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S1 Supplemental information to Section 1 - Introduction 

Table S1 Overview (non-exhaustive) of earlier studies based on TM5-FASST 

 Scope PM2.5 and 

O3 

exposure 

detail  

Climate 

metrics 

Health impact Crop 

impact 

Kuylenstierna et al., 

2011; The World Bank, 

The International 

Cryosphere Climate 

Initiative, 2013  

Near-Term Climate 

protection and Clean Air 

Benefits: Actions for 

Controlling Short-Lived 

Climate Forcers 

5 world 

regions 

yes
*
 

 

External assessment, 

TM5-FASST  used 

for attribution by 

measure, by region 

based on PM2.5 

yes 

Brauer et al., 2012; 

Cohen et al., 2017; Lim 

et al., 2012 

Air pollution exposure 

assessment for Global 

Burden of Disease 

Grid maps  no External assessment 

based on TM5-

FASST PM2.5 and 

O3 grid maps 

no 

Rao et al., 2016 A multi-model 

assessment of the co-

benefits of climate 

mitigation for global air 

quality 

Grid maps 

and World 

regions  

no Population exposure 

to PM2.5 limit 

levels 

no 

Crippa et al., 2016 Retrospective analysis of 

European air quality 

policies versus 

hypothetical non-action 

World 

regions 

no Change in statistical 

life expectancy 

yes 

OECD, 2016 The Economic 

Consequences of Air 

Pollution 

Grid maps 

and World 

regions  

no External assessment 

based on TM5-

FASST PM2.5 and 

O3 grid maps 

yes 

UNEP and CCAC, 

2016 

Integrated Assessment of 

Short-Lived Climate 

Pollutants for Latin 

America and the 

Caribbean 

Grid maps  yes
*
 yes yes 

van Zelm et al., 2016 Regionalized 

characterisation factors 

for Life Cycle Analysis 

based on TM5-FASST 

source-receptors 

FASST 

regions 

no yes yes 

Rao et al., 2017 Future air pollution in the 

Shared Socio-economic 

Pathways 

Grid maps 

and World 

regions  

no Population exposure 

to PM2.5 limit 

levels 

No 

Kitous et al., 2017 Global Energy and 

Climate Outlook 2017: 

How climate policies 

improve air quality 

 

Grid maps 

and World 

regions  

no External based on 

TM5-FASST PM2.5 

and O3 grid maps  

yes 

* In the 2 assessments where climate metrics were evaluated, the BC forcing was adjusted with a correction factor 3.6 relative to the default 
FASST BC forcing (see main text) 

  5 
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S2 Supplemental information to section 2.1 –The native TM5 model 

S2.1 Features of the native TM5 model  

TM5-CTM is an off-line global transport and chemistry model (Huijnen et al., 2010; Krol et al., 2005) that 

mainly uses the ECMWF operational or re-analysed meteorological data. In this study the operational 12-hour 

IFS forecast product for the year 2001 has been utilized. We used the year 2000 of the 0.5x0.5 degree historical 5 

gridded anthropogenic emission data described by Lamarque et al. (2010) as the basis for our calculations. 

Components used were NOx, NMVOC, NH3, SO2, OC, and BC, and gridding was done using RETRO and 

EDGAR-HYDE database. The choice for this reference emission dataset was motivated by the fact that this 

dataset was widely used as the ‘handshake’ between past- and future emission inventories in the activities 

informing the IPCC AR5 process.  10 

Large scale biomass burning emissions of BC and POM are from (van der Werf et al., 2004); Organic aerosols 

are assumed to be emitted as primary following Dentener et al., (2006); dust and sea salt emission schemes are 

also from Dentener et al., (2006). 

 Model calculations were performed for 1 calendar year, with a spin-up of 6 months for the base-simulations, 

and 1 month for the perturbation simulations, justified by the fact that the perturbations were performed for 15 

components with lifetimes of hours to a few days (no simulations for CO and CH4). TM5-CTM has a spatial 

global resolution of 6°×4° and a two-way zooming algorithm that allows regions (e.g. Europe, N. America, 

Africa, and Asia) to be resolved at a finer resolution of 1°×1°. To smooth the transition between the global 

6°×4° region and the regional 1°×1° domain, a domain with a 3°×2° resolution has been added. The TM5 

version used here has a vertical resolution of 25 layers, defined in a hybrid sigma-pressure coordinate system 20 

with a higher resolution in the boundary layer and around the tropopause. The height of the first layer is 

approximately 50 m. 

TM5-CTM uses the first-moments “slopes” scheme for the advection calculations (Petersen et al., 1998; Russell 

and Lerner, 1981). The model transport has been extensively validated using 
222

Rn and SF6 (Peters, 2004) and 

further validation was performed within the EVERGREEN Project (Bergamaschi et al., 2005).  25 

Gas phase chemistry is calculated using the CBM-IV chemical mechanism (Gery et al., 1989a, 1989b) modified 

by Houweling et al. (1998), solved by means of the EBI method (Hertel et al., 1993). Dry deposition is 

calculated using the ECMWF surface characteristics and Wesely’s resistance method (Ganzeveld and Lelieveld, 

1995) 

The inorganic aerosol compounds, sulphate (SO4
2-

), nitrate (NO3
-
) and ammonium (NH4

+
), are assumed 30 

internally mixed and in thermodynamical equilibrium, while black carbon (BC), particulate organic matter 

(POM), sea salt and dust are externally mixed. Sulphate, nitrate, ammonium, BC and POM are considered to be 

in the accumulation mode components and are considered only by mass.  Sea salt and dust are described by two 

log-normal distributions, using two modes for each of the species: accumulation and coarse modes.  

Wet deposition is the dominant removal process for most aerosols and therefore is a major source of uncertainty 35 

in aerosol modelling (Textor et al., 2006). Removal occurs in convective systems (convective precipitation) and 

in large-scale stratiform systems that are associated with weather fronts. The in-cloud removal rates, which 

depend on the precipitation rate are differentiated for convective and stratiform precipitation and are calculated 

following Guelle et al. (1998) and Jeuken et al. (2001). Aerosol below-cloud scavenging is parameterised 

according to Dana and Hales (1976). 40 
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The model results have been evaluated in model inter-comparison exercises (Textor et al., 2006), using in-situ, 

satellite and sun-photometer measurements (De Meij et al., 2006; Vignati et al., 2010), summarized in Table 

S2.1 below. We are aware of recent more accurate observational data have become available for the validation 

of the model since the validation studies listed in Table S2.1, in particular from satellite-based retrievals. 

However here we focus on the validation of FASST, using TM5 as a reference, and it is beyond the scope of this 5 

study to re-evaluate the TM5 model itself. 

S2.2 Meteorological variability versus the use of a single meteorological year 2001 

Although an in-depth quantification of the impact of meteorological variability on base concentrations and 

source-receptor matrices at climatological time scales (e.g. as in Andersson et al., 2007) was not feasible in the 

frame of this study, we  evaluated for a limited ensemble of 5 meteorological years (2001 to 2005) the TM5 10 

outcome at the model’s coarsest resolution (6°x4°), using as input the same RCP year 2000 emission set. For 6 

selected source regions (India, China, Europe, Germany, USA, Japan) the variability in the response to a -20% 

(SO2 + NOx + BC + POM) emission perturbation was evaluated as well. TM5 6°x4° concentration grid maps 

were re-gridded to 1°x1° and averaged over the FASST source regions to obtain regional area-weighted mean 

annual PM2.5 and O3 concentrations.  15 

We find that the standard deviation on the regional pollutant concentrations for the 5-year ensemble varies 

between 1 and 23% for PM2.5 (median value: 9%, see Fig. S2.2a) and between 0.4 and 4% for O3 (median value: 

2%, see Fig. S2.2b). The high variability for the European regions (in particular for PM2.5) is partly linked to the 

smaller size of the defined source regions (the European Union is composed of 15 FASST source regions, while 

e.g. the USA, Brazil and China are represented by one single large region which tends to smooth out inter-20 

annual variations), and partly due to the non-typical year 2003. The variability in annual mean ozone is much 

lower, due to its longer life-time and lower sensitivity to wet deposition. Excluding year 2003 from the 

ensemble results in a lower PM2.5 variability over Europe – in particular for Great Britain (Fig. S2.2a). In this 

case, the relative standard deviation (over the 4 year ensemble) stays within 10% for 50 out of all FASST 

regions (median: 7%).  Excluding 2003 does not significantly affect the O3 inter-annual variability (Fig. 2.2b).  25 

Regarding the representativeness of year 2001 in terms of absolute concentrations, Fig. S2.3 shows that in 

virtually all regions, the year 2001 PM2.5 concentrations are lower than the 5-year ensemble mean with a median 

value of -10% for PM2.5  and -1.6% for O3. Excluding the year 2003, the PM2.5 median bias between year 2001 

and the 4-year average is -8% (-1.5% for O3).  

Inter-annual meteorological variability can also affect the emission response sensitivity within the source region 30 

as well as the long-range transport of pollutants between regions. Figure S2.4 shows for 5 selected source 

regions for which perturbation experiments are available at 6x4 resolution for the 5 years, that the variability in 

the perturbation response is of the same (relative) magnitude as the variability in the absolute concentrations. 

Regarding long range transport, Fig. S2.5 illustrates for 3 receptor regions (Germany, USA, Japan) the 

contribution of NOx, SO2, BC and POM emissions inside and outside the receptor region to PM2.5 concentrations 35 

inside the receptor region. Note that the perturbation experiment did not include NH3 emission perturbations, 

therefore the ‘Other’ fraction includes all contributions from direct NH3 emissions (inside as well as outside the 

receptor region), plus NOx, SO2, BC and POM contributions not included in the displayed source regions. We 
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find that the relative share of the contributing source regions displays a lower inter-annual variability (typically 

between 2 and 6%) than the absolute contributions.  

We note here that the ECMWF operational analysis used in this study is not ideal for assessing inter-annual 

variability, since the model system has changed during this period. More ideal would have been using re-

analysis data, which is based on the same model and set-of assimilated data. Therefore, we consider the 5 

calculations above as an upper-limit estimate of inter-annual variability on source-receptor relationships. 

S2.3 Impact of grid resolution on concentrations and source-receptor coefficients 

The finer the model grid resolution, the better population exposure estimates can be obtained, however in 

practice model resolution is constrained by computational speed. Previous studies have evaluated the impact of 

grid resolution on modelled pollutant concentrations (Fenech et al., 2018; Li et al., 2016; Punger and West, 10 

2013; Wild and Prather, 2006) .  

The impact on population exposure of moving from coarse to fine grid resolution in TM5 is illustrated in Fig. 

S2.6 for all FASST regions. In particular population-weighted PM2.5 (Fig S2.6a) is sensitive to the grid 

resolution and the impact of increasing resolution is highest for small regions and for regions with large coastal 

lines where a coarse grid resolution may include large portions of non-populated low-concentration ocean area. 15 

Extreme examples are Chile, the Philippines and Japan where passing from 6°x4° to 1°x1° results in an increase 

in population-weighted anthropogenic PM2.5 with 400%, 100% and 110%, respectively, and passing from 3°x2° 

to 1°x1° with 147%, 41% and 60% respectively. For other countries the increase is more commonly in the order 

of 20% (from 6°x4° to 1°x1°) and 10% (from 3°x2° to 1°x1°).  

Ozone concentrations are less sensitive to the grid resolution, and the impact of increasing grid size is generally 20 

to decrease the population-weighted-mean concentration inside the source region because of titration chemistry 

prevailing in more polluted conditions – except in most of the Southern Hemispheric countries where grid 

resolution increases the O3 concentration (Fig. S2.6b). The impact of resolution is highest for regions like Japan 

and the Korea region (-19% and -30% respectively passing from 6°x4° to 1°x1°). For most regions, passing 

from 6°x4° to 1°x1° reduces O3 exposure with 10% or less. Fig 2.7 shows for selected source region the 25 

resulting region-mean concentration for PM2.5 (Fig. 2.7a) and O3 (Fig. 2.7b). For comparison, we also include 

the 1°x1° population-weighted PM2.5 concentration in Fig. S2.7a, after applying the sub-grid parameterisation 

accounting for the urban increment, described in section S4.  

The impact of grid resolution on the within-region source-receptor coefficients can be significant, in particular 

for polluted regions where the coarse resolution includes ocean surface, like Japan. Table S2.3 shows as an 30 

example within-region and long-range SR coefficients for receptor regions Germany, USA and Japan. A higher 

grid resolution increases the within-region response and decreases the contribution of long–range transport 

(where the contribution of China to nearby Japan behaves as a within-region perturbation). In the case of Japan, 

the within-region PM2.5 response magnitude increases with a factor of 3, and the sign of the within-region O3 

response is even reversed when passing from 6°x4° to higher resolution. Also over the USA, the population-35 

weighted within-region response sensitivity upon NOx perturbation increases with a factor of 5. Further, we find 

that in titration regimes, the magnitude of the O3 response to NOx emissions increases with resolution (i.e. ozone 

increases more when NOx is reduced using a fine resolution) while the in-region ozone response is reduced in 
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non-titration regimes (India and China, Fig. 2.7d). These indicative results are in line with more detailed studies 

(e.g. Wild and Prather, 2006).  
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Table S2.1: Overview of validation studies of the chemistry-transport model TM5 

Reference Validation type Major outcome 

Van Dingenen et al. (2009) 

 

TM5 regionally averaged monthly O3 and O3 

metrics against observations (year 2000) 

TM5 monthly O3 and crop metrics 

generally within variability of 

observations in US, SE-Asia and Europe 

(except over-estimated AOT40 in 

Central Europe), underestimating 

monthly O3 observations in India and 

Africa.  

De Meij et al. (2006) Comparison of AOD with AEROCOM and 

MODIS over Europe. 

Underestimated of AERONET AOD 

values by 20–30%, high spatial 

correlation with MODIS. Column 

aerosol small dependency on emission 

inventory.  

 

van Noije et al., 2006 

 

Comparison of ensemble of models to 

multiple NO2 satellite derived columns. 

High spatial correlation of all models 

(including TM5) with satellite 

observations- large difference in 

retrievals precluded identification of 

systematic differences. Underestimate of 

NOx retrieval in China and South 

Africa. 

Dentener et al., 2006 Evaluation of ensemble of models over world 

regions.  

