephrased the mentioned sentence and referred to changes, precising the range of
absolute and percentage changes in parentheses (pag. 12, 1l. 392-397):

“Relative to the control simulation (SimCTRL), changes in global total and diffuse radiation
are slightly affected by the pollution aerosol burden (absolute change for total radiation: from
+1.6 Wm~2 to +5.1 Wm™2; absolute change for diffuse radiation: from —1.3 Wm™2 to —3.8
W m~2; relative change: 1.7-2.5%). On the contrary, changes in direct radiation shows a larger
sensitivity range to the aerosol burden (absolute change: 2.9-8.9 Wm™?2; relative change: 3.6
11.2%).”

Following Referee’s #1 suggestion, in Table 3 we provided relative changes between the control

and the sensitivity simulations to help the readers interpreting results.

6. p. 25445, line 26: [ think a word (“atmosphere”?) is missing between “aerosol laden” and

10



“due to”.

Authors: Since we modified the whole structure of Section 3.2.1 (now Section 3.3), the desig-

nated sentence is no more included in the revised manuscript.

7. p. 25445, lines 25-27: These lines seem to essentially repeat statements from the imme-
diately preceding paragraph (lines ~ 12 — —14). Perhaps make it clearer that while the Table is
global totals, Figure 4 shows the spatial distribution of the impacts.

Authors: In the revised manuscript, we modified the whole structure of Section 3.2.1 (now
Section 3.3), and we decided to comment, first, aerosol-driven changes in surface radiation at
the global-scale via global totals gathered in Table 3 (Sec. 3.3.1). Afterwards, we present aerosol-
driven changes in surface radiation in the five key regions by briefly commenting on Figure 4
and mainly comparing regions based on Table 5, which summarizes changes in annual average
in the five key regions.

To clarify the content of Table 3, we inserted the following sentences at the beginning of Section
3.3.1 (pag. 12, 390-391):

“The global annual average shortwave visible solar radiation (total, direct and diffuse) for each
simulations (control and sensitivity) are gathered in Table 3.”.

To clarify the content of Figure 4, we inserted the following sentences at the beginning of Section
3.3.2 (pag. 13, 1. 409-411):

“Figure 4 shows the spatial distribution of aerosol-driven annual absolute changes in surface
radiation (for annual percentage and seasonal absolute changes: Fig. S1 and S2 in the Supple-

mentary Material).”

8. p. 25446, line 17: Correct “of” to “or”.

Authors: Since we substantially modified Section 3.2.1 (now Section 3.3), the designated and
uncorrect sentence (“responsible of” instead of “responsible for”) is no more included in the

revised manuscript.

9. Section 3.2.2 p. 25448, lines 14—15: An explanation for how the changes will be linked
to SSR and SAT uniquely might be useful here.

Authors: Following Referee #2’s suggestion, in the opening of Section 3.4 we remind that
our experiments use fixed SSTs and do not consider aerosol indirect effects in clouds. These
methodology limits the influence of pollution aerosols on the Earth System to direct changes in
surface radiation that affect the atmosphere and land-surface only. For this reason, we mainly
relate changes in land carbon fluxes to changes in surface radiation, surface meteorology (e.g.,
SAT) and plant conditions (e.g., transpiration, canopy temperature) (pag. 13, 1l. 437-441).

In Section 3.4, we highlight as well that, by allowing rapid adjustments for the atmosphere and
land-surface only, we do not observe significant changes (at 95 % confidence level) in SAT (on
a global scale), nor in precipitation rate or cloud water content due to anthropogenic aerosol
pollution (pag. 14, 1l. 442-446).

10. Section 3.3.1 p. 25449, lines 24-27: The authors comment on how the impact is

greatest for PFTs with complex canopy architectures. Maybe the evidence of this is found in the

11



Figure, but this its not explained clearly. Please elaborate.

Authors: As suggested by Referee #2, we better explained how we assert that larger impact on
GPP are observed in complex-forested canopy architectures with high tree heights and multiple
layers (pag. 16, 1. 530-538).

11. Section 3.3.3 p. 25453, line 19: “not sensitive” Can you clarify how youve decided
this? Do you mean that within 95% CI, there is no significant change?

Authors: In the revised manuscript, the referred sentence has changed. Thank to comments of
Referee #2, we corrected discussion of annual changes in isoprene emission in the north-western
Amazon Basin, and we related changes in isoprene emission to changes in GPP. Actually, in
the north-western Amazon Basin biomass burning aerosols drive a statistically significant (at
95 % confidence level) rise in isoprene emissions (+0.4 TgCyr—!; 42.4 %), although the area of
statistical significance is small (pag. 17-18, 1l. 581-584):

“In the north-western Amazon Basin, annual average isoprene emission increases are simulated in
response to BBAs (+0.4 TgCyr—!; +2.4%) (Table 5), although the area of statistical significance
is small. In this region, the influence of increases in GPP on isoprene emission over-rides the
influence of the cooler canopy temperatures (Table 5).”

Taking into account Referee #2’s comments, at the end of Section 2 (“Methodology”), we defined
the use of the adjective “significant” to refer to absolute/percentage changes that are statistically
significant at 95 % confidence level (pag. 7-8, 11. 235-267).

12. p. 25454, lines 2: Insert a period between “US” and “This region ...”

Authors: Since we substantially modified Section 3, the designated sentences are no more

included in the revised manuscript.

13. Section 4 p. 25454, line 23—-24: [ think the authors could include a brief comment about

how aerosol pollution can drive plant phenology.

Authors: Following Referee #2’s suggestion, we commented about aerosol-driven changes in
surface radiation and temperature that may affect plant phenology (pag. 6, 1. 194-197):

“For example, aerosol-induced effects on light and surface temperature may alter (i) the onset
and shutdown dates of photosynthesis and growing season length (Yue et al., 2015a) (ii) the
carbon allocation, LAI and tree height that provide a feedback to GPP (Yue et al., 2015b).”
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Abstract. A global Earth system model is applied to quantify the impacts of direct anthropogenic aerosol effective radiative
forcing on gross primary productivity (GPP) and isoprene emission. The impacts of different pollution aerosol ssurces (
anthropogenic, biomass burning and non-biomass burning) are investigated by performing sensitivity exp&inteaithe
modelframeworkincludesall known light andmeteorologicatesponsesf photosynthesisut usesfixed canopystructures
andphenologyOnaglobal scale, our results show tlgddballand carbon fluxes (GPP and isoprene emission) are not sensitive
to pollution aerosols, even under a global decline in surface solar radiation {didiffuse) by ~9%-At-the~ 9%, At
aregional scaleplantpreductivity(GPP}-GPPand isoprene emission show-@bust but opposite sensitivity to pollution
aerosols, in regions whesamplexforestedcanopies dominate. In eastern North America Badopdurasia anthropogenic
pollution aerosols (mainly from non-biomass burning sources) enhance GRB-Hy5—-8%% on an annual averageith-a

strongefinereasaduringthe growingseaser>12%). In the Amazonbasinnorth-westerrAmazonBasinand central Africa,

biomass burning aerosols increase GPR-Ry-5%-% on an annual average, with a peak in theazenbasinnorth-western

AmazonBasinduring the dry-fire season-6—8%)-n-%). The prevailingmechanisnvariesacrossregions:light scatterin
dominatesn the easterrNorth Americawhile reductionin directradiationdominatesn Europe and ChingAerosol-induced
GPPproductivity increasesn the AmazonandcentralAfrica include an additionalpositive feedbackfrom reducedcano

temperaturesn responsdo increasesn canopyconductanceln Eurasiaand north-easterrChing anthropogenic pollution
aerosols drive a decrease in isoprene emissiondfo—12%6-onthe—2% to —12% on anannual averageinthrepegenic

andChind-utureresearcmeedsto incorporatethe indirect effectsof aerosolsand possiblefeedbackdrom dynamiccarbon
allocationandphenolo

1 Introduction

Terrestrial gross primary productivity (GPP), the amount of carbon dioxide)@®Ren up every year from the atmosphere by
plant photosynthesis, is the largest single flux in the carbon cycle and therefore ptaggrrole in global climate change.
GPP is tightly connected to climatic variables (e.g., temperature, water, IRge) et al.2010. In turn, terrestrial vegetation
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provides the main source of isoprene to the atmosphere, viffielercescontrolsthe loading of multiple short-lived climate
pollutants and greenhouse gases (ozone, methane, secondary aerosols). Isoprene production is closely linked to plant phot
synthesis Racifico et al.2009 Unger et al.2013. Hence, both GPP and isoprene emission may be influenceddaage
in surface solar radiation (SSR, the sum of the direct and diffuse radiation incident on the surface) and surface atmospheric
temperature (SAT). Anthropogenic aerosols affect directlygaghEartts radiation flux via: (a) scattering, which alters the
partitioning between direct and diffuse radiatiert, increases the diffuse fraction of S@RdaffectsSAT (Wild, 2009; and
(b) absorption, which reduces SSR and SRRanathan et aR00J). Furthermore, aerosols may attenuate indirectly SSR by
acting as cloud condensation nuclei, thus perturbing cloud cover and cloud profrasesi{eld et a|2008.

