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1   Isoprene   emission   comparison  

We   compared   the   annual   isoprene   emissions   for   2011–2013   simulated   by   CESM2.1.0/MEGANv2.1  

and   by   OMI   top-down   estimate   (Bauwens   et   al.   2016,   

available   at:  http://emissions.aeronomie.be/index.php/omi-based ,   last   access:   1   March   2021).   As   

shown   in   Figure  S2c,   CESM2.1.0/MEGANv2.1   overestimates   isoprene   emissions   over   the   Tropics   

and   underestimates  them   at   high   latitudes   in   the   Northern   Hemisphere.   In   terms   of   magnitude,   isoprene   

emissions   over   the  Tropics   are   important.   We   scaled   down   Tropical   isoprene   emissions   by   reducing   

emission   factors   of  Tropical   plant   functional   types   (PFT).   Two   PFTs   were   used   in   the   Community   

Land   Model   version   5  (CLM5):   “broadleaf   evergreen   tropical   tree”   and   “broadleaf   deciduous   tropical   

tree”.   These   two   PFTs  contribute   ~80%   of   total   global   isoprene   emissions    (Guenther   et   al.   2012) .   

There   were   still   regional  discrepancies   between   CESM2.1.0/MEGANv2.1   and   top-down   estimates   

(Figures   S2d   and   S2e),   but   the  global   total   emission   amount   became   closer   to   the   total   emission   value   by   

the   OMI   top-down   estimate.  Global   total   annual   isoprene   emissions   changed   from   439   Tg   yr -1   to   260   Tg   

yr -1 ,   which   was   comparable  to   the   top-down   estimate   (266   Tg   yr -1 ).  
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Figure   S1.    Emission   trajectories   for   SO 2    and   NO x    for   the   four   Tier   1   scenarios   used   in   this   study.   
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Figure  S2.  Annual  isoprene  emissions  for  2011–2013  by  (a)  OMI  top-down  and  (b)               
CESM2.1.0/MEGANv2.1.  (c)  Ratios  of  CESM2.1.0/MEGANv2.1  to  OMI  top-down  isoprene           
emissions.  (d)  same  as  (c)  but  the  isoprene  emission  factors  of  tropical  trees  in                
CESM2.1.0/MEGANv2.1  are  reduced  by  50%.  (e)  Zonal  mean  cross-section  of  annual  isoprene              
emissions.       
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Figure  S3.  Time  series  of  Isoprene  emissions  (2011–2013)  over  (a)  Southeast  US  (30–40°N,               
100–80°W),  (b)  Amazon  (10–0°S,  70–60°W),  (c)  Africa  (5°S–5°N,  10–30°E),  and  (d)  Borneo              
(5°S–5°N,   105–120°E).       
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Figure  S4.  Histograms  for  observed  and  modeled  (a)  isoprene,  (b)  ISOPOOH,  (c)  IEPOX,  and  (d)                 
IEPOX-SOA  concentrations  during  the  SEAC4RS  campaign.  Observation  and  model  results  are  shown              
in  black  and  blue  bars,  respectively.  We  note  that  gas  measurements  can  be  negative  when  the  real                   
concentrations  are  zero  or  very  low  due  to  instrumental  noise.  On  the  other  hand,  IEPOX-SOA                 
concentrations   were   calculated   by   the   positive   matrix   factorization   method   and   always   positive.       
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Figure  S5.  Same  as  Fig.  1  (c,d)  but  used  different  H *  values.  8.5  ×  10 7  ,  8.5  ×  10 8 ,  8.5  ×  10 9  M  atm -1 ,  are                           
used  for  (a,d),  (b,e),  and  (c,f),  respectively.  SOA  yield  from  IEPOX  reactive  uptake  was  assumed  to  be                   
0.2.   IEPOX   comparisons   are   shown   in   top   panels   (a,b,c)   and   IEPOX-SOA   in   bottom   panels   (d,e,f).     
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Figure  S6.  Same  as  Fig.  2  (c)  and  (d)  but  used  H *  of  8.5  ×  10 7  M  atm -1  and  the  yield  of  0.2.  The  model                           
with   the   half   isoprene   emission   case   (red)   is   only   shown.       