In regions with observations, TM5 was 

one of the best performing models due 

to relatively high resolution. In other 

regions, larger deviations- in line with 

other models. 

Shindell et al., 2008 Evaluation of CO, ozone, BC and Sulfate 

transport over the Arctic 

Poor representation of reactive tracer 

transport by all models to 4 Arctic 

stations. 

Brauer et al., 2016 PM2.5 from worldwide-database of urban and 

rural stations. 

Similar performance of TM5 with 

regard to satellite derived surface PM 
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Table S2.2 Definition of TM5- FASST master zoom areas, source regions and individual countries included 

MASTER 1°x1° ZOOM 

WINDOW 

FASST SOURCE 

REGIONS IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

AFR AFRICA EAF Eastern Africa CAF TCD SDN ETH SOM KEN 

UGA COD RWA TZA MDG ERI 

DJI COM BDI BID MUS REU 

SYC SDS SOL 

NOA Morocco, Tunisia, Libya and 

Algeria 

MAR DZA ESH TUN LBY SAH 

SAF Southern Africa (excl. RSA) AGO NAM ZMB BWA ZWE 

MOZ MWI MYT 

WAF West Africa COG CNQ GAB GIN CMR NGA 

NER MLI BEN GHA BFA CIV 

SEN GMB GNB SLE LBR STP 

CPV SHN TGO GNQ MRT 

AUS AUSTRALIA AUS Australia AUS 

NZL New Zealand NZL 

EAS EAST ASIA CHN China, Hong Kong and Macao CHN HKG MAC 

COR South Korea KOR 

JPN Japan JPN 

MON Mongolia and North Korea MNG PRK 

TWN Taiwan TWN 

(continues on next page) 
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Table S2.2  Cont’d 

MASTER 1°x1° ZOOM 

WINDOW 

FASST SOURCE 

REGIONS IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

MASTER 1°x1° ZOOM 

WINDOW 

 

FASST SOURCE 

REGIONS  

IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

EUR EUROPE AUT Austria, Slovenia and Liechtenstein AUT SVN LIE 

BGR Bulgaria BGR 

BLX Belgium, Luxemburg and 

Netherlands 

BEL LUX NLD 

CHE Switzerland CHE 

ESP Spain and Portugal ESP PRT GIB 

FIN Finland FIN 

FRA France and Andorra FRA AND 

GBR Great Britain and Ireland GBR IRL GGY IMN JEY 

GRC Greece and Cyprus GRC CYP 

HUN Hungary HUN 

ITA Italy, Malta, San Marino and 

Monaco 

ITA VAT SMR MCO MLT 

NOR Norway, Iceland and Svalbard NOR ISL SJM 

POL Poland and Baltic states POL EST LVA LTU 

RCEU Serbia, Montenegro, Macedonia 

and Albania (Rest of Central 

Europe) 

SCG MKD HRV BIH ALB SRB 

MNE 

RCZ Czech Republic and Slovakia CZE SVK 

GER Germany DEU 

ROM Romania ROU 

SWE Sweden and Denmark SWE DNK FRO 

(continues on next page) 
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Table S2.2  Cont’d 

MASTER 1°x1° ZOOM 

WINDOW 

FASST SOURCE 

REGIONS IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

MAM CENTRAL 

AMERICA 

MEX Mexico MEX 

RCAM Central America and Caribbean PAN NIC HND GTM SLV ANT 

KNA LCA VCT TTO TCA VIR 

BLZ AIA ATG ABW BHS BRB 

VGB CYM DMA CUB DOM 

GRD GLP HTI JAM MTQ MSR 

PRI CRI 

MEA MIDDLE EAST EGY Egypt EGY 

GLF Gulf states BHR IRQ KWT OMN QAT SAU 

ARE YEM IRN 

MEME Israel, Jordan, Lebanon, Palestine 

Territories and Syria (Near East) 

ISR JOR PSE LBN SYR PSX 

TUR Turkey TUR 

NAM NORTH 

AMERICA 

CAN Canada and Greenland CAN GRL 

USA United States USA SPM BMU 
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Table S2.2  Cont’d 

MASTER 1°x1° ZOOM 

WINDOW 

FASST SOURCE 

REGIONS IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

MASTER 1°x1° ZOOM 

WINDOW 

 

FASST SOURCE 

REGIONS  

IN ZOOM 

COUNTRIES IN FASST REGION COUNTRIES ISO CODE 

RSA SOUTH 

AFRICA 

RSA Republic of South Africa, 

Swaziland and Lesotho 

ZAF SWZ LSO 

RUS FORMER 

SOVIET 

UNION 

KAZ Kazachstan KAZ 

RIS Rest of former Soviet Union KGZ TKM UZB TJK 

RUE Eastern part of Russia RUE 

RUS Russia, Armenia, Georgia and 

Azerbeijan 

RUS ARM GEO AZE 

UKR Ukraine, Belarus and Moldovia BLR MDA UKR 

SAM SOUTH 

AMERICA 

ARG Argentina, Falklands and Uruguay ARG FLK URY 

BRA Brazil BRA 

CHL Chile CHL 

RSAM Rest South America BOL COL ECU GUF GUY PER 

SUR VEN PRY PRA 

SAS SOUTH ASIA NDE India, Maldives and Sri Lanka IND LKA MDV 

RSAS Rest of South Asia AFG BGD BTN NPL PAK 

SEA SOUTHEAST 

ASIA 

IDN Indonesia and East Timor IDN TLS 

MYS Malaysia, Singapore and Brunei MYS SGP BRN 

PHL Philippines PHL 

RSEA Cambodia, Laos and Myanmar KHM LAO MMR 

THA Thailand THA 

VNM Vietnam VNM 

PAC PACIFIC PAC Pacific Islands and Papua New 

Guinea 

FJI NCL SLB VUT FSM GUM 

KIR MHL NRU MNP PLW NFK 

TKL ASM COK PYF NIU PCN 

TON TUV WLF WSM PNG 
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Table S2.3 Population-weighted mean annual PM2.5 and O3 responses to a 20% emission reduction in (NOx, SO2, BC, 

POM) for TM5 6°x4° and 1°x1° model resolution for selected source and receptor regions 

 dPM2.5 (µg/m³) dO3 (ppb) 

 1°x1° 6°x4° 1°x1° 6°x4° 

Source region: Receptor region: Germany 

Europe -1.4 -1.2 1.1 0.8 

USA -0.009 -0.013 -0.10 -0.12 

China -0.005 -0.005 -0.048 -0.052 

   
  

Source region: Receptor region: USA 

USA -1.1 -0.8 1.0 0.2 

China -0.004 -0.005 -0.066 -0.068 

Europe 0.000 -0.001 -0.013 -0.015 

   
  

Source region: Receptor region: Japan 

Japan -1.3 -0.3 1.1 -0.3 

USA -0.001 -0.001 -0.066 -0.078 

China -0.18 -0.16 -0.26 -0.31 

Europe -0.003 -0.003 -0.030 -0.038 
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Figure S2.1 Definition of the high-resolution master zoom regions. Populated areas are covered with 1°x1° resolution, the remainder of the continents with 3°x2°, oceans with 6°x4°. 

Not shown: PAC , RSA 
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Figure S2.2: TM5 6°x4° regional annual mean PM2.5 (upper panel) and ozone (lower panel) standard deviation for an ensemble of  

meteorological years, using RCP year 2000 emissions. Each panel shows the relative standard deviation (stdev/ensemble mean) for 

the 5 year ensemble (2001 – 2005) as well as for the 4 year ensemble, excluding the a-typical year 2003.  
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Figure S2.3: TM5 6°x4° regional annual mean PM2.5 (upper panel) and ozone (lower panel) year 2001 bias versus an ensemble of 

meteorological years, using RCP year 2000 emissions. Each panel shows the relative deviation (year 2001/ensemble mean) for the 5 

year ensemble (2001 – 2005) as well as for the 4 year ensemble, excluding the a-typical year 2003.  

  5 
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Figure S2.4: Regional annual mean (upper panels) and within-region response upon -20% emission perturbation of (NOx + SO2 + 

BC + POM) (lower panels) for PM2.5 (a,c) and O3 (b,d) for 5 consecutive meteorological years (2001 – 2005), from TM5 6°x4° 

resolution and RCP year 2000 emissions 

  5 
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RECEPTOR REGION: GERMANY 

  

RECEPTOR REGION: USA 

  

RECEPTOR REGION: JAPAN 

  
Figure S2.5: Inter-annual variability in local and long-range transported contributions of NOx, SO2, BC and POM from within to 

regional anthropogenic PM2.5. Left: absolute concentrations; Right: relative shares. The blue section represents the contribution 

from emissions within the receptor region itself; the other sections are from major contributing external regions and the rest of the 

world. ‘Other’ includes rest of the world transported contributions from NOx, SO2, BC and POM as well the contribution from 

directly emitted NH3 inside and outside the receptor region. 5 
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Figure S2.6: TM5 computed relative change in regional annual population-weighted mean PM2.5 (a)  and O3 (b) concentrations 

when passing from coarse to fine grid resolution. Blue bars: (C1x1-C6x4)/C6x4 Red bars: (C1x1-C3x2)/C3x2 
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Figure S2.7: Population-weighted regional annual mean (upper panels) and within-region response upon -20% emission 

perturbation of (NOx + SO2 + BC + POM) (lower panels) for PM2.5 (a,c) and O3 (b,d) for the 3 TM5 grid resolutions (6°x4°, 3°x2° 

and 1°x1°, see Fig. S2.1). Panel (a) includes as well the 1°x1° ‘urban incremented’ PM2.5 concentration, by applying the sub-grid 

parameterization described in section S4.1 of this SI. The 3°x2° perturbation experiments are not available for India (IND) and 5 
China (CHN). 
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S3 Supplemental information to section 2.3 - Air pollutants source-receptor relations 

S3.1 CH4 – O3 source-receptor relations from HTAP1 perturbation experiments: 

CH4 emissions lead to a change in CH4 concentrations with a perturbation response time of about 12 years. In order to avoid 

expensive transient computations, HTAP1 simulations SR1 and SR2 with prescribed fixed CH4 concentrations (1760 ppb 

and 1408 ppb, see Dentener et al., 2010) were used to establish CH4 – O3 response sensitivities.  Previous transient modeling 5 

studies have shown that a change in steady-state CH4 abundance can be traced back to a sustained change in emissions, but 

the relation is not linear because an increase in CH4 emissions removes an additional fraction of atmospheric OH (the major 

sink for CH4) and prolongs the lifetime of CH4 (Fiore et al., 2002, 2008; Prather et al., 2001).  

In a steady-state situation, the CH4 concentration is the result of balanced sources and sinks. In the HTAP1 experiments, 

keeping all other emissions constant, the change in the amount of CH4 loss (mainly by OH oxidation with a lifetime of ca. 9 10 

years, neglecting loss to soils and stratosphere with lifetimes of ca.160 and 120 years respectively (Prather et al., 2001) ) 

under the prescribed change in CH4 abundance should therefore be balanced by an equal and opposite  source which we 

consider as an “effective  emission”. The amount of CH4 oxidized by OH in one year being diagnosed by the model, the 

resulting difference between the reference and perturbation experiment of -77 Tg sets the balancing “effective” emission rate 

to 77Tg/yr, which is then used to normalize the resulting O3 and O3 metrics response to a CH4 emission change.  15 

The same perturbation experiments also allow us to establish the CH4 self-feedback factor F  describing the relation between 

a change in emission and the change in resulting steady-state concentration: 

𝐶2

𝐶1
= (

𝐸2

𝐸1
)

𝐹

             (S3.1) 

With CH4 concentrations prescribed, CH4 emissions were not included in the SR1 and SR2 experiments. The feedback 

factor F is derived from model-diagnosed respective CH4 burdens (B) and total lifetimes (LT) as follows (Fiore et al., 2009; 20 

Wild and Prather, 2000): 

 F=1/(1-s)            (S3.2) 

s = ln(LT) / ln(B)           (S3.3) 

TM5 returns s =  0.33 which can be compared to a range of values between 0.25-and 0.31 in IPCC-TAR (Prather et al., 2001, 

Table 4.2) , resulting in a TM5-inherent calculated feedback factor F=1.5. This factor can be used to estimate the 25 

corresponding SR2-SR1 change in CH4 emission in a second way. From Eq. S3.1 we find that a 20% decrease in CH4 

abundance corresponds to a 14% decrease in total CH4 emissions. Kirschke et al. (2013) estimate total CH4 emissions in the 

2000s in the range 550 – 680 Tg yr
-1 

from  which we obtain an estimated emission change between the HTAP SR1 and SR2 

experiments in the range 77 – 95 Tg yr
-1

, in line with our steady-state loss-balancing approach.  

