
- 1 - 

Results from GRAPE model (phase 2) 
 

August 31, 2002  
Atsushi KUROSAWA / The Institute of Applied Energy (IAE) 

 
  The integrated assessment model GRAPE (Global Relationship to Protect the Environment) 
consists of five modules dealing with issues on energy, climate, land use, macroeconomics and 
environmental impacts.  The results for the assessment of contributions to climate change (phase 2) 
are summarized as follows. 
 
1. Assessment framework and input data 
 

Emissions or radiative forcing data, shown in the table below, are given to obtain global average 
surface atmospheric temperature change and sea level rise.  IPCC WGI TAR A2 scenario data are 
used to supplement information specified by the project. 
 

Table 1 Input data (IPCC 2000 and UNFCCC 2002) 

  Emissions  Concentration Radiative Forcing 
Past Future Pre-ind. Current  Future 

CO2    (*2) (*2) Endogenous 
 Fossil Fuel (*1) (*1) 
 LULUCF (*1) (*1) 

CH4  (*1) (*1) (*2) (*2) Endogenous 
N2O  (*1) (*1) (*2) (*2) Endogenous 
Other GHGs (#)     (*2) 

Aerosol      (*2) 

 SOx（direct, indirect）    (*2) 

 others（BC,OC）    (*2) 

(#) PFC, SF6, HFC, Montreal Gases (CFC, etc.), Ozone, etc. 
(*1) Data specified by the project 
(*2) IPCC WGI TAR 
 
2. Global scale basic assessment  
 

Global scale basic assessment that is conducted in the phase 2 is summarized as follows.  
After Phase 1 assessment, I have changed CO2 concentration and temperature change formulas and 
have added sea level rise analysis. 
 
(1)Anthropogenic GHG emissions 

Historical emissions after industrial revolution period is important data to verify present GHGs 
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concentration level and climate model benchmarks.  The assumption of anthropogenic emissions of 
CO2, CH4 and N2O after 1760 is summarized in Table 2.  Emission data are from 
EDGAR-HYDE1.4(RIVM) (UNFCCC 2002), and IPCC SRES A2 marker ASF model run (IPCC 
2000). 

 
Table 2 Anthropogenic GHG emissions 

Anthropogenic 176017701780179018001810182018301840185018601870188018901900191019201930194019501960197019801990

CO2 (GtonC) 0.22 0.24 0.26 0.29 0.31 0.32 0.33 0.35 0.37 0.40 0.45 0.51 0.65 0.69 0.92 1.27 1.50 1.76 1.96 2.44 3.65 4.99 6.33 6.95

CH4 (Mton-CH4) 24 29 33 38 42 46 51 55 59 64 68 73 77 81 94 107 124 135 145 165 208 241 276 306

N2O (Mton-N) 0.52 0.53 0.55 0.56 0.58 0.59 0.61 0.62 0.64 0.66 0.67 0.69 0.70 0.72 0.80 0.89 1.05 1.17 1.25 2.53 2.99 5.31 6.55 6.91

 

 20002010 2020 2030 2040 2050 2060 2070 2080 2090 2100

CO2 (GtonC) 7.97 9.5812.25 14.7216.0717.4319.1620.8923.2226.1529.09

CH4 (Mton-CH4) 323 370 424 486 542 598 654 711 770 829 889

N2O (Mton-N) 7.02 8.05 9.56 10.6611.3211.9812.9413.9014.8115.6716.52

 

(2) Cumulative emissions after 1890 
Cumulative Emissions after 1890, obtained from the values in Table 2, are shown in Table 3.  

Assumed cumulative emission up to 2100 for CO2, CH4 and N2O are 2,110Gton-C, 
106,518Mton-CH4 and 2,509Mton-N, respectively.  These values include natural and 
anthropogenic emissions. 
 

