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Supplementary Table 1 | Summary of simulations for fire pollution effects

Simulations Model Input O; effect ? Output

GC NOFIRE %};:ISHS; All emissions without fires N/A Moni[llz)ll}l/ril;r[(gj]l and
GC _FIRE %};:ISHS; All emissions with fires N/A Moni[llz)ll}l/ril;r[(gi)]l and
CRM_NA CRM No aerosols N/A Hoclilirflf}lll sd;r;i[l;md
CRM_AA CRM  Aerosols from GC_NOFIRE N/A Hoclilirflf}:l Sd;r;;:[l;md
CRM_FA CRM Aerosols from GC_FIRE N/A Hoclilirflf}:l Sd;r;;:[l;md
YIBS NA YIBs PAR from CRM_NA None Monthly GPP
YIBS AA YIBs PAR from CRM_AA None Monthly GPP
YIBS FA YIBs PAR from CRM_FA None Monthly GPP
YIBS NOH YIBs : ggigﬁnég{#o—gﬁ}g High Monthly GPP
YIBS NOL YIBs [ ggigﬁnég{#o—gﬁ}z Low Monthly GPP
YIBS _FOH YIBs Ifgﬁ ggnn: gléi/lﬂ—lﬁé High Monthly GPP
YIBS _FOL YIBs Ifgﬁ ggrrﬁ glé%:—ﬁié Low Monthly GPP
YIBS AAOH  YIBs : gﬁlﬁiﬁnég_l%ﬁﬁg High Monthly GPP
YIBS AAOL  YIBs : gﬁlﬁiﬁnég_l%ﬁﬁg Low Monthly GPP
YIBS FAOH  YIBs I[)(‘;l]{ fflfg’nn; gg\%g‘é High Monthly GPP
YIBS FAOL  YIBs PAR from CRM_FA Low Monthly GPP

[O3] from GC_FIRE

2 Ozone damage applied in the simulation can be low or high for the same level of [O3],
depending on the selection of damaging coefficients !.



Supplementary Table 2 | Sensitivity experiments for Oz damaging scheme with YIBs
model

D Simulations ? [Os3] (ppbv) O3 effect GPP (Pg) AGPP (%)"

1 YIBS 0000 0 Null 138.4 0

2 YIBS 0O020L 20 Low 137.3 -0.8

3 YIBS O040L 40 Low 132.2 4.5

4 YIBS O060L 60 Low 125.6 -9.3

5 YIBS O080L 80 Low 119.4 -13.8
6 YIBS O100L 100 Low 113.8 -17.8
7 YIBS OI120L 120 Low 108.9 -21.3
8 YIBS O140L 140 Low 104.5 -24.5
9 YIBS O160L 160 Low 100.6 -27.4
10 YIBS O020H 20 High 135.1 -2.4

11 YIBS 0040H 40 High 123.4 -10.9
12 YIBS O060H 60 High 111.3 -19.6
13 YIBS O080H 80 High 101.4 -26.8
14 YIBS O100H 100 High 93.3 -32.6
15 YIBS OI120H 120 High 86.6 -37.4
16 YIBS O140H 140 High 81.0 -41.5
17 YIBS O160H 160 High 76.2 -44.9

2 Each simulation is performed for 2007-2011 using the same meteorology. The last 3 years
are used to calculate the Os-induced damages to GPP as shown in Fig. 1.
b Compared with GPP in simulation YIBS_0000.



Supplementary Table 3 | Sensitivity experiments for fire ozone effects with YIBs model

Simulations ? Ozone input O; effect®  GPP (Pg C yr?)
YIBS NOH LE GC_NOFIRE High 130.3
YIBS NOL LE GC_NOFIRE Low 133.5
YIBS FOH LE GC_FIRE High 129.2
YIBS FOL LE GC_FIRE Low 133.0

2 Each simulation is performed for 2001-2011.
® Ozone damaging coefficients of evergreen broadleaf forest (EBF) are lower by 1/3 for both

high and low sensitivities.