  30 



 

21 

 

Table S3 Overview of additional perturbation experiments for selected regions, in addition to the 20% perturbation for the 

standard source-receptor simulations (empty cells: not available) 

  Emission perturbation magnitude relative to base simulation 

Source region Simulation 

code 

Compounds 

perturbed 

-80% -50% +50% +100% 

EUR MASTER ZOOM 

REGION 

P1’ SO2 + NOx X   X 

P3’ NOx X X X X 

P5’ NOx+NMVOC X   X 

P4’ NH3+NMVOC X   X 

P2’ SO2 X   X 

GERMANY P1’ SO2 + NOx X   X 

P3' NOx X X X X 

 P4’ NH3+NMVOC X   X 

 P2’ SO2 X   X 

USA P1’ SO2 + NOx X   X 

P3’ NOx X X X X 

P5’ NOx+NMVOC X   X 

P4’ NH3+NMVOC X   X 

P2’ SO2 X   X 

CHINA P3’ NOx X X X X 

P5’ NOx+NMVOC X   X 

P4’ NH3+NMVOC X   X 

P2’ SO2 X   X 

JAPAN P1’ SO2 + NOx X   X 

P3’ NOx X X X X 

 P4’ NH3+NMVOC X   X 

 P2’ SO2 X   X 

INDIA  P3’ NOx X X X X 

P5’ NOx+NMVOC X   X 

P4’ NH3+NMVOC X   X 

P2’ SO2 X   X 
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CHINA INDIA USA 

dBC from 20% BC emission perturbation 

   
dSO4

2-
 from 20% SO2 emission perturbation 

   
dNH4

+
 from 20% NH3 emission perturbation 

   
Figure S3.1 Decrease in annual mean surface BC (a to c), SO4

-2 (d to f) and NH4
+ (g to i) response for a 20% decrease in year 2000 emissions 38 

of selected precursors from source regions China, India and USA respectively 39 

a b c 

d e f 

g h i 

Deleted: Change (reversed sign)40 



 

23 

 

CHINA INDIA USA 

Ddep(NHx) from 20% NH3 emission perturbation 

   
dNH4(COLUMN) from 20% NH3 emission perturbation 

   
d6mDMA1 from 20% NOx emission perturbation 

   
Figure S3.2 Decrease in annual deposition (a to c) , total column burden (d to f) and ozone exposure metric 6mDMA1 (g to i) response for a 41 
20% decrease in year 2000 emissions of NH3  (a to f) and NOx (g to i) from source regions China, India and USA respectively 42 

a b c 
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 46 
Figure S3.3 Decrease in annual mean surface O3 for a 20% decrease in year 2000 CH4 concentration, i.e. 1760 to 1408 47 
ppb (TF-HTAP1 SR1-SR2 scenarios) 48 
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S4 Supplemental information to section 2.4 – Urban increment 51 

S4.1 Methodology for the calculation of the urban increment adjustment factor for primary PM2.5 52 

Previous studies have developed methodologies to calculate the so-called urban increment for some European 53 

cities (Amann et al., 2007), but at present no globally applicable simple method is available. Therefore, within 54 

TM5-FASST a parameterization was developed to adjust the gridcell area-averaged PM2.5 concentration to a 55 

more appropriate population-averaged urban background concentration, accounting for the sub-grid gradient in 56 

population distribution and pollutant concentrations. The urban increment correction will be applied to primary 57 

PM2.5 only, as secondary PM2.5 species (sulphate and nitrate) are formed from chemical conversion mechanisms 58 

over larger time and spatial scales, i.e. secondary PM2.5 species are expected to be more homogeneously mixed 59 

over the native gridcell.  It has to be noted that exposure to O3 in urban areas will rather be overestimated using 60 

the gridcell average, because of O3 titration inside traffic-dominated areas. Sub-grid effects on O3 and NOx are 61 

currently not taken into account in our approach.  62 

In brief, the method relies on high spatial resolution population statistics from which the urban area fraction and 63 

urban population fraction inside each native 1°x1° gridcell are calculated. TM5-FASST has the choice of 2 64 

families of population datasets, listed in Table S5.1. 65 

The CIESIN Global Population of the World (GWPv3) set has the advantage of very high resolution, but lacks 66 

projected data beyond 2015
1
. The GEA - UN dataset (provided via personal communication by S. Rao, 2009) 67 

has a more limited spatial resolution but contains projections until 2100 in decadal steps from 2010 onwards. 68 

Further, the GEA - UN dataset contains already information on the urban population fraction, whereas the 69 

CIESIN dataset provides only count and density, and needs further assumptions and processing to derive the 70 

urban population.  71 

Defining the urban area and population fraction: 72 

The CIESIN dataset was used to label a sub-grid as ‘urban’ if the population density exceeds 600/km², and 73 

‘rural’ otherwise. The urban area fraction (fUA) is then the number of urban sub-grids per native gridcell divided 74 

by 576, the total number of sub-grids. The urban population fraction (fUP) is defined as the fraction of the 75 

population within the 1°x1° gridcell which resides in the urban-flagged sub-grids.  76 

The GEA population data set provides the urban population fraction gUP within each subgridcell. For each 1°x1° 77 

gridcell, we define the urban area fraction fUA and urban population fraction fUP as follows: 78 

                                                           
1
 Since 2017 an update to GWPv4 is available with projection to 2020, accessible at https://earthdata.nasa.gov/. 
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𝑓𝑈𝐴 =
∑ 𝑔𝑈𝑃,𝑖𝐴𝑖

64
𝑖=1

∑ 𝐴𝑖
64
𝑖=1

 

 79 

𝑓𝑈𝑃 =
∑ 𝑔𝑈𝑃,𝑖𝑃𝑂𝑃𝑖

64
𝑖=1

∑ 𝑃𝑂𝑃𝑖
64
𝑖=1

 

 80 

Where i runs over all 64 population subgrids, with Ai the surface area and POPi the population number in a 81 

subgridcell. The urban area fraction is estimated as the area-weighted average urban population fraction over the 82 

64 sub-grids. This method is less accurate than the CIESIN method and tends to overestimate the urban area 83 

fraction and, hence, to smooth out emission and concentration gradients. 84 

Urban increment parameterisation development 85 

We first assume that only a fraction of emitted primary BC and POM is incremented in urban areas, namely 86 

only BC and POM emitted from residential and road transport sectors:  87 

PM2.5,inc = SO4 + NO3 + NH4 + (1-kBC) BC + (1-kPOM) POM + INCR(kBC BC+ kPOM POM) 88 

with SO4, NO3, NH3, BC and POM the 1°x1° gridcell average values resulting from TM5 or TM5-FASST; kBC 89 

(kPOM) = fraction of (residential + transport) BC (POM) emissions in the total BC (POM) emissions within the 90 

1°x1° gridcell respectively and INCR the urban increment factor.  91 

We assume that black carbon anthropogenic emissions EBC in the native gridcell with area A are divided 92 

between the urban and rural areas according to their corresponding population fraction. In this way fraction 93 

fUP.EBC is emitted from area fUA.A and, to ensure mass conservation, the remaining fraction (1- fUP)EBC is 94 

emitted from area (1- fUA)A.  95 

Assuming steady-state conditions and neglecting the incoming concentration of BC from neighbouring gridcells, 96 

the 1°x1° grid-average BC concentration can be written as:  

BC

xBC

E
C 11,  , with the ventilation factor. We 97 

assume that this definition of factor is also valid for the urban and rural parts of the gridcell, i.e., it is 98 

equivalent with the hypothesis that mixing layer height and wind speed are the same. Hence, the steady-state 99 

concentration in the urban sub-area can be written as: 

BC

UA

UP
BC

E

f

f
C   for the urban contribution and 100 

 
  

BC

UA

UP
BC

E

f

f
C 






1

1
 for the rural fraction. The ventilation factor , including an implicit correction factor 101 
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for the non-zero background concentration in neighbouring cells, is obtained from the explicitly modelled 102 

gridcell concentration 5,TMBCC  as 

5,TMBC

BC

C

E
 . Hence, the urban enhanced BC concentration within a 103 

gridcell is estimated from  104 

 5,, TMBC

UA

UP
URBBC C

f

f
C    [4.1] 105 

From the constraint that    51 TMRURUAURBUA CCfCf   the remaining rural fraction is given by  106 

 
 
  5,,
1

1
TMBC

UA

UP
RURBC C

f

f
C 




   [4.2]  107 

In order to avoid potential artificial spikes in urban concentrations when occasionally a very small fraction of 108 

the native gridcell contains a very large fraction of the population, empirical bounds are applied on the 109 

adjustment factors: rural primary BC and POM should not be lower than 0.5 times the TM5 grid average, and 110 

urban primary BC and POM should not exceed the rural concentration by a factor 5. 111 

The population-weighted concentration is calculated as 112 

 𝐶𝐵𝐶,𝑇𝑀5
𝑝𝑜𝑝

= 𝑓𝑢𝑝𝐶𝐵𝐶,𝑈𝑅𝐵 + (1 − 𝑓𝑢𝑝)𝐶𝐵𝐶,𝑅𝑈𝑅 [4.3] 113 

 114 

Substituting CBC,URB and CBC,RUR with equations 4.1 and 4.2, we obtain the population-weighted concentration 115 

expressed as a correction factor to be applied on the original 1°x1° gridcell mean concentration:  116 

 
area

TMBC

pop

TMBC CINCRC 5,5,   [4.4] 117 

Where  𝐼𝑁𝐶𝑅 = [
(𝑓𝑈𝑃)2

𝑓𝑈𝐴
+

(1−𝑓𝑈𝑃)2

1−𝑓𝑈𝐴
] [4.5] 118 

The analogous process is done for primary anthropogenic organic carbon (POM). All secondary components 119 

(sulphates, nitrates) and primary natural PM (mineral dust, sea-salt) are assumed to be distributed uniformly 120 

over the native 1°x1° gridcell.  121 

Obviously the highest correction factor is found when a large fraction of the population is concentrated in a 122 

small urban area inside the gridcell, generating a high sub-grid gradient. Conversely, large urban agglomerations 123 

where the urban population is covering most of the native gridcell do not lead to a large correction factor. In 124 

other words, the correction factor will be highest for spatially limited and isolated urban settlements within rural 125 

surroundings.  126 
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Table S4.2 gives regional population-weighted increment factors for BC and POM based on the baseline 132 

simulations performed with TM5 for the year 2000, i.e. using year 2000 population (CIESIN GWPv3) and RCP 133 

year 2000 gridded emissions.  134 

S4.2 Comparison of TM5-FASST urban incremented PM2.5 with observations 135 

We use the year 2010 0.1°x0.1° resolution global satellite product from the Dalhousie University Atmospheric 136 

Composition Analysis group (available at http://fizz.phys.dal.ca/~atmos/martin/?page_id=140), which includes 137 

ground-based observations via a Geographically Weighted Regression, while mineral dust and seasalt have been 138 

removed, as described in van Donkelaar et al., (2016). 139 

The high-resolution satellite data (SAT) contain the sub-grid population and concentration gradients that we try 140 

to simulate with parametrization described above. Creating a SAT population-weighted average at 1°x1° 141 

resolution makes it possible to evaluate the TM5-FASST native and urban-incremented 1°x1° output. We 142 

convert the 0.1°x0.1° SAT resolution to the 2.5’x2.5’ resolution of the CIESIN (year 2000) population dataset 143 

i.e. 24 sub-grid cells for each 1°x1° cell, to be overlaid with the satellite dataset. FASST PM2.5 1°x1° grid maps 144 

are calculated from the HTAP2 year 2010 emission inventory, includig the GFED v3 biomass burning emission 145 

inventor (REF). To remain consistent with the SAT product, residual water at 35% has been included. Fig. S4.1 146 

shows global gridmaps of FASST and SAT PM2.5 with dust and sea salt removed), and with the sub-grid 147 

increment included in the FASST result. 148 

We evaluate both FASST native and urban incremented 1°x1°grid cell concentrations, using the 149 

parameterization described in the previous section. We calculate the following 1°x1° grid mean concentrations 150 

from the 2.5’x2.5’ SAT PM2.5 and population sub-grid cells 151 

𝑆𝐴𝑇𝐴𝑅𝐸𝐴 =
1

24
∑ 𝑃𝑀2.5,𝑖

24

𝑖=1

 

𝑆𝐴𝑇𝑃𝑂𝑃 =
∑ 𝑃𝑀2.5,𝑖 ∙ 𝑃𝑂𝑃𝑖

24
𝑖=1

∑ 𝑃𝑂𝑃𝑖
24
𝑖=1

  

𝑆𝐴𝑇𝐴𝑅𝐸𝐴  is the equivalent of the native FASST 1°x1° grid cell concentration, while 𝑆𝐴𝑇𝑃𝑂𝑃  represents the 152 

population-weighted mean 1°x1° concentration considering sub-grid gradients, to be compared with the FASST 153 

urban-incremented value, hereafter referred to as incremented concentrations. Regional and global mean 154 

population exposure to PM2.5 (Table S4.3) is calculated using population-weighing on the 1°x1° grid cells, for 155 

both native (area-mean) and incremented concentrations. 156 
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Table S4.3and Fig. S4.2 show that for all regions, except for MEA (Mediterranean + Middle East), we find an 195 

over-all good agreement in regional mean PM2.5 exposure between FASST and SAT, both for the native and 196 

incremented values. Figure S4.3 shows the absolute regional-mean increment in PM2.5 exposure. We find that 197 

applying the FASST sub-grid parameterization increases global mean exposure with 1.4 µg m
-3

 (FASST), versus 198 

an increase of 1.1 from SAT, corresponding to a global population-weighted mean 5% increase for both 199 

methods. The FASST urban increment parameterization generates a regional-mean increase in PM2.5 exposure 200 

from 0.6 µg/m³ (Latin America) to 3.4 µg/m³ (Russia and former Soviet Union states). In Europe and North-201 

America the regional increase is around 1µg/m³. Except for East-Asia and Latin America, the regional FASST 202 

increment exceeds the SAT value. SAT regional increments range between 0.3 µg/m³ for Russia and former 203 

Soviet Union states and 1.8 µg/m³ in East-Asia. Although we don’t find a direct correlation between the SAT 204 

and FASST computed increments, it is encouraging that without applying any fitting procedure, and using two 205 

completely different approaches, increments from FASST and SAT are in the same order of magnitude.  206 

Figs. S4.4 (Europe and North-America), S4.5 (China and India) and S4.6 (Africa and Latin America) show a 207 

detailed grid-to-grid comparison for selected key regions between native and incremented FASST on the one 208 

hand and SATPOP on the other. In general, individual grid cells are reproduced within a factor of two. The 209 

FASST increment parameterization slightly improves the correspondence with SATPOP compared to the native 210 

data except for China where the native concentrations already exceed SATPOP. Although an agreement at grid 211 

cell level is not the ambition of FASST, these results indicate that our crude approach is roughly performing, but 212 

that a more sophisticated approach in the urban increment may be warranted.  213 

Finally, seen the large uncertainties on absolute PM2.5 concentrations, one may wonder if the implementation of 214 

an urban increment parameterization is worth the effort. A FASST RCP2000 analysis of global mortalities with 215 

and without the generic urban increment factors  (given in Table S4.2) shows that the global 5% increase in 216 

PM2.5 exposure due to the urban increment accounts for an increase in total mortality numbers with 14% when 217 

dry PM2.5 is considered, and with 11% when PM2.5 is humidified at 35% RH. The difference is due to the 218 

threshold in the exposure-response functions (see section S5 in this SI). In areas where the native grid 219 

concentration is just below threshold, a small increase in PM2.5 will have a strong response in mortalities while 220 

areas with native 1°x1° concentrations above the threshold will respond more proportional to the subgrid 221 

increment. Including hygroscopic growth at 35% from the onset reduces the cases where native resolution PM2.5 222 

remains below the threshold which explains the lower impact of the subgrid increment factor 223 

  224 
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Table S4.1 Population datasets properties   225 