Table 3 Cumulative emissions after 1890 
 

 1890 1990 1910 1920 1930 1940 1950 1960 1970 1980 1990

CO2 (GtonC) 0 7 16 29 44 61 81 106 142 192 255

CH4 (Mton-CH4) 03,5837,29411,13815,14719,27223,49127,91532,76337,94643,474

N2O (Mton-N) 0 107 215 324 435 546 659 784 914 1067 1,233

 
 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

CO2 (GtonC) 330 418 527 662 816 983 1,166 1,366 1,587 1,834 2,110

CH4 (Mton-CH4) 46,61750,08354,05658,60663,74269,43775,69782,52789,93297,927106,518

N2O (Mton-N) 1,302 1,378 1,466 1,567 1,677 1,793 1,918 2,052 2,195 2,348 2,509

 
(3) Atmospheric GHG concentrations 
 The gas in the atmosphere is balanced with emissions (sum of anthropogenic and natural) and gas 
decay.  Historical atmospheric concentration of CO2, CH4 and N2O are approximately consistent 
with IPCC WGI TAR.  Atmospheric concentration of CO2, CH4 and N2O in 2100 are calculated 
728(ppm), 3,337(ppb) and 449(ppb), respectively. 
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Table 4 Atmospheric concentrations 

 
  1760177017801790180018101820183018401850186018701880189019001910 1920 1930 1940 1950 1960 1970 1980 1990

CO2 (ppm) 278 278 279 279 279 280 280 281 281 282 282 283 284 286 287 290 293 296 300 305 312 322 336 351

CH4 (ppb) 711 723 737 751 765 780 794 809 824 839 854 869 884 900 924 9671,0221,0811,1371,200 1,2961,4191,5711,701

N2O (ppb) 270 271 271 272 272 273 273 274 274 274 275 275 276 276 277 277 278 279 281 283 287 294 301 308

 
  2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

CO2 (ppm) 367 386 411 441 474 509 545 584 626 674 728

CH4 (ppb) 1,761 1,8431,9682,123 2,2922,4612,6332,8052,9793,1573,337

N2O (ppb) 316 325 335 348 361 374 388 402 417 433 449

 
 (4) Radiative forcing 

Radiative forcing of CO2, CH4 and N2O is endogenously assessed by the atmospheric 
concentration.  On the other hand, radiative forcing by Kyoto Protocol gases such as PFCs, HFCs 
and SF6, Montreal Protocol gases, ozone, sulfate and other aerosol are followed by IPCC WGI TAR 
A2 scenario.  Sulfate aerosol data from Hadley center is used as specified in the project web page.  
Radiative forcing relative to pre-industrial level is shown in Table 5. 
 

Table 5 Radiative forcing relative to pre-industrial level  
 

1890190019101920193019401950196019701980199020002010202020302040205020602070208020902100

(W/m2) 0.20 0.23 0.26 0.27 0.30 0.36 0.42 0.39 0.42 0.71 1.03 1.33 2.06 2.47 2.95 3.42 3.88 4.49 5.10 5.75 6.45 7.17

 
 (5) Temperature rise (global mean surface air temperature) 
 Simple temperature response model in the Appendix provides global mean atmospheric 
temperature in the Table 6. Temperature rise in 2100 relative to 1890 is approximately 4.1 deg C. 
 

Table 6 Global mean surface air temperature rise relative to 1890 
 

 1890190019101920193019401950196019701980199020002010202020302040205020602070208020902100

deg C 0 0.02 0.04 0.06 0.07 0.10 0.13 0.15 0.16 0.23 0.38 0.57 0.85 1.18 1.48 1.79 2.10 2.44 2.82 3.23 3.67 4.14

 
(6) Sea level rise by thermal expansion 
 Sea level rise by thermal expansion is calculated from the impulse response function, which is 
specified in the project web page.  The formulation in the Appendix provides global average sea 
level rise in the Table 7. The value in 2100 relative to 1890 is approximately 0.27 m. 
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Table 7 Global-average sea level rise (thermal expansion) 

 
 1890190019101920193019401950196019701980199020002010202020302040205020602070208020902100

(m) 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.05 0.06 0.08 0.10 0.12 0.14 0.17 0.20 0.23 0.27

 
 
3. Regional contribution to the climate change 
 
(1) Case settings of sensitivity analysis 

Among various kinds of combinations, sensitivity runs are conducted by changing the start and 
end year of the emission period.  Attribution evaluation year is the same as the emission end year.  
Following three cases are evaluated to obtain regional contribution to climate change, while other 
conditions are set to the default values (i.e. SRES A2 for future GHGs emissions and reference 
carbon cycle parameters).  
 