In 1991, Mount Pinatubo (Philippines) injected 20 megatons of sulfur dioxide)({8 the stratosphere causingw@assive
production of sulfate aerosols, with substantial impacts on climate, and on the water and carbordogelesuid Cqx2001,
Gu et al, 2003 Trenberth and DaR007). In the aftermath of the eruption;lass in net global radiation at the TOA (Top Of the
Atmosphere) and @oncomitant cooling were observed, and ultimately led to dryimgriberth and Dak007). By efficiently
scattering light, the volcanic sulfate aerosol production caussgyaificant increase in diffuse solar radiation. In 1991 and
1992, at two northern mid-latitude sitedplineaux and Ineiche1996 recorded an increase in clear-sky diffuse radiation
by +50%, compensated by-aoncomitant decrease in direct radiatimpof —30%. Over the same period, in-deciduous
forest in North-AmericaGu et al.(2003 ascribed to increased diffuse radiation an enhancement in plant productivw®3of
and+8% in the two years following the Pinatubo eruption. On the global scale, enhancement in the terrestrial carbon sink
was proposed as one of the main drivers of the sharp and rapid decline in the rate of atmospheite ©Oserved in the
post-Pinatubo period, which resulted indecrease of .3 ppmv by 1995 in atmospheric GQKeeling et al, 1995 Jones and
Cox, 2001 Gu et al, 2003. The “Mount Pinatubo experiment” suggestegbassible global response of terrestrial vegetation
to the “diffuse fertilization effect” (DFE). Observational and theoretical studies show that plant productivity is more efficient
under multi-directional diffuse rather than direct light because shaded non-light-saturated leaves increase their photosynthetic
rate Gu et al, 2002.

The DFE on plant photosynthesis has been extensively observed at ecosystem scale under cloudy skiest(alg2002
Niyogi et al, 2004 Cheng et a].2015 and achronic aerosol loading (e.d5u et al, 2003 Oliveira et al, 2007, Cirino et al,
20149 in diverse ecosystems (rainforest, deciduous and needleleaf forest, crop- and grasslands). The main conclusions of thes
studies are: (1) DFE prevails in complex and closed canopies, such as foligsigi €t al, 2004 Kanniah et al.2012); (2)
-intermediate aerosol optical depth (AOD) enhances plant productivity, while high AQB-8) reduces carbon uptake rate
because of darge reduction in direct radiatiot®(iveira et al, 2007 Artaxo et al, 2013 Cirino et al, 2014. An ecosystem-
scale measurement study inEBuropean mixed needleleaf and deciduous forest reported increased isoprene emissions under
conditions of higher diffuse lightL@ffineur et al, 2013.

A -few modeling studies have investigated aerosol-induced effects on plant productivity. Regional- and daily-scale assess-
ments have been performed over: the Yellow River region (China), selectipgriad of five days $teiner and Chameides
2009; and over the eastetSUnited States selecting two growing seasond4tsui et al, 2008. Results in both studies are

consistent with the main conclusions of the local observational stutieser and Chameidé2005 demonstrated the im-
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portance of both aerosol-induced radiative (i.e., change in light amount and its partitioning) and thermal (i.e., change in surface
temperature) effects on plant transpiration and productivity. However, these studies focus on short time perid@sited! a
number of ecosystems using offline models with single-layer canopy schemes.

By applying a-multy-tayermulti-layer canopy scheme ithe-framewerkef-an offline modelingsetupframework i.e.,
aerosol, radiative transfer anahd-useland-surfacemodels are coupled offlineRap et al.(2019 performed a-regional-
anddecade-sealdecadal-scalassessment of aerosol-induced effects on plant productivity in the Amazon basin from 1998 to
2007. The authors specifically focused on biomass burning aerosols (BBAs) and quantified that BBAs increase the annual mear
diffuse light and net primary production (NPP) by, respectiveliz~ 5%and~ 2.5%. Deforestation fires play-key role and
drive ~ 40% of the estimated changes in light and photosynthesis. MoreRapret al.(2015 assessed that in the Amazon
basin duringt998—20071998—-2007%he DFE (a) was larger than the g@rtilization effect, and (b) it could counteract the
negative effect of droughts on land carbon fluxes.

A -global-scale assessment of the aerosol-induced effects on the carbon cycle was perfdviaszhdy et al(2009 using
an offline land-surface modékith-a-with amulti-layer canopy schemeThe authors concluded that DFE enhanced the global
land carbon sink by-23.7 % over the 20th centurynderanoverallradiation(direct+diffuse)changeof +9.3 %. Mercado et al.
(2009 reconstructed historical SSR using radiative transfer calculations-giwbal climate dataset for the “global dimming”
(period 1950-1980) and the “global brightening” period (after 19904)d, 2009 2012 Streets et a]2009. RecentlyChen
and Zhuand2014) applied an atmospheric radiative transfer module coupled witbreestrialecosystermeduleterrestrial
ecosystemmodelto quantify aerosol direct radiative effects on global terrestrial carbon dynamics during 2003—-2010. Using
transient atmospheric GQand prognostic leaf area index (LAI, one-sided green leaf area per unit ground area), the authors
evaluated aerosol impacts on plant phenology, thermal and hydrological conditions as well as solar r&tiati@md Zhuang
(20149 estimated that, on aglobal scale, aerosols enhance GPP /Py Cyr! and slightly affect respiratiorChen and
Zhuang(2014 accounted for all atmospheric aerosols and they did not target anthropogenic pollution aerosols.

Understanding all anthropogenic factors that influence the land carbon cycle is crucial to better manage terrestrial vegetation
and to any effort to mitigate climate change by stabilizing atmospherig c@@centrations. In the present study, we quantify
the sensitivity of GPP and isoprene emission to the direct radiative effectsadflistic present-day pollution aerosol loading.
Using a-global Earth system model that represents vegetation—oxidant—aerosol—climate coupling, we perform sensitivity sim-
ulations to isolate the impact of the present-day pollution aerosols on GPP and isoprene emission. We tackle the direct aeroso
effect only (absorption + scattering) and its impact on SSR and SAT that affects land carbon fluxes. Aerosol indirect effects on
cloud properties are not addressed in this study due to the large uncertdotiehér et al.2013 Myhre et al, 20133. This
study focuses on GPP because it is the first step in the long-term storage of atmosphérni¢h@diving tissues of plants and
is directly affected by solar radiation. We do not address aerosol effects on other land carbon cycle fluxes (e.g., respiration, net
ecosystem exchange). We employ the effective radiative forcing (ERF) concept metric introduced in the IPCC AR5 in which
all physical variables are allowed to respond to the direct aerosol-radiation perturbations except for those concerning the ocear
and sea iceNlyhre et al, 2013h. The inclusion of these rapid adjustments in the ERF metric allows us to investigate the

multiple shert-termaerosol-induced concomitant meteorological impacts on the biosphere.
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Section2 describes the global Earth system model tool (NASA ModelE2-YIBs) and the experimental design. B) ®ect.
evaluate simulated present-day atmospheric aerosols and GPP against global observational datasets including AOD from th
Moderate Resolution Imaging Spectroradiometer (MODIS) and global gridded GPP that was generated using data orientated
diagnostic upscaling of site-derived GPP from FLUXNBEEr et al.201Q Bonan et al.201% Jung et al.2011). In addition,
we present the analysis of results from the sensitivity simulations. In&eet.discuss the results and summarize conclusions.