Name Source Metrics used Resolution 
Nr. of sub-grid per 

TM5 1°x1° gridcell 
Years available 

CIESIN
1
 

 

University of 

Columbia 

Population density 

Population count 
2.5’x2.5’ 24x24 sub-grids 1990, 2000, 2005 

GEA
2
 

United Nations 

population 

division 

Population count 

Urban population 

count 

7.5’x7.5’ 
  

8x8 sub-grids 

2000, 2005, 2010, 

2020, 2030, … , 

2100 

1
 CIESIN, 2005  226 

2
 Riahi et al., 2012 227 

  228 
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Table S4.2 Regional urban increment factors for primary PM2.5 from RCP emissions and population for the year 229 
2000. 230 

CNTRY 

BC URB 

INCR 

FACTOR 

POM URB 

INCR 

FACTOR 

 

CNTRY 

BC URB 

INCR 

FACTOR 

POM URB 

INCR 

FACTOR 

ESP 2.46 1.56  RUE 1.75 1.18 

AUS 2.44 1.54  RFA 1.73 1.43 

RUS 2.43 1.83  MYS 1.72 1.64 

GRC 2.36 1.71  CHE 1.72 1.18 

EGY 2.34 1.88  BRA 1.69 1.5 

RIS 2.28 2.08  NOR 1.64 1.17 

CHL 2.15 1.93  ARG 1.63 1.41 

TWN 2.13 2.23  POL 1.61 1.33 

FRA 2.12 1.36  RCAM 1.57 1.3 

UKR 2.07 1.76  HUN 1.56 1.23 

CAN 2.05 1.77  RCZ 1.49 1.22 

GOLF 2.03 1.59  JPN 1.46 1.65 

MEME 2.02 1.71  BGR 1.38 1.12 

RSA 2 1.73  NOA 1.34 1.55 

USA 2 1.65  TUR 1.34 1.2 

NDE 2 1.75  ROM 1.3 1.15 

ITA 2 1.49  WAF 1.2 1.15 

NZL 1.98 1.5  MON 1.19 1.3 

FIN 1.98 1.44  IDN 1.13 1.09 

KAZ 1.94 1.49  RCEU 1.11 1.04 

MEX 1.93 1.63  PHL 1.08 1.17 

RSAS 1.91 1.72  SAF 1.07 1.03 

AUT 1.9 1.3  EAF 1.06 1.04 

COR 1.9 1.88  VNM 1 1.09 

RSAM 1.89 1.51  RSEA 1 1.03 

BLX 1.84 1.54  THA 1 1.05 

GBR 1.82 1.51  CHN 1 1.14 

SWE 1.78 1.3  PAC 1 1 

  231 
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Table S4.3 Year 2010 regional population-weighted mean PM2.5 concentrations,  based on 0.1°x0.1° satellite + ground 232 
based product (van Donkelaar et al., 2016), and FASST averages based on 1°x1° grid cell-mean (NATIVE) and 233 
urban incremented (URB-INCR).   234 

MASTER 

SATAREA 

 

(µg/m³) 

FASST  

NATIVE 

(µg/m³) 

SATPOP 

 

(µg/m³) 

FASST  

URB-INCR 

(µg/m³) 

SAT  

incr. factor 

 

FASST  

incr. factor  

 

EUR 11.3 9.9 11.9 11.0 5% 11% 

MEA 9.9 19.0 10.2 19.9 4% 5% 

AFR 11.4 9.9 11.8 10.8 4% 9% 

RUS 14.4 9.6 14.7 13.0 2% 35% 

EAS 37.2 47.9 39.0 49.1 5% 3% 

SAS+SEA 32.6 33.9 33.8 36.0 4% 6% 

NAM 7.4 8.6 8.2 9.5 11% 10% 

SAM 7.7 11.4 8.5 12.0 10% 5% 

GLOBAL 23.9 27.6 25.0 29.0 5% 5% 
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 247 
Figure S4.1 FASST(1°x1°) and SAT PM2.5 (0.1°x0.1°) at 35% RH for the year 2010 (dust and seasalt removed). 248 
FASST based on HTAP2 year 2010 emission inventory + GFED v3 biomass burning emissions. SAT product (van 249 
Donkelaar et al., 2016). .  250 
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 254 

Figure S4.2 Population-weighted regional mean PM2.5 from FASST and SAT, from native grid cell concentrations 255 
(AREA MEAN) and from incremented exposure accounting for sub-grid gradients (POPW MEAN). 256 
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 259 

Figure S4.3 Population weighted regional mean difference between native and incremented PM2.5 from FASST (red) 260 
and the SAT product (blue). 261 

  262 
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 263 

SAT: POP-weighted; FASST: Native grid cell SAT: POP-weighted; FASST: Incremented 

  

  
Figure S4.4 Scatterplot of single 1°x1° native (left panels ) and urban incremented  (right panels ) FASST PM2.5 264 
concentrations  versus satellite product. The latter was obtained as population-weighted mean of the original 265 
0.1°x0.1° resolution, averaged to 1°x1°. Upper panels: European zoom region, lower panels: North-America 266 
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SAT: POP-weighted ;FASST: Native grid cell SAT: POP-weighted; FASST: Incremented 

  

  
Figure S4.5 as Fig. S4.4, now for China and India 267 
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SAT: POP-weighted ;FASST: Native grid cell SAT: POP-weighted; FASST: Incremented 

  

  
Figure S4.6 as Fig. S4.4, now for Africa and Latina America 269 
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S5 Supplemental information to section 2.5 – Health impacts 271 

S5.1 Calculation of premature mortalities from ambient PM2.5 and O3 272 

TM5-FASST currently includes two approaches from the literature to evaluate RRs for PM2.5: the first one 273 

follows methodology and outcomes of the American Cancer Society (ACS) study (Krewski et al., 2009; Pope et 274 

al., 2002) based on a log-linear exposure response function RR = exp
βΔ

PM2.5 where β is the concentration–275 

response factor (CRF; i.e., the estimated slope of the log-linear relation between concentration and mortality) 276 

and ΔPM2.5 is the change in concentration. The fraction of the disease burden attributable to PM2.5 as a risk 277 

factor, the attributable fraction (AF), is defined as 278 

𝐴𝐹 =
𝑅𝑅 − 1

𝑅𝑅
= 1 − 𝑒𝑥𝑝(−𝛽∆𝑃𝑀2.5) 

A 10 µg/m3 increase in PM2.5 (concentration range, 5.8–22.2 µg/m3) was associated with 13% (95% CI, 10–279 

16%), and 14% (95% CI, 6–23%) increases in cardiopulmonary (CP) and lung cancer (LC) mortality, 280 

corresponding to β (for a 1 µg/m³ increase in PM2.5) of 0.01213 and 0.01284 for CP and LC respectively. We 281 

also include an evaluation based on total non-accidental mortality with a RR per 10µg/m³ of  6.2% (95% CI, 282 

4.0-8.3%) (Hoek et al., 2013).  283 

The second methodology uses age-averaged Integrated Exposure-Response functions (IER) developed by 284 

Burnett et al. (2014), and first applied in e.g. the  Global Burden of Disease study (Lim et al., 2012). IERs 285 

expand epidemiological studies on the long-term effects of ambient PM2.5 exposure to higher concentration 286 

ranges than the one available from the ACS study, making use of health impact studies for smoking and second-287 

hand smoking. This tends to flatten off the RR function at high PM2.5 concentration levels compared to the 288 

traditionally-used log-lin function which, extrapolated outside the concentration range where the health impacts 289 

were determined, would lead to unrealistically high mortality fractions attributed to air pollution. The RR 290 

functions are given by: 291 

𝑅𝑅(𝑃𝑀2.5) = 1 + 𝛼 [1 − 𝑒−𝛾(𝑃𝑀2.5−𝑧𝑐𝑓)𝛿
]      for 𝑃𝑀2.5 > 𝑧𝑐𝑓 

𝑅𝑅 = 1                                                                         for 𝑃𝑀2.5 ≤  𝑧𝑐𝑓 

where zcf is the counterfactual concentration (theoretical minimum-risk exposure, assumed by Burnett et al. 292 

(2014) to have a uniform distribution between 5.8 and 8.8. We used the age-averaged values for parameters α, γ, 293 

δ and zcf reported by Burnett et al. (2014) for 1000 simulations (IHME, 2011) to generate a look-up table of 294 

cause-specific RRs as a function of PM2.5, where for each PM2.5 value the mean (of 1000) RRs was used as 295 
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central value, and the 95% CI as uncertainty range. Alternatively, we fitted a set of α, γ, δ and zcf parameters to 296 

the IER functional shapes based on the generated (PM2.5, RR) look-up table. This was done by generating an 297 

array of PM2.5 values between 0 and 300µg/m³ and calculating for each value 1000 RRs using the corresponding 298 

1000 function parameter sets, from which we derive for each PM2.5 value the median and 95% RR. Next we 299 

make a fitting of the resulting median and 95% CI RR(PM2.5), using the proposed functional shape for the IER 300 

functions. 301 

𝑅𝑅(𝑃𝑀2.5) = 1 + 𝛼 [1 − 𝑒−𝛾(𝑃𝑀2.5−𝑧𝑐𝑓)𝛿
] 

The generated RR (PM2.5) and best fit analytical functions are shown in Fig. S5, and the corresponding 302 

parameter values are given in Table S5.1. 303 

The inclusion of a theoretical minimum risk exposure level (zcf) in the PM2.5 exposure-response functions is 304 

motivated by the lowest prevailing concentration at which an increased risk was observed in the ACS cohort 305 

studies. Burnett et al. (2014) argue that zero exposure is not a practical counterfactual level because it is 306 

impossible to achieve even in pristine environments, implicitly indicating that their exposure-response curves 307 

strictly apply to total PM2.5, including the natural components (mineral dust, sea-salt).  In impact assessment 308 

studies, evaluating the difference between two anthropogenic emission scenarios (under otherwise identical 309 

natural background conditions) is often more relevant than evaluating absolute impacts for a single scenario. 310 

Therefore, TM5-FASST includes the option to customize the value of zcf, both in the IER as the log-linear 311 

shaped functions. In practice, we recommend to use zcf =0 when evaluating anthropogenic emissions only. 312 

Because of the non-linear IER functions, mortalities between 2 scenarios (S1, S2) with population-weighted 313 

PM2.5 concentrations PMS1 and PMS2 respectively are evaluated as Mort(PMS2) – Mort(PMS1), and not as Mort 314 

(PMS2-PMS1).  315 

WHO (2013) recommends both a log-linear and IER approach for long-term mortality from PM2.5 exposure, 316 

with the log-linear RR referring to total (non-accidental) mortalities rather than the 2 specific causes (CP and 317 

LC) in the Krewski et al. (2009) approach. The WHO recommendations however refer specifically to European 318 

impact assessments. We deem that the attribution of mortalities to air pollution, as a fraction of total mortalities, 319 

rather than attributed to specific diseases, induces large uncertainties in other world regions because of different 320 

relative contributions of pollution-related diseases to total mortality. 321 

For O3 exposure, 𝑅𝑅 = 𝑒𝛽(∆𝑀6𝑀) , β is the concentration–response factor, and RR = 1.040 [95% confidence 322 

interval (CI): 1.013, 1.067] for a 10 ppb increase in 6mDMA1 according to Jerrett et al. (2009). We apply a 323 

Moved (insertion) [1]
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default counterfactual concentration of 33.3 ppbV, the minimum 6mDMA1 exposure level in the Jerrett et al. 324 

(2009) epidemiological study.  325 

The coefficients in the IER functions used in the GBD assessments have been recently updated due to 326 

methodological improvements in the curve fitting, leading to generally higher RR and mortality estimates 327 

(Cohen et al.,2017; Forouzanfar et al., 2016). In particular, the theoretical minimum risk exposure level was 328 

assigned a uniform distribution of 2.4–5.9 μg/m
3
 for PM2·5, bounded by the minimum and fifth percentiles of 329 

exposure distributions from outdoor air pollution cohort studies.  Further, a recent health impact assessment 330 

(Malley et al., 2017), using updated RR estimate and exposure parameters from the epidemiological study by 331 

Turner et al. (2016), estimates 1.04–1.23 million respiratory deaths in adults attributable to O3 exposure, 332 

compared with 0.40–0.55 million respiratory deaths attributable to O3 exposure based on the earlier (Jerrett et 333 

al., 2009) risk estimate and parameters. These updates have not been included in the current version of TM5-334 

FASST. 335 

Health impacts from exposure to other pollutants (NO2, SO2 for example) are currently not being evaluated in 336 

TM5-FASST-v0 although the model output does provide population-weighted mean concentrations of NOx and 337 

SO2. 338 

S5.2 Sources for population statistics 339 

We use high-resolution population grid maps up to 2100 that were prepared for the Global Energy Assessment 340 

(GEA, 2012), based on the Medium Fertility variant of UN population projections (UN DESA, 2009). Year 341 

2030 population distribution by age class, which are required to establish the age classes ≥30 and <5 years are 342 

obtained from the United Nations Population Division (2015) Revision. Alternatively the high-resolution 343 

Gridded Population of the World V3 (CIESIN, 2005) can be used for scenario years between 2000 and 2015.  344 

S5.3 Baseline mortality rates for relevant causes of death 345 

Cause-specific base mortalities from stroke,  ischemic heart disease (IHD), chronic obstructive pulmonary 346 

disease (COPD), acute lower respiratory illness diseases (ALRI) and lung cancer (LC) are obtained from WHO 347 

(2008)
2
 348 

                                                           
2
 http://www.who.int/healthinfo/global_burden_disease/cod_2008_sources_methods.pdf 
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Cause-specific base mortalities for the year 2005 are taken from the WHO ICD-10 update (WHO, 2012) for 351 

individual countries where available, or back-calculated from 14 WHO regional average mortalities when not 352 

available. Projections until 2030 are taken from WHO Global Health estimates
3
. In the tool, mortalities for the 353 

year 2005 are used for scenario years up till 2005, and mortalities for the year 2030 are used for scenario years 354 

2030 and beyond. Intermediate years are interpolated. 355 

  356 

                                                           
3
 http://www.who.int/healthinfo/global_burden_disease/en/ 
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Table S5 IER fitted function parameters (parameters have been fitted to a range up to 300 µg/m³) 394 

 

COPD LC ALRI STROKE IHD 

   