  Emission start dates  Emission end dates evaluation years 
Case 1 (default) 1890   2000 
Case 2  1990   2100 
Case 3  1890   2100 
 

Case 1 adopts default parameter set specified by the assessment of contributions to climate change 
project, aiming at past emissions contribution evaluation.  Case 2 is calculated for the assessment of 
future regional emission contribution potential to the climate change.  Case 3 is evaluated to obtain 
the both past and future emissions effects. 

Based on four IPCC SRES regional disaggregation, regional contributions to the GHG 
concentration, radiative forcing, temperature change and sea level rise are evaluated.  When one 
specific regional anthropogenic emission contribution is assessed, natural emissions are kept 
constant and anthropogenic emission data of CO2, CH4 and NO2 in other three regions are set to 
zero during evaluation period.  The main purpose of the sensitivity analysis is to assess the regional 
anthropogenic CO2, CH4 and N2O emission contribution to the climate change.  Other factors 
including other GHGs and aerosol effects to the radiative forcing and climate change are excluded 
from the analysis.  In this sense, the assessment of world scale parameter below is not consistent 
with the global assessment above in terms of data utilized. 

Regional attribution is defined by the value of regional parameter change divided by global 
change during evaluation period in the following sensitivity analysis. 
 
(2) Cumulative emission 
 Three GHGs cumulative emissions during evaluation period and relative contributions are 
summarized in Table 8.  It is obvious that the values of ‘WORLD’ row in the tables below are 
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consistent with sum of cumulative emissions of four regions.  This conclusion cannot apply to the 
other parameters analysis, since their regional and global relationships are non-linear.  Past 
international bunker is excluded from the cumulative emission analysis, while it is included as 
international activities that cannot be regarded as specific regional activity in the other parameters 
evaluation. 
 

Table 8 Cumulative emissions during evaluation period and relative regional contributions 
 CO2 case 1   case 2   case 3   

Region 

cumulative emissions 

(GtonC) 

relative 

contribution

cumulative emissions 

(GtonC) 

relative  

contribution 

cumulative emissions 

 (GtonC) 

relative 

contribution

OECD90 170 48% 511 28% 651 31%

REF 55 16% 169 9% 213 10%

ASIA 63 18% 660 36% 705 33%

ALM 64 18% 515 28% 564 26%

WORLD 353 100% 1,855 100% 2,133 100%

International 

bunker 8 2%    8 0%

       

 CH4 case 1   case 2   case 3   

region 

cumulative emissions 

(Mton-CH4) 

relative 

contribution

cumulative emissions 

(Mton-CH4) 

relative 

contribution 

cumulative emissions 

(Mton-CH4) 

relative 

contribution

OECD90 6,041 30% 11,666 19% 16,973 21%

REF 2,340 12% 8,742 14% 10,628 13%

ASIA 8,296 41% 23,169 37% 30,271 38%

ALM 3,361 17% 19,468 31% 22,067 28%

WORLD 20,039 100% 63,044 100% 79,939 100%

       

 N2O case 1   case 2   case 3   

region 

cumulative emissions 

(Mton-N) 

relative 

contribution

cumulative emissions 

(Mton-N) 

relative 

contribution 

cumulative emissions 

(Mton-N) 

relative 

contribution

OECD90 117 35% 344 27% 436 28%

REF 35 11% 87 7% 115 7%

ASIA 93 28% 548 43% 617 40%

ALM 88 27% 298 23% 372 24%

WORLD 333 100% 1,276 100% 1,540 100%
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(3) Concentration, radiative forcing, global-average temperature change, rate of temperature change 
and sea level rise 

 
 Regional contributions to climate related parameters except cumulative emissions are shown 

from Table 9 to Table 13.  It should be noted that regional sum of the relative contribution are not 
100% because of nonlinearlity.  I leave the regional contributions matters open for the discussions. 
 

