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Overview

This automatically generated document contains an evaluation of the performance of ecCKD for generating lon-
gave correlated k-distribution (CKD) gas-optics models targeting the application Climate: atmospheric heating
rates are required to a minimum pressure of 0.02 hPa, and evaluation is performed for a wide range of greenhouse
gas concentrations. The evaluation dataset is Evaluation-1 from the Correlated K-Distribution Model Intercom-
parison Project (CKDMIP)1. Longwave radiative transfer is performed using four angles per hemisphere.

1https://confluence.ecmwf.int/display/CKDMIP
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The ecCKD tool has been used to generate CKD models with the following band structure(s): fsck (one full-
spectrum band), wide (5 bands) and narrow (13 bands). For each band structure, a number of CKD models have
been generated, characterized by the total number of k terms (also known as g points).
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Biases and root-mean-squared errors (RMSE) in top-of-atmosphere (TOA) upwelling irradiance and surface down-
welling irradiance, and RMSE in heating rate for two pressure ranges, for the various band structures as a function
of the total number of k terms. It was computed from the CKDMIP scenarios 1–22, which cover climate conditions
from glacial maximum up to the worst of the CMIP6 future scenarios, perturbing the individual greenhouse gases
both together and separately.
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Model 1: ecCKD climate-fsck-9
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-9 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-9

Bias TOA upwelling: -0.86 W m-2

Bias surface downwelling: -0.52 W m-2

RMSE TOA upwelling: 1.05 W m-2

RMSE surface downwelling: 1.83 W m-2

RMSE heating rate (0.02-4 hPa):  0.494 K d-1

RMSE heating rate (4-1100 hPa):  0.148 K d-1
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Errors at surface and TOA
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Scenario: Preindustrial

CKD model: ecCKD-fsck-9

Bias TOA upwelling: -0.78 W m-2

Bias surface downwelling: -0.58 W m-2

RMSE TOA upwelling: 0.94 W m-2

RMSE surface downwelling: 1.80 W m-2

RMSE heating rate (0.02-4 hPa):  0.492 K d-1

RMSE heating rate (4-1100 hPa):  0.149 K d-1
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Errors at surface and TOA
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-9

Bias TOA upwelling: -0.69 W m-2

Bias surface downwelling: -0.77 W m-2

RMSE TOA upwelling: 0.87 W m-2

RMSE surface downwelling: 1.80 W m-2

RMSE heating rate (0.02-4 hPa):  0.542 K d-1

RMSE heating rate (4-1100 hPa):  0.153 K d-1
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Errors at surface and TOA

0 100 200 300 400

Reference TOA upwelling (W m-2)

-4

-2

0

2

4
T

O
A

 u
p
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
) (c)

0 200 400 600

Reference surface downwelling (W m-2)

-4

-2

0

2

4

S
u
rf

a
c
e
 d

o
w

n
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
)

(f)

Scenario: Future

CKD model: ecCKD-fsck-9

Bias TOA upwelling: -0.77 W m-2

Bias surface downwelling: -0.92 W m-2

RMSE TOA upwelling: 1.00 W m-2

RMSE surface downwelling: 1.74 W m-2

RMSE heating rate (0.02-4 hPa):  0.698 K d-1

RMSE heating rate (4-1100 hPa):  0.173 K d-1

Each boxed groups of panels evaluate the climate-fsck-9 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-9 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-9 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Model 2: ecCKD climate-fsck-14
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-14 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-14

Bias TOA upwelling: -1.04 W m-2

Bias surface downwelling: -0.13 W m-2

RMSE TOA upwelling: 1.13 W m-2

RMSE surface downwelling: 1.42 W m-2

RMSE heating rate (0.02-4 hPa):  0.315 K d-1

RMSE heating rate (4-1100 hPa):  0.102 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-fsck-14

Bias TOA upwelling: -0.77 W m-2

Bias surface downwelling: -0.40 W m-2

RMSE TOA upwelling: 0.83 W m-2

RMSE surface downwelling: 1.23 W m-2

RMSE heating rate (0.02-4 hPa):  0.328 K d-1

RMSE heating rate (4-1100 hPa):  0.100 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-14

Bias TOA upwelling: -0.65 W m-2

Bias surface downwelling: -0.52 W m-2

RMSE TOA upwelling: 0.72 W m-2

RMSE surface downwelling: 1.15 W m-2

RMSE heating rate (0.02-4 hPa):  0.362 K d-1

RMSE heating rate (4-1100 hPa):  0.105 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-fsck-14

Bias TOA upwelling: -0.92 W m-2

Bias surface downwelling: -0.42 W m-2

RMSE TOA upwelling: 1.04 W m-2

RMSE surface downwelling: 1.04 W m-2

RMSE heating rate (0.02-4 hPa):  0.504 K d-1

RMSE heating rate (4-1100 hPa):  0.113 K d-1

Each boxed groups of panels evaluate the climate-fsck-14 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-14 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-14 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-21 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-21

