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Overview

This automatically generated document contains an evaluation of the performance of ecCKD for generating short-
wave 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 Intercompar-
ison Project (CKDMIP)1. Shorwave radiative transfer is performed using a two-stream solver. The ecCKD tool has
been used to generate CKD models with the following band structure(s): 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).

1https://confluence.ecmwf.int/display/CKDMIP
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(f)

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 1–18, which cover climate condi-
tions from glacial maximum up to the worst of the CMIP6 future scenarios, and perturbations of the individual
greenhouse gases CO2, CH4 and N2O.
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Model 1: ecCKD climate-wide-14
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Illustration of the parts of the shortwave 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: 0.04 W m-2

Bias surface downwelling: -0.49 W m-2

RMSE TOA upwelling: 2.28 W m-2

RMSE surface downwelling: 3.97 W m-2

RMSE heating rate (0.02-4 hPa):  0.664 K d-1

RMSE heating rate (4-1100 hPa):  0.199 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-14

Bias TOA upwelling: 0.12 W m-2

Bias surface downwelling: -0.10 W m-2

RMSE TOA upwelling: 2.30 W m-2

RMSE surface downwelling: 4.05 W m-2

RMSE heating rate (0.02-4 hPa):  0.665 K d-1

RMSE heating rate (4-1100 hPa):  0.201 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-14

Bias TOA upwelling: 0.17 W m-2

Bias surface downwelling: 0.22 W m-2

RMSE TOA upwelling: 2.32 W m-2

RMSE surface downwelling: 4.14 W m-2

RMSE heating rate (0.02-4 hPa):  0.659 K d-1

RMSE heating rate (4-1100 hPa):  0.201 K d-1
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Scenario: Future

CKD model: ecCKD-wide-14

Bias TOA upwelling: 0.11 W m-2

Bias surface downwelling: 0.29 W m-2

RMSE TOA upwelling: 2.30 W m-2

RMSE surface downwelling: 4.22 W m-2

RMSE heating rate (0.02-4 hPa):  0.598 K d-1

RMSE heating rate (4-1100 hPa):  0.204 K d-1

Each boxed group 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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide short-
wave 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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Model 2: ecCKD climate-wide-22
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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-wide-22 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-22

Bias TOA upwelling: 0.66 W m-2

Bias surface downwelling: 0.54 W m-2

RMSE TOA upwelling: 1.67 W m-2

RMSE surface downwelling: 2.30 W m-2

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

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

CKD model: ecCKD-wide-22

Bias TOA upwelling: 0.72 W m-2

Bias surface downwelling: 0.76 W m-2

RMSE TOA upwelling: 1.71 W m-2

RMSE surface downwelling: 2.38 W m-2

RMSE heating rate (0.02-4 hPa):  0.683 K d-1

RMSE heating rate (4-1100 hPa):  0.185 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-22

Bias TOA upwelling: 0.76 W m-2

Bias surface downwelling: 0.96 W m-2

RMSE TOA upwelling: 1.74 W m-2

RMSE surface downwelling: 2.47 W m-2

RMSE heating rate (0.02-4 hPa):  0.655 K d-1

RMSE heating rate (4-1100 hPa):  0.186 K d-1

Reference profiles
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(f)

Scenario: Future

CKD model: ecCKD-wide-22

Bias TOA upwelling: 0.71 W m-2

Bias surface downwelling: 1.00 W m-2

RMSE TOA upwelling: 1.72 W m-2

RMSE surface downwelling: 2.56 W m-2

RMSE heating rate (0.02-4 hPa):  0.661 K d-1

RMSE heating rate (4-1100 hPa):  0.199 K d-1

Each boxed group of panels evaluate the climate-wide-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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide short-
wave bands (other panels) of the climate-wide-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-wide-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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Scenario: Glacial Maximum