2 Methodology
2.1 Global Earth system model: NASA ModelE2-YIBs

We apply the NASA GISS ModelE2 global chemistry-climate model°at 2.5° latitude by longitude horizontal resolution

with 40-vertical layers extending taDhPa Echmidt et al.2014). The Yale Interactive Terrestrial Biosphere Model (YIBs) is
embedded inside NASA ModelE2 infilamework known as NASA ModelE2-YIBdJnger et al. 2013. The global climate

model provides the meteorological drivers for the vegetation physiology. The land-surface hydrology submodel provides the
grid cell level soil characteristics to the vegetation physiology. The model framework fully integrates the land biosphere—
oxidant—aerosol system such that these components interact with each other and with the physics of the climate model. On-line
oxidants affect aerosol production and on-line aerosols provide surfaces for chemical reactions and influence photolysis rates
The chemistry and aerosol schemes and their coupling have been well documented and extensively compared with observation
and other global models (e.dell et al, 2005 Bauer et al.2007 Koch et al, 2006 Koch and Del Genip201Q Unger, 2011,

Myhre et al, 2013a Shindell et al.2006 2013a b; Stevenson et gl2013.

The aerosol package includes mass-based simulation of sulfate, nitrate and sea sitidle. gt .al, 2006, carbonaceous
aerosols (black carbon, BC, and primary organic matter, ®6g¢tf and Hanser?005, mineral dustiiller et al., 2006, and
biogenic secondary organic aerosol (BSOAgigaridis and Kanakidqu2007). The model assumes log-normal size distribu-
tions with effective radii: @ um (sulfate); B um (nitrate); 0L um (BC); 03um (OC). Sea salt aerosols are represented by two
size bins with effective radii of @4 and 5um. Mineral dust aerosols are tracked in four size bins, ranging filota 00 um,
and can be coated by sulfate and nitrate aerosols. Hygroscopic aerosols (sulfates, nitrates, sea salt and organic carbon) increa
in sizeastherelativehumidityinereaswith increasingelativehumidity, which increases the aerosol scattering efficiency and
radiative forcing Schmidt et al.2006).

The direct effect interaction between aerosols and radiation is reproduced by the on-line (two-way coupled) mode: aerosol
fields are simulated at each model time step (30 min) and influence the simulated short and longwave radiation through scatter-
ing and absorption in the radiation submodel, which in turn influences the climate dynamics. Thus, aerosols induce (a) changes
in simulated diffuse and direct photosynthetically active radiation (PAR, spectral range of surface visible solar radiation, 400—
700 nm, used by plants to photosynthesize) that are passed from the radiation submodel to the vegetation modeisiand (b)
feedbackrapid adjustmenchanges in meteorology (temperature, precipitation, circulation) that are passed fravadhks
atmespherenodelatmospherandlandsurfaceto the vegetation model.
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The Yale Interactive Terrestrial Biosphere model (YIBs)

The vegetation structure describes eight plant functional types (PFTSs): tundra, grassland, shrubland, deciduous broadleaf fores
savannah, tropical rainforest, evergreen needleleaf forest, and cropland. The PFT-specific vegetation cover fraction and LAI
are the standard atlas-based distribution in NASA GISS ModedeBrhidt et al.2014). Leafareaindex{Al-)-LAl for each
PFT is prescribed according to regular seasonal sinusoidal variation between PFT-specific minimum and maximum seasona
LAI values that is insensitive to climate drivers or carbon balanRes¢nzweig and Abramopould®97 Friend and Kiang
2005. Each model PFT fraction in the vegetated part of each grid cell represensisgée canopy. The canopy radiative
transfer scheme assumeshsed canopy and distinguishes vertically canopy layers into sunlit and shaded leaves, as well as
the differenteentributiencontributionsfrom direct and diffuse PAR (from the climate model’s radiation scheme) at the leaf
level (Spitters et al.1986. The leaf-level carbon and water fluxes are scaled up to the canopy level by integrating over each
canopy layer, using an adaptive number of layers (typice#8-16 (Friend and Kiang2005. After upscaling from leaf to
canopy, the carbon and water fluxes are exchanged with the atmosphere3én the

The vegetation biophysical fluxes are calculated using the well-establislsbéalis—Menterenzyme-kineticdeaf model
of photosynthesisHarquhar et a]198Q Von Caemmerer and Farquh&®81) and the stomatal conductance model of Ball and
Berry {?}-(Ball et al, 1987 . In the leaf model, the rate of net G@ptake in the leaves @3 plants is the result of three com-
peting processes, the carboxylation-limited ratele, the electron transport-limited photosynthesis rate; &nthe export-
limited rate to use photosynthesis products. The coupled photosyrthésismatakenductaneg stomatalkconductancand
diffusive CO; flux transportequations are solved analytically at the leaf level usinguaic function inretphotesynthetidhe
netcarbonassimilatiorrate. Isoprene emission is calculated asiaction of Je, intercellular and atmospheric G@nd canopy
temperaturelynger et al. 2013.

As theoreticaland observationaktudieshave demonstratedihe aerosoleffect on plant photosynthesistrongly depends

on the canopy separationinto sunlit and shadedleaves.Thesetwo parts of the canopy have different responsego the
changen light partitioningdriven by aerosolgKnohl and Baldocchi2009 . Underlow PAR, both shadedandsunlit leaves
arein a light-limited environment(Je controlsthe photosynthesigate). Under high PAR, sunlit leavesare light-saturated

and in a Rubisco-limited environment(J. controls the photosynthesigate), while shadedleavesare in a light-limited

environment(Jg). Hence, sunlit cano hotosynthesislependson both direct and diffuse light, and on both J. and

Je photosynthesisates; while shadedcano hotosynthesigs directly influencedby diffuse light and mainly depends
on the J. photosynthesisate. The aerosollight-scatteringdirectly influencesJe, henceit mainly affects shadedleaves
Matsui et al, 2008 Chen and Zhuan@014 .

Linkageshetweervegetatiorandatmospheri@erosolsareextremelycomplex.This version of the land carbon cycle model
captures the meteorological (light, temperature, relative humidity, precipitation) responses of photosynthesis. The use of fixed

canopy structures and phenology means that leaf mass is not driven by photosynthetic uptakeanti@losed carbon

cycle is not simulated. Thus, the simulated GPP and isoprene emission responses may be underestimated because the LAI
insensitive to CQ uptake and climatel he objectiveshereareto examinethe meteorologicalesponse# detailandto offer



10

15

20

25

30

(Yue etal, 20158 .

2.2 Simulations

The atmosphere-only configuration of NASA ModelE2-YIBs is used to perforeoatrol simulation (“SimCTRL") repre-
sentative of the present-day P000s). Prescribed decadal average monthly-varying sea surface temperature (SST) and sea
ice observations for 1996—2005 from the HadSST dat&safrier et al.2006 provide the lower boundary conditions for the

global climate model. The present day trace gas and aerosol emissions are prescribed to year 2000 values from the historical in
ventory developed for IPCC ARGRCP4-5-amarque-et-al2010-(Lamarque et al2010 . Atmospheric levels of long-lived
greenhouse gases are prescribed to; €370 ppmv; CH = 1733 ppbv in Southern Hemisphere and 1814 ppbv in Northern
Hemisphere; MO = 316 ppbv. A-set of three sensitivity perturbation simulatiossare performed that selectively remove
anthropogenic short-lived gas-phase precursor and primary aerosol emi§sjons:

(a) all anthropogenic emissionimicluding biomass burnifgareremovedn “SimNOant”.(b)-;

(b) only biomass burning emissiomsity-(areremovedn “SimNObb”);-and{e)industrialemissions{*SimNOind”;,

(c) allindustrialemissionsyhichmeansall anthropogenic emissiorseremovedexcept biomass burning emissigne.g.,

industry,powergenerationroadvehicles:;hereafterwe refer to theseemissionsas “non-biomassurningemissions”

areremovedin "SImNOIind”,

The control and sensitivity simulations are run for 32 model years recycling the year 2000 boundary conditions every year
but allowing the changes in atmospheric aerosol composition to influence meteorology and the land biosphere. By prescribing
SSTs and sea ice cover at climatological values, while letting all other physical components of the Earth system to respond
until reaching steady state, we capture short-term resporielahd surface climate ttheaerosol radiation perturbation. This
fixed-SST technique allows us to compute ERF, the forcing metric that accounts for rapid tropospheric adjustments and better
characterizes drivers in the troposphere (e.g., acroddigre et al, 20138. Hence, the fixed-SST technique enables us to
analyze multiple meteorological effects of the direct aerosol-radiation interactions. The long run-time is necessary to allow the

fast land and atmosphere climatic feedbacks to respond to the aerosol perturbations and the TOA radiation fluxes to equilibrate

takesaboutl Oyearsio reachsteady-statdueto animposedaerosoradiativeforcing, Thereforeye discardthefirst 12 model
yearsarediseardedun yearsas spin-up. Théastremaining20 ef-eachsimulationareusedmodel run yearsare averaged
for analysis.Twenty modelyearsof dataarenecessarguchthatany aerosol-drivervariabledifferencesbetweerthe control

andsensitivitysimulationsarestatisticallysignificantrelative o internal climate modelvariability, Our goal is to isolate the



10

15

20

25

30

effects of aerosol pollution on the land biospheric fluxes. Therefore, we compute the absolute differeticesiable as:
AX = X — Xsens Percentage changesihare calculated relative to the control experiment (¥8,X = AX/ Xcti x 100)
andareillustratedin-the Supplement, for selectedvariables aregatheredn the Supplementaraterial. Applying the same

we define“significant” all absolute/percentagdangeshatarestatisticallysignificantat the 95 % confidencdevel.