Supplementary Table 4 | Sensitivity experiments for cloud diffuse effects on GPP using
CRM model

ID Simulations *  Cloud scale P T?:slnl:_;“‘)R Diffuse fraction
1 CRM_C000 0 128.1 0.10
2 CRM_C001 0.1 127.9 0.10
3 CRM_C002 0.2 127.1 0.12
4 CRM _C003 0.3 125.6 0.15
5 CRM_C004 0.4 123.5 0.19
6 CRM_C005 0.5 120.9 0.23
7 CRM_C006 0.6 117.9 0.27
8 CRM_C007 0.7 114.7 0.31
9 CRM_C008 0.8 111.3 0.35
10 CRM_C009 0.9 107.8 0.38
11 CRM_C010 1.0 104.3 0.41
12 CRM_CO012 1.2 98.4 0.45
13 CRM_C014 1.4 93.0 0.48
14 CRM_CO017 1.7 86.1 0.51
15 CRM_C020 2.0 80.3 0.52
16 CRM_C030 3.0 66.6 0.54
17 CRM_C040 4.0 58.1 0.54
18 CRM_C050 5.0 523 0.53
19 CRM_C070 7.0 44.9 0.50

20 CRM_C100 10.0 38.6 0.46

2 Each simulation is performed for 2007-2011 without aerosol radiative effects. The CRM
model output of hourly diffuse and direct PAR radiation is used as input for YIBs model.

> Observed 3-D cloud fraction and liquid water path are multiplied by corresponding scaling
factors.



Supplementary Table 5 | Sensitivity experiments for cloud diffuse effects on GPP using

YIBs model
D Simulations ? PAR input GPP (Pg) AGPP (%) "
1 YIBS C000 CRM_C000 106.3 0
2 YIBS C001 CRM_C001 107.1 0.8
3 YIBS C002 CRM_C002 110.5 3.9
4 YIBS C003 CRM _C003 115.9 9.1
5 YIBS C004 CRM_C004 122.3 15.0
6 YIBS CO005 CRM_C005 128.3 20.7
7 YIBS C006 CRM_C006 133.3 25.4
8 YIBS C007 CRM_C007 136.8 28.7
9 YIBS C008 CRM_C008 138.7 30.5
10 YIBS C009 CRM_C009 139.2 31.0
11 YIBS CO010 CRM_C010 138.4 30.2
12 YIBS CO012 CRM_C012 135.0 27.0
13 YIBS CO014 CRM _C014 129.8 22.1
14 YIBS CO017 CRM_C017 120.9 13.8
15 YIBS C020 CRM_C020 112.0 5.4
16 YIBS C030 CRM_C030 87.1 -18.1
17 YIBS C040 CRM_C040 69.8 -34.3
18 YIBS CO050 CRM_C050 57.9 -45.6
19 YIBS C070 CRM_C070 43.3 -59.3
20 YIBS C100 CRM_C100 32.1 -69.8

2 Each simulation is performed for 2007-2011 using hourly diffuse and direct PAR from the

corresponding CRM simulation in Supplementary Table 4.

b Compared with GPP in simulation YIBS_C000.



Supplementary Table 6 | Sensitivity experiments for fire aerosol effects with CRM
model

Total PAR Diffuse

. . a b
Simulations Aerosols Cloud (Wm?) fraction

CRM AA C00  GC NOFIRE Cloud fraction and 123.6 0.164
- = - LWP set to zero

Cloud fraction and
CRM_AA CO05 GC NOFIRE LWP reduce by 50% 117.0 0.282

Cloud fraction and
CRM_AA C20 GC NOFIRE LWP increase by 100% 77.9 0.559

3-hourly cloud

variables are applied 92.0 0.468

CRM_AA C3H  GC NOFIRE

Cloud fraction and
CRM_FA C00 GC FIRE LWP set to zero 123.2 0.169

Cloud fraction and
CRM_FA CO05 GC FIRE LWP reduce by 50% 116.6 0.286

Cloud fraction and
CRM_FA C20 GC FIRE LWP increase by 100% 77.6 0.562

3-hourly cloud

CRM FA C3H GC FIRE X ) 91.7 0.471
- = - variables are applied

Fire BC reduces  Observed cloud fraction

CRM_FA BCO05 by 50% and L WP 100.9 0.455
Fire BC increases Observed cloud fraction