8   
  
  



  

Figure   S7.    Same   as   Fig.   S6   but   assumed   90%   of   inorganic   sulfates   are   converted   to   organic   sulfates.  
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Figure  S8.  Annual  mean  aerosol  pH  at  the  surface  for  the  year  2010  as  simulated  by  CESM2  model.  (a)                     
Base  case  used  in  the  paper  (Base),  (b)  assuming  90%  of  inorganic  sulfates  are  converted  to                  
organosulfates   (Inor90),   (c)   difference   between   (a)   and   (b).       
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Figure  S9.  Histograms  for  observed  and  modeled  (a,b)  isoprene  and  (c,d)  IEPOX-SOA  concentrations               
during  the  GoAmazon  campaign.  Observations  are  shown  in  black  bars,  and  CESM  results  with                
different  isoprene  emissions  sensitivities  are  represented  in  blue  (Base),  red  (Half),  and  green  (Quarter)                
bars.       
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Figure  S10.  Same  as  Fig.  3  but  for  (a)  the  sensitivity  model  run  with  90%  of  inorganic  sulfate                    
conversion  to  organic  sulfate  over  the  Amazon  (black  line),  (b)  the  sensitivity  model  run  with                 
heterogeneous  OH  oxidation  of  IEPOX-SOA  using  the  rate  constant  of  4.0  ×  10 -13  cm 3  molec. -1  s -1  (blue                   
line),  and  (c)  IEPOX-SOA  simulated  by  the  VBS  scheme  (red  line).  For  the  VBS  results,  SOA  from  the                    
isoprene  +  OH  pathway  was  assumed  as  IEPOX-SOA.  We  assumed  all  aged  IEPOX-SOA  was  lost  via                  
the   fragmentation   process   for   the   heterogeneous   OH   reaction   sensitivity   run.       
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Figure  S11.  Simulated  annual  mean  IEPOX-SOA  concentrations  at  the  surface.  (a)  Fresh  IEPOX-SOA               
(b)  Aged  IEPOX-SOA  (after  heterogeneous  oxidation  against  OH).  The  ratios  between  fresh  and  aged                
IEPOX-SOA  are  presented  in  panel  (c).  Aged  IEPOX-SOA  was  assumed  to  be  not  evaporated  and  only                  
lost   via   wet   and   dry   depositions   in   the   model.       
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Figure  S12.  Global  ratios  of  OH  simulated  under  future  SSP  scenarios  (2090s)  to  present  conditions                 
(2010s)   at   the   surface   (Explicit   case).     
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Figure  S13.  Global  ratios  of  NO x  under  future  SSP  scenarios  (2090s)  to  present  conditions  (2010s)  at                  
the   surface   (Explicit   case).       
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Figure   S14.     Same   as   Fig.   6   but   for   absolute   values   of   mass   fluxes   (in   Tg   yr -1 ).     
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Figure  S15.  Global  ratios  of  sulfate  aerosols  under  future  SSP  scenarios  (2090s)  to  present  conditions                 
(2010s)   at   the   surface   (Explicit   case).       
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Figure  S16.  The  global  aerosol  pH  (accumulation  mode)  differences  between  future  SSP  scenarios               
(2090s)   and   present   conditions   (2010s)   at   the   surface   (Explicit   case).       
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Figure  S17.  Simulated  IEPOX-SOA  concentration  changes  at  the  surface  by  including  sea  salt  in                
aerosol   thermodynamic   calculation   (EXP_SS_2090   -   EXP_2090).       
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Figure  S18.  The  multi-year  mean  global  aerosol  pH  (accumulation  mode)  of  EXP_SS_2090              
simulations  at  the  surface  (left  column)  and  pH  differences  between  EXP_SS_2090  and  EXP_2090               
simulations.     
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Figure  S19.  Global  ratio  maps  of  surface  mean  IEPOX-SOA  concentrations  between  EXP_2090_CO2              
(with   CO 2    inhibition)   and   EXP_2090   (without   CO 2    inhibition)   for   different   SSP   scenarios.       
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Figure  S20.  Global  maps  of  activity  factor  changes  (ratio  of  SSP1-2.6  to  present)  used  in  isoprene                  
emission  calculations  by  MEGANv2.1.  (a)  total  activity  factor  (γ),  (b)  leaf  area  index  (LAI),  (c)                 
emission  response  to  light  (γ P ),  (d)  temperature  (γ T ),  (e)  leaf  age  (γ A ),  and  (f)  CO 2  inhibition.  See  Eq.  (2)                     
in  Guenther  et  al.   (2012)  for  details.  Soil  moisture  factor  is  not  included,  as  CESM2.1.0  applies  a  unity                    
value   for   soil   moisture   factor.       
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Figure   S21.    Same   as   Fig.   S20   but   for   the   SSP5-8.5   scenario.     
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Figure  S22.  Global  ratio  maps  of  OH  concentrations  between  simulations  with  (EXP)  and  without  CO 2                 
(EXP_CO2)   inhibition   effects.       
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Table  S1.   A  brief  summary  of  SSP  scenarios  used  in  this  study.  Values  are  for  the  year  2100.  For  more                      