CKD model: ecCKD-wide-27

Bias TOA upwelling: -0.99 W m-2

Bias surface downwelling: -0.84 W m-2

RMSE TOA upwelling: 1.27 W m-2

RMSE surface downwelling: 1.45 W m-2

RMSE heating rate (0.02-4 hPa):  0.518 K d-1

RMSE heating rate (4-1100 hPa):  0.108 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-27

Bias TOA upwelling: -0.93 W m-2

Bias surface downwelling: -0.62 W m-2

RMSE TOA upwelling: 1.22 W m-2

RMSE surface downwelling: 1.34 W m-2

RMSE heating rate (0.02-4 hPa):  0.488 K d-1

RMSE heating rate (4-1100 hPa):  0.103 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-27

Bias TOA upwelling: -0.89 W m-2

Bias surface downwelling: -0.45 W m-2

RMSE TOA upwelling: 1.19 W m-2

RMSE surface downwelling: 1.25 W m-2

RMSE heating rate (0.02-4 hPa):  0.466 K d-1

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

Reference profiles
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(f)

Scenario: Future

CKD model: ecCKD-wide-27

Bias TOA upwelling: -0.92 W m-2

Bias surface downwelling: -0.42 W m-2

RMSE TOA upwelling: 1.21 W m-2

RMSE surface downwelling: 1.21 W m-2

RMSE heating rate (0.02-4 hPa):  0.465 K d-1

RMSE heating rate (4-1100 hPa):  0.106 K d-1

Each boxed group of panels evaluate the climate-wide-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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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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-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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-wide-38 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-38

Bias TOA upwelling: 0.45 W m-2

Bias surface downwelling: -0.37 W m-2

RMSE TOA upwelling: 0.58 W m-2

RMSE surface downwelling: 0.90 W m-2

RMSE heating rate (0.02-4 hPa):  0.212 K d-1

RMSE heating rate (4-1100 hPa):  0.057 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-38

Bias TOA upwelling: 0.49 W m-2

Bias surface downwelling: -0.21 W m-2

RMSE TOA upwelling: 0.62 W m-2

RMSE surface downwelling: 0.80 W m-2

RMSE heating rate (0.02-4 hPa):  0.200 K d-1

RMSE heating rate (4-1100 hPa):  0.058 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-38

Bias TOA upwelling: 0.52 W m-2

Bias surface downwelling: -0.08 W m-2

RMSE TOA upwelling: 0.64 W m-2

RMSE surface downwelling: 0.73 W m-2

RMSE heating rate (0.02-4 hPa):  0.202 K d-1

RMSE heating rate (4-1100 hPa):  0.059 K d-1
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Scenario: Future

CKD model: ecCKD-wide-38

Bias TOA upwelling: 0.49 W m-2

Bias surface downwelling: -0.07 W m-2

RMSE TOA upwelling: 0.62 W m-2

RMSE surface downwelling: 0.64 W m-2

RMSE heating rate (0.02-4 hPa):  0.225 K d-1

RMSE heating rate (4-1100 hPa):  0.058 K d-1

Each boxed group of panels evaluate the climate-wide-38 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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide short-
wave bands (other panels) of the climate-wide-38 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-38 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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Model 5: ecCKD climate-wide-60
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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-wide-60 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-60

Bias TOA upwelling: 0.57 W m-2

Bias surface downwelling: 0.02 W m-2

RMSE TOA upwelling: 0.61 W m-2

RMSE surface downwelling: 0.34 W m-2

RMSE heating rate (0.02-4 hPa):  0.112 K d-1

RMSE heating rate (4-1100 hPa):  0.054 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-60

Bias TOA upwelling: 0.61 W m-2

Bias surface downwelling: 0.15 W m-2

RMSE TOA upwelling: 0.64 W m-2

RMSE surface downwelling: 0.33 W m-2

RMSE heating rate (0.02-4 hPa):  0.112 K d-1

RMSE heating rate (4-1100 hPa):  0.054 K d-1

Reference profiles
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-60

Bias TOA upwelling: 0.62 W m-2

Bias surface downwelling: 0.26 W m-2

RMSE TOA upwelling: 0.66 W m-2

RMSE surface downwelling: 0.35 W m-2

RMSE heating rate (0.02-4 hPa):  0.112 K d-1

RMSE heating rate (4-1100 hPa):  0.052 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-wide-60

