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Methodology 
n  Decompose changes in radiative flux at TOA into contributions from 

temperature, water vapor, clouds, ice/snow using kernels. 

n  Separate feedbacks from forcings by regressing state variables (T, WV, etc.) 
against global mean surface temperature.  
¨   “Radiative Feedbacks” are correlated to temperature. 
¨   “Radiative Adjustments” are not (e.g., stratospheric cooling). 

n  Use “Abrupt 4xCO2” scenario to de-correlate forcing from surface warming.  

 
n  Many other studies on this topic: Andrews et al. 2012, Block and Mauritsen 

2013, Huang 2013, Vial et al. 2013, Zelinka et al. 2013, and others … 
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Not “true” adjustments, but artifacts of spatial variations in warming 



Contributions to Intermodel Spread in TOA Flux 
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Intermodel Spread in 4xCO2 Forcing 
 

Adjusted Forcing 
(Inst. Forcing + Strat. Adj. + Trop. Adj.) 
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Spread is primarily due to IF and stratospheric cooling (i.e. radiative transfer) 



Evaluating Radiative Forcing from Kernels 
 

1)  Compare Adjusted Forcing with other methods from CMIP5 
i.  Regression (“Gregory”) Method 

 - Regress net TOA flux vs surface temperature 
 - Slope is sensitivity and intercept (ΔT=0) is forcing  

 
       ii. Fixed SST (“Hansen”) Method 

 - Increase CO2 while holding SSTs fixed to suppress feedbacks 

Figure 1. Relationships between the change in net top-of-atmosphere radiative flux, N, and global-mean surface-air-tem-
perature change, DT, after an instantaneous quadrupling of CO2. Data points are global-annual-means. Lines represent ordi-
nary least squares regression fits to 150 years of data (correlation coefficients, r, are shown). The intercept at DT = 0 gives
the adjusted radiative forcing, F. The slope of the curve, !a, measures the strength of the feedbacks in the climate system,
the ‘climate feedback parameter’. The intercept at N = 0 gives the equilibrium DT, which can alternatively be estimated by
F/a. Red crosses represent an independent estimation of the 4xCO2 adjusted radiative forcing from fixed-SST experiments.
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Comparison of Adjusted Forcing 
 

Kernel-based Adjusted Forcing (W/m2)
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Kernel estimates of adjusted forcing agree well (~0.5 W/m2) with other methods 



Evaluating Radiative Forcing from Kernels 
 

1)  Compare Adjusted Forcing with other methods from CMIP5 
 

i.  Regression “Gregory” Method (Abrupt 4xCO2) 
 Regress TOA net flux vs surface temperature à 
 Slope is sensitivity and intercept (ΔT=0) is forcing  

 
       ii. Fixed SST “Hansen” Method (AMIP 4xCO2) 

 Increase CO2 while holding SSTs fixed to suppress feedbacks 
 
 
2) Compare to Double Call calculations from CMIP5 (Abrupt 4xCO2) 
 



Comparison of Direct and Adjusted Forcing 
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There is a ~2.5 W/m2 spread in both Kernel and “Double Call” estimates of IF 



Evaluating Radiative Forcing from Kernels 
 

1)  Compare Adjusted Forcing with other methods from CMIP5 
 

i.  Regression “Gregory” Method (Abrupt 4xCO2) 
 Regress TOA net flux vs surface temperature à 
 Slope is sensitivity and intercept (ΔT=0) is forcing  

 
       ii. Fixed SST “Hansen” Method (AMIP 4xCO2) 

 Increase CO2 while holding SSTs fixed to suppress feedbacks 
 
 
2) Compare to Double Call calculations from CMIP5 (Abrupt 4xCO2) 
 
 
3) Compare to RTMIP forcing calculations for 2xCO2 (Collins et al 2006) 
 



Comparison of Direct and Adjusted Forcing 

(b) Instantaneous
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Kernel estimates of inst. forcing are consistent with those of Collins et al. (2006) 



Conclusion 

Double Call calculations of IF should be 

mandatory for each emission scenario in CMIP6 
 



Regional Distribution of Tropospheric Adjustments 

Large regional variations in tropospheric adjustments 



Regional Distribution of Tropospheric Feedbacks 

Regional variations in adjustments tend to oppose the corresponding feedback  



ΔTeff with Tropospheric Adjustment (K)
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Separate Feedbacks from Adjustments 



Conclusions 

n  The intermodel spread in adjusted forcing from CO2 is nearly as 
large as the spread in climate sensitivity.  

n  Instantaneous forcing and stratospheric adjustment are the 
dominant contributors to this spread. 

n   This is largely an RT modeling issue à “Low hanging Fruit” 

n  Tropospheric “adjustments” to CO2 are strongly tied to regional 
variations in surface warming and, to some extent, are artifacts of 
methodology.  