information,  readers  are  referred  to  previous  studies  (O'Neill  et  al.,  2016;  Riahi  et  al.,  2017;  Kc  and                   

Lutz,   2017;   Gidden   et   al.,   2019;   Feng   et   al.,   2020).     
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SSP1-2.6   

Title¹⁾   
Sustainability   -   Taking   the   Green   Road   

(Low   challenges   to   mitigation   and   adaptation)   

Description¹⁾   

The   world   shifts   gradually,   but   pervasively,   toward   a   more   
sustainable   path,   emphasizing   more   inclusive   development   that   
respects   perceived   environmental   boundaries.   Management   of   
the   global   commons   slowly   improves,   educational   and   health   

investments   accelerate   the   demographic   transition,   and   the   
emphasis   on   economic   growth   shifts   toward   a   broader   emphasis   
on   human   well-being.   Driven   by   an   increasing   commitment   to   
achieving   development   goals,   inequality   is   reduced   both   across   

and   within   countries.   Consumption   is   oriented   toward   low   
material   growth   and   lower   resource   and   energy   intensity.   

Forcing   category²⁾   Low   

Target   forcing   level²⁾   (W   m⁻²)   2.6   

Population³⁾   (millions)   6,881   

Land   use   change   regulation¹⁾   strong   

Sulfur   emissions⁴⁾   (Mt   SO₂   yr⁻¹)   8.1   

NOₓ   emissions⁴⁾   (Mt   NO₂   yr⁻¹)   41.2   

VOC   emissions⁴⁾   (Mt   VOC   yr⁻¹)   62.3   

OC   emissions⁴⁾   (Mt   OC   yr⁻¹)   13.1   

CO₂   emissions⁴⁾   (Mt   CO₂   yr⁻¹)   -8,618   

SSP2-4.5   

Title¹⁾   
Middle   of   the   Road   

(Medium   challenges   to   mitigation   and   adaptation)   
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Description¹⁾   

The   world   follows   a   path   in   which   social,   economic,   and   
technological   trends   do   not   shift   markedly   from   historical   

patterns.   Development   and   income   growth   proceeds   unevenly,   
with   some   countries   making   relatively   good   progress   while   

others   fall   short   of   expectations.   Global   and   national   institutions  
work   toward   but   make   slow   progress   in   achieving   sustainable   

development   goals.   Environmental   systems   experience   
degradation,   although   there   are   some   improvements   and   overall   

the   intensity   of   resource   and   energy   use   declines.   Global   
population   growth   is   moderate   and   levels   off   in   the   second   half   

of   the   century.   Income   inequality   persists   or   improves   only   
slowly   and   challenges   to   reducing   vulnerability   to   societal   and   

environmental   changes   remain.   