CRM_FA BC20 by 100% and LWP 100.7 0.455
All fire aerosols  Observed cloud fraction

CRM_FA2 increase by 100% and LWP 100.5 0.458

CRM FA3 All fire aerosols  Observed cloud fraction 100.2 0.461

increase by 200% and LWP

2 Each simulation is performed for 2001-2011. The model output of hourly diffuse and direct
PAR radiation is used as input for YIBs model.
® Cloud fraction and liquid water path (LWP) change at the same rate.



Supplementary Table 7 | Sensitivity experiments for fire aerosol effects with YIBs

model

Simulations ? PAR input GPP (Pg C yr)
YIBS AA C00 CRM_AA CO00 112.2
YIBS AA_C05 CRM_AA_CO5 129.8
YIBS_AA_C20 CRM_AA_C20 109.9
YIBS AA C3H CRM_AA C3H 125.4
YIBS_FA_C00 CRM_FA_C00 112.9
YIBS FA_C05 CRM_FA_C05 130.2
YIBS FA €20 CRM FA C20 109.7
YIBS FA C3H CRM FA C3H 125.4
YIBS FA BCO5  CRM FA BCO5 136.8
YIBS FA BC20  CRM FA BC20 136.6
YIBS FA2 CRM_FA2 136.7
YIBS FA3 CRM FA3 136.7

2 Each simulation is performed for 2001-2011 using hourly diffuse and direct PAR from the
corresponding CRM simulation in Supplementary Table 6. Ozone damaging effects are
turned off.



Supplementary Table 8 | Sensitivity experiments for evaluation of modeling

uncertainties
Runs Descriptions Changes in GPP
O3 L O3 damaging with low sensitivity YIBS FOL - YIBS NOL
O3 H O3 damaging with high sensitivity YIBS FOH - YIBS NOH
e 0L < ron 1 vins o
CLDO0O5 Observed cloud fraction is scaled by 0.5  YIBS FA C05-YIBS AA CO05
CLD10 Observed daily cloud fraction YIBS FA-YIBS AA
CLD3H Observed 3-hour cloud fraction YIBS FA C3H-YIBS AA C3H
CLD20  Observed cloud fraction is scaled by 2 YIBS FA C20-YIBS AA C20
o BComembesbSLyigs pa pcos - vies aa
s St 100 vips pa s viBs aa
FA2 Fire aerosol concentrations are doubled YIBS FA2 - YIBS AA
FA3 Fire aerosol concentrations are tripled YIBS FA3 -YIBS AA
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Supplementary Figure 1 | Distribution of 24 FLUXNET sites with diffuse radiation.
Sites are selected with at least 5-year measurements. The color indicates different land types
as evergreen needleleaf forest (ENF, blue), evergreen broadleaf forest (EBF, red), deciduous
broadleaf forest (DBF, magenta), grasslands (GRA, green), and croplands (CRO, cyan).
These sites provide half-hourly observations of diffuse radiation.
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Supplementary Figure 2 | Evaluation of simulated GPP responses to direct and diffuse
radiation. The comparisons are performed at 24 FLUXNET sites. For each site, observations
are split into ‘diffuse’ and ‘direct’ conditions if the diffuse fraction is >0.8 (blue squares) and
<0.2 (red triangles), respectively. The categorized observations are then averaged over PAR
bins of 40 W m™ with error bars indicating one standard deviation of GPP for each bin.
Similarly, simulations are split into ‘diffuse’ (green) and ‘direct’ (yellow) bins of PAR and
GPP is calculated for each bin with gray shading indicating one standard deviation. The name
of site and the specific vegetation type is listed on the title of each panel.
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Supplementary Figure 3 | Responses of global GPP to varied cloud scalings. Results
shown are global GPP (red) and PAR radiation (blue) for different simulations with varied

cloud scaling factor (Supplementary Table 4).
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(a) Cloud fraction in JUA (b) Cloud fraction in DJF
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Supplementary Figure 4 | Seasonality of global cloud amount. Results shown are cloud
fraction (%) in (a) June-July-August and (b) December-January-February from the SYN1deg
product of NASA Clouds and the Earth’s Radiant Energy System (CERES)?.
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(a) AO3 by fire emissions (b) AAOD by fire emissions
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(c) O3 from all emssions without fires (d) AOD from all emssions without fires
90°N
60°N [
30°N

0°
30°S .
60°S .