Bias TOA upwelling: 0.59 W m-2

Bias surface downwelling: 0.24 W m-2

RMSE TOA upwelling: 0.63 W m-2

RMSE surface downwelling: 0.34 W m-2

RMSE heating rate (0.02-4 hPa):  0.116 K d-1

RMSE heating rate (4-1100 hPa):  0.050 K d-1

Each boxed group of panels evaluate the climate-wide-60 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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide short-
wave bands (other panels) of the climate-wide-60 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-60 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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-wide-84 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-wide-84

Bias TOA upwelling: 0.16 W m-2

Bias surface downwelling: -0.06 W m-2

RMSE TOA upwelling: 0.20 W m-2

RMSE surface downwelling: 0.26 W m-2

RMSE heating rate (0.02-4 hPa):  0.068 K d-1

RMSE heating rate (4-1100 hPa):  0.046 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-wide-84

Bias TOA upwelling: 0.18 W m-2

Bias surface downwelling: 0.00 W m-2

RMSE TOA upwelling: 0.21 W m-2

RMSE surface downwelling: 0.21 W m-2

RMSE heating rate (0.02-4 hPa):  0.068 K d-1

RMSE heating rate (4-1100 hPa):  0.045 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-wide-84

Bias TOA upwelling: 0.18 W m-2

Bias surface downwelling: 0.04 W m-2

RMSE TOA upwelling: 0.22 W m-2

RMSE surface downwelling: 0.17 W m-2

RMSE heating rate (0.02-4 hPa):  0.069 K d-1

RMSE heating rate (4-1100 hPa):  0.044 K d-1
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Scenario: Future

CKD model: ecCKD-wide-84

Bias TOA upwelling: 0.15 W m-2

Bias surface downwelling: -0.03 W m-2

RMSE TOA upwelling: 0.19 W m-2

RMSE surface downwelling: 0.19 W m-2

RMSE heating rate (0.02-4 hPa):  0.066 K d-1

RMSE heating rate (4-1100 hPa):  0.043 K d-1

Each boxed group of panels evaluate the climate-wide-84 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 for
five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 5 wide short-
wave bands (other panels) of the climate-wide-84 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-84 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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-narrow-16 model.

Reference profiles

0 50 100 150 200

Upwelling shortwave flux (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(a)

0 500 1000 1500

Downwelling shortwave flux (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(d)
µ

0
 = 0.1

µ
0
 = 0.3

µ
0
 = 0.5

µ
0
 = 0.7

µ
0
 = 0.9

0 10 20 30 40

Heating rate (K d-1)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(g)

-3 -2 -1 0 1 2 3

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

-5 0 5

Upwelling flux error (W m-2)

10-2

10-1

100

101

102

103

P
re

s
s
u
re

 (
h
P

a
)

(b)

-5 0 5

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 50 100 150 200 250

Reference TOA upwelling (W m-2)

-5

0

5

T
O

A
 u

p
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
) (c)

0 200 400 600 800 1000 1200

Reference surface downwelling (W m-2)

-5

0

5

S
u
rf

a
c
e
 d

o
w

n
w

e
lli

n
g
 e

rr
o
r 

(W
 m

-2
)

(f)

Scenario: Glacial Maximum

CKD model: ecCKD-narrow-16

Bias TOA upwelling: -0.98 W m-2

Bias surface downwelling: -2.87 W m-2

RMSE TOA upwelling: 1.65 W m-2

RMSE surface downwelling: 3.28 W m-2

RMSE heating rate (0.02-4 hPa):  0.454 K d-1

RMSE heating rate (4-1100 hPa):  0.215 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-16