MEDIAN 

   58.99 54.61 1.98 1.03 0.83 

 0.00031 0.00034 0.00259 0.02002 0.07101 

 0.67 0.74 1.24 1.07 0.55 

zcf 7.58 6.91 6.79 8.80 6.86 

      

   

2.5%ile 

   28.91 12.54 1.61 1.35 1.02 

 0.00015 0.00013 0.01025 0.02064 0.05557 

 0.83 1.02 0.81 0.49 0.40 

zcf 8.19 7.24 13.84 10.91 9.62 

      

   

97.5%ile 

   120.48 23.51 2.82 1.41 1.21 

 0.00028 0.00169 0.00083 0.01469 0.01283 

 0.63 0.67 1.50 1.26 1.09 

zcf 6.02 6.56 1.50 7.21 1.97 

  395 
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Figure S5.1: Dashed line: Median and 95% CI of the relative risk (RR) as a function of exposure to PM2.5 from 1000 396 
Monte Carlo samples provided by Burnett et al. (2014). Red lines: fitted curves for all-age IER functions for 5 397 
mortality causes, using the parameters listed in Table S6.1 (this work). (a): Stroke, (b): Acute Lower Respiratory 398 
Airways Infections (c) Chronic Obstructive Pulmonary Disease (d) Ischaemic Heart Disease (e) Lung Cancer 399 

a b 

c d 

e 
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S6 Supplemental information to section 2.7 – Climate metrics 415 

S6.1 calculation of aerosol optical properties and radiative forcing in TM5 416 

Direct radiative forcing: 417 

The broadband aerosol optical properties were determined in two steps: first, the spectral optical properties in 418 

the wavelength region between 0.2 µm and 5 µm were calculated on the basis of Mie theory. Only the short-to-419 

infrared wave spectrum 0.2-5 μm has been considered, since the anthropogenic aerosols are most efficient in 420 

scattering and absorbing the solar radiation in the submicron size range.  In a second step, these spectral 421 

quantities were weighted by the extra-terrestrial solar flux (Wehrli, 1985), and averaged over the applied 422 

wavelength intervals of the Off-line Radiative Transfer Model (ORTM).  423 

TM5 determines aerosol mass, and does not provide information about particle size distributions or particle 424 

densities, so assumptions were made about these properties for the Mie calculations (Table S6.1).  We assume a 425 

lognormal size distribution with a geometric mean radius rg of 0.05 µm for inorganics and OC, a geometric 426 

standard deviation g of 1.8 for sulphate and 2.0 for OC, and a particle density of 1600 kg.m
-3

 and 1200 kg.m
-3

 427 

respectively. The optical properties of inorganics, which mainly scatter shortwave radiation, are reasonably well 428 

known compared with other types of aerosols (Li et al., 2001). Wavelength-dependent complex refractive 429 

indices for sulphate were taken from Toon et al. (1976). The same values were assumed for organic carbon 430 

(Lund Myhre and Nielsen, 2004; Sloane, 1983). The geometric mean radius for BC particles is assumed to be 431 

0.0118 mm with a sigma of 2.0 and a particle density of 1800 kg.m
-3

  (Penner et al., 1998). For the BC refractive 432 

indices, the values from Fenn et al. (1985) were applied. We assume externally mixed aerosols and calculate the 433 

forcing separately for each component. The total aerosol forcing is obtained by summing up these contributions.   434 

The aerosol water content is calculated assuming equilibrium between aerosol particles and atmospheric water 435 

vapour pressure at each location. The modification of aerosol specific extinction due to relative humidity of the 436 

ambient air is considered using a simple approximation adapted from the data given by Nemesure et al. (1995).  437 

For relative humidities (RH) below 80%, the specific extinction is enhanced by a factor of RH*0.04, assuming a 438 

minimum RH of 25%. For RH exceeding 80%, the specific extinction increases exponentially with RH. The 439 

factor 9.9 is reached for RH = 100%. Exponential growth is assumed for hygroscopic aerosols (ammonium salts 440 

and organic carbon). Black carbon (here assumed to be externally mixed) is assumed to be mostly hydrophobic 441 

and its specific extinction increases only linearly with RH. Single scattering albedo and the asymmetry factor 442 

are assumed to be independent of RH. This approach might result in a small overestimation of the shortwave 443 
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radiative forcing of scattering aerosols, because with increasing relative humidity forward scattering is increased 445 

and backscattering in space direction reduced (asymmetry factor increased). 446 

 447 

Indirect forcing:   448 

The cloud droplet number concentrations (CDNC) were calculated using the following set of equations from 449 

Boucher and Lohmann (1995), separating continental and maritime clouds: 450 

 451 

𝐶𝐷𝑁𝐶𝑐𝑜𝑛𝑡
𝑆𝑡 = 102.24+0.257𝑙𝑜𝑔(𝑚𝑆𝑂4) [S6.1] 452 

𝐶𝐷𝑁𝐶𝑐𝑜𝑛𝑡
𝐶𝑢 = 102.54+0.186𝑙𝑜𝑔(𝑚𝑆𝑂4) [S6.2] 453 

𝐶𝐷𝑁𝐶𝑜𝑐𝑒𝑎𝑛 = 102.06+0.48𝑙𝑜𝑔(𝑚𝑆𝑂4) [S6.3] 454 

 455 

Following Boucher and Lohmann (1995), the cloud droplet effective radius is calculated from the mean volume 456 

cloud droplet radius: 457 

𝑟𝑒 = 1.1 (
𝑙𝜌𝑎𝑖𝑟

(4/3)𝜋𝜌𝑤𝑎𝑡𝑒𝑟𝐶𝐷𝑁𝐶
)

1/3

 [S6.4] 458 

Where l = cloud liquid water content, air = air density, water = water density 459 

S6.2 Secondary forcing feedbacks of O3 precursors on CH4 and background O3 460 

Emissions of short-lived species (NOx, NMVOC, CO, SO2) influence the atmospheric OH burden and therefore 461 

the CH4 atmospheric lifetime, which in turn contributes to long-term change in CH4 and background ozone. 462 

Hence, the total forcing contribution from O3 precursors consists of a short-term direct contribution from 463 

immediate O3 formation (S-O3), and secondary contributions from CH4 (I-CH4) and a long-term feedback from 464 

this CH4 on background O3 (M-O3).  465 

We apply the formulation by (Fiore et al., 2009; Prather et al., 2001; West et al., 2007) to calculate the 466 

secondary change in steady-state CH4 from SLS emissions, using the TM5 perturbation experiments for FASST 467 

(see section S3).  TM5 diagnoses the CH4 loss by oxidation for reference and perturbation run (where the 468 

emissions of SLS are decreased with -20%), from which we calculate the CH4 oxidation lifetime ratio between 469 

reference and perturbation: 470 

𝐿𝑇𝑃

𝐿𝑇𝑅𝑒𝑓
=

𝐶𝐻4_𝑜𝑥𝑃

𝐶𝐻4_𝑜𝑥𝑅𝑒𝑓
  [S6.5] 471 

Where LT is the CH4 lifetime against loss by OH oxidation, and 𝐶𝐻4_𝑜𝑥 = the amount (Tg) of CH4 oxidized.  472 
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The new steady-state methane concentration M due to the changing lifetime from perturbation experiment P, 473 

induced by O3 precursor emissions  follows from  (Fiore et al., 2008, 2009; Wild and Prather, 2000): 474 

𝑀 = 𝑀0 × (
𝐿𝑇𝑃

𝐿𝑇𝑟𝑒𝑓
)

𝐹

 where 𝑀0 = 1760 ppb, the reference CH4 concentration and F = 1.5, determined from the 475 

HTAP1 CH4 perturbation experiments, as described in section S3. 476 

 477 

The change in CH4 forcing (I-CH4) associated with the change to the new steady-state concentration is obtained 478 

from  IPCC AR5 equations: 479 

∆𝐹 = 𝛼(√𝑀 − √𝑀0) − (𝑓(𝑀, 𝑁0) − 𝑓(𝑀0, 𝑁0)) [S6.6] 480 

𝑓(𝑀, 𝑁) = 0.47𝑙𝑛[1 + 2.01 × 10−5(𝑀𝑁)0.75 + 5.31 × 10−15𝑀(𝑀𝑁)1.52] [S6.7] 481 

Where M, M0 = CH4 concentration in ppb, N0 = N2O (=320 ppb) [S6.8] 482 

 483 

The associated long-term O3 forcing (M-O3) per Tg precursor emitted is obtained by scaling linearly the change 484 

in O3 forcing obtained in the HTAP1 CH4 perturbation simulation (SR2–SR1), with the change in CH4 obtained 485 

above, and normalizing by the precursor emission change (Fiore et al., 2009) 486 

∆𝐹 =
∆𝐹𝑂3[𝑆𝑅2−𝑆𝑅1]

𝑀𝑆𝑅2−𝑀𝑆𝑅1
(𝑀 − 𝑀0)  [S6.8] 487 

The response of CH4 and O3 forcing to CO emission changes (for which no regional TM5-FASST perturbation 488 

model simulations were performed) was taken from  the SR5 simulations performed for the HTAP1 assessment 489 

using the average forcing efficiency for North America, Europe, South-Asia and East-ia from(Fry et al., 2012). 490 

For regions not covered by the HTAP1 regions, the HTAP1 rest-of-the-world forcing efficiency was used.   491 

The resulting region-to-globe emission-based forcing efficiencies are given in Tables S6.2 to S6.5 for aerosols, 492 

CO, CH4 and other O3 precursors respectively.  493 

   494 
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Table S6.1 Parameters of aerosol log-normal size distributions  495 

 rg (µm) g Density 

(kg m
-3

) 

Refr.  index  real Refr. index  

imaginary 

Inorganic 0.05 1.8 1600 1.53  1.0x10
-7

 

BC 0.0118 2.0 1800 1.75  4.4x10
-1 

 

OC 0.05 2.0 1200 1.53  1.0x10
-7

 

 496 
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S6.3 Tables with emission-based forcing efficiencies by source region in TM5-FASST 498 

Table S6.2 Regional emission-to-global forcing efficiencies for aerosol precursors (no feedback on O3 included). 499 
Emission strengths are expressed in component mass (SO2, NO2, BC, POM, NH3) 500 

 DIRECT INDIRECT 

FASST REGION 
FASST 

CODE 

W/m2/Tg 

SO2 

W/m²/Tg 

NOx 

W/m2/Tg  

BC 

W/m2/Tg 

POM 

W/m2/Tg 

NH3 

W/m2/Tg 

SO2 

N-AFR NOA -7.38E-03 -8.13E-04 5.32E-02 -1.28E-02 -0.00426 -7.19E-03 

W-AFR WAF -6.74E-03 -2.91E-04 3.02E-02 -1.01E-02 -0.00242 -1.14E-02 

E-AFR EAF -9.41E-03 -9.07E-04 3.22E-02 -9.92E-03 -0.00473 -1.69E-02 

S-AFR SAF -8.74E-03 -1.21E-03 3.07E-02 -1.10E-02 -0.00495 -2.57E-02 

REP. S. AFR RSA -4.03E-03 -4.24E-04 1.64E-02 -5.55E-03 -2.32E-03 -1.98E-02 

AUSTRALIA AUS -4.20E-03 -1.03E-04 2.02E-02 -6.63E-03 -2.18E-03 -2.06E-02 

NZL NZL -1.84E-03 -1.03E-04 8.12E-03 -2.84E-03 -1.25E-03 -2.42E-02 

S KOREA COR -1.66E-03 -6.80E-05 1.20E-02 -4.69E-03 -3.14E-03 -3.36E-03 

JAPAN JPN -1.45E-03 -9.75E-05 9.59E-03 -2.85E-03 -1.16E-03 -4.25E-03 

MON+N KOREA MON -1.89E-03 -4.48E-04 1.47E-02 -5.24E-03 -1.77E-03 -3.70E-03 

CHINA CHN -2.18E-03 -4.41E-04 1.67E-02 -4.93E-03 -2.24E-03 -4.90E-03 

TWN TWN -2.48E-03 -3.75E-05 8.51E-03 -3.14E-03 -2.13E-03 -6.94E-03 

AUT+SLV AUT -3.23E-03 -3.66E-04 2.45E-02 -6.03E-03 -2.21E-03 -3.03E-03 

SWITZERLAND CHE -3.15E-03 -3.73E-04 2.39E-02 -5.74E-03 -2.70E-03 -3.07E-03 

BE+NL+LUX BLX -1.63E-03 -3.43E-04 1.36E-02 -3.72E-03 -2.46E-03 -2.14E-03 

SP+POR ESP -5.06E-03 -4.68E-04 2.82E-02 -8.58E-03 -3.25E-03 -5.31E-03 

FIN FIN -1.38E-03 -1.18E-04 1.84E-02 -3.33E-03 -1.40E-03 -1.35E-03 

FRA FRA -2.75E-03 -3.91E-04 1.87E-02 -5.56E-03 -1.88E-03 -3.30E-03 

GBR+IRL GBR -1.52E-03 -1.70E-04 1.21E-02 -3.66E-03 -1.82E-03 -3.45E-03 

GRC+CYP GRC -4.66E-03 -8.43E-04 3.87E-02 -9.11E-03 -2.64E-03 -3.91E-03 

ITA+MLT ITA -3.97E-03 -5.40E-04 2.88E-02 -7.93E-03 -2.37E-03 -3.42E-03 

GER RFA -2.16E-03 -4.24E-04 1.72E-02 -4.38E-03 -2.33E-03 -2.46E-03 

SWE+DK SWE -1.47E-03 -3.77E-04 1.53E-02 -3.56E-03 -1.15E-03 -1.80E-03 

NORWAY NOR -1.47E-03 -2.16E-04 1.67E-02 -3.07E-03 -6.27E-04 -4.59E-03 

BULGARIA BGR -3.90E-03 -7.18E-04 3.27E-02 -7.59E-03 -2.36E-03 -3.13E-03 

(continues on next page) 501 
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Table S6.2 Cont’d 504 