3 Results
3.1 Evaluation of present-day control simulation

Present-day values of global mean aerosol column bufd€B) and ERF for aerosol-radiatianteractionby-component

showninteractions(.e.. aerosoldirect effect) are presentechy componentin Table 221 and 2. The IPCC ARS provides
single aerosolspeciesare consistent withangespresentedn the AR5 RF rangesNitrate ERF is on the lower boundof the

respectively—0.60to —0.20 W m2, 4-0.05 to +0.80W m 2, and—0.27 to —0.20 W m_2). OC from industrialsourcesand
BBAs show ERFsconsistenwith the AR5 RF values(OCinq: —0.09W m2, BBAs: 0.00 W m2). Basedon a combination
aerosol-radiatiorinteractions:—0.45 (—0.95 to +0.05) Wm~—2; in AR5, the besttotal RF estimateof the aerosol-radiation
interactionis: —0.35(—0.85t0 +0.15)W m~2 (Myhre et al, 20138 . Thetotal ERFis computedn NASA ModelE2-YIBsas

thearithmeticmeanof all anthropogeniaerosocomponentsi.e., sulfate nitrate, OC andBC from bothindustrialandbiomass

burning sources SOA and dust). The NASA ModelE2-YIBs estimatesa total ERF due to aerosol-radiationnteractionsof

—0.34(—0.7610 +0.18) W m~2, atthelow endof theIPCC AR5repert{Boucheret-a}-2013-Myhre-et-al-20138-Similarly

therange.
Similarly to the aerosolsthe present-day land carbon fluxes are in good agreement with previous estimate<3jT8lie-

ulated global annual GPP (1.08g Cyr?) is in reasonable agreement with current understanding of the present-day carbon
cycle budget (based on FLUXNET: 1238 Pg Cyr 1, Beer et al.201Q based on MODIS: 1099 Pg Cyr!, Zhao et al.2005

based on the Eddy Covariance-Light Use Efficiency model:33021.3 Pg Cyr?, Yuan et al, 2010. The global isoprene
source is4028andagreeswith-4028 Tg Cyr !, which s at the low endof the rangeof previous global estimates.g.,400—

700 Tg Cyr, Guenther et al.2006-412 However,a recentstudysuggests largerrangeof 250-60%-Arneth-et-ak-2008)-
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3.1.1 Aerosol Optical Depth (AOD)

We use the quality assured Terra MODIS Collection 5 (C5.1) monthly mean product (LevebR)bally gridded dataset at

1° x 1° resolutionregriddedto-atre-griddedto 2° x 2.5° resolution for comparison with the global model. To infer clear-sky

(non cloudy) aerosol properties in part of the visible and shortwave infrared spectrum, MODIS C5.1 relies on two algorithms
depending on surface reflectance: (1) the Dark Target (DT) algorithm, under conditions of low surface reflectance (e.g., over
ocean, vegetation) évy et al, 2010; (2) the Deep Blue (DB) algorithm, designed to work under high surface reflectance,
such as over desert regiortdsu et al, 2004 Shi et al, 2014). To cover both dark and bright surfaces, we merge the DT

and DB AOD products (i.e., DT missing data are filled in with DB values). We use MODIS TERRA C5.1 AOD data from
2000 to 2007 because DB AOD data are only available for this period due to calibration Skuet4dl, 2014. The MODIS
instrument also measures the fine model weighting (ETA) at 550 nm, consequently the fine-mode AOD can be computed as:
fine-AOD=AOD x ETA, where fine-AOD isathefraction of the AOD contributed by fine mode sized particles (i.e., effective
radius< 1.0um) (evy et al, 201Q Bian et al, 2010. Quantitative use of MODIS fine-AOD is not appropriate because
fine-mode aerosols play-main role in the scattering procedsyy et al, 2010.

NASA ModelE2-YIBs provides separately all-sky and clear-sky AOD diagnostics; we focus on clear-sky output since that is
more comparable to the spaceborne observations. The model coarsek®BdéPM; o, atmospheric particulate matter with
diameter< 10um)AOD includes all simulated aerosol species (sulfate, nitrate, organic and black carbon, SOA, sea salt and
mineral dust); the model fine-moee>b-(PM; 5, atmospheric PM with diameter 2.5pum)AQD accounts for all simulated
aerosol species except sea salt and dust.

Figure?? compares the spatial distribution of annual and seasonal (boreal summer and winter) mean coarse-mode AOD in
NASA ModelE2-YIBs (control present-day simulation) with observations from the MODIS satellite instrument (averaged over
2000-2007). Model global mean coarse-mode AODs are consistent with MODIS AOD global means. NASA ModelE2-YIBs
reproduces strong biomass burning and dust episodes over Africa. In contrast, on both annual and seasonal averages the moc
underestimates trepticalthickness of the aerosol layer over China and India, which is likely related to dust:@de’modeb
underestimate of Asian dust should not influence the focus of this study, to assess the impacts of anthropogenic pollution
aerosols on the land carbon fluxes. The spatial and temporal distribution of fine-mode aerosols in NASA ModelE2-YIBs is
consistent with MODIS observations (Fig?). In general, the model showsglightly higher fine-aerosol layer compared to
MODIS +(e.g., over Europe, India and South Amejidaver China, model fine-AOD distribution is consistent with MODIS
on the annual average; however, the model does not show the seasonal variability that MODIS csquagsifythe model
evaluationon anannualaveragghe NASA ModelE2-YIBscoarse-mod@OD globalmeangresentnacceptableorrelation
with the MODIS AOD globalmeangR = 0.7, R? = 0.5andRM SE = 0.05, Table4). Betweenborealsummerandwinter,
borealsummershowsthe bestmodelperformancgR = 0.8, R2 = 0.6 and RMSE = 0.06, Table4). During borealwinter,

outsidethe growing seasonthe NASA ModelE2-YIBsoverestimatesoarse-mod@&ODs. Sincequantitativeuseof MODIS

fine-AOD is notrecommendedye do not guantifymodelperformancdor fine-modeAODs.




3.1.2 Gross Primary Productivity (GPP)

In Fig. ??, we compare the spatial distribution of annual and seasonal (boreal summer and winter) mean GPP in NASA
ModelE2-YIBs model (control present-day simulation) witlgbobal FLUXNET-derived GPP product (averaged over 2000—
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2011). The model is consistent with the broad spatio-temporal variability in FLUXNET-derived GPP. WeVieakar annual
and seasonal signal in the model GPP over the cerrado area in central South-Arh@nieger,sincethe FLUXNET-derived

GPPproductmainly relieson the availability of FLUXNET sites,which aredenselydistributedin temperatezonenot in the

tropics,FLUXNET-derivedGPPmay be biasedover centralSouth-AmericaQn anannualaveragehe NASA ModelE2-YIBs
GPPhighly correlatesvith the FLUXNET-derivedGPP(R = 0.9, R? = 0.7, RMSE = 1.0, Table4d). Betweerborealsummer

andwinter, borealwinter presentghe bestmodel performancgR = 0.9, R? = 0.9 and RMSE = 1.1, Table4). Recentl

PFT,GPPsimulationbiasegangefrom —19 %to +7 %, Formonthly-averag&PPamongthe 145sites 121 havecorrelations

3.2 Aerosol-inducedAerosol pollution change in sensitivity simulations
3.2.1 Global-scale

Table 1 showsthe aerosol column burden (ACBRy componentin the control and the three sensitivity simulations.