Bias TOA upwelling: -0.88 W m-2

Bias surface downwelling: -2.48 W m-2

RMSE TOA upwelling: 1.56 W m-2

RMSE surface downwelling: 2.89 W m-2

RMSE heating rate (0.02-4 hPa):  0.443 K d-1

RMSE heating rate (4-1100 hPa):  0.215 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-16

Bias TOA upwelling: -0.78 W m-2

Bias surface downwelling: -2.05 W m-2

RMSE TOA upwelling: 1.47 W m-2

RMSE surface downwelling: 2.48 W m-2

RMSE heating rate (0.02-4 hPa):  0.435 K d-1

RMSE heating rate (4-1100 hPa):  0.217 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-narrow-16

Bias TOA upwelling: -0.76 W m-2

Bias surface downwelling: -1.83 W m-2

RMSE TOA upwelling: 1.46 W m-2

RMSE surface downwelling: 2.28 W m-2

RMSE heating rate (0.02-4 hPa):  0.510 K d-1

RMSE heating rate (4-1100 hPa):  0.230 K d-1

Each boxed group of panels evaluate the climate-narrow-16 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow shortwave bands (other panels) of the climate-narrow-16
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-16 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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-narrow-23 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-23

Bias TOA upwelling: -2.92 W m-2

Bias surface downwelling: -3.16 W m-2

RMSE TOA upwelling: 3.14 W m-2

RMSE surface downwelling: 3.69 W m-2

RMSE heating rate (0.02-4 hPa):  0.170 K d-1

RMSE heating rate (4-1100 hPa):  0.149 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-23

Bias TOA upwelling: -2.86 W m-2

Bias surface downwelling: -2.84 W m-2

RMSE TOA upwelling: 3.07 W m-2

RMSE surface downwelling: 3.39 W m-2

RMSE heating rate (0.02-4 hPa):  0.153 K d-1

RMSE heating rate (4-1100 hPa):  0.141 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-23

Bias TOA upwelling: -2.81 W m-2

Bias surface downwelling: -2.57 W m-2

RMSE TOA upwelling: 3.01 W m-2

RMSE surface downwelling: 3.13 W m-2

RMSE heating rate (0.02-4 hPa):  0.144 K d-1

RMSE heating rate (4-1100 hPa):  0.135 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-23

Bias TOA upwelling: -2.81 W m-2

Bias surface downwelling: -2.52 W m-2

RMSE TOA upwelling: 3.02 W m-2

RMSE surface downwelling: 3.06 W m-2

RMSE heating rate (0.02-4 hPa):  0.156 K d-1

RMSE heating rate (4-1100 hPa):  0.143 K d-1

Each boxed group of panels evaluate the climate-narrow-23 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow shortwave bands (other panels) of the climate-narrow-23
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-23 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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-narrow-25 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-25

Bias TOA upwelling: -2.70 W m-2

Bias surface downwelling: -2.24 W m-2

RMSE TOA upwelling: 2.89 W m-2

RMSE surface downwelling: 2.60 W m-2

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

RMSE heating rate (4-1100 hPa):  0.157 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-25

Bias TOA upwelling: -2.64 W m-2

Bias surface downwelling: -1.99 W m-2

RMSE TOA upwelling: 2.82 W m-2

RMSE surface downwelling: 2.36 W m-2

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

RMSE heating rate (4-1100 hPa):  0.148 K d-1

Reference profiles
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-25

Bias TOA upwelling: -2.59 W m-2

Bias surface downwelling: -1.79 W m-2

RMSE TOA upwelling: 2.77 W m-2

RMSE surface downwelling: 2.16 W m-2

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

RMSE heating rate (4-1100 hPa):  0.141 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-narrow-25

Bias TOA upwelling: -2.59 W m-2

Bias surface downwelling: -1.75 W m-2

RMSE TOA upwelling: 2.76 W m-2

RMSE surface downwelling: 2.11 W m-2

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

RMSE heating rate (4-1100 hPa):  0.147 K d-1

Each boxed group of panels evaluate the climate-narrow-25 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.