Forcing   category²⁾   Medium   

Target   forcing   level²⁾   (W   m⁻²)   4.5   

Population³⁾   (millions)   9,000   

Land   use   change   regulation¹⁾   medium   

Sulfur   emissions⁴⁾   (Mt   SO₂   yr⁻¹)   30.8   

NOₓ   emissions⁴⁾   (Mt   NO₂   yr⁻¹)   77.7   

VOC   emissions⁴⁾   (Mt   VOC   yr⁻¹)   120.7   

OC   emissions⁴⁾   (Mt   OC   yr⁻¹)   14.5   

CO₂   emissions⁴⁾   (Mt   CO₂   yr⁻¹)   9,683   

SSP3-7.0   

Title¹⁾   
Regional   Rivalry   –   A   Rocky   Road   

(High   challenges   to   mitigation   and   adaptation)   
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Description¹⁾   

A   resurgent   nationalism,   concerns   about   competitiveness   and   
security,   and   regional   conflicts   push   countries   to   increasingly   
focus   on   domestic   or,   at   most,   regional   issues.   Policies   shift   

over   time   to   become   increasingly   oriented   toward   national   and   
regional   security   issues.   Countries   focus   on   achieving   energy   

and   food   security   goals   within   their   own   regions   at   the   expense   
of   broader-based   development.   Investments   in   education   and   

technological   development   decline.   Economic   development   is   
slow,   consumption   is   material-intensive,   and   inequalities   persist   
or   worsen   over   time.   Population   growth   is   low   in   industrialized   
and   high   in   developing   countries.   A   low   international   priority   

for   addressing   environmental   concerns   leads   to   strong   
environmental   degradation   in   some   regions.   

Forcing   category²⁾   High   

Target   forcing   level²⁾   (W   m⁻²)   7.0   

Population³⁾   (millions)   12,627   

Land   use   change   regulation¹⁾   weak   

Sulfur   emissions⁴⁾   (Mt   SO₂   yr⁻¹)   78.1   

NOₓ   emissions⁴⁾   (Mt   NO₂   yr⁻¹)   144.4   

VOC   emissions⁴⁾   (Mt   VOC   yr⁻¹)   227.9   

OC   emissions⁴⁾   (Mt   OC   yr⁻¹)   33.7   

CO₂   emissions⁴⁾   (Mt   CO₂   yr⁻¹)   82,726   

SSP5-8.5   

Title¹⁾   
Fossil-fueled   Development   –   Taking   the   Highway   

(High   challenges   to   mitigation,   low   challenges   to   adaptation)   



1)   Riahi   et   al.   (2017);   2)   O'Neill   et   al.   (2016);   3)   KC   and   Lutz   (2017);   4)   Gidden   et   al.   (2019)   
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Description¹⁾   

This   world   places   increasing   faith   in   competitive   markets,   
innovation   and   participatory   societies   to   produce   rapid   

technological   progress   and   development   of   human   capital   as   the  
path   to   sustainable   development.   Global   markets   are   

increasingly   integrated.   There   are   also   strong   investments   in   
health,   education,   and   institutions   to   enhance   human   and   social   

capital.   At   the   same   time,   the   push   for   economic   and   social   
development   is   coupled   with   the   exploitation   of   abundant   fossil  

fuel   resources   and   the   adoption   of   resource   and   energy   
intensive   lifestyles   around   the   world.   All   these   factors   lead   to   
rapid   growth   of   the   global   economy,   while   global   population   
peaks   and   declines   in   the   21st   century.   Local   environmental   

problems   like   air   pollution   are   successfully   managed.   There   is   
faith   in   the   ability   to   effectively   manage   social   and   ecological   

systems,   including   by   geo-engineering   if   necessary.   

Forcing   category²⁾   High   

Target   forcing   level²⁾   (W   m⁻²)   8.5   

Population³⁾   (millions)   7,363   

Land   use   change   regulation¹⁾   medium   

Sulfur   emissions⁴⁾   (Mt   SO₂   yr⁻¹)   29.5   

NOₓ   emissions⁴⁾   (Mt   NO₂   yr⁻¹)   98.7   

VOC   emissions⁴⁾   (Mt   VOC   yr⁻¹)   163.3   

OC   emissions⁴⁾   (Mt   OC   yr⁻¹)   17.6   

CO₂   emissions⁴⁾   (Mt   CO₂   yr⁻¹)   126,287   



Table S2. Datasets used in Sect. 3.3 and Fig. 4a. Ranges or average plus standard deviation of  𝐶𝐶 5𝐻𝐻 6𝑂𝑂  (high resolution) and f82 (unit mass 
resolution) in different studies are also included.  