Anthropogenigollution emissiongSimCTRL—SimNOant)contribute0.85 mg n 2 to sulfateACB (36 % of the total sulfate
burdendueto both anthropogeni@nd naturalemissions)4.47 mg nt 2 to nitrate ACB (87 %) and ERFfor-eachsensitivity
. . i (2 reducedsy ~ 100 _

nNroboageniem on
O OY & > o

and0.99mg nT 2 to SOA ACB (72 %).BiomassburningemissiongSimCTRL—SimNObb)contributel.62 mg nt 2 to nitrate

and0.47 mgn? to SOAACB (34 %), For carbonaceouaerosolsanthropogenigollution emissionscontributel.45mg nt 2
to the total OC ACB (0.48mg nt? from non-biomassurning, 0Cing, and 0,97 mg 2 from biomassburning, OCyy) and
0.26mgm ? to thetotal BC ACB (0.17mg n1? from non-biomassurning, BCing, and0.09mg T2 from biomassburning,
BCpp). Non-biomassurningemissionsontribute0.15mg 2 to OCyp ACB (15 %)and0.01 mg m 2 to BCyy ACB (15%)..
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burningemission$3 %). Biomassburning emissionscontribute —0.14W m2 to nitrate ERF (30%) and —0.03W n1 2 to
SOA ERF (16%), while they do not significantly contributeto sulfate ERF. Non-biomassburning emissionscontribute

—0.30 W m to sulfateERF (40 %),—0.31 W m 2 to nitrateERF (70 %)and—0.05 W n1_? to SOAERF (SimNObb)resultsin

B-29%).Forcarbonaceous

burning,0Cing, and—0.11 W m2 from biomassburning,O and+0.30W n12 to the total BC ERF (+0.18 W n2 from

non-biomassurning, BCjng, and +0.12W ni-2 from biomassburning, BCpp,). Non-biomasshurning emissionscontribute

—0.01W n1 2 to OCyp ERF (9%) and
emissionsexcept0,.02W ni 2 to BCyp ERF (11 %).

3.2.2 Fivekeyregions

Beyondtheglobalresults pour simulationgrevealfive stronglysensitiveregionsthatcorrespondo importantsourceof aerosol
ollution: easterrNorth-America,Eurasia,north-easterrChina, the north-westerrAmazonBasin and central Africa (green

ig. 27). Besidesa substantiatontributionto primary aerosol(PA) sourceqi.e., BC andOC), all selectedegions

for ERFin the Supplementaraterial). We focuson SAs since,beingfiner thanPAs, they play a key role in scatteringand
maytrigger DFE.
emissionsexceptin central Africa wherebiomass burning emissioSimNOind)-—(a)-hasthe sameeffectof SimNOant

—1.2-13mg nT 2 ~ 94%)dueto anthropogeniemissionswith thelargestnputfrom non-biomasgurningemission§ACB:
12.7mgn1%; ERF; —1.1mgn1 2, ~ 80 %) comparedo biomassburningemissiongACB; 3.4mgnT2%; ERF; —0.3mgnT?,
ACB: 2.1mgn1 2, ~ 78%; ERF: —0.2mgnT 2, ~ 72%). In both regions,non-biomassurning emissiongprovide a larger
inputto SOA sourcecomparedo biomassburningemissionswith alargercontributionin Eurasiacomparedo eastermNorth
M&MMMM&%@M@WMW

vs. +0.08 mg nT2, 45% vs. 25%). Comparedo easternNorth Americaand Eurasia,north-easterrChinapresentearly a
half nitratesourcewhile contributionsto sulfateACB dueto anthropogeniemissionsireabout0.5—1 W n1 2 (d}deepeaseby

and%ela%wehuntudﬁy{RH)aPmeEaﬁhssu#aeeﬂ&NeexplerebeWF 5-10%) larger, and lead to more intensenegative
ERF (by 0.4-06W m~2, 5-10%).In the north-easterrChina, anthropogeniemissiondargely contributeas well to SOA

10
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sourcewith a sharebetweenbiomassand non-biomasdurningsimilar to Eurasia.The north-westernrAmazonBasin shows
the smallestcontributionsto SA sourcesHowever,comparedo the other key regions,biomassburning and non-biomass
burningemissionsontributeby the sameamountto SOA source(ACB: 0.5W m~—2, 24—29%:ERF: —0.06 W nT"2, 24—29 %)).

As previously commentedcentral Africa substantiallycontributesto sulfate sourcevia both biomass(ACB: 0.6 W m™2,
30%; ERF: —0.2W m~2, 30%) and non-biomassburning emissions(ACB: 0.7Wm~2, 40%; ERF; —0.3W m~2, 45%).

In this region, biomassburning emissionssubstantiallyfeed SOA source,with contributionsthat nearly doublethosefrom
non-biomasburningemissiongACB: 2.1Wm=2 vs,1.1W m~2, 44%vs. 22 %:ERF: —0.16 W m 2 vs. —0.08 W m2, 48 %

V5. 23%).

3.2.3 Surface solar radiation
3.3 Aerosol pollution changes to surface solar radiation
3.3.1 Global-scale

The global annual average shortwave visible solar radiation (total, direct and diffuse) fosieaghtion-arereported
simulations(control and sensitivity) are gatheredin Table 3. Hereafter, we shorten “shortwave visible solar radiation” to
“radiation”. GlebalRelativeto the control simulation(SimCTRL), changesn globaltotal and diffuse radiation are slightly

affected by the pollution aerosol burdeandthei

from-1-7to-(absolutechangefor total radiation:from +1.6 W m‘2 to+5.1W m‘z; absolutechangefor diffuseradiation:from

—1.3Wm~2 to —3.8W m_?; relativechange:1.7-2.5%)-en-. On the contrarydirectradiationis-highly sensitiveto change
in-changesn directradiationshowsa larger sensitivity rangeto the aerosol burderpéreentagehangespantom-absolute
change2.9-89 W m~?; relative change3.6te—11.2 %) Table 3)-Referredto-, In the present-daygenditions;anthrepegenic
emissiensirive-a-world, anthropogenipollution aerosolgirive adecrease in global total and direct radiation-byspectively,
—2.3% (-5:2-andte—52Wm~2) and—11.2% (—9:0),—9.0W m~?), respectivelywhile global diffuse radiation increases
by +2.5% (+3-743.7 W m~?). Biomass burningmissionsaerosolshave almost zero effects on global total and diffuse radi-
ation, while they reduce direct radiation by3.6 % (—}9?&&% Non-biomass burningmissiens(industry,pewer
generationyoad-vehiclemerosols(non-BBAY decrease global total radiation byl.7% (—3:8—3.8Wm~2) and increase

global diffuse radiation by the same percentage (absolute ch&@éjtg@yyjp;z), while global direct radiation reduces
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mmw&%wﬁjwmanthropogenic pollution aerosols drive an overall SSR (direct+diffuse)
global decline of&%gVSWV\V/VrVn:i In the literature, estimates for the overall SSR decline during the “global dimming” (period
1950-1980) range fro&e@g@vgylmﬁ(wnd, 2012. In percentage, anthropogenic pollution aerosols drive an overall SSR
global decline of & %.

3.3.2 Fivekey regions
Figure ?? showsthe spatialdistributionof aerosol-driverannualabsolutechangesn surfaceradiation(for annualpercentage

and seasonabbsolutechangesFig. S1 and S2 in the SupplementarWMaterial). Regionally, on both annual and seasonal
averagegasternNorth America,Europe;EastAsia;the-Eurasia,north-easterrChina, the north-westermrAmazon basin and
central Africa are highly affected by aerosol-induced changes in surface solar radigterasterndS-For thesefive

key regions, Table 5 presentsabsoluteand percentchangesn annualaverageradiation (total, direct and diffuse) between

the control and sensitivity simulations.The easternNorth America shows the largest increase diiffuseradiationameng

to all anthropogeni@erosol{+8.6 W m~2: +6.2 %), followed by north-easteriChinaand central Africa, which experience

similar changeg~ +7.4-7.9W m 2; ~ +5.7%). Over the easternNorth-America,the increase in diffuseolarradiationin

%mm%%mmmmmwmwlanonmaxmlzesdunn borealsummer
-|—136Wm‘2 48.9%), with changeghatare1.6

&.7W m~2 (1.9-33%) higher
that thoseobservedover north-easterrChinaand Eurasia(Table S3 in the SupplementarMaterial). Driven by non-BBAs,
Eurasiaand north-easterrChina undergothe largestreductionin total and direct radiatiop-however;the-Amazonbasin

~with alargerincreaseover north-easteriChina
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with changeghat doublethoseobservedover easterrNorth-America(Table S3 in the Supplementaryaterial). In Central

Africa andthe north-easterlAmazon,on an annualaveragebasis,BBAs drive changesn surfaceradiationthat are similar
in magnitudeto thosedriven by non-BBAs. Yet, in thesetropical ecosystemshe BBA effectson surfaceradiationexhibit a
strongseasonatyclewith the maximumsignalin thedry-fire seasor{borealsummer—boreautumn JJA-SON).