Bias TOA upwelling: -0.76 W m-2

Bias surface downwelling: -0.66 W m-2

RMSE TOA upwelling: 0.89 W m-2

RMSE surface downwelling: 1.24 W m-2

RMSE heating rate (0.02-4 hPa):  0.246 K d-1

RMSE heating rate (4-1100 hPa):  0.089 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-fsck-21

Bias TOA upwelling: -0.51 W m-2

Bias surface downwelling: -0.62 W m-2

RMSE TOA upwelling: 0.60 W m-2

RMSE surface downwelling: 1.20 W m-2

RMSE heating rate (0.02-4 hPa):  0.270 K d-1

RMSE heating rate (4-1100 hPa):  0.089 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-21

Bias TOA upwelling: -0.45 W m-2

Bias surface downwelling: -0.63 W m-2

RMSE TOA upwelling: 0.53 W m-2

RMSE surface downwelling: 1.16 W m-2

RMSE heating rate (0.02-4 hPa):  0.295 K d-1

RMSE heating rate (4-1100 hPa):  0.091 K d-1
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Scenario: Future

CKD model: ecCKD-fsck-21

Bias TOA upwelling: -0.74 W m-2

Bias surface downwelling: -0.41 W m-2

RMSE TOA upwelling: 0.85 W m-2

RMSE surface downwelling: 0.98 W m-2

RMSE heating rate (0.02-4 hPa):  0.341 K d-1

RMSE heating rate (4-1100 hPa):  0.099 K d-1

Each boxed groups of panels evaluate the climate-fsck-21 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-21 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-21 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-27 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-27

Bias TOA upwelling: -0.45 W m-2

Bias surface downwelling: -0.64 W m-2

RMSE TOA upwelling: 0.54 W m-2

RMSE surface downwelling: 1.15 W m-2

RMSE heating rate (0.02-4 hPa):  0.239 K d-1

RMSE heating rate (4-1100 hPa):  0.094 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-fsck-27

Bias TOA upwelling: -0.28 W m-2

Bias surface downwelling: -0.66 W m-2

RMSE TOA upwelling: 0.36 W m-2

RMSE surface downwelling: 1.14 W m-2

RMSE heating rate (0.02-4 hPa):  0.215 K d-1

RMSE heating rate (4-1100 hPa):  0.092 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-27

Bias TOA upwelling: -0.22 W m-2

Bias surface downwelling: -0.68 W m-2

RMSE TOA upwelling: 0.31 W m-2

RMSE surface downwelling: 1.15 W m-2

RMSE heating rate (0.02-4 hPa):  0.215 K d-1

RMSE heating rate (4-1100 hPa):  0.092 K d-1
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Scenario: Future

CKD model: ecCKD-fsck-27

Bias TOA upwelling: -0.42 W m-2

Bias surface downwelling: -0.50 W m-2

RMSE TOA upwelling: 0.50 W m-2

RMSE surface downwelling: 1.02 W m-2

RMSE heating rate (0.02-4 hPa):  0.266 K d-1

RMSE heating rate (4-1100 hPa):  0.092 K d-1

Each boxed groups of panels evaluate the climate-fsck-27 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-27 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-27 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-40 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-40

Bias TOA upwelling: -0.57 W m-2

Bias surface downwelling: -0.42 W m-2

RMSE TOA upwelling: 0.69 W m-2

RMSE surface downwelling: 1.19 W m-2

RMSE heating rate (0.02-4 hPa):  0.174 K d-1

RMSE heating rate (4-1100 hPa):  0.091 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-fsck-40

Bias TOA upwelling: -0.43 W m-2

Bias surface downwelling: -0.48 W m-2

RMSE TOA upwelling: 0.55 W m-2

RMSE surface downwelling: 1.17 W m-2

RMSE heating rate (0.02-4 hPa):  0.175 K d-1

RMSE heating rate (4-1100 hPa):  0.090 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-40

Bias TOA upwelling: -0.33 W m-2

Bias surface downwelling: -0.55 W m-2

RMSE TOA upwelling: 0.43 W m-2

RMSE surface downwelling: 1.15 W m-2

RMSE heating rate (0.02-4 hPa):  0.192 K d-1

RMSE heating rate (4-1100 hPa):  0.089 K d-1
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Scenario: Future

CKD model: ecCKD-fsck-40

Bias TOA upwelling: -0.34 W m-2

Bias surface downwelling: -0.43 W m-2

RMSE TOA upwelling: 0.43 W m-2

RMSE surface downwelling: 1.00 W m-2

RMSE heating rate (0.02-4 hPa):  0.247 K d-1

RMSE heating rate (4-1100 hPa):  0.087 K d-1

Each boxed groups of panels evaluate the climate-fsck-40 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-40 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-40 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-fsck-59 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-fsck-59