Table 9 GHG concentration at end date, concentration change during evaluation period  
and relative regional contributions 

 
 CO2 case 1     case 2     case 3     

 

concentration 

 (ppm) 

concentration 

change (ppm) 

relative 

contribution 

concentration

 (ppm) 

concentration 

change (ppm)

relative 

contribution

concentration 

 (ppm) 

concentration 

change (ppm) 

relative 

contribution

OECD90 322 36 44% 424 72 19% 408 122 28%

REF 295 10 12% 350 -1 0% 321 35 8%

ASIA 298 13 15% 462 111 29% 434 149 34%

ALM 297 12 14% 430 79 21% 403 118 27%

WORLD 367 82 100% 728 377 100% 728 443 100%

          

 CH4 case 1     case 2     case 3     

 

concentration 

 (ppb) 

concentration 

change (ppb) 

relative 

contribution 

concentration

 (ppb) 

concentration 

change (ppb)

relative 

contribution

concentration 

 (ppb) 

concentration 

change (ppb) 

relative 

contribution

OECD90 1,074 175 20% 1,294 -407 -25% 1,294 394 16%

REF 988 89 10% 1,236 -464 -28% 1,236 337 14%

ASIA 1,198 299 35% 1,717 16 1% 1,717 818 34%

ALM 1,056 157 18% 1,623 -78 -5% 1,622 723 30%

WORLD 1,761 861 100% 3,337 1,636 100% 3,337 2,437 100%

          

 N2O case 1     case 2     case 3     

 

concentration 

 (ppb) 

concentration 

change (ppb) 

relative 

contribution 

concentration

 (ppb) 

concentration 

change (ppb)

relative 

contribution

concentration 

 (ppb) 

concentration 

change (ppb) 

relative 

contribution

OECD90 280 4.0 10% 312 3.8 3% 302 26 15%

REF 267 -9.6 -24% 275 -32.5 -23% 262 -14 -8%

ASIA 276 0.0 0% 344 35.8 25% 333 56 33%

ALM 275 -1.1 -3% 307 -0.3 0% 297 21 12%

WORLD 316 39.9 100% 449 141.4 100% 449 173 100%
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Table 10 Radiative forcing relative to pre-industrial level, change during evaluation period  
and relative regional contributions 

  case 1     case 2     case 3     

  

Radiative 

forcing 

(W/m2) 

change during 

evaluation 

period (W/m2) 

relative 

contribution

radiative 

forcing 

(W/m2) 

change during 

evaluation 

period (W/m2)

relative 

contribution

radiative 

forcing 

(W/m2) 

change during 

evaluation 

period (W/m2) 

relative 

contribution

OECD90 1.02 0.75 39% 2.72 0.83 17% 2.48 2.2 34%

REF 0.48 0.20 10% 1.54 -0.35 -7% 1.04 0.8 12%

ASIA 0.67 0.39 21% 3.48 1.59 32% 3.12 2.8 44%

ALM 0.58 0.30 16% 2.94 1.04 21% 2.56 2.3 35%

WORLD 2.18 1.91 100% 6.80 4.91 100% 6.80 6.5 100%

 