For thesefive key regions our resultsarebroadlyconsistentvith Mercado et al(2009 andChen and Zhuan(2014) , with

oneexceptionOver the Amazon basiiGhen and Zhuan(2014) simulated an aerosol-driven decrease in diffuse radiation; the
authors ascribed this behaviorkieth{a)}the combinationof anaerosol-driven decrease in total radiation (less solar radiation

to be scattered above, and subsequently under, clewds)p)-with the high cloud fractions over the Amazon basin (cloud

scattering effectively limits aerosol light scattering).
3.3.3 Surfacetemperature andrelative-humidity-
3.4 Aerosolpollution changeso surface meteorolo

Comparedo-theglebaleffectAccountingfor only the direct aerosoleffect andusingthe fixed-SSTtechnigquewe limit the
influenceof pollution aerosols osurfaceselarradiationthe EarthSystemto directchangesn surfaceradiationthataffectthe

atmospherandland-surfacenly. For this reasonin thesheo

reducefollowing we mainly relatechangesn land carbonfluxesto changesn surfaceradiation,surfacemeteorolo

SAT andrelativehumidity) andplantconditions(e.g., transpirationcanopytemperature).

Theradiationchangesausedy anthropogeni@erosobpollution do not exerta statisticallysignificantchangean globaland

annual average SATFy vedbverbecause

changes annualaverageSAT in the two tropical key regions:the north-westerrAmazon Basinand central Afica (Fig.

by—kM%{ths%HandS}%n—theSupplemem) 3in the Supplementariaterial). Fromthe sensitivityexperimentsye

ascertairthatthe SAT changegireassociatevith theBBAs in thetropicalregions(Fig. S3andTableS4in the Supplementary

Material). The mechanisnoccursthrougha bio-meteorologicaleedbackdescribedelow.
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eFigure 5 showschangesn annualtranspirationefficienc
i.e.,a proxy of canopyconductance)elative humidity and canopytemperaturelriven by anthropogeni@ollution aerosols

in the threesensitivity casegFig. S4 for the correspondingnnualpercentagehangesindFig. S5for the seasonaabsolute
changesboth in the Supplementaryaterial). In the model, photosynthesisind stomatalconductancere coupledthrough

the Farguhar—Ball-Berr roachDirect radiative forcing-driven (DRF-driven) increasesn photosynthesisnd GPP are

associatedvith increasesn canopy conductance aftH

nduceachangan-thewatereyele-Howeverrelative humidity (RH) via increasedranspirationlUnderanthropogeni@erosol

ollution, transpiratiorefficiencyshowssignificantmodificationsn all five key regions(Fig. 5 andTable5). Thenorth-western

north-easter€hina The north-westermazonBasinexperiencethelargestdecreasén canopytemperaturelrivenby BBAs
—0.31K; —0.10%),which is ~ 0.1K largerthanthe decreasén canopytemperaturever centralAfrica and north-eastern
temperaturg—0.23K; —0.08 %), and,comparedo the north-westerrAmazonBasin, they undergosubstantialecreases

directradiation(—35%in centralAfrica and—29%in

mm@mwmm

To summarizejn the model,reductionsin the canopytemperatur@bservedn the north-westerrAmazonBasinrepresents
suchaseasterrNorth Americaand Eurasia,changesn the quantity and quality of surface solar radiatieay-play the main
role in affecting plant photosynthesis. mmwmwmrw%wgm

aerosol-driven g g ATeffectsmay combineto affectplant
hotosynthesischangesn the quantityand quality of surfacesolarradiation(asin easterrNorth Americaand Eurasia)and
reductionsn the canopytemperaturgasin the north-westerrAmazonBasin

3.5 Globalsensitivity-Sensitivity of GPP andisepreneemissionto aerosol pollution

The

351 Global-scale

14
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Changesin the global annual average GPP flmmmmm

the sensitivity simulationsare reported in Tabl&. A

Global-GPP-and-isepreneemissionare-not-sensitive-Global GPP shows a weak sensitivity to pollution aerosols
(Table3~ 1-299. Global GPP iseducedncreasedy up to—2.0%{—2.42.0% (2.4 PgC yr'!) at mostfer SimNOantGlebal

notascertaira-significantdueto all anthropogeniaerosobollution. Biomasshurningandnon-biomas$urningaerosoldave
acomparableffecton global GPP.In contrasto Mercado et al(2009 , our modelresultsdo not suggest substantiathange
in global GPP due teemeovalef-pollution aerosols.

3.5.2 Regionalsensitivity-of GPPto-aeroselpeliutionFive key regions

Anthropogenic aerosol pollution drives regional increases in annual average plant produGiRititifat affect the five key
regions(Fig. ?? and,for percentagehangesFig. S6in the Supplementaryateria). The strongest increases in GPP occur
in eastern North America arfeiropeEurasia(+0.2-0:4;+80.3gC nT 2 day 1, +5-12%;8%) (Fig. ??a )-Biemassburning
aeroselsdrive-andFig. S7a).In the north-westerrmazonBasin, BBAs drive similar absoluteincreases in GPB#-(+0.2-
0:4(0.3gC nT2day L +2-5%)in-the AmazonbasincentralAfrica-andeasternEurope(Fig. 27 )—Industrialpoliution
aemsehnemasé%lﬂlb}%%ww

BBAs drive increasesn GPPthatis two-third of the increaseslueto non-BBAs (+0.2PgCyr?! vs. +0.3PgCyrl: 1.5%

15
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vs. 2.4%) (Table5). In eastermNorth-America,BBAs and non-BBAs contributeby a similar amountto GPPenhancement
AmazonBasin,BBAs drive increasesn GPPlargerthanthe increasedueto all anthropogenigerosolsandnon-BBAs (Fig-

During boreal summer, anthropogenic aerosol pollution increases GRBstarnNorth America andeuropeEurasia

by up to %M@+%8% 0.6-08gCnT2day ! Flg 77%@9mpansenbe%een§m@ﬂ%l:—&m4¥@amand

vehicles)drive- theseinereases andFig. S7cin the Supplementarylaterial); particularly,in Eurasiaaerosolpollution from

MMFW(FIQ 2?a-vs—Fig—22)—-27c and Fig S7f in the SupplementaryMaterial). Driven
BBAs in the dry-fire seasdh
GPP,N(SIDIDWIWVVMby +0.05-0:40.4gC nT > day ! (+2-5%) in eastern Europe (borealergreerand mixed forests), and

by +0.4-0.60.6gC nT % day~! (+5-8%) in thenorth-westerrAmazon basin (Fig.??b andFig. S7ein the Supplementary
Materia).

regienssuehas-During boreal summer,Eurasiashowsthe largestabsoluteenhancemenin GPP (+1.8PgCyr®: +6%),
mainly driven by non-BBAs (+1.1PgCyr': +3.4%) comparedto BBAs (+0 5PgCyr'; +1.5%). The absoluteGPP

increasein _eastern North America

vis_ one-third of that observedin Eurasia
(+05PgC yr'; +6 %) (TableS3in the Supplementary/aterial).In thenorth-westermmazonBasin thelargesenhancement
in GPP occursduring boreal autumndriven by BBAs (+0.2PgCyr; +6%), when the largestdecreasén canopy tem-
peratur&@#%vedasvwﬂlo&he contraryEu%epeand@hm&expe%neea%#engmé&eﬂenm%e%aLaF@dweet

in-changesn surfaceradiations
maximizeduring borealsummer(Table S3 in the SupplementarWaterial). Likewise, in central Africa, changesn surface

radiationspeakduring borealsummer,while the largestenhancemenin GPP (and decreasen canopytemperaturepccur
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duringborealwinter (Table S4in the Supplementarylaterial). The areaselectedo represententralAfrica mostly stretches
towardsoutherrof the equatorwhereborealwinter correspondso the growingseasonThe seasonabehaviorof GPP in cen-
tral Africa andAsia{(+0-8—L-seeFig-4ain Chen-and Zhuan@014)suggestshatthe bio-meteorologicaleedbacko canopy
temperaturdasa largerinfluenceon plantproductivity thanreductionin directradiation