Name of 
datasets 

Time 
Period 

Site locations 
and 

descriptions 

Campaign 
name 

Ranges or 
average±std.dev. 

fC5H6O (‰) 

Ranges or 
average±std.dev. 

f82 (‰) 

OA 
Conc. 

(ug/m3) 

IEPOX-
SOA 
Conc. 

(ug/m3) 

IEPOX-
SOA/OA 

(%) 
Latitude longitude Ref. X axis label in

Fig. 4 

Studies strongly-influenced by isoprene emissions under lower NO 

SE US forest 
- CTR site,
2013 SOAS 

Jun-Jul, 
2013 Centreville, AL SOAS 6.2±2.4 7.6±2.2 3.8 0.64 17 32.95 -87.13 -1 Centreville 

2013 Summer 

SE US forest 
- Look Rock

site, 2013 
SOAS 

Jun-Jul, 
2013 Look Rook SOAS N/A N/A 4.87 1.6 33 35.61 -83.55 -2 N/Ac 

SE US forest 
- Look Rock

site, 2013 
Spring 

Mar-
May, 
2013 

Look Rock N/A N/A N/A 3.23 1.32 41 35.61 -83.55 -3 Look Rock, 
2013 Spring 

SE US forest 
- Look Rock

site, 2013 
Summer 

Jun-Sep, 
2013 Look Rock N/A N/A N/A 5.32 2.13 40 35.61 -83.55 -3 Look Rock, 

2013 Summer 

SE US forest 
- Look Rock

site, 2013 
Fall 

Oct-Dec, 
2013 Looak Rock N/A N/A N/A 2.83 0.76 27 35.61 -83.55 -3 Look Rock, 

2013 Fall 

Atlanta JST 
site, 2012 

Spring 

Mar-Jun, 
2012 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A N/A N/A 4.7 1.74 37 33.78 -84.42 -3 Atlanta (JST),

2012 Spring 

Atlanta JST 
site, 2013 
Summer 

Jul-Sep, 
2013 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A N/A N/A 6.15 2.34 38 33.78 -84.42 -3 Atlanta (JST),

2013 Summer 

Atlanta JST 
site, 2014 

Spring 

May-Jun, 
2014 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A N/A N/A 9.61 2.4 25 33.78 -84.42 -4 Atlanta (JST),

2014 Spring 

Atlanta JST 
site, 2014 
Summer 

Jul-Sep, 
2014 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A N/A N/A 11.36 3.29 29 33.78 -84.42 -4 Atlanta (JST),

2014 Summer 

Pristine 
Amazon 

forest 2008, 
Brazil 

Feb-Mar, 
2008 

Pristine rain 
forest site, TT34 AMAZE-08 5.0±2.3 7.9±1.7 0.76 0.26 34 -2.59 -60.2 -5 Amazon, 

2008 Summer 



Amazon 
forest 

downwind 
Manaus, 
Brazil  

Feb-Mar, 
2014 

T3 site, near 
Manacapuru  GoAmazon2014/5 6.9±1.6 7.1±1.0 1.3 0.286 22 -3.21 -60.59 -6 Amazon, 

2014 Summer 

Pristine 
Amazon 

forest 2014, 
Brazil 

Aug-Dec, 
2014 

T0 site, ~150 km 
northeast of 

Manaus 
GoAmazon2014/5 N/A 5.6±1.7 N/A N/A N/A -3.21 -60.59 -7 N/A 

SEAC4RS Aug-Sep, 
2013 

Aircraft 
measurement SEAC4RS 4.3±1.6 N/A N/A N/A 32 Flight 

track 
Flight 
track -8 N/A 

Borneo 
forest, 

Malaysia 

Jun-Jul, 
2008 

Rain forest 
GAW station, 

Sabah, Malaysia 
OP3 10±0.3 12.4±0.4 0.75 0.18 24 4.981 117.844 -9 Borneo, 

2008 Summer 

Atlanta JST 
site, 2011 
Summer 

Aug-Sep, 
2011 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A N/A 3.7±1.9 11.6 3.8 33 33.78 -84.42 -10 Atlanta (JST), 