 DIRECT INDIRECT 

FASST REGION 
FASST 

CODE 

W/m2/Tg 

SO2 

W/m²/Tg 

NOx 

W/m2/Tg  

BC 

W/m2/Tg 

POM 

W/m2/Tg 

NH3 

W/m2/Tg 

SO2 

HUN HUN -2.91E-03 -3.39E-04 2.35E-02 -5.39E-03 -2.23E-03 -2.88E-03 

POL+BALTIC POL -1.96E-03 -2.01E-04 1.75E-02 -3.66E-03 -1.66E-03 -2.47E-03 

REST OF C EUR RCEU -3.58E-03 -6.60E-04 3.07E-02 -7.30E-03 -1.69E-03 -3.23E-03 

CZ+SLK RCZ -2.47E-03 -3.13E-04 2.14E-02 -4.90E-03 -2.46E-03 -2.63E-03 

ROM ROM -3.13E-03 -4.83E-04 2.47E-02 -5.84E-03 -2.02E-03 -2.61E-03 

MEX MEX -6.35E-03 -3.03E-04 1.97E-02 -7.89E-03 -3.36E-03 -1.38E-02 

REST OF C AM RCAM -3.93E-03 -3.96E-04 1.53E-02 -6.57E-03 -1.90E-03 -1.01E-02 

MIDDLE EAST MEME -4.83E-03 -1.49E-03 4.29E-02 -9.49E-03 -3.33E-03 -4.70E-03 

EGY EGY -5.73E-03 -5.21E-04 5.64E-02 -1.21E-02 -2.93E-03 -6.05E-03 

GULF REGION GLF -7.14E-03 -1.49E-03 4.40E-02 -1.08E-02 -1.61E-03 -7.80E-03 

TUR TUR -4.76E-03 -4.83E-04 3.55E-02 -8.01E-03 -2.92E-03 -4.18E-03 

CANADA CAN -1.80E-03 -2.87E-04 1.96E-02 -3.35E-03 -1.91E-03 -4.16E-03 

USA USA -2.84E-03 -1.33E-04 1.69E-02 -5.55E-03 -2.67E-03 -5.79E-03 

PAC PAC -3.25E-03 -1.03E-04 9.01E-03 -2.72E-03 -1.44E-03 -1.74E-02 

KAZ KAZ -2.31E-03 -4.89E-04 2.90E-02 -4.36E-03 -2.15E-03 -4.14E-03 

FRMR USSR AS RIS -2.83E-03 -2.56E-04 2.79E-02 -4.93E-03 -2.51E-03 -4.50E-03 

RUS-EUR RUS -2.47E-03 -2.10E-04 2.44E-02 -4.24E-03 -1.76E-03 -3.22E-03 

RUS-ASIA RUE -2.15E-03 -7.52E-04 2.58E-02 -3.91E-03 -1.12E-03 -3.90E-03 

UKR UKR -2.78E-03 -3.61E-04 2.33E-02 -5.04E-03 -1.92E-03 -3.07E-03 

BRAZIL BRA -5.21E-03 -1.77E-04 2.00E-02 -7.40E-03 -1.58E-03 -1.30E-02 

CHL CHL -4.88E-03 -4.26E-04 2.15E-02 -6.74E-03 -1.66E-03 -2.38E-02 

ARG ARG -8.75E-04 -4.26E-04 1.32E-02 -4.51E-03 -8.03E-04 -1.52E-02 

REST OF S AM RSAM -5.31E-03 -9.85E-05 1.50E-02 -5.10E-03 -1.57E-03 -1.31E-02 

REST OF S AS RSAS -6.46E-03 -1.41E-04 3.02E-02 -9.09E-03 -1.73E-03 -8.34E-03 

(continues on next page) 505 

506 
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Table S6.2 Cont’d 507 

 DIRECT INDIRECT 

FASST REGION 
FASST 

CODE 

W/m2/Tg 

SO2 

W/m²/Tg 

NOx 

W/m2/Tg  

BC 

W/m2/Tg 

POM 

W/m2/Tg 

NH3 

W/m2/Tg 

SO2 

INDIA NDE -6.29E-03 -1.41E-04 2.61E-02 -9.37E-03 -1.59E-03 -9.66E-03 

INDON IDN -3.65E-03 -4.41E-04 1.17E-02 -4.35E-03 -6.19E-04 -1.89E-02 

THAIL THA -3.78E-03 -4.41E-04 1.45E-02 -5.37E-03 -1.08E-03 -1.19E-02 

MALYS MYS -3.14E-03 -4.41E-04 1.32E-02 -5.02E-03 -1.16E-03 -2.63E-02 

PHIL PHL -2.64E-03 -4.41E-04 8.79E-03 -3.44E-03 -1.47E-03 -1.56E-02 

VTNAM VNM -2.90E-03 -4.41E-04 1.30E-02 -5.02E-03 -1.19E-03 -1.13E-02 

REST OF EAS RSEA -6.16E-03 -4.41E-04 1.81E-02 -7.83E-03 -1.14E-03 -1.40E-02 

SHIP SHIP -2.32E-03 -8.95E-05 1.26E-02 -2.06E-03 0.00E+00 -9.38E-03 
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Table S6.3: Global response in radiative forcing due to emissions of CO by including the short and long-term 509 
feedback on CH4 and O3. S-O3: short-term O3 contribution M-O3: long term O3 forcing feedback via CH4 lifetime I-510 
CH4: long-term feedback on CH4 via CH4 lifetime 511 

 CO forcing (W/m²/Tg CO) 

 S-O3 M-O3 I-CH4 

North-America 2.85E-05 3.61E-05 8.78E-05 

Europe 1.84E-05 3.95E-05 9.62E-05 

South Asia 3.94E-05 4.25E-05 1.04E-04 

East Asia 3.15E-05 4.27E-05 1.04E-04 

Rest of the World 1.91E-04 5.10E-05 1.24E-04 

 512 

 513 

Table S6.4: Global response in radiative forcing to CH4 emissions, including the long-term feedback on O3  514 

 CH4 forcing (W/m²/Tg CH4) 

 Direct CH4 O3 feedback 

Globe 1.79E-03 7.16E-04 

  515 
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Table S6.5 Global response in radiative forcing due to regional emissions of short-lived O3 precursors - including the 523 
long-term feedback on CH4 and O3. S-O3: short-term O3 contribution M-O3: long term O3 forcing feedback via CH4 524 
lifetime I-CH4: long-term feedback on CH4 via CH4 lifetime.  525 

 

Forcing (W/m²/Tg NO2) Forcing (W/m²/Tg NMVOC) Forcing (W/m²/Tg SO2) 

 

S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 

NOA 1.20E-03 -7.63E-04 -1.86E-03 2.32E-04 1.34E-04 3.26E-04 -1.29E-04 1.28E-05 3.11E-05 

WAF 1.42E-03 -9.95E-04 -2.43E-03 2.04E-04 1.26E-04 3.06E-04 -9.05E-05 1.42E-05 3.45E-05 

EAF 1.28E-03 -7.96E-04 -1.94E-03 1.90E-04 1.15E-04 2.81E-04 -6.89E-05 1.68E-05 4.09E-05 

SAF 1.35E-03 -7.86E-04 -1.92E-03 1.51E-04 1.24E-04 3.02E-04 -1.65E-04 2.41E-05 5.88E-05 

RSA 1.27E-03 -6.99E-04 -1.70E-03 3.93E-04 3.56E-05 8.66E-05 -9.92E-05 2.33E-05 5.67E-05 

AUS 2.80E-03 -1.48E-03 -3.61E-03 2.55E-04 1.40E-04 3.40E-04 -6.01E-05 1.54E-05 3.75E-05 

NZL 2.95E-03 -1.95E-03 -4.77E-03 8.45E-05 1.96E-04 4.76E-04 -6.01E-05 4.11E-07 1.00E-06 

COR 3.02E-04 -1.75E-04 -4.26E-04 2.92E-04 3.01E-05 7.33E-05 -2.36E-05 2.33E-06 5.68E-06 

JPN 4.64E-04 -2.55E-04 -6.22E-04 2.23E-04 1.16E-04 2.82E-04 -2.18E-05 2.04E-06 4.96E-06 

MON 5.36E-04 -2.89E-04 -7.03E-04 2.77E-04 2.02E-04 4.92E-04 -2.25E-05 1.10E-06 2.69E-06 

CHN 8.31E-04 -3.66E-04 -8.91E-04 2.11E-04 1.16E-04 2.82E-04 -2.22E-05 4.73E-05 1.15E-04 

TWN 1.12E-03 -5.46E-04 -1.33E-03 3.49E-04 7.88E-05 1.92E-04 -4.08E-05 1.40E-06 3.41E-06 

AUT 2.54E-04 -1.60E-04 -3.89E-04 2.19E-04 1.12E-04 2.74E-04 -4.23E-05 7.20E-07 1.75E-06 

CHE 3.36E-04 -1.89E-04 -4.60E-04 2.22E-04 1.18E-04 2.86E-04 -2.65E-05 1.27E-07 3.10E-07 

BLX 8.16E-05 -7.31E-05 -1.78E-04 2.01E-04 1.20E-04 2.91E-04 -1.76E-05 4.66E-07 1.14E-06 

ESP 4.89E-04 -3.01E-04 -7.32E-04 2.22E-04 1.14E-04 2.77E-04 -6.54E-05 1.56E-05 3.80E-05 

FIN 1.57E-04 -1.40E-04 -3.40E-04 1.60E-04 1.18E-04 2.87E-04 -1.30E-05 1.69E-07 4.13E-07 

FRA 2.46E-04 -1.59E-04 -3.87E-04 2.14E-04 1.15E-04 2.79E-04 -3.69E-05 2.50E-06 6.09E-06 

GBR 7.17E-05 -8.03E-05 -1.95E-04 2.01E-04 1.22E-04 2.96E-04 -1.69E-05 2.63E-06 6.40E-06 

GRC 4.74E-04 -2.87E-04 -7.00E-04 2.70E-04 4.62E-05 1.13E-04 -7.23E-05 5.13E-06 1.25E-05 

ITA 3.58E-04 -2.04E-04 -4.97E-04 2.46E-04 8.61E-05 2.10E-04 -5.68E-05 5.76E-06 1.40E-05 

RFA 1.29E-04 -9.65E-05 -2.35E-04 1.98E-04 1.17E-04 2.84E-04 -2.28E-05 1.82E-06 4.44E-06 

SWE 1.94E-04 -1.60E-04 -3.90E-04 1.60E-04 1.17E-04 2.84E-04 -1.17E-05 2.12E-07 5.16E-07 

NOR 4.20E-04 -3.01E-04 -7.33E-04 1.35E-04 1.03E-04 2.50E-04 -1.38E-05 9.75E-07 2.37E-06 

BGR 3.63E-04 -2.24E-04 -5.46E-04 2.39E-04 9.99E-05 2.43E-04 -5.05E-05 6.36E-06 1.55E-05 
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Table S6.5 – Cont’d 

 

Forcing (W/m²/Tg NO2) Forcing (W/m²/Tg NMVOC) Forcing (W/m²/Tg SO2) 

 

S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 

HUN 2.14E-04 -1.42E-04 -3.46E-04 2.07E-04 1.17E-04 2.84E-04 -3.39E-05 1.95E-06 4.75E-06 

POL 1.67E-04 -1.20E-04 -2.92E-04 1.93E-04 1.10E-04 2.67E-04 -2.16E-05 4.41E-06 1.07E-05 

RCEU 4.17E-04 -2.47E-04 -6.02E-04 2.00E-04 1.24E-04 3.01E-04 -4.56E-05 6.86E-06 1.67E-05 

RCZ 1.72E-04 -1.21E-04 -2.95E-04 2.05E-04 1.09E-04 2.66E-04 -2.78E-05 1.27E-06 3.10E-06 

ROM 2.52E-04 -1.44E-04 -3.51E-04 2.15E-04 1.17E-04 2.86E-04 -3.63E-05 2.16E-06 5.26E-06 

EUR 2.37E-04 -1.59E-04 -3.87E-04 2.01E-04 1.54E-05 3.74E-05 -3.98E-05 5.90E-05 1.44E-04 

MEX 1.67E-03 -8.98E-04 -2.19E-03 2.38E-04 1.17E-04 2.84E-04 -9.34E-05 3.15E-05 7.67E-05 

RCAM 2.12E-03 -1.22E-03 -2.97E-03 2.08E-04 1.43E-04 3.49E-04 -5.67E-05 5.69E-06 1.39E-05 

MEME 5.71E-04 -3.17E-04 -7.72E-04 2.73E-04 1.00E-04 2.44E-04 -1.06E-04 1.05E-05 2.55E-05 

EGY 7.14E-04 -4.89E-04 -1.19E-03 3.28E-04 6.19E-05 1.51E-04 -1.13E-04 7.85E-06 1.91E-05 

GOLF 1.28E-03 -7.11E-04 -1.73E-03 2.03E-04 1.47E-04 3.59E-04 -1.18E-04 7.70E-05 1.87E-04 

TUR 5.69E-04 -3.07E-04 -7.48E-04 2.53E-04 1.01E-04 2.46E-04 -8.00E-05 1.52E-05 3.71E-05 

CAN 4.83E-04 -2.85E-04 -6.94E-04 1.39E-04 1.32E-04 3.22E-04 -3.13E-05 8.27E-06 2.01E-05 

USA 4.72E-04 -2.39E-04 -5.81E-04 2.35E-04 1.09E-04 2.66E-04 -5.73E-05 8.43E-05 2.05E-04 

PAC 4.91E-03 -2.33E-03 -5.69E-03 1.50E-04 1.96E-04 4.77E-04 -4.21E-05 3.75E-07 9.13E-07 

KAZ 6.52E-04 -3.36E-04 -8.18E-04 1.57E-04 1.22E-04 2.98E-04 -2.56E-05 5.21E-06 1.27E-05 

RIS 7.94E-04 -3.66E-04 -8.93E-04 2.12E-04 1.35E-04 3.28E-04 -4.48E-05 1.48E-06 3.61E-06 

RUS 2.93E-04 -1.97E-04 -4.80E-04 1.80E-04 1.26E-04 3.07E-04 -2.16E-05 1.02E-05 2.49E-05 

RUE 6.96E-04 -4.02E-04 -9.80E-04 1.11E-04 1.24E-04 3.01E-04 -3.42E-05 5.25E-06 1.28E-05 

UKR 2.56E-04 -1.66E-04 -4.04E-04 2.08E-04 1.24E-04 3.03E-04 -3.50E-05 6.48E-06 1.58E-05 

BRA 2.84E-03 -1.30E-03 -3.16E-03 8.43E-05 1.41E-04 3.43E-04 -6.90E-05 1.45E-05 3.54E-05 

CHL 2.13E-03 -1.30E-03 -3.18E-03 3.06E-04 7.81E-05 1.90E-04 -1.14E-04 1.14E-05 2.77E-05 

ARG 2.95E-03 -1.44E-03 -3.52E-03 1.10E-04 1.58E-04 3.84E-04 -1.14E-04 1.93E-06 4.71E-06 

RSAM 2.79E-03 -1.52E-03 -3.71E-03 1.33E-04 1.44E-04 3.50E-04 -6.78E-05 7.48E-06 1.82E-05 

RSAS 1.20E-03 -5.60E-04 -1.36E-03 2.22E-04 1.32E-04 3.21E-04 -5.08E-05 7.69E-06 1.87E-05 

NDE 1.18E-03 -5.97E-04 -1.45E-03 2.59E-04 1.31E-04 3.18E-04 -5.08E-05 4.27E-05 1.04E-04 

IDN 2.23E-03 -1.25E-03 -3.05E-03 2.19E-04 1.57E-04 3.83E-04 -4.21E-05 1.01E-05 2.46E-05 
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Table S6.5 – Cont’d 