—The GPP sensitivitiesto aerosolpollution
in the five key regionspresentedn this work agreewell with valuesfrom previous measurement-baseshd modelin
studies (e.g.,Niyogi et al, 2004 Steiner and Chameide2005 Knohl and Baldocchi2008 Matsui et al, 2008 . Consistent

canopyarchitecturege.g.,Niyogi et al, 2004 Alton et al, 2007 Cirino et al, 2014 . Forinstancethefive keyregionsareall
populatedby PFTswith multi-layer canopiesfargecanopyheightsandLAls, suchasdeciduousbroadieafiorests evergreen
aerosolpollution. In the AmazorbasiBasin previous studiesbservedneasure@nhancement in CQuptake at ecosystem

scale during biomass burning season; theseervationastudiesmainly-attributedobservationally-basestudiesattributedthe
rise in CQ uptake to the increase in diffuse light, althougbnificantsubstantiathanges in surface temperature and humidity

werealsomeasured (e gQliveira et al, 2007 Doughty et al, 2010 Cirino et al, 20149 Notably,aerosol-inducededuction

ena«mede#mgsﬂ&dmmk Rap et al (2015 estimated that BBAs enhance GPP b?—(]_6% under

for an increase in diffuse radiatidy-3.4—-6.8 %.

drheir estimatedGPP sensitivity for this regionis lower
than valuespresentechere becauseRap et al(2015 did not accountfor aerosol-inducedeductionreductionsin leaf tem-
A 0

Anthropogenic aerosol poIqucmgﬂmeamly substantiallyenhances pIant productivity atraglonal scale?hems

suggestshataerosol-drivere
partlyreducescanopytemperaturdeasteridS)-(2)-enhancements) GPPresultfrom differentmechanismshat dependon
mmrwwm in direct radiatiotEuropeand
imydominatesn Eurasiaandnorth-eastertChina,andtropical ecosystemsi.e., the

north-westerrAmazonBasinandcentralAfrica) benefitfrom a bio-meteorologicaleedbacko canopytemperature
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3.6 Sensitivity of isopreneemissionto aerosolpollution

Compared

3.6.1 Global-scale

Table 3. Similar to GPP,isepreneemissionhasan-eppositeand-unevenglobal isopreneemissionshowsa weak sensitivity
to pollution aerosolsHig—22-— 1-2%).Global isopreneemissiondecreaseby upto 1.7% (6.9PgC yr ™) for SimNQant.

3.6.2 Fivekeyregions

Anthropogenic aerosol pollution drives adecrease in annual average isoprene emission—6f5—to—3(—2

—0.5mgCni?day ! to —1mgCnr?day ! (—2%to —12%) over Europe and China (Fig? a)-Pollutienemissiendrom
nen-biemasandFig. S7in the Supplementaryaterial). Non- blomassburnlng sources arﬂﬂemarﬁdwe@aseeﬁmaﬂsen

responsibldor the observedegionaldecreasén annualaveragdasopreneemission.n peakgrowingseasorin thetemperate
andtropical zone pollution aerosols do not affect isoprene emission (Fig)-—

S8in the Supplementary
Material). On anannualaveragebasis anthropogeni@erosolsnainly from non-biomassurningsourcegi.e., BBAs haveno
robusteffect) drive the largestdecreases isoprenesourceover north-easteriChina(—1.04 TgC yr1: —5.6%) andEurasia
In responseo aerosolpollution from non-biomassurning sourcesEurope and Chinaecerda—argerdecreasen-show
mmwzmwmg@\igg\ggdlrect radiation H@%%H;eake# MMncrease in diffuse
radiation (-8+3

from—40-t0—30%:;-A+; Diffuse Radiation>1+10%)}{Fig—2?a—€)-Over5 %) aseasterrNorth America(Table5). Hence,

over Europe and China aerosol-driven reduction in direct light is not adequately sustained by an increase in diffuse radia-

tionand-may-censiderabhlimit—, which limits isoprene emission, due tothe reduced light supply (reduceft). Recently,
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continues to rise under increasing PAR

(Morfopoulos et al.2013. This respensavasdivergentresponsénasbeenobserved at the ecosystem scatetshewedan
impertantdependencen-bothlight-quantityandtemperaturgSharkey and Loretal993. At 20°C-20° C and at any pho-
ton flux, the authors recorded nearly no isoprene emissioB9aE-30° C isoprene emission increased with photon flux

up to 46001600 umol n2s~1, while photosynthesis was already saturated4@c4Q° C, isoprene emission maximized at
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Basin, annualaverageisopreneemissionincreasesre simulatedin responseo BBAs (+0.4TgCyrL1: +2.4%) (Table 5),
althoughthe areaof statisticalsignificanceis small. In this region,the influenceof increasesn GPPon isopreneemission
over-ridesheinfluenceof the coolercanopytemperaturegTable5s).

4 Discussion and conclusions

Aerosol-induced effects on land carbon fluxes (GPP and isoprene emission) were investigated usingpéed

vegetatioh—chemistry—climat®upledglobalvegetation-chemistry-climaraodel. By performing sensitivity experiments, we

isolated the role of pollution aerosol sourced-anthropogenic, biomass burning and non-biomass burning).

Despitetheselimitations;ourOur results suggest that global-scale land carbon fluxes (GPP and isoprene emission) are not
sensitive tahedirecteffectsef-pollution aerosols, even underrabust overall SSR (direct+diffuse) global changeq%). We

founda&gmﬁea%butdwergeﬂpseﬂs%my substantiabut divergentsensitivitiesof GPP and isoprene emission to pollution
aerosols atheregi A inat@ regionalscale In eastern North America and

Eurepéurasia anthropogenic pollution aerosols (mainly from non-biomass burning sources) enhance GBR-Byi2%
8% on an annual averages i ' '

In the north-westerrAmazon basin
and central Africa, biomass burning aerosols increase GPR236% on an annual average%—8% at the peak of the
dry-fire season in thaorth-westerrAmazon basin). IfeurepeandEurasiaandnorth-easterChina, anthropogenic pollution
aerosols (mainly from non-biomass burning sources) drivdearease in isoprene emission-et-—2%to —12% on annual
averageFhi } =4

productivity{Steiner-and-Chameide2005—0ur model results imply that-furtherreductionreductionsof anthropogenic
pollution aerosols over Europmd Chinabelowthe presentday loadingsmay trlgger an enhancement in isoprene emission,

with consequences
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Table 1.Global annual average of aerosol column burden (ACB, rﬁﬁ)&nde#theeﬁeeﬁveradia&h;etereﬁqg{ERE)#eHaemsel—Fadia{ien

interactionsp-as simulated by NASA ModelE2-YIBs in the contrahd sensitivity present-daysimutation(20-+un-years)ysimulationsfor,
in the order: sulfates, nitrates, organic (OC) and black carbon (BC) from industrial (ind) and biomass burning (bb), and secondary organic

aerosols (SOA)EmptycaseCasedilled with “—" refer to negligible valuesf ACB (i.e., order of magnitude: pg m2fer-ACB:-for-ERP).

For sensitivitysimulations percentag@aluesin parenthesemdicatecontributionof targetemissiongi.e., anthropogeni

andnon-biomas$urning)to eachaerosolcomponent.

iomassburnin

Simulation ACB (mgn7?2)

SOy NO3 OCing OCyp BCing BCpp SOA
SimCTRL 241 5.16 0.48 0.97 0.17 0.09 1.37
SimNOant  1.55 (35.68%) 0.69 (86.63%)  — - - - 0.39 (71.53 %)
SimNObb 2.42 3.54 (31.40 %) 0.48 - 0.17 - 1.14 (16.79 %)
SimNOind 151 (37.34%) 147(7151%) —  0.82 (15.46 %) 0.08(11.11%) 0.90 (34.31%)
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Table 2. Global annualaverageof effective radiative forcing (ERF) for aerosol-radiationnteractions(W m~2) assimulatedboy NASA

ModelE2-YIBsin present-daysimulationsfor, in the order: sulfates,nitrates,organic (OC) and black carbon(BC) from industrial (ind

andbiomasshurning (bb), and secondanorganicaerosolySOA). Global annualaverageERF is calculatedasthe differencebetweenthe

control experiment(SimCTRL) and sensitivity experimentsSimNOant,without all anthropogenie@missionsSimNObb,without biomass

burningemissionsand SimNOind,without anthropogeniemissionexceptbiomasshurning. Percentagealuesin parenthesespecifythe

contributionof targetemissiongi.e., anthropogenichiomassbhurningandnon-biomas$urning)to the ERF of selectecherosolkcomponent.

Theacronym‘ns” indicatesdifferenceghatarenot statisticallysignificantat the 95% confidencdevel (basedn a Student's-test).