M
odel9:

ecC
K

D
clim

ate-narrow
-25

28

0 0.5

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 0.5 1

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 0.5

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 1 2

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 1 2

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 2 4

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

4 6 8

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

20 25

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

20 30 40

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

0 5

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

0 0.005 0.01

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

50 100 150

Flux up (W m-2)

10 -2

10 -1

100

101

102

103

P
re

s
s
u
re

 (
h

P
a

)

250-2600 cm
-1

0 5 10

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

2600-3250 cm
-1

0 5 10

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

3250-4000 cm
-1

0 10 20

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

4000-4650 cm
-1

5 10 15

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

4650-5150 cm
-1

0 10 20

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

5150-6150 cm
-1

10 20 30

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

6150-8050 cm
-1

0 50 100

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

8050-12850 cm
-1

100 150 200

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

12850-16000 cm
-1

90 100 110

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

16000-22650 cm
-1

140 160 180

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

22650-29000 cm
-1

50 60 70

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

29000-38000 cm
-1

0 20 40

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

38000-50000 cm
-1

0 1 2

Flux down (W m -2)

10 -2

10 -1

100

101

102

103

Shortwave

500 600 700

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-25

0 10 20

Heating rate (K d -1)

10 -2

10 -1

100

101

102

103

P
re

s
s
u
re

 (
h

P
a
)

0 5

Heating rate (K d -1)

0 0.1 0.2

Heating rate (K d -1)

0 5

Heating rate (K d -1)

0 0.5

Heating rate (K d -1)

0 0.5

Heating rate (K d -1)

0 0.5

Heating rate (K d -1)

0 0.5 1

Heating rate (K d -1)

0 0.5 1

Heating rate (K d -1)

0 0.5 1

Heating rate (K d -1)

0 1 2

Heating rate (K d -1)

0 0.005 0.01

Heating rate (K d -1)

0 10 20

Heating rate (K d -1)

0 5 10

Heating rate (K d -1)

Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow shortwave bands (other panels) of the climate-narrow-25
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-25 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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Model 10: ecCKD climate-narrow-35

250  5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Wavenumber (cm-1)

5

10

15

20

25

30

35

k
 t

e
rm

0

0.05

0.1

0.15

0.2

F
ra

c
ti
o

n
 o

f 
k
 t

e
rm

 i
n

 5
0

 c
m

-1
 i
n

te
rv

a
l

Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-narrow-35 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-35

Bias TOA upwelling: -1.87 W m-2

Bias surface downwelling: -1.56 W m-2

RMSE TOA upwelling: 1.97 W m-2

RMSE surface downwelling: 1.68 W m-2

RMSE heating rate (0.02-4 hPa):  0.098 K d-1

RMSE heating rate (4-1100 hPa):  0.079 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-35

Bias TOA upwelling: -1.81 W m-2

Bias surface downwelling: -1.25 W m-2

RMSE TOA upwelling: 1.90 W m-2

RMSE surface downwelling: 1.41 W m-2

RMSE heating rate (0.02-4 hPa):  0.087 K d-1

RMSE heating rate (4-1100 hPa):  0.076 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-35

Bias TOA upwelling: -1.77 W m-2

Bias surface downwelling: -1.01 W m-2

RMSE TOA upwelling: 1.86 W m-2

RMSE surface downwelling: 1.22 W m-2

RMSE heating rate (0.02-4 hPa):  0.083 K d-1

RMSE heating rate (4-1100 hPa):  0.075 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-35

Bias TOA upwelling: -1.77 W m-2

Bias surface downwelling: -0.99 W m-2

RMSE TOA upwelling: 1.85 W m-2

RMSE surface downwelling: 1.20 W m-2

RMSE heating rate (0.02-4 hPa):  0.098 K d-1

RMSE heating rate (4-1100 hPa):  0.076 K d-1

Each boxed group of panels evaluate the climate-narrow-35 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow shortwave bands (other panels) of the climate-narrow-35
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-35 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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Illustration of the parts of the shortwave spectrum that contribute to each k term of the climate-narrow-47 model.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-47