Bias TOA upwelling: -0.38 W m-2

Bias surface downwelling: -0.48 W m-2

RMSE TOA upwelling: 0.48 W m-2

RMSE surface downwelling: 1.21 W m-2

RMSE heating rate (0.02-4 hPa):  0.151 K d-1

RMSE heating rate (4-1100 hPa):  0.094 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-fsck-59

Bias TOA upwelling: -0.29 W m-2

Bias surface downwelling: -0.53 W m-2

RMSE TOA upwelling: 0.40 W m-2

RMSE surface downwelling: 1.19 W m-2

RMSE heating rate (0.02-4 hPa):  0.158 K d-1

RMSE heating rate (4-1100 hPa):  0.093 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-fsck-59

Bias TOA upwelling: -0.28 W m-2

Bias surface downwelling: -0.51 W m-2

RMSE TOA upwelling: 0.38 W m-2

RMSE surface downwelling: 1.16 W m-2

RMSE heating rate (0.02-4 hPa):  0.180 K d-1

RMSE heating rate (4-1100 hPa):  0.091 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-fsck-59

Bias TOA upwelling: -0.38 W m-2

Bias surface downwelling: -0.37 W m-2

RMSE TOA upwelling: 0.47 W m-2

RMSE surface downwelling: 1.04 W m-2

RMSE heating rate (0.02-4 hPa):  0.236 K d-1

RMSE heating rate (4-1100 hPa):  0.086 K d-1

Each boxed groups of panels evaluate the climate-fsck-59 CKD model for a single CKDMIP scenario. The left
three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Comparison of reference line-by-line and calculations by the climate-fsck-59 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-fsck-59 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.



Model 7: ecCKD climate-wide-14 15

Model 7: ecCKD climate-wide-14

0 500 1000 1500 2000 2500 3000

Wavenumber (cm-1)

2

4

6

8

10

12

14

k
 t

e
rm

0

0.05

0.1

0.15

0.2

0.25

0.3

F
ra

c
ti
o

n
 o

f 
k
 t

e
rm

 i
n

 1
0

 c
m

-1
 i
n

te
rv

a
l

Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-14 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-14

Bias TOA upwelling: -1.06 W m-2

Bias surface downwelling: 0.21 W m-2

RMSE TOA upwelling: 1.29 W m-2

RMSE surface downwelling: 2.15 W m-2

RMSE heating rate (0.02-4 hPa):  0.724 K d-1

RMSE heating rate (4-1100 hPa):  0.266 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-14

Bias TOA upwelling: -0.69 W m-2

Bias surface downwelling: -0.76 W m-2

RMSE TOA upwelling: 0.90 W m-2

RMSE surface downwelling: 1.91 W m-2

RMSE heating rate (0.02-4 hPa):  0.727 K d-1

RMSE heating rate (4-1100 hPa):  0.262 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-14

Bias TOA upwelling: -0.49 W m-2

Bias surface downwelling: -1.37 W m-2

RMSE TOA upwelling: 0.77 W m-2

RMSE surface downwelling: 2.04 W m-2

RMSE heating rate (0.02-4 hPa):  0.723 K d-1

RMSE heating rate (4-1100 hPa):  0.264 K d-1
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Scenario: Future

CKD model: ecCKD-wide-14

Bias TOA upwelling: -0.72 W m-2

Bias surface downwelling: -1.49 W m-2

RMSE TOA upwelling: 1.20 W m-2

RMSE surface downwelling: 2.00 W m-2

RMSE heating rate (0.02-4 hPa):  0.835 K d-1

RMSE heating rate (4-1100 hPa):  0.295 K d-1

Each boxed groups of panels evaluate the climate-wide-14 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-14 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.
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Comparison of reference line-by-line and calculations by the climate-wide-14 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-14 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-19 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-19

Bias TOA upwelling: -0.42 W m-2

Bias surface downwelling: 0.36 W m-2

RMSE TOA upwelling: 0.70 W m-2

RMSE surface downwelling: 1.88 W m-2

RMSE heating rate (0.02-4 hPa):  0.545 K d-1

RMSE heating rate (4-1100 hPa):  0.226 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-19

Bias TOA upwelling: -0.33 W m-2

Bias surface downwelling: -0.58 W m-2

RMSE TOA upwelling: 0.53 W m-2

RMSE surface downwelling: 1.61 W m-2

RMSE heating rate (0.02-4 hPa):  0.535 K d-1

RMSE heating rate (4-1100 hPa):  0.225 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-19

Bias TOA upwelling: -0.34 W m-2

Bias surface downwelling: -1.17 W m-2

RMSE TOA upwelling: 0.53 W m-2

RMSE surface downwelling: 1.77 W m-2

RMSE heating rate (0.02-4 hPa):  0.539 K d-1

RMSE heating rate (4-1100 hPa):  0.226 K d-1
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Scenario: Future