SimulatiorSpecies ERF (WnT2)

SIMCTRL — SimNOant SIMCTRL — SIMNObb - OGng-OCutBCn-BChySOASIMCTRL -
SO ACB{—0.31(40.17%) 2.41ns 5.160:480.970.170.091.37—0.30(3¢
NOs ERF{(-0.38(85.09%) —0-760,14(30.38%) —0:450.31(69.80%)
OGing. —0.06(100.00%) —011ns 0-180-12—0.160.06(100.00%)
SimNOanOCyy ACB{)-1-550.690-39ERF(—0.11(100.00%) —0:450.11(100.00%) —0.07—0.060.01(9.43%)
SimNOBIBCjng ~ ACB-)2:423.540.480-171.14ERF{0.18(100.00%) —0.76ns —0-31—0.060.18—0-13(100.009
SimNOIREBChy ACB0.12(100.00%) +-530.12(100.00%) 1-470-820-080-900.02(11.42%
SOA ERF{0.10(63.48%) —0-460,03(15.86%) —0-24—0-100-10—0-110.05(29.2

Table 3.Global annual average gross primary productivity (GPP), isoprene emission and shortwave visible (SW VIS) total, direct and diffuse

solar radiation as simulated by NASA ModelE2-YIBs in the control and sensitivity present-day simyl2diemsyears) For sensitivity

simulations percentagehangesomparedo thecontrolsimulationareindicatedin parentheseandreportedonly if changesrestatistically
significantat the 95% confidencdevel.

Simulation GPP Isoprene SW VIS Solar Radiation
Total Direct Diffuse
(PgCyrh  (TgCyr ™ (Wm=?)
SimCTRL 116.0 402.8 230.9 80.3 150.6
SimNOant 113.642.1%) 409.741.7%) 236.142.3%) 89.3411.2%) 146.842.5%)
SimNObb  114.8€1.0%) 402.9 232.640.8%) 83.243.6%) 149.4{0.8%)

SimNOiInd  114.7{1.1%) 407.841.2%) 234.741.7%) 86.7¢8.0%) 148.0{1.7%)
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Table 4.LinearcorrelationPearson'soefficient(Pearson'st), Pearson’st squared R2) androot-mean-squareerror(RMSE)ascomputed
for modelevaluatiorfor annualindseasonadverageoarseaerosobpticaldepth(AOD) andgrossprimaryproductivity(GPP) Performances
of the NASA ModelE2-YIBsin the control present-dagimulation(~ 2000s)arecomparedo: (1) MODIS AOD (at 550nm; averagedver

2000—2007¥or NASA ModelE2-YIBs PM;q optical depth,and (2) global FLUXNET-derived GPP product(averagedver 2000-2011).

Only borealsummen(JJA) andwinter (DJF) seasonaaveragesrereported.

SimulationVariable GPFAverage IsoprenPearson't  TetalrR? DirectRM SE

DiffuseAOD ©-Annual 6-0.679 0461 0,054
SImCTRL 116.0JJA 402.80.769 230.90.591 80.3150-60.064
SimNOant 113.6DJF 409.70.591 236.10.349 89.3146.80.065
SimNOBBGPP  114.8Annual 402.90.863 23260745 83.2149.41.025
SimNOind LLAFIIA 407-80.782 23470.611 8671796
+48:0DJF 0.899 0.808 1137
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Table 5. Absoluteandpercenthangesn annuakverageshortwavevisible (SWVIS) solarradiation,surfaceatmospheritcemperaturéSAT),

transpirationefficieny, cano

GPP)andisopreneemissionin: easterrNorth America, Eurasia,

north-easterChina,north-westerimazonBasinandcentralAfrica (greenboxeson Fig. ?2(a)). Changegrecomputedetweerthecontrol
experimeniSIMCTRL) andsensitivityexperimentsSimNOant without all anthropogeniemissions SimNObb,without biomassburnin

emissionsand SimNOind, without anthropogeni@missionsexceptbiomassburning. The acronym“ns” indicatesdifferencesthat are not
statisticallysignificantat the 95% confidencdevel (basedn a Student'st-test).

Region Variable SIMCTRL- SimNOant  SImCTRL- SimNObb ~ SimCTRL— SimNOind
Eastern SW VIS Solar Radiation  Total —12.16 W2 —2.81Wn1?2 —7.85Wni2
North America —5.68 % -1.31% —3.66 %
(70°=100'W; 36’ -52'N) Direct —20.76 WnT2 —3.53Wnt? —12.95Wnt?
—27.73% —4.71% —-17.30%
Diffuse 8.60W nt2 ns 5.10W nt?2
6.17% ns 3.65%
SAT ns ns ns
ns ns ns
Transpiration Efficiency 0.12% ns ns
3.72% ns ns
Canopy Temperature ns ns ns
ns ns ns
GPP 0.21PgcCyrt 0.09PgcCyr! 0.10PgcCyr?
4.96 % 217% 2.45%
Isoprene —0.28 TgCyr1 ns ns
—-1.91% ns ns
Eurasia SW VIS Solar Radiation  Total —11.08 W12 —1.67Wnr? —9.46 W2
(—10'W-80 E; 40 —65 N) —5.59% —0.84% —477%
Direct —-16.88Wm2 —2.33Wn1?2 —~13.95Wn12
—28.78% -3.97% —23.79%
Diffuse 5.80 W nr? 0.67Wnt? 4.49Wnr?
4.15% 0.48% 3.22%
SAT ns ns ns
ns ns ns
Transpiration Efficiency 0.16 % ns 0.10%
5.09% ns 3.27%
Canopy Temperature ns ns ns
ns ns ns
GPP 0.63PgCyrt 0.19PgcCyr? 0.31PgCyr?
4.85% 1.47% 2.41%
Isoprene —0.86 TgCyrl ns —0.13TgCyrl
—271% ns —3.92%
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Table 5. Continued.

Region Variable SIMCTRL- SimNOant  SImCTRL- SimNObb ~ SIimCTRL- SimNOind
North-eastern China SW VIS Solar Radiation ~ Total —13.56 Wn12 ns —12.59Wnr2
(100'-120 E; 10 -35 N) —6.41% ns —5.95%
Direct —21.45Wn12 —2.35Wnt2 —19.42Wn12
—28.87% —-3.16% —26.14%
Diffuse 7.89 W nr2 1.08 W nt2 6.83WnT2
5.74% 0.79% 497%
SAT ns ns ns
ns ns ns
Transpiration Efficiency 0.12% ns 0.10%
3.18% ns 2.70%
Canopy Temperature —0.23K ns ns
—0.08% ns ns
GPP 0.06 PgCyr! ns 0.06 PgCyr!
1.18% ns 1.15%
Isoprene —1.04TgcCyr? ns —0.86TgCyr?
—5.60% ns —4.64%
North-western SW VIS Solar Radiation ~ Total —4.09W T2 —2.18Wnt2 —2.52Wnr2
Amazon Basin —-1.84% —0.98% -1.14%
(73’65 W; 5" S-5 N) Direct —7.67Wn2 ,—4.08Wn12 —4.80Wn2
—7.86% —4.17% —4.92%
Diffuse 3.58Wnr2 1.90W nt2 2.28Wnr?2
2.88% 1.52% 1.83%
SAT —0.15K —0.28K —-0.11K
—0.05% —0.09% —0.04%
Transpiration Efficiency 0.31% 0.51 0.23%
3.20% 5.19 2.31%
Canopy Temperature —-0.17K —0.31K —0.13K
—0.06 % —-0.10% —0.04%
GPP 0.07PgCyr! 0.10PgcCyr? 0.05PgCyrl
2.42% 3.42% 1.78%
Isoprene ns 0.37TgCyt ns
ns 2.39% ns
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Table 5. Continued.

Region Variable SIMCTRE- SimNOant  SIMCTRL- SimNObb ~ SimCTRL- SimNOQind
Central Africa SW VIS Solar Radiation  Total —17.40 W m 2 —14.41Wm2 —8.53Wni?
(10°-25'E; 10 S-5N) —8.68% —7.19% —4.25%
Direct —24.80 W nt2 —18.72Wn? —10.75Wnt2
—34.85% —26.32% -15.12%
Diffuse 7.40 W 2 4.31Wnr?2 2.22Wnt2
5.72% 3.33% 1.72%
SAT —0.19K —0.16K —0.08K
—0.06 % —0.05% —0.03%
Transpiration Efficiency 0.28% 0.31 0.14%
3.60% 4.06 1.79%
Canopy Temperature —0.23K —0.21K —-0.11K
—0.08% —0.07% —0.04%
GPP 0.10PgCyr! 0.08PgcCyr! ns
1.61% 1.27% ns
Isoprene —0.55TgCyr! ns —0.30TgCyr!
~1.89% ns —1.02%
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