n  Ignoring tropospheric adjustments to CO2 introduces little 
uncertainty in estimates of climate sensitivity. 
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plotted in Figure 6. The forcings from increasing N2O and
CFCs from concentrations at 1860 to 2000 are shown in
Figure 7, and the corresponding forcings from increasing
CH4 and CFCs are shown in Figure 8. The absorption by
CFC-11 and CFC-12 occurs almost entirely between 5 and
22.2 mm [e.g., Christidis et al., 1997] and therefore short-
wave forcing by these compounds may be neglected. As
Figures 6–8 clearly show, all of the AOGCM codes in this
intercomparison omit the effects of CH4 and N2O on
shortwave fluxes and forcings. While the omission of
N2O does not introduce a large absolute error in the forcings,
recent increases in CH4 produce decreases of up to
!0.5 W m!2 in the net shortwave fluxes at the surface in
the LBL calculations (S. Freidenreich, personal communi-
cation, 2004). The AOGCMs also tend to overestimate the
longwave forcing at the surface by both N2O and CH4, and
these differences are statistically significant (Table 8). It is
also evident from Figures 7 and 8 that the ranges of LBL
longwave forcings for these cases are generally larger than

the corresponding ranges for the other cases. When CH4

and N2O are paired with CFC-11 and CFC-12, the spread
in LBL longwave forcings at each of the mandatory levels
is larger by at least 2 times than the corresponding range in
the LBL calculation with CH4 and N2O alone (Table 8). In
addition, the spread in the LBL results for N2O combined
with the CFCs is nearly identical to the spread for CH4

combined with the CFCs. These results indicate that the
divergence among LBL codes is related to the introduction
of chlorofluorocarbons in the longwave calculations. While
the discrepancy has been traced to one of the LBL codes in
the intercomparison, the cause of the discrepancy has not
been determined at this time. The authors and LBL
developers are continuing to investigate this issue. These
results imply that inaccuracies in the treatment of forcing
by trace gases other than CO2 need further systematic
analysis.
[27] The longwave forcing from increasing H2O is quite

well simulated with the AOGCM codes (Figure 9). The

Figure 3. (left) Longwave forcings at TOM, 200 hPa, and the surface for increasing CO2 from 287 to
369 ppmv (case 2a-1a, Table 2). AOGCM forcings are shown as box-and-whisker diagrams with
percentiles given in the legend. The minimum-to-maximum range and median are plotted for the LBL
codes. (right) Corresponding shortwave forcings.

Figure 4. (left) Longwave forcings at TOM, 200 hPa, and the surface for increasing CO2 from 287 to
574 ppmv (case 2b-1a, Table 2; same symbols as Figure 3). (right) Corresponding shortwave forcings.
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Radiative forcing by well-mixed greenhouse gases:
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[1] The radiative effects from increased concentrations of well-mixed greenhouse gases
(WMGHGs) represent the most significant and best understood anthropogenic forcing
of the climate system. The most comprehensive tools for simulating past and future
climates influenced by WMGHGs are fully coupled atmosphere-ocean general circulation
models (AOGCMs). Because of the importance of WMGHGs as forcing agents it is
essential that AOGCMs compute the radiative forcing by these gases as accurately as
possible. We present the results of a radiative transfer model intercomparison between
the forcings computed by the radiative parameterizations of AOGCMs and by
benchmark line-by-line (LBL) codes. The comparison is focused on forcing by CO2, CH4,
N2O, CFC-11, CFC-12, and the increased H2O expected in warmer climates. The
models included in the intercomparison include several LBL codes and most of the global
models submitted to the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). In general, the LBL models are in excellent agreement with
each other. However, in many cases, there are substantial discrepancies among the
AOGCMs and between the AOGCMs and LBL codes. In some cases this is because the
AOGCMs neglect particular absorbers, in particular the near-infrared effects of CH4 and
N2O, while in others it is due to the methods for modeling the radiative processes. The biases
in the AOGCM forcings are generally largest at the surface level. We quantify these
differences and discuss the implications for interpreting variations in forcing and response
across the multimodel ensemble of AOGCM simulations assembled for the IPCC AR4.

Citation: Collins, W. D., et al., (2006), Radiative forcing by well-mixed greenhouse gases: Estimates from climate models in the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4), J. Geophys. Res., 111, D14317,
doi:10.1029/2005JD006713.

1. Introduction

[2] One of the major factors underlying recent climate
change is radiative forcing. Radiative forcing is an exter-
nally imposed change in the radiative energy budget of the

Earth’s climate system [Intergovernmental Panel on Climate
Change (IPCC), 2001]. The energy budget is characterized
by an approximate balance between shortwave absorption
and longwave emission by the climate system [e.g., Kiehl
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Spread in 2xCO2 forcing for MLS Profiles: LW =1.2 W/m2  SW=0.25 W/m2 
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Adjustments + Feedback from mean warming of 0.5K 

Intermodel Spread in Adjustments and Feedbacks 

Vial et al. (2013) estimates of 
adjustments larger and have 
less spread.  
 
The bias is due to aliasing of  
feedbacks into adjustment due 
to mean warming of ~0.5 K 
in fixed SST experiments. 
 
Zelinka et al. (2013) also used 
fixed SST and has positive  
cloud adj. (w larger spread) 

(Chung and Soden 2015) 



Profiles of Instantaneous Radiative Forcing 
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