CKD model: ecCKD-wide-19

Bias TOA upwelling: -0.72 W m-2

Bias surface downwelling: -1.34 W m-2

RMSE TOA upwelling: 1.07 W m-2

RMSE surface downwelling: 1.78 W m-2

RMSE heating rate (0.02-4 hPa):  0.528 K d-1

RMSE heating rate (4-1100 hPa):  0.241 K d-1

Each boxed groups of panels evaluate the climate-wide-19 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-19 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.
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Comparison of reference line-by-line and calculations by the climate-wide-19 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-19 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-30 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-30

Bias TOA upwelling: -0.18 W m-2

Bias surface downwelling: 0.54 W m-2

RMSE TOA upwelling: 0.42 W m-2

RMSE surface downwelling: 1.85 W m-2

RMSE heating rate (0.02-4 hPa):  0.349 K d-1

RMSE heating rate (4-1100 hPa):  0.185 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-30

Bias TOA upwelling: -0.33 W m-2

Bias surface downwelling: -0.17 W m-2

RMSE TOA upwelling: 0.49 W m-2

RMSE surface downwelling: 1.39 W m-2

RMSE heating rate (0.02-4 hPa):  0.303 K d-1

RMSE heating rate (4-1100 hPa):  0.186 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-30

Bias TOA upwelling: -0.39 W m-2

Bias surface downwelling: -0.66 W m-2

RMSE TOA upwelling: 0.54 W m-2

RMSE surface downwelling: 1.33 W m-2

RMSE heating rate (0.02-4 hPa):  0.268 K d-1

RMSE heating rate (4-1100 hPa):  0.187 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-wide-30

Bias TOA upwelling: -0.62 W m-2

Bias surface downwelling: -0.70 W m-2

RMSE TOA upwelling: 0.83 W m-2

RMSE surface downwelling: 1.26 W m-2

RMSE heating rate (0.02-4 hPa):  0.306 K d-1

RMSE heating rate (4-1100 hPa):  0.191 K d-1

Each boxed groups of panels evaluate the climate-wide-30 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-30 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.

102 103

CO
2
 volume mixing ratio (ppmv)

-4

-2

0

2

4

6

T
O

A
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

) CO
2

(a)
Reference

ecCKD-wide-30

102 103

CO
2
 volume mixing ratio (ppmv)

-4

-2

0

2

4

6

8

S
u
rf

a
c
e
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

(f)

-10 -5 0 5

Heating rate change (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(k)

0 1000 2000 3000 4000

CH
4
 volume mixing ratio (ppbv)

-1

-0.5

0

0.5

1

T
O

A
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

) CH
4

(b)

0 1000 2000 3000 4000

CH
4
 volume mixing ratio (ppbv)

-0.6

-0.4

-0.2

0

0.2

0.4

S
u
rf

a
c
e
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

(g)

-0.1 -0.05 0 0.05 0.1

Heating rate change (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(l)

100 200 300 400 500 600

N
2
O volume mixing ratio (ppbv)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

T
O

A
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

) N
2
O

(c)

100 200 300 400 500 600

N
2
O volume mixing ratio (ppbv)

-0.4

-0.2

0

0.2

0.4

S
u
rf

a
c
e
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

(h)

-0.04 -0.02 0 0.02 0.04

Heating rate change (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(m)

0 500 1000 1500 2000

CFC11 volume mixing ratio (pptv)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

T
O

A
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

CFC11

(d)

0 500 1000 1500 2000

CFC11 volume mixing ratio (pptv)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

S
u
rf

a
c
e
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

(i)

-4 -2 0 2 4

Heating rate change (mK d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(n)

0 200 400 600

CFC12 volume mixing ratio (pptv)

-0.2

-0.15

-0.1

-0.05

0

0.05

T
O

A
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

CFC12

(e)

0 200 400 600

CFC12 volume mixing ratio (pptv)

-0.2

-0.15

-0.1

-0.05

0

0.05

S
u
rf

a
c
e
 f
o
rc

in
g
 w

.r
.t
. 
p
re

s
e
n
t 
(W

 m
-2

)

(j)

-4 -2 0 2 4

Heating rate change (mK d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(o)
Reference min

ecCKD-wide-30 min

Reference max

ecCKD-wide-30 max

Comparison of reference line-by-line and calculations by the climate-wide-30 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-30 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-43 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-43

Bias TOA upwelling: -0.30 W m-2

Bias surface downwelling: -0.56 W m-2

RMSE TOA upwelling: 0.42 W m-2

RMSE surface downwelling: 1.35 W m-2

RMSE heating rate (0.02-4 hPa):  0.176 K d-1

RMSE heating rate (4-1100 hPa):  0.132 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-43

Bias TOA upwelling: -0.30 W m-2

Bias surface downwelling: -0.55 W m-2

RMSE TOA upwelling: 0.41 W m-2

RMSE surface downwelling: 1.28 W m-2

RMSE heating rate (0.02-4 hPa):  0.166 K d-1

RMSE heating rate (4-1100 hPa):  0.133 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-43