Table 11 Global-average surface air temperature change relative to 1890,  
temperature change during evaluation period and relative regional contributions 

  case 1     case 2     case 3     

  

temperature 

change 

(degC) 

change  

during 

evaluation 

period (degC) 

relative 

contribution

temperature 

change 

(degC) 

change  

during 

evaluation 

period (degC)

relative 

contribution

temperature 

change 

(degC) 

change  

during 

evaluation 

period (degC) 

relative 

contribution

OECD90 0.49 0.49 44% 1.12 0.55 19% 1.45 1.5 22%

REF 0.18 0.18 16% 0.42 -0.14 -5% 0.54 0.5 8%

ASIA 0.28 0.28 25% 1.54 0.97 33% 1.76 1.8 27%

ALM 0.23 0.23 20% 1.21 0.65 22% 1.41 1.4 22%

WORLD 1.12 1.12 100% 3.51 2.94 100% 4.10 4.1 63%

 
Table 12 Rate of surface air temperature change at evaluation end date  

and relative regional contributions 

  case 1   case 2   case 3   

  

rate of temperature change 

(degC per year) 

relative 

contribution

rate of temperature change

(degC per year) 

relative 

contribution

rate of temperature change 

(degC per year) 

relative 

contribution

OECD90 0.008 38% 0.011 33% 0.012 34%

REF 0.004 20% 0.005 14% 0.006 16%

ASIA 0.006 29% 0.018 54% 0.020 56%

ALM 0.004 23% 0.015 46% 0.017 49%

WORLD 0.020 100% 0.034 100% 0.035 100%
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Table 13 Global-average sea level rise (thermal expansion) relative to 1890,  
increase during evaluation period and relative regional contributions 

  case 1     case 2     case 3     

  

sea level 

rise (m) 

increase during 

evaluation 

period (m) 

Relative 

contribution 

sea level 

rise (m)

increase during 

evaluation 

period (m) 

relative 

contribution

sea level 

rise (m)

increase during 

evaluation 

period (m) 

relative 

contribution

OECD90 0.036 0.034 52% 0.11 0.08 36% 0.12 0.120 40%

REF 0.018 0.015 24% 0.07 0.04 16% 0.05 0.048 16%

ASIA 0.024 0.022 34% 0.13 0.10 44% 0.12 0.122 41%

ALM 0.021 0.019 29% 0.11 0.08 35% 0.10 0.100 33%

WORLD 0.067 0.065 100% 0.26 0.23 100% 0.30 0.300 100%
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Appendix: Model Structure 
 
 Climate module structure of GRAPE depends on the previous modeling framework such as Third 
Assessment Report of IPCC WGI (IPCC 2001) and Assessment of contributions to Climate Change 
project web page (UNFCCC 2002) and other related information. 
 
(1)Emission - concentration (UNFCCC 2002) 
 Emission - concentration relationship of CO2, CH4 and N2O are summarized as follows. 
a. CO2 
  Atmospheric concentration of CO2 is given by the sum of impulse responses of the emissions, 
which leads to the integral of convolution integral form in the equation (1). 
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 where   Cco2,t  atmospheric CO2 at t (ppm) 
Convco2  conversion factor of atmospheric CO2 (ppm/GtonC) 

 E(s)  CO2 emissions to the atmosphere (GtonC) 
 G(s)  response function  
   ai  distribution fraction of ith composition 
   τco2,i  atmospheric decay time constant of fraction i 
 
  Approximate expression of (1) and (2) for the difference form is given by the following. 

  

























−•+∆••≅

•=

•=

−=∆

∆

=

∆−

∆

=

∆−

∆

=

−∆−

−

∑

∫∑

∫ ∑

)1(

)(

)(

,2
,2

4

2

,2
12

0

,2
4

1
2

0

4

1

,2
2

1,2,22

ico
t

ico
i

ico
t

iCO

t
ico

s

i

i
t

iCO

t

i

ico
st

iCO

tcotcoCo

eEeatEaConv

dsesEeaConv

dseasEConv

CCC

ττ

ττ

τ

τ

   (3) 

  
2

1−+= tt EEE         (4) 

  where ∆Cco2 : concentration change between time t and t-1 (ppm) 