90°S
180° 120°W 60°W  0°  60°E 120°E 180° 180° 120°W 60°W  0°  60°E 120°E  180°
(PPbV)

[ 1 J ‘ . . \ ] 1 1 L .
0 10 20 30 40 50 60 0.0 0.1 0.2 0.3 0.4 0.5 0.6

Supplementary Figure 5 | Ozone and aerosol optical depth (AOD) from fire and non-
fire sources. Results shown are the annual mean (a, c) surface Oz concentration and (b, d)
AOD at 550 nm caused by (a, b) fire emissions alone (GC_FIRE — GC_NOFIRE) and (c, d)
non-fire sources (GC_NOFIRE). For (a) and (b), only significant (p < 0.1) changes are shown.
The color scales are different between the top and bottom panels. Seven regions in Figure (a)
are Amazon (AMZ), southern Africa (SAF), Indonesia (IND), eastern U.S. (EUS), eastern
China (ECH), boreal North America (BNA), and boreal Asia (BAS).
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Supplementary Figure 6 | Changes in GPP caused by fire O3 from different sources. For
each land grid, fire Os-induced changes in GPP (AGPP) and fire Oz concentrations ([O3]) are

derived and sorted, respectively. Grids with both high AGPP (>80™ percentile) and high fire
[O3] (>80™ percentile) are marked with red. Grids with high AGPP (>80 percentile) without

high fire [O3] (<80" percentile) are marked with blue. Grids with high fire [O3] (>80™"
percentile) but relatively small AGPP (<80™ percentile) are marked with green. For red

patches, fire [O3] is high and the resultant AGPP is large. For blue patches, low to medium
fire [O3] results in large AGPP. For green patches, high fire [O3] results in small AGPP.
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(a) Global AGPP by aerosol (no fires) at clear sky (b) Global AGPP by fire aerosol alone at clear sky
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Supplementary Figure 7 | Percentage change in GPP caused by aerosol diffuse
fertilization effect at clear sky. The effects of aerosol from all sources (anthropogenic +
natural) except fire emissions are shown in the left, and those from fire emissions alone are in
the right. Units: %.
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(a) ADF by aerosol (no fires) at clear sky (b) ADF by fire aerosol alone at clear sky
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(c) ADF by aerosol (no fires) at all sky (d) ADF by fire aerosol alone at all sky
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Supplementary Figure 8 | Changes in diffuse fraction caused by aerosols. Results shown
are the changes in diffuse fraction (diffuse/total) due to (a, c) all aerosols without fire
emissions and (b, d) fire aerosols alone at the (a, b) clear-sky and (c, d) all-sky conditions.
Units: %.

17



(a) AAOD by 1xBB (b) AAOD by 2xBB (c) AAOD by 3xBB
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Supplementary Figure 9 | Predicted changes in diffuse fraction and GPP due to
enhanced fire aerosols. Results shown are percentage changes in (a, b, ¢) AOD, (d, e, f)
diffuse radiation, and (g, h, i) GPP over Amazon region due to (a, d, g) current, (b, e, h)