Bias TOA upwelling: -0.28 W m-2

Bias surface downwelling: -0.54 W m-2

RMSE TOA upwelling: 0.38 W m-2

RMSE surface downwelling: 1.26 W m-2

RMSE heating rate (0.02-4 hPa):  0.180 K d-1

RMSE heating rate (4-1100 hPa):  0.134 K d-1
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Scenario: Future

CKD model: ecCKD-wide-43

Bias TOA upwelling: -0.50 W m-2

Bias surface downwelling: -0.42 W m-2

RMSE TOA upwelling: 0.61 W m-2

RMSE surface downwelling: 1.19 W m-2

RMSE heating rate (0.02-4 hPa):  0.229 K d-1

RMSE heating rate (4-1100 hPa):  0.137 K d-1

Each boxed groups of panels evaluate the climate-wide-43 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-43 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.
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Comparison of reference line-by-line and calculations by the climate-wide-43 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-43 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-57 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-57

Bias TOA upwelling: -0.36 W m-2

Bias surface downwelling: -0.36 W m-2

RMSE TOA upwelling: 0.48 W m-2

RMSE surface downwelling: 1.29 W m-2

RMSE heating rate (0.02-4 hPa):  0.151 K d-1

RMSE heating rate (4-1100 hPa):  0.118 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-57

Bias TOA upwelling: -0.29 W m-2

Bias surface downwelling: -0.48 W m-2

RMSE TOA upwelling: 0.40 W m-2

RMSE surface downwelling: 1.21 W m-2

RMSE heating rate (0.02-4 hPa):  0.166 K d-1

RMSE heating rate (4-1100 hPa):  0.116 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-57

Bias TOA upwelling: -0.29 W m-2

Bias surface downwelling: -0.49 W m-2

RMSE TOA upwelling: 0.40 W m-2

RMSE surface downwelling: 1.17 W m-2

RMSE heating rate (0.02-4 hPa):  0.179 K d-1

RMSE heating rate (4-1100 hPa):  0.115 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-wide-57

Bias TOA upwelling: -0.53 W m-2

Bias surface downwelling: -0.34 W m-2

RMSE TOA upwelling: 0.65 W m-2

RMSE surface downwelling: 1.11 W m-2

RMSE heating rate (0.02-4 hPa):  0.203 K d-1

RMSE heating rate (4-1100 hPa):  0.110 K d-1

Each boxed groups of panels evaluate the climate-wide-57 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-57 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.
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Comparison of reference line-by-line and calculations by the climate-wide-57 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-57 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-wide-87 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-87

Bias TOA upwelling: -0.28 W m-2

Bias surface downwelling: -0.41 W m-2

RMSE TOA upwelling: 0.41 W m-2

RMSE surface downwelling: 1.28 W m-2

RMSE heating rate (0.02-4 hPa):  0.127 K d-1

RMSE heating rate (4-1100 hPa):  0.110 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-87

Bias TOA upwelling: -0.25 W m-2

Bias surface downwelling: -0.49 W m-2

RMSE TOA upwelling: 0.37 W m-2

RMSE surface downwelling: 1.23 W m-2

RMSE heating rate (0.02-4 hPa):  0.135 K d-1

RMSE heating rate (4-1100 hPa):  0.108 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-87

Bias TOA upwelling: -0.27 W m-2

Bias surface downwelling: -0.50 W m-2

RMSE TOA upwelling: 0.39 W m-2

RMSE surface downwelling: 1.18 W m-2

RMSE heating rate (0.02-4 hPa):  0.152 K d-1

RMSE heating rate (4-1100 hPa):  0.107 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-wide-87

Bias TOA upwelling: -0.45 W m-2

Bias surface downwelling: -0.29 W m-2

RMSE TOA upwelling: 0.57 W m-2

RMSE surface downwelling: 1.09 W m-2

RMSE heating rate (0.02-4 hPa):  0.187 K d-1

RMSE heating rate (4-1100 hPa):  0.105 K d-1

Each boxed groups of panels evaluate the climate-wide-87 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide longwave
bands (other panels) of the climate-wide-87 CKD model. The black dashed and red solid lines correspond to the
average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the error.
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Comparison of reference line-by-line and calculations by the climate-wide-87 model of the instantaneous clear-sky
radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values, at
(top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-wide-87 CKD model. In
each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum or
maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Model 13: ecCKD climate-narrow-22
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-22 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-22

Bias TOA upwelling: -0.12 W m-2

Bias surface downwelling: -0.18 W m-2

RMSE TOA upwelling: 0.40 W m-2

RMSE surface downwelling: 1.88 W m-2

RMSE heating rate (0.02-4 hPa):  0.400 K d-1

RMSE heating rate (4-1100 hPa):  0.129 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-22