2011 Summer 

Atlanta JST 
site, 2012 

May 

May, 
2012 

Urban JST site, 
Atlanta, 

Georgia, US 
N/A 3.3±0.9 N/A 9.1 1.91 21 33.78 -84.42 -11 N/Ad 

Atlanta GT 
site,  
2012 

Summer 

Aug, 
2012 

Urban Georgia 
Tech site,  

Georgia, US 
N/A 5.4±1.9 N/A 9.6 3 31 33.78 -84.396 -11 Atlanta (GT), 

2012 Summer 

Yorkville,   
2012 

Summer 

July, 
2012 

Rural sites, 
80km northwest 

of JST site, 
Georgia, US 

N/A 7.7±2.2 N/A 11.2 4 36 33.9285 -85.045 -11 Yorkville,   
2012 Summer 

Harrow, 
Canada 

Jun-Jul, 
2007 

Harrow site, 
rural sites 

surrounded by 
farmland, 
Canada 

BAQSMET N/A N/A N/A N/A 17 42.03 -82.9 -12 N/A 

Bear Creek, 
Canada 

Jun-Jul, 
2007 

Bear Creek site, 
wetlands area 
surrounded by 

farmland, 
Canada 

BAQSMET N/A N/A N/A N/A 6 42.51 -82.34 -12 N/A 

Studies strongly-influenced by monoterpene emissions   

Rocky 
mountain 

pine forest, 
CO, USA  

Jul-Aug, 
2011 

Manitou 
Experimental 

Forest 
Observatory, 

CO,  

BEACHON-
RoMBAS 3.7±0.5 5.1±0.5 N/A N/A N/A 39.1 -105.1 -13 N/A 

European 
Boreal 
forest, 

Finland 

2008-
2009 

Hyytiala site in 
Pine forest, 

Finland 

EUCAARI 
campaign 2.5±0.1 b 4.8±0.1 b N/A N/A N/A 61.85 24.28 -9 N/A 



Studies mixed-influenced by isoprene and monoterpene emissions   
North 

American 
temperate, 

US 

Aug-Sep, 
2007 

Blodgett Forest 
Ameriflux Site, 

CA, US 
BEARPEX 4.0±<0.1 b 4.0±<0.1 b N/A N/A N/A N/A N/A -9 N/A 

Studies strongly-influenced by urban emissions   
Los Angeles 
area , CA, 

USA 

May-Jun, 
2010 Pasadena, US CalNex 1.6±0.2 3.6±0.5 7 <DL < PMF 

limit 34.14 -118.12 -14 Pasadena 
2010 Spring 

Beijing, 
China  

Nov-Dec, 
2010 

Peking 
University, in 
NW of Beijing 

city, China 

N/A 1.5±0.3 4.6±0.7 34.5 <DL < PMF 
limit 39.99 116.31 -15 Beijing 

2010 Winter 

Changdao 
island, 

Downwind 
of China 

Mar-Apr, 
2011 

Changdao 
island, China CAPTAIN 1.6±0.2 3.8±0.5 13.4 <DL < PMF 

limit 37.99 120.7 -16 Changdao 
2011 Spring 

Barcelona 
area, Spain  

Feb-Mar, 
2009 Montseny, Spain DAURE 1.6±0.2 4.8±0.9 N/A <DL < PMF 

limit 41.38 2.1 -17 Montseny 
2009 Spring 

a- HR-ToF-AMS was used for all the campaigns except the Atlanta, US, Look Rock, US, and Pristine Amazon forest 2014, Brazil using ACSM. 
b- Standard error 
c- included in Look Rock 2013 Summer 
d- included in Atlanta (JST) 2012 Spring 
(1)(Hu et al., 2015b); (2)(Budisulistiorini et al., 2015); (3)(Budisulistiorini et al., 2016); (4)(Rattanavaraha et al., 2017); (5)(Chen et al., 2014); (6)(de Sá et al., 2017); (7)(Carbone et al., 2015); 
(8)(Liao et al., 2014) ; (9)(Robinson et al., 2011); (10)(Budisulistiorini et al., 2013); (11)(Xu et al., 2014; Xu et al., 2015); (12)(Slowik et al., 2011); (13)(Ortega et al., 2014); (14)(Hayes et al., 2013); 
(15)(Hu et al., 2015a); (16)(Hu et al., 2013); (17)(Minguillón et al., 2011)             
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