 

Forcing (W/m²/Tg NO2) Forcing (W/m²/Tg NMVOC) Forcing (W/m²/Tg SO2) 

 

S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 S-O3 M-O3 I-CH4 

THA 1.90E-03 -9.83E-04 -2.40E-03 2.22E-04 1.37E-04 3.33E-04 -4.21E-05 4.81E-06 1.17E-05 

MYS 2.23E-03 -1.18E-03 -2.87E-03 2.54E-04 1.47E-04 3.59E-04 -4.21E-05 2.36E-06 5.76E-06 

PHL 2.29E-03 -1.07E-03 -2.61E-03 3.57E-04 1.57E-04 3.82E-04 -4.21E-05 6.33E-06 1.54E-05 

VNM 2.03E-03 -1.04E-03 -2.53E-03 2.14E-04 1.60E-04 3.91E-04 -4.21E-05 9.48E-07 2.31E-06 

RSEA 1.40E-03 -8.07E-04 -1.97E-03 1.48E-04 1.40E-04 3.41E-04 -4.21E-05 8.35E-07 2.03E-06 

SHIP 1.40E-03 -8.46E-04 -2.06E-03 0.00E+00 0.00E+00 0.00E+00 -2.87E-05 3.64E-05 8.87E-05 

AIR 4.25E-03 -1.14E-03 -2.77E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

  529 



 

56 

 

Table S6.6 Year 2000 global anthropogenic forcing (W/m²) by component from TM5-FASST, versus values reported 530 
in AR5 (1750 – 2011). Large scale forest fires have not been included. 531 

 

 

CH4 

BC  

PM2.5 

OC 

 PM2.5 

O3  

(SS) 

O3  

(PM) 

NO3 

PM2.5 

SO4 

PM2.5 INDIR TOT 

CH4 
AR5 0.641       0.24       0.88 

FASST 0.500       0.20       0.70 

CO 
AR5 0.072     0.075         0.15 

FASST 0.083     0.074 0.034       0.19 

NMVOC 
AR5 0.025     0.042         0.07 

FASST 0.049     0.033 0.020       0.10 

NOx 
AR5 -0.245     0.14   -0.040     -0.14 

FASST -0.167     0.13 -0.068 -0.040     -0.15 

NH3 
AR5           -0.070 0.01   -0.06 

FASST           -0.091     -0.09 

BC  
AR5   0.60             0.60 

FASST   0.15             0.15 

OC 
AR5     -0.29           -0.29 

FASST     -0.24           -0.24 

SO2 
AR5             -0.41   -0.21 

FASST             -0.37   -0.37 

INDIRECT 

AEROSOLS 

AR5               -0.45 -0.45 

FASST               -0.81 -0.81 
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SO4, direct (W mg-1)  OC, direct (W mg-1) 

  

BC, direct (W mg-1)  SO4, indirect (W mg-1)  

  

Figure S6.1: Annual average radiative forcing efficiencies (Watt per mg column burden) for SO4, Particulate Organic 533 
Matter, Black carbon, and the indirect forcing associated with SO4 534 
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 549 

Figure S6.2 TM5-FASST break-down of direct radiative forcing by sector by emitted component, based on RCP year 550 
2000 emission inventory by sector.  551 

 552 
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S7 Supplemental Figures to section  3.1 - Validation against the full TM5 model: additivity and linearity 

Table S7.1 Statistical metrics describing the correspondence between the linearized FASST and TM5 computed secondary 

PM2.5 upon -80% and 100% emission perturbation in its precursors (SO2, NOx, NH3 and combined SO2 + NOx). Statistics are 

calculated over all 1°x1° grid cells in each region.  

  

FASST 

MEAN  

(µg m
-3

) 

TM5 MEAN 

 (µg m
-3

) NMB
(a)

 (%) MB
(b)

 R
2(c)

 

Region -80% 100% -80% 100% -80% 100% -80% 100% -80% 100% 

 Precursor: SO2       

EUR 5.4 7.6 5.2 7.4 2.5 1.9 0.13 0.14 1.00 1.00 

USA 3.2 5.1 3.1 5.0 2.5 2.1 0.08 0.10 1.00 1.00 

JPN 4.8 5.5 4.8 5.5 0.3 0.4 0.02 0.02 1.00 1.00 

CHN 7.0 10.3 6.8 10.0 3.3 2.7 0.22 0.28 1.00 1.00 

IND 9.9 14.7 9.8 14.5 1.0 1.4 0.10 0.20 1.00 1.00 

 Precursor: NOx       

EUR 5.4 7.5 5.3 7.1 2.8 5.0 0.15 0.36 0.99 1.00 

USA 3.6 4.6 3.4 4.4 4.5 4.9 0.15 0.21 1.00 1.00 

JPN 4.8 5.5 4.7 5.3 2.2 3.2 0.11 0.17 1.00 1.00 

CHN 7.7 9.5 7.6 9.2 1.4 2.9 0.11 0.26 1.00 1.00 

IND 11.5 12.8 11.5 12.9 -0.3 -0.6 -0.04 -0.08 1.00 1.00 

 Precursor: NH3       

EUR 5.2 7.7 4.8 7.6 9.5 2.1 0.45 0.16 0.98 0.99 

USA 3.4 4.8 3.2 4.6 4.9 3.8 0.16 0.17 0.99 1.00 

JPN 4.7 5.6 4.7 5.5 1.6 1.8 0.07 0.10 1.00 1.00 

CHN 7.7 9.4 7.4 9.2 3.6 3.2 0.26 0.30 1.00 1.00 

IND 11.9 12.3 11.7 12.2 1.6 0.7 0.18 0.08 1.00 1.00 

 Precursor: SO2+NOx       

EUR 4.4 8.8 4.0 8.1 9.5 7.7 0.38 0.63 0.98 1.00 

USA 2.7 5.7 2.5 5.3 9.6 7.7 0.24 0.40 0.98 1.00 

JPN 4.5 5.8 4.4 5.6 2.5 4.1 0.11 0.23 1.00 1.00 
(a)  Normalized Mean Bias = (𝑭𝑨𝑺𝑺𝑻 − 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅⁄  5 
(b)  

Mean Bias  = (𝐹𝐴𝑆𝑆𝑇 − 𝑇𝑀5̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 
 (c ) 

Correlation coefficient  

𝑌̅ = average of all grid cells in region 
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Table S7.2: Statistical metrics describing the correspondence between the linearized FASST and TM5 computed O3 exposure 

metric 6mDMA1 upon -80% and 100% emission perturbation in its precursors (NMVOC, NOx and combined NOx + 

NMVOC), relative to the RCP2000 base scenario. Statistics are calculated over all 1°x1° grid cells in each region.  

  

FASST MEAN  

(ppb) 

TM5 MEAN 

(ppb) 

NMB
(a)

  

(%) 

MB
(b) 

(ppb) R
2(c)

 

Region -80% 100% -80% 100% -80% 100% -80% 100% -80% 100% 

Precursor: NMVOC 

EUR 47.8 51.1 47.6 50.7 0.4 1.0 0.2 0.5 0.99 0.99 

USA 47.5 50.1 47.4 49.8 0.3 0.5 0.1 0.3 1.00 1.00 

JPN 50.6 52.6 50.5 52.4 0.3 0.5 0.1 0.3 1.00 1.00 

CHN 50.5 52.5 50.1 52.0 0.8 1.0 0.4 0.5 1.00 0.99 

IND 53.7 55.6 53.4 55.2 0.5 0.7 0.3 0.4 1.00 1.00 

Precursor: NOx 

EUR 46.6 52.6 44.8 50.5 4.1 4.2 1.9 2.1 0.98 0.99 

USA 44.1 54.3 41.8 52.0 5.4 4.5 2.3 2.3 0.94 0.99 

JPN 50.4 52.9 48.8 51.2 3.2 3.5 1.6 1.8 0.92 0.95 

CHN 47.0 56.8 45.3 54.7 3.8 3.8 1.7 2.1 0.97 0.95 

IND 47.3 63.6 44.9 61.0 5.3 4.3 2.4 2.7 0.95 0.99 

Precursor: NOx + NMVOC 

EUR 45.3 54.3 44.2 53.1 2.4 2.3 1.1 1.2 0.99 1.00 

USA 43.1 55.6 41.6 53.8 3.7 3.2 1.5 1.7 0.96 1.00 

CHN 46.3 57.7 45.3 56.6 2.2 2.0 1.0 1.1 0.99 0.99 

IND 46.5 64.6 45.0 63.0 3.5 2.6 1.6 1.6 0.98 1.00 
(a)  Normalized Mean Bias = (𝑭𝑨𝑺𝑺𝑻 − 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅⁄  
(b)  

Mean Bias  = (𝐹𝐴𝑆𝑆𝑇 − 𝑇𝑀5̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 5 
 (c ) 

Correlation coefficient  

𝑌̅ = average of all grid cells in region 
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Table S7.3: Statistical metrics describing the correspondence between the linearized FASST and TM5 computed O3 crop 

exposure metric AOT40 upon -80% and 100% emission perturbation in its precursors (NMVOC, NOx and combined NOx + 

NMVOC), relative to the RCP2000 base scenario. Statistics are calculated over all 1°x1° grid cells in each region. 

  

FASST MEAN  

(ppm.h) 

TM5 MEAN 

 (ppm.h) 

NMB
(a)

  

(%) 

MB
(b) 

(ppm.h) R
2(c)

 

Region -80% 100% -80% 100% -80% 100% -80% 100% -80% 100% 

Precursor: NMVOC 

EUR 6.7 9.2 6.5 9.0 2.2 3.1 0.1 0.3 0.99 0.99 

USA 9.5 11.8 9.4 11.6 1.2 2.3 0.1 0.3 1.00 1.00 

JPN 10.0 11.4 9.9 11.2 1.0 2.0 0.1 0.2 1.00 1.00 

CHN 9.0 10.5 8.7 10.1 3.2 4.0 0.3 0.4 1.00 0.99 

IND 8.5 9.8 8.3 9.5 2.7 3.3 0.2 0.3 1.00 1.00 

Precursor: NOx 

EUR 5.7 10.4 4.7 9.1 22.7 14.5 1.1 1.3 0.97 0.99 

USA 6.0 16.3 4.3 14.2 39.2 14.7 1.7 2.1 0.90 0.99 

JPN 9.9 11.5 9.0 10.4 10.4 10.8 0.9 1.1 0.97 0.97 

CHN 6.7 13.4 6.2 12.1 8.3 10.3 0.5 1.3 0.98 0.97 

IND 4.7 14.7 3.8 13.0 22.0 13.1 0.8 1.7 0.94 0.98 

Precursor: NOx + NMVOC 

EUR 4.6 11.8 3.6 9.6 27 23 1.0 2.2 0.97 0.99 

USA 4.9 17.6 3.7 14.3 35 23 1.3 3.2 0.92 0.99 

CHN 6.0 14.2 5.4 12.1 12 18 0.6 2.2 0.99 0.99 

IND 4.0 15.4 3.3 12.7 21 22 0.7 2.7 0.96 0.99 
(a)  Normalized Mean Bias = (𝑭𝑨𝑺𝑺𝑻 − 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅⁄  
(b)  

Mean Bias  = (𝐹𝐴𝑆𝑆𝑇 − 𝑇𝑀5̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 5 
 (c ) 

Correlation coefficient  

𝑌̅ = average of all grid cells in region 
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Table S7.4: Statistical metrics describing the correspondence between the linearized FASST and TM5 computed O3 crop 

exposure metric M12 upon -80% and 100% emission perturbation in its precursors (NMVOC, NOx and combined NOx + 

NMVOC), relative to the RCP2000 base scenario. Statistics are calculated over all 1°x1° grid cells in each region. 