Bias TOA upwelling: -0.31 W m-2

Bias surface downwelling: -0.67 W m-2

RMSE TOA upwelling: 0.44 W m-2

RMSE surface downwelling: 1.48 W m-2

RMSE heating rate (0.02-4 hPa):  0.397 K d-1

RMSE heating rate (4-1100 hPa):  0.126 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-22

Bias TOA upwelling: -0.32 W m-2

Bias surface downwelling: -1.04 W m-2

RMSE TOA upwelling: 0.45 W m-2

RMSE surface downwelling: 1.42 W m-2

RMSE heating rate (0.02-4 hPa):  0.426 K d-1

RMSE heating rate (4-1100 hPa):  0.128 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-22

Bias TOA upwelling: -0.47 W m-2

Bias surface downwelling: -0.93 W m-2

RMSE TOA upwelling: 0.68 W m-2

RMSE surface downwelling: 1.23 W m-2

RMSE heating rate (0.02-4 hPa):  0.562 K d-1

RMSE heating rate (4-1100 hPa):  0.140 K d-1

Each boxed groups of panels evaluate the climate-narrow-22 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-22 CKD
model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the
error.
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Comparison of reference line-by-line and calculations by the climate-narrow-22 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-22 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-28 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-28

Bias TOA upwelling: -0.09 W m-2

Bias surface downwelling: -0.66 W m-2

RMSE TOA upwelling: 0.23 W m-2

RMSE surface downwelling: 1.44 W m-2

RMSE heating rate (0.02-4 hPa):  0.329 K d-1

RMSE heating rate (4-1100 hPa):  0.098 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-28

Bias TOA upwelling: -0.14 W m-2

Bias surface downwelling: -0.67 W m-2

RMSE TOA upwelling: 0.22 W m-2

RMSE surface downwelling: 1.32 W m-2

RMSE heating rate (0.02-4 hPa):  0.347 K d-1

RMSE heating rate (4-1100 hPa):  0.094 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-28

Bias TOA upwelling: -0.18 W m-2

Bias surface downwelling: -0.72 W m-2

RMSE TOA upwelling: 0.26 W m-2

RMSE surface downwelling: 1.27 W m-2

RMSE heating rate (0.02-4 hPa):  0.377 K d-1

RMSE heating rate (4-1100 hPa):  0.090 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-28

Bias TOA upwelling: -0.46 W m-2

Bias surface downwelling: -0.62 W m-2

RMSE TOA upwelling: 0.58 W m-2

RMSE surface downwelling: 1.13 W m-2

RMSE heating rate (0.02-4 hPa):  0.470 K d-1

RMSE heating rate (4-1100 hPa):  0.089 K d-1

Each boxed groups of panels evaluate the climate-narrow-28 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-28 CKD
model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the
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Comparison of reference line-by-line and calculations by the climate-narrow-28 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-28 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-37 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-37

Bias TOA upwelling: -0.38 W m-2

Bias surface downwelling: -0.30 W m-2

RMSE TOA upwelling: 0.49 W m-2

RMSE surface downwelling: 1.35 W m-2

RMSE heating rate (0.02-4 hPa):  0.241 K d-1

RMSE heating rate (4-1100 hPa):  0.112 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-37

Bias TOA upwelling: -0.33 W m-2

Bias surface downwelling: -0.47 W m-2

RMSE TOA upwelling: 0.42 W m-2

RMSE surface downwelling: 1.22 W m-2

RMSE heating rate (0.02-4 hPa):  0.268 K d-1

RMSE heating rate (4-1100 hPa):  0.106 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-37

Bias TOA upwelling: -0.34 W m-2

Bias surface downwelling: -0.57 W m-2

RMSE TOA upwelling: 0.44 W m-2

RMSE surface downwelling: 1.20 W m-2

RMSE heating rate (0.02-4 hPa):  0.307 K d-1

RMSE heating rate (4-1100 hPa):  0.101 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-37

Bias TOA upwelling: -0.51 W m-2

Bias surface downwelling: -0.52 W m-2

RMSE TOA upwelling: 0.65 W m-2

RMSE surface downwelling: 1.13 W m-2

RMSE heating rate (0.02-4 hPa):  0.357 K d-1

RMSE heating rate (4-1100 hPa):  0.096 K d-1

Each boxed groups of panels evaluate the climate-narrow-37 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-37 CKD
model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the
error.
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Comparison of reference line-by-line and calculations by the climate-narrow-37 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-37 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Model 16: ecCKD climate-narrow-48

0 500 1000 1500 2000 2500 3000

Wavenumber (cm-1)

5

10

15

20

25

30

35

40

45

k
 t

e
rm

0

0.1

0.2

0.3

0.4

F
ra

c
ti
o

n
 o

f 
k
 t

e
rm

 i
n

 1
0

 c
m

-1
 i
n

te
rv

a
l

Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-48 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-48