Bias TOA upwelling: -0.20 W m-2

Bias surface downwelling: -1.04 W m-2

RMSE TOA upwelling: 0.35 W m-2

RMSE surface downwelling: 1.16 W m-2

RMSE heating rate (0.02-4 hPa):  0.097 K d-1

RMSE heating rate (4-1100 hPa):  0.065 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-47

Bias TOA upwelling: -0.14 W m-2

Bias surface downwelling: -0.77 W m-2

RMSE TOA upwelling: 0.31 W m-2

RMSE surface downwelling: 0.90 W m-2

RMSE heating rate (0.02-4 hPa):  0.100 K d-1

RMSE heating rate (4-1100 hPa):  0.065 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-47

Bias TOA upwelling: -0.10 W m-2

Bias surface downwelling: -0.56 W m-2

RMSE TOA upwelling: 0.27 W m-2

RMSE surface downwelling: 0.68 W m-2

RMSE heating rate (0.02-4 hPa):  0.105 K d-1

RMSE heating rate (4-1100 hPa):  0.064 K d-1

Reference profiles
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Scenario: Future

CKD model: ecCKD-narrow-47

Bias TOA upwelling: -0.12 W m-2

Bias surface downwelling: -0.51 W m-2

RMSE TOA upwelling: 0.27 W m-2

RMSE surface downwelling: 0.62 W m-2

RMSE heating rate (0.02-4 hPa):  0.113 K d-1

RMSE heating rate (4-1100 hPa):  0.064 K d-1

Each boxed group of panels evaluate the climate-narrow-47 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Comparison of reference line-by-line and calculations by the climate-narrow-47 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.
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Scenario: Glacial Maximum

CKD model: ecCKD-narrow-66

Bias TOA upwelling: 0.08 W m-2

Bias surface downwelling: -0.29 W m-2

RMSE TOA upwelling: 0.12 W m-2

RMSE surface downwelling: 0.35 W m-2

RMSE heating rate (0.02-4 hPa):  0.072 K d-1

RMSE heating rate (4-1100 hPa):  0.053 K d-1
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Scenario: Preindustrial

CKD model: ecCKD-narrow-66

Bias TOA upwelling: 0.14 W m-2

Bias surface downwelling: -0.14 W m-2

RMSE TOA upwelling: 0.16 W m-2

RMSE surface downwelling: 0.23 W m-2

RMSE heating rate (0.02-4 hPa):  0.074 K d-1

RMSE heating rate (4-1100 hPa):  0.052 K d-1
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Scenario: Present-day (2020)

CKD model: ecCKD-narrow-66

Bias TOA upwelling: 0.18 W m-2

Bias surface downwelling: 0.01 W m-2

RMSE TOA upwelling: 0.19 W m-2

RMSE surface downwelling: 0.16 W m-2

RMSE heating rate (0.02-4 hPa):  0.078 K d-1

RMSE heating rate (4-1100 hPa):  0.050 K d-1
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Scenario: Future

CKD model: ecCKD-narrow-66

Bias TOA upwelling: 0.17 W m-2

Bias surface downwelling: 0.06 W m-2

RMSE TOA upwelling: 0.18 W m-2

RMSE surface downwelling: 0.17 W m-2

RMSE heating rate (0.02-4 hPa):  0.080 K d-1

RMSE heating rate (4-1100 hPa):  0.046 K d-1

Each boxed group of panels evaluate the climate-narrow-66 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
for five values of the cosine of the solar zenith angle, µ0. The red lines in the middle three panels show the corre-
sponding 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.
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Evaluation of irradiances and heating rates for the broadband (leftmost column of panels) and the 13 narrow shortwave bands (other panels) of the climate-narrow-66
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-66 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.