double, and (c, f, 1) triple fire aerosols.
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Supplementary Figure 10 | Models and simulations used for this study. Step 1: Simulate
fire-induced aerosols and ozone using GEOS-Chem Model for 2001-2011. Step 2: Simulate
ozone damaging to GPP using YIBs model. Step 3: Simulate aerosol-induced PAR radiation
change using CRM model. Step 4: Simulate GPP responses to PAR change using YIBs
model.
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(a) Simulated GPP (2.39 g C m? day™)
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Supplementary Figure 11 | Evaluation of simulated gross primary productivity (GPP)
by YIBs model. Simulation (a) is performed using the YIBs vegetation model, which is
driven with hourly 1°x 1° meteorological forcings for 2001-2011 from the WATCH Forcing
Data methodology applied to ERA-Interim reanalysis data (WFDEI)®. Global areal weighted
GPP are shown on the title brackets. Benchmark product (b) is upscaled from FLUXNET
using regression trees*. The differences between simulation and benchmark product is shown
in (c). The correlation coefficient (R) and relative biases (B) are shown in the bottom figures
with indication of total land grid number (N) used for statistics.
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Supplementary Figure 12 | Evaluation of simulated GPP at evergreen broadleaf forest
(EBF) sites. In the top panel, 8 EBF sites with at least four-year measurements from
FLUXNET network (http://fluxnet.fluxdata.org) are selected. In the bottom panels, both
simulations and observations are averaged for each individual site over the period when
measurements are available. Error bars represent one standard deviation of observations
while shadings represent that of simulations. The relative bias and correlation coefficient are
shown on each panel.
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(a) Simulated AOD ( 0.15) (b) Simulated MDAS [03] (55.8 ppbv)
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Supplementary Figure 13 | Evaluation of simulated air pollution by GEOS-Chem model.
Results shown are the (a, c) annual aerosol optical depth (AOD) at 550 nm and (b, d)
summertime maximum daily 8-h average (MDAS) O3 concentrations from (a, b) simulations,
(c, d) observations, and (e, f) their differences averaged for period of 2001-2011. Simulations
are performed with the GEOS-Chem chemical transport model, which is driven with
MERRA meteorology and emissions from anthropogenic, biogenic, and biomass burning
sources. Observed AOD is retrieved from the Moderate Resolution Imaging
Spectroradiometer (MODIS, https://modis.gsfc.nasa.gov). Surface MDAS O; over North
America and Europe is adopted from the Global Gridded Surface Ozone Dataset compiled by
Sofen, et al. >. O3 over China is interpolated from data at ~1500 sites operated by the Ministry
of Environmental Protection (http://english.mep.gov.cn). Global areal weighted AOD and
MDAS8 O3 are shown on the title brackets. The correlation coefficient (R) and relative biases
(B) are shown in the bottom figures with indication of grid numbers (N) used for statistics.
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Supplementary Figure 14 | Evaluation of simulated shortwave radiation by CRM model.
Results shown are annual mean surface downward shortwave radiation at (a, ¢) clear-sky and
(b, d) all-sky conditions between (a, b) simulations, (c, d) observations, and (e, f) the
simulation-to-observation ratio averaged for the period of 2001-2011. Simulations are
performed with the Column Radiation Model (CRM), which is driven with hourly 1°x1°
meteorological forcings from MERRA and cloud profiles from the SYNldeg product of
CERES?. Observations are adopted from the CERES SYNldeg datasets. Global areal
weighted shortwave radiation is shown on the title brackets. The correlation coefficient (R)
and relative biases (B) are shown in the bottom figures with indication of total land grid
number (N) used for statistics.
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(a) Clear-sky aerosol DRE at top of atmosphere
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(b) Clear-sky aerosol DRE at surface

0 L
—~ '5 B — =
o
S - - - —_ -
= 8 | 8
=10t - r|- i
_15 1 1 1 — 1 1
DJF MAM JJA SON Annual
B CRM B GOCART SPRINTARS GISS LMDZ-INCA [ LMDZ-LOA

Supplementary Figure 15 | Comparison of simulated aerosol direct radiative effect
(DRE) with other models. Results shown are aerosol DRE at (a) top of atmosphere and (b)
surface between CRM and other models. Comparisons are performed for boreal winter
(December-February), spring (March-May), summer (June-August), autumn (September-
November), and annual average. Black dashed lines are the averages of estimates from other
models. Different colors indicate different models, the details of which have been explained
in Yu, et al. ®.
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