Bias TOA upwelling: -0.42 W m-2

Bias surface downwelling: -0.44 W m-2

RMSE TOA upwelling: 0.52 W m-2

RMSE surface downwelling: 1.23 W m-2

RMSE heating rate (0.02-4 hPa):  0.193 K d-1

RMSE heating rate (4-1100 hPa):  0.092 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-48

Bias TOA upwelling: -0.23 W m-2

Bias surface downwelling: -0.47 W m-2

RMSE TOA upwelling: 0.33 W m-2

RMSE surface downwelling: 1.19 W m-2

RMSE heating rate (0.02-4 hPa):  0.193 K d-1

RMSE heating rate (4-1100 hPa):  0.089 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-48

Bias TOA upwelling: -0.25 W m-2

Bias surface downwelling: -0.45 W m-2

RMSE TOA upwelling: 0.37 W m-2

RMSE surface downwelling: 1.13 W m-2

RMSE heating rate (0.02-4 hPa):  0.204 K d-1

RMSE heating rate (4-1100 hPa):  0.086 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-48

Bias TOA upwelling: -0.53 W m-2

Bias surface downwelling: -0.29 W m-2

RMSE TOA upwelling: 0.65 W m-2

RMSE surface downwelling: 1.06 W m-2

RMSE heating rate (0.02-4 hPa):  0.246 K d-1

RMSE heating rate (4-1100 hPa):  0.083 K d-1

Each boxed groups of panels evaluate the climate-narrow-48 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-48 CKD
model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the
error.
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Comparison of reference line-by-line and calculations by the climate-narrow-48 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-48 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-69 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-69

Bias TOA upwelling: -0.24 W m-2

Bias surface downwelling: -0.42 W m-2

RMSE TOA upwelling: 0.34 W m-2

RMSE surface downwelling: 1.22 W m-2

RMSE heating rate (0.02-4 hPa):  0.147 K d-1

RMSE heating rate (4-1100 hPa):  0.100 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-69

Bias TOA upwelling: -0.20 W m-2

Bias surface downwelling: -0.50 W m-2

RMSE TOA upwelling: 0.30 W m-2

RMSE surface downwelling: 1.18 W m-2

RMSE heating rate (0.02-4 hPa):  0.162 K d-1

RMSE heating rate (4-1100 hPa):  0.097 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-69

Bias TOA upwelling: -0.25 W m-2

Bias surface downwelling: -0.51 W m-2

RMSE TOA upwelling: 0.34 W m-2

RMSE surface downwelling: 1.14 W m-2

RMSE heating rate (0.02-4 hPa):  0.183 K d-1

RMSE heating rate (4-1100 hPa):  0.093 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-69

Bias TOA upwelling: -0.45 W m-2

Bias surface downwelling: -0.34 W m-2

RMSE TOA upwelling: 0.55 W m-2

RMSE surface downwelling: 1.04 W m-2

RMSE heating rate (0.02-4 hPa):  0.204 K d-1

RMSE heating rate (4-1100 hPa):  0.087 K d-1

Each boxed groups of panels evaluate the climate-narrow-69 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.



M
odel17:

ecC
K

D
clim

ate-narrow
-69

46

30 40 50

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

20 40 60

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

30 40 50

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 20 40

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

20 30 40

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

38 40 42

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

10 15 20

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

12 14 16

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

10 20 30

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 5 10

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 10 20

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 5

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

-5 0 5

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

200 300 400

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

P
re

s
s
u

re
 (

h
P

a
)

0-350 cm-1

0 50

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

350-500 cm-1

0 50

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

500-630 cm-1

0 50

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

630-700 cm-1

0 20 40

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

700-820 cm-1

0 20 40

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

820-980 cm-1

0 10 20

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

980-1080 cm-1

0 5 10

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

1080-1180 cm-1

0 5 10

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

1180-1390 cm-1

0 10 20

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

1390-1480 cm-1

0 5 10

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

1480-1800 cm-1

0 10 20

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

1800-2080 cm-1

0 5

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

2080-3260 cm-1

0 1 2

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

Longwave

0 200 400

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

P
re

s
s
u

re
 (

h
P

a
) Reference

ecCKD-narrow-69

-20 0 20

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

P
re

s
s
u

re
 (

h
P

a
)

-5 0 5

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-2 0 2

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-10 0 10

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-2 0 2

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-0.2 0 0.2

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-5 0 5

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-0.5 0 0.5

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

-1 0 1

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-69 CKD
model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of the
error.
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Comparison of reference line-by-line and calculations by the climate-narrow-69 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.
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Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-69 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.
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Illustration of the parts of the longwave spectrum that contribute to each k term of the climate-narrow-101 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-101

Bias TOA upwelling: -0.27 W m-2

Bias surface downwelling: -0.35 W m-2

RMSE TOA upwelling: 0.36 W m-2

RMSE surface downwelling: 1.21 W m-2

RMSE heating rate (0.02-4 hPa):  0.133 K d-1

RMSE heating rate (4-1100 hPa):  0.102 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-101