E : average emission between time t and t-1 (GtonC) 
∆t: time step between time t and t-1 
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The parameters of equation (3) are specified in the project web page by the following. 
   ai τco2,i (years)   

i=1  0.152  ∞ 
i=2  0.253 171.0  
i=3  0.279 18.0 
i=4  0.316 2.57 

   Convco2  = 0.471(ppm/GtonC)  
 

Convco2  is tuned to approximately 0.528 during tuning process of the climate model. 
 
b. CH4 and N2O 

It is assumed that CH4 and N2O behaviors follow the one-box model in the equation (4). 

 
i

i
ii

i C
E

dt
dC

τ
α −=        (4) 

 ONCHi 24 ,=  

 where   C:concentration(ppb) 
E:emission（Mton-CH4 or Mton-N） 
α:emission - concentration conversion factor 
τ:time constant of decay (years) 

 
 In the simulation, time constant of CH4 and N2O are from IPCC WGI TAR (e.g. 
τCH4=12.0(years), τN2O=114.0(years)).  Difference equation from historical data provides α for 
10-year time step. 
  Future α for CH4 and N2O are αCH4=0.254(ppb/Mton-CH4), αN2O=0.209(ppb/Mton-N2O).  

Difference equation form of (4) is given by the following (index i is omitted). 
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(2)Concentration – radiative forcing (IPCC 2001) 

Concentration – radiative forcing formula follows by the simplified expressions in IPCC WGI 
TAR. 
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 where ∆F：radiative forcing increase relative to pre-industrial level（W/m2）、 
  β: conversion factor to the radiative forcing 

  [ ]52.11575.05 )(1031.5)(1001.21ln47.0),( XYXXYYXf −− ×+×+=  

  0 is the subscript representing pre-industrial period. 
  
Parameter β and concentrations in the pre-industrial level is as follows. 
  β Co   

CO2 5.35  278(ppm) 
 CH4 0.036 700(ppb) 
 N2O 0.12  270(ppb) 
 
(3) Atmospheric surface air temperature rise (UNFCCC 2002) 

Atmospheric surface air temperature rise is modeled by the impulse response climate model, a 
two-box linear model fitted to temperature change response.  The relationship between temperature 
rise and relative radiative forcing are expressed as follows. 
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  where TA,final   :temperature rise at the equilibrium radiative forcing 
 aT,i     :distribution fraction of ith component (i=1 or 2) 
 τT,i    :time constant of decay of ith component (i=1 or 2) 
 
  Approximate expression of (7) and (8) for the difference form is given by the following. 
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  where ∆ΤA : temperature rise between time t and t-1 

TA : sea level rise relative to pre-induistrial level 
∆t : time step 
Feq : : equilibrium radiative forcing  

 
Simplified expression using ∆T leads to; 
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Parameters in the equation (11) are given below. 

  aT,i τT,i(years) 
i=1  0.59557 8.4007 
i=2  0.40443 409.54 

  and 
  TA,final = 7.3583(degC), Feq  = 7 (W/m2) 
 
(4) Sea level rise (UNFCCC 2002) 

Sea level rise is modeled by the impulse response climate model, a two-box linear model fitted to 
thermal expansion response.  The relationship between sea level rise and relative radiative forcing 
are expressed as follows. 
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  where Sfinal   :sea level rise at the equilibrium radiative forcing 
 aS,i     :distribution fraction of ith component (i=1 or 2) 
 τS,i    :time constant of decay of ith component (i=1 or 2) 
 
  Approximate expression of (12) and (13) for the difference form is given by the following. 
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  where ∆S : sea level rise between time t and t-1 

St : sea level rise relative to pre-induistrial level 
∆t : time step 
Feq : : equilibrium radiative forcing  

 
Simplified expression using t=10(years) leads to; 
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Parameters in the equation (16) are given below. 

  aS,i τS,i(years) 
i=1  0.96677 1700.2 
i=2  0.03323 33.788 

  and 
  Sfinal  = 4.7395(m), Feq  = 7 (W/m2) 
 