  

FASST MEAN  

(ppb) 

TM5 MEAN 

(ppb) 

NMB
(a) 

 (%) 

MB
(b) 

(ppb) R
2(c)

 

Region -80% 100% -80% 100% -80% 100% -80% 100% -80% 100% 

Precursor: NMVOC 

EUR 43.0 45.0 42.3 45.2 1.6 -0.5 0.7 -0.2 0.98 0.98 

USA 45.5 47.8 45.3 47.5 0.3 0.6 0.1 0.3 1.00 1.00 

JPN 47.2 48.8 47.1 48.5 0.3 0.5 0.1 0.2 1.00 1.00 

CHN 45.3 47.0 44.9 46.5 0.8 1.0 0.4 0.5 1.00 1.00 

IND 46.3 47.8 46.1 47.4 0.6 0.7 0.3 0.3 1.00 1.00 

Precursor: NOx 

EUR 42.3 45.9 40.7 44.3 3.8 3.6 1.6 1.6 0.97 0.98 

USA 42.2 51.9 40.1 49.7 5.2 4.3 2.1 2.2 0.91 0.99 

JPN 48.4 47.3 47.3 46.0 2.3 2.8 1.1 1.3 0.97 0.97 

CHN 42.6 50.3 41.2 48.6 3.6 3.6 1.5 1.7 0.97 0.96 

IND 42.1 53.0 40.2 50.9 4.9 4.2 2.0 2.1 0.95 0.98 

Precursor: NOx + NMVOC 

EUR 41.0 47.5 40.1 46.6 2.1 2.0 0.9 0.9 0.98 0.99 

USA 41.3 53.0 39.9 51.5 3.5 3.0 1.4 1.5 0.93 0.99 

CHN 42.0 51.0 41.2 50.2 1.9 1.7 0.8 0.9 0.99 0.99 

IND 41.6 53.7 40.3 52.5 3.1 2.3 1.2 1.2 0.98 0.99 
(a)  Normalized Mean Bias = (𝑭𝑨𝑺𝑺𝑻 − 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 𝑻𝑴𝟓̅̅ ̅̅ ̅̅ ̅⁄  
(b)  

Mean Bias  = (𝐹𝐴𝑆𝑆𝑇 − 𝑇𝑀5̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) 5 
 (c ) 

Correlation coefficient  

𝑌̅ = average of all grid cells in region 
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PM2.5 additivity of simultaneous SO2 + NOx -20% emission perturbation responses 

  

  
Figure S7.1 Secondary PM2.5 species response to SO2 and NOx -20% emission perturbations. Y-axis: summed individual 

perturbations (P2 + P3)  X-axis: response to combined perturbation (P1). All results are obtained with TM5-CTM. (a): sulfate 

(b) nitrate (c) ammonium (d) sum of all 3 components 
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Figure S7.2 TM5 O3 (a) and O3 metrics 6mDMA1 (b), AOT40 (c) and M12 (d) responses to simultaneous SO2 and NOx 5 
perturbations including the -80%, -20% and +100% perturbation outcomes for the limited set of source regions. Y-axis: 

calculated as the sum of the individual responses; X-axis: evaluated from simultaneous perturbation.  
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Figure S7.3 Relative deviation (Normalized Mean Bias) between the linearized FASST and TM5 computed regional mean 5 
absolute secondary PM2.5 upon -80% and 100% emission perturbation in precursors (a) SO2, (b) NOx (c) NH3, (d) SO2 + NOx. 

Statistics are calculated over all 1°x1° grid cells in each region. 
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Figure S7.4 Relative deviation (Normalized Mean Bias) between the linearized FASST and TM5 computed regional mean 

ozone exposure metric 6mDMA1 upon -80% and 100% emission perturbation in precursors NOx and NMVOC. Statistics are 5 
calculated over all 1°x1° grid cells in each region. (a) NOx only perturbation  (b) NMVOC only perturbation (c) combined NOx 

+ NMVOC perturbation 
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Figure S7.5 Relative deviation (Normalized Mean Bias) between the linearized FASST and TM5 computed regional mean 

crop ozone exposure metric M12 upon -80% and 100% emission perturbation in precursors NOx and NMVOC. Statistics are 5 
calculated over all 1°x1° grid cells in each region. (a) NOx only perturbation  (b) NMVOC only perturbation (c) combined NOx 

+ NMVOC perturbation 
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Figure S7.6 Relative deviation (Normalized Mean Bias) between the linearized FASST and TM5 computed regional mean 

crop ozone exposure metric AOT40 upon -80% and 100% emission perturbation in precursors NOx and NMVOC. Statistics 5 
are calculated over all 1°x1° grid cells in each region. (a) NOx only perturbation  (b) NMVOC only perturbation (c) combined 

NOx + NMVOC perturbation 
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S8 Supplemental information to section 3.2 - TM5-FASST_v0 versus TM5 for future emission scenarios 

S8.1 Major features of the Global Energy Assessment scenarios used in the validation study 

The GEA scenarios (Riahi, Dentener et al. 2012), consistent with similar long-term climate outcomes as the RCPs, are 

implemented in the MESSAGE model (Messner and Strubegger 1995; Riahi, Gruebler et al. 2007) and include more 5 

detailed representation of short-term air quality legislations from the GAINS model (Amann et al., 2011). A number of 

air pollutants are included in the scenario (SO2, NOx, CO, VOCs, BC, OC, total primary PM2.5) air pollutants and are 

available at 0.5
o
 x 0.5

o
 resolution based on inventory data described in Lamarque et al. (2010), and an exposure-driven 

algorithm for the downscaling of the regional air-pollutant emissions projections. The GEA scenarios have  been used to 

estimate global health impacts of outdoor air pollution (Rao et al., 2012, 2013) as well as for regional impacts analysis 10 

(Colette et al., 2012, 2013). We evaluate following pair: 

1. FLE-2030 (Fixed Legislation scenario): This is a scenario with no improvement in air quality legislations 

beyond 2005. It thus serves to indicate a scenario with failure in terms of implementation of future air quality 

and climate policies and is used as a worst-case scenario, defining an upper boundary for the range of plausible 

air pollutant emission scenarios until 2030. In the literature this kind of scenarios is also referred to as Frozen 15 

legislation, or no-further-controls (NFC).  

2. MIT-2030 (MITigation scenario): This scenario, consistent with long-term climate outcomes of the RCP2.6, 

assumes stringent climate mitigation policies consistent with a target of 2
o
C global warming by the end of the 

century (2100), combined with stringent air quality legislations (SLE). Thus the MIT-2030 scenario provides a 

best-case scenario, defining the lower boundary of pollutant emission strengths. We evaluate the outcome in the 20 

year 2030. 
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Table S8.1: Regional relative emission changes for the test scenarios MIT2030 and FLE2030 compared to the year 2000 RCP 

base scenario used for the 20% perturbation simulations. Region legend: see table S2.2 

 
BC NH3 NOx POM SO2 NMVOC PM2.5 

MIT2030 

EAS -51% +27% -38% -54% -72% -43% +109% 

SEA -46% +10% -33% -45% -49% -31% -20% 

SAS+RSAS -46% +34% -8% -75% -19% -27% -15% 

EUR -89% +17% -83% -80% -93% -72% -56% 

NAM -70% +21% -82% -31% -85% -62% -11% 

AFR+RSA -30% +33% -40% -29% -49% -30% -24% 

RUS -51% +30% -60% -24% -69% -28% -13% 

MAM+CAM -44% +46% -51% -26% -29% -29% -18% 

AUS+PAC -16% +30% -45% -7% -73% -18% +4% 

GLOBAL -47% +25% -48% -35% -69% -37% -5% 

FLE2030 

EAS +109% +30% +109% +33% +66% +47% +590% 

SEA +67% +12% +181% +11% +140% +46% +56% 

SAS+RSAS +152% +37% +407% +73% +292% +136% +181% 

EUR -26% +19% -29% -16% -13% -35% +52% 

NAM -26% +24% -44% -13% -21% -34% +39% 

AFR+RSA +71% +36% +33% +23% +107% +76% +29% 

RUS -13% +30% +14% -17% +10% +8% +20% 

MAM+CAM -17% +46% +10% -23% +34% +26% -4% 

AUS+PAC -5% +30% -22% -4% -11% -4% +10% 

GLOBAL +47% +27% +25% +7% +42% +35% +95% 
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Table S8.2 Absolute regional population-weighted mean anthropogenic PM2.5 concentrations (total, primary and secondary 

components) for the high (FLE2030) and low (MIT2030) emission scenarios described in section 3.2, computed with the full 

chemical transport model TM5 and the reduced-form model TM5-FASST_v0.  

 MIT2030 

 Total PM2.5 (µg/m³) Primary PM2.5 (µg/m³) Secondary PM2.5 (µg/m³) 

REGION FASST TM5 FASST TM5 FASST TM5 

EAS 10.1 8.5 7.4 5.9 2.8 2.6 

SEA 9.5 7.5 6.7 4.7 2.8 2.8 

SAS+RSAS 5.8 5.3 3.6 2.5 2.1 2.7 

EUR 4.0 2.1 1.1 0.7 2.9 1.4 

NAM 2.8 2.2 1.6 1.3 1.3 0.9 

AFR+RSA 4.6 4.3 2.7 2.6 1.9 1.7 

RUS 2.6 2.1 1.2 1.0 1.4 1.0 

MAM+CAM 4.4 4.3 3.6 3.4 0.8 0.9 

AUS+PAC 1.4 1.3 0.9 0.8 0.5 0.5 

 FLE2030 

 Total PM2.5 (µg/m³) Primary PM2.5 (µg/m³) Secondary PM2.5 (µg/m³) 

REGION FASST TM5 FASST TM5 FASST TM5 

EAS 30.2 27.5 22.3 19.5 7.9 7.9 

SEA 28.0 27.8 15.1 13.6 12.8 14.2 

SAS+RSAS 19.4 22.3 9.8 9.3 9.6 13.0 

EUR 9.2 8.7 3.4 2.8 5.8 5.9 

NAM 4.7 4.2 2.2 1.6 2.5 2.6 

AFR+RSA 8.6 9.4 4.3 5.0 4.3 4.3 

RUS 5.8 5.7 2.7 2.3 3.1 3.4 

MAM+CAM 5.0 4.9 3.8 3.6 1.2 1.3 

AUS+PAC 1.6 1.6 0.9 0.8 0.7 0.8 
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Table S8.3 Absolute regional population-weighted mean annual O3 and m6DMA1 for the high (FLE2030) and low 

(MIT2030) emission scenarios described in section 3.2, computed with the full chemical transport model TM5 and the 

reduced-form model TM5-FASST_v0.  

 MIT2030 

 Annual mean O3 (ppb) Ozone exposure metric 6mDMA1 (ppb) 

REGION FASST TM5 FASST TM5 

EAS 37 36 50 46 

SEA 35 35 49 45 

SAS+RSAS 38 37 53 50 

EUR 34 33 49 43 

NAM 31 29 43 39 

AFR+RSA 31 30 48 45 

RUS 29 28 40 37 

MAM+CAM 23 22 32 31 

AUS+PAC 22 22 29 27 

 FLE2030 

 Total PM2.5 (µg/m³) Primary PM2.5 (µg/m³) 

REGION FASST TM5 FASST TM5 

EAS 48 44 62 58 

SEA 57 50 78 70 

SAS+RSAS 57 52 79 75 

EUR 35 36 54 52 

NAM 34 34 49 47 

AFR+RSA 37 37 57 55 

RUS 32 32 46 45 

MAM+CAM 26 26 38 36 

AUS+PAC 24 24 31 30 
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Table S8.4: Regional and global mortalities from anthropogenic PM2.5 exposure from TM5 and FASST in the 2 test scenarios 

 

FLE2030 MIT2030 FLE2030-MIT2030 

 

TM5 FASST NMB TM5 FASST NMB TM5 FASST NMB 

EUR 4.20E+05 4.41E+05 5% 1.96E+05 2.80E+05 43% 2.24E+05 1.61E+05 -28% 

NAM 1.27E+05 1.41E+05 11% 7.23E+04 1.04E+05 43% 5.50E+04 3.73E+04 -32% 

China+ 2.39E+06 2.48E+06 4% 1.27E+06 1.57E+06 23% 1.12E+06 9.16E+05 -18% 

India+ 1.94E+06 1.94E+06 0% 1.03E+06 1.15E+06 11% 9.04E+05 7.98E+05 -12% 

Russia 9.27E+04 9.98E+04 8% 5.54E+04 6.83E+04 23% 3.74E+04 3.14E+04 -16% 

Brazil 4.99E+04 6.05E+04 21% 4.29E+04 5.50E+04 28% 7.00E+03 5.42E+03 -22% 

RSEAS 3.89E+05 4.08E+05 5% 2.34E+05 2.82E+05 21% 1.56E+05 1.26E+05 -19% 

GLOBAL 6.30E+06 6.47E+06 3% 3.43E+06 4.10E+06 19% 2.87E+06 2.37E+06 -17% 

 

Table S8.5: As Table S8.4, but now for O3 mortalities 

 

FLE2030 MIT2030 FLE2030-MIT2030 

 

TM5 FASST NMB TM5 FASST NMB TM5 FASST NMB 

EUR 7.12E+04 73936.71 4% 6.08E+04 69702.68 15% 1.04E+04 4.23E+03 -59% 

NAM 5.52E+04 59163 7% 4.41E+04 53964.9 22% 1.11E+04 5.20E+03 -53% 

China+ 4.95E+05 525405.9 6% 3.86E+05 435405.3 13% 1.09E+05 9.00E+04 -17% 

India+ 8.36E+05 914410 9% 5.23E+05 566520 8% 3.13E+05 3.48E+05 11% 

Russia 1.31E+04 13365.9 2% 1.08E+04 12010 11% 2.26E+03 1.36E+03 -40% 

Brazil 1.83E+04 19420 6% 1.56E+04 17285 11% 2.75E+03 2.14E+03 -22% 

RSEAS 1.30E+05 147008.8 13% 1.02E+05 122161.1 20% 2.83E+04 2.48E+04 -12% 

GLOBAL 2.02E+06 2.17E+06 7% 1.47E+06 1.63E+06 11% 5.50E+05 5.38E+05 -2% 
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FLE2030 MIT2030 

  

  

  

Figure S8.1 TM5-FASST vs. TM5_CTM anthropogenic PM2.5 for GEA scenarios FLE2030 (left hand panels) and MIT-2030 

(right hand panels), and break-down for the primary (middle panels) and secondary (lower panels) fractions. Each point 

represents the population-weighted mean over a FASST source region. The full line represents the 1:1 relation.  
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FLE2030 MIT2030 

  

  
Figure S8.2 TM5-FASST versus TM5-CTM annual mean ozone (upper panels) and exposure metric 6mDMA1 (lower panels) 

for GEA scenarios FLE2030 (left hand panels) and MIT-2030 (right hand panels). Each point represents the population-

weighted mean over a FASST source region. The full line represents the 1:1 relation 
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S9 Supplemental figures to section 3.3.4 - Health impacts: intercomparison with ACCMIP model ensemble 

 

RCP 2.6 RCP 4.5 RCP 8.5 

   

   
 

Figure S9.1: Mortality burden (million deaths) from PM2.5 in 2030 and 2050 for RCP scenarios RCP 2.6 (a, d). RCP 4.5 (b, e) 

and RCP8.5 (c, f) relative to exposure to year 2000 concentrations, for North America (a to c) Europe and Europe (d to f). 5 
Blue bars: Mean of ACCMIP model ensemble results (Silva et al., 2016). Red bars: TM5-FASST.  
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RCP 2.6 RCP 4.5 RCP 8.5 

   

   

   
 

Figure S9.2: As in Fig. S9.1, now for regions East Asia (a to c), India (d to f) and the globe (g to i) 
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