Bias TOA upwelling: -0.21 W m-2

Bias surface downwelling: -0.45 W m-2

RMSE TOA upwelling: 0.31 W m-2

RMSE surface downwelling: 1.16 W m-2

RMSE heating rate (0.02-4 hPa):  0.149 K d-1

RMSE heating rate (4-1100 hPa):  0.097 K d-1

Reference profiles

0 200 400 600 800

Upwelling longwave flux (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(a)

0 100 200 300 400 500

Downwelling longwave flux (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(d)

-25 -20 -15 -10 -5 0 5

Heating rate (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(g)

-1 -0.5 0 0.5 1

Heating rate error (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(h)

Errors in profiles

-4 -2 0 2 4

Upwelling flux error (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(b)

-4 -2 0 2 4

Downwelling flux error (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(e)

Errors at surface and TOA

0 100 200 300 400

Reference TOA upwelling (W m-2)

-4

-2

0

2

4

T
O

A
 u

p
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
) (c)

0 200 400 600

Reference surface downwelling (W m-2)

-4

-2

0

2

4

S
u
rf

a
c
e
 d

o
w

n
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
)

(f)

Scenario: Present-day (2020)

CKD model: ecCKD-narrow-101

Bias TOA upwelling: -0.24 W m-2

Bias surface downwelling: -0.47 W m-2

RMSE TOA upwelling: 0.35 W m-2

RMSE surface downwelling: 1.13 W m-2

RMSE heating rate (0.02-4 hPa):  0.169 K d-1

RMSE heating rate (4-1100 hPa):  0.093 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-narrow-101

Bias TOA upwelling: -0.45 W m-2

Bias surface downwelling: -0.34 W m-2

RMSE TOA upwelling: 0.56 W m-2

RMSE surface downwelling: 1.06 W m-2

RMSE heating rate (0.02-4 hPa):  0.191 K d-1

RMSE heating rate (4-1100 hPa):  0.084 K d-1

Each boxed groups of panels evaluate the climate-narrow-101 CKD model for a single CKDMIP scenario. The
left three panels in each group show the irradiances and heating rates from the reference line-by-line calculations.
The red lines in the middle three panels show the corresponding bias in these quantities from the CKD model.
The shaded regions encompass 95% of the instantaneous errors. Panels c and f depict instantaneous errors in
upwelling TOA and downwelling surface irradiances. Error metrics are provided in the lower right.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow longwave bands (other panels) of the climate-narrow-101
CKD model. The black dashed and red solid lines correspond to the average of the 50 profiles for the “present-day” scenario, while the shaded regions encompass 95% of
the error.
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Comparison of reference line-by-line and calculations by the climate-narrow-101 model of the instantaneous clear-
sky radiative forcing from perturbing each of the five well-mixed greenhouse gases from their present-day values,
at (top row) top-of-atmosphere and (middle row) surface, averaged over the 50 profiles of the Evaluation-1 dataset.
The bottom row shows the mean change to heating rate resulting from perturbing the concentration of a gas from
its present-day value to either the maximum or minimum value in the range for that gas.

-4 -2 0 2 4 6

CO
2
 radiative forcing (W m-2)

350 

3500

C
H

4
 c

o
n
c
. 
(p

p
b
v
)

-0.3%

-0.5%

-0.1%

-0.3%
(a)

ecCKD-narrow-101

Reference

-4 -2 0 2 4 6

CO
2
 radiative forcing (W m-2)

190

540

N
2
O

 c
o
n
c
. 
(p

p
b
v
)

-2.4%

-4.6%

-2.0%

-5.7%
(b)

-1 -0.5 0 0.5

CH
4
 radiative forcing (W m-2)

180 

2240

C
O

2
 c

o
n
c
. 
(p

p
m

v
)

-1.5%

-2.5%

-1.5%

-2.3%
(c)

-1 -0.5 0 0.5

CH
4
 radiative forcing (W m-2)

190

540

N
2
O

 c
o
n
c
. 
(p

p
b
v
)

-10.3%

-13.7%

-11.8%

-14.2%
(d)

-1 -0.5 0 0.5 1

N
2
O radiative forcing (W m-2)

180 

2240

C
O

2
 c

o
n
c
. 
(p

p
m

v
)

-16.7%

-35.1%

-17.0%

-32.2%
(e)

-1 -0.5 0 0.5 1

N
2
O radiative forcing (W m-2)

350 

3500

C
H

4
 c

o
n
c
. 
(p

p
b
v
)

-14.0%

-15.4%

-15.2%

-22.1%
(f)

Evaluation of the representation of spectral overlap of CO2, CH4 and N2O by the climate-narrow-101 CKD model.
In each panel, the abscissa shows the TOA radiative forcing from perturbing a gas to either its climatic minimum
or maximum value. These radiative forcings are computed keeping the concentrations of all other well-mixed gases
at their present-day values, except for the gas on the ordinate, which is perturbed to its own climatic minimum or
maximum values.


