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•  Review	  of	  some	  basics	  

	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  work	  in	  progress	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
	  
•  The	  energy	  budget	  and	  some	  constraints	  from	  CERES	  data	  
•  Limited	  insights	  into	  climate	  sensi<vity	  
•  Confounding	  internal	  variability?	  

•  An	  aside	  on	  regional	  contribu<ons	  to	  the	  energy	  budget	  



Global energy balance 
The climate energy budget rather than the vertical energy budget 
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Global energy balance 
The linearized climate equation: 

ΔN  ≈  F – λΔT	  

Flux imbalance = forcing - response 



Global energy balance 
The linearized climate equation: 

ΔN  ≈  F – λΔT	  

Flux imbalance = forcing - response 

with the response approximated as proportional to the global average surface temperature. 
 
Many other response terms are possible, this first-order term does rather well. 



Equilibrium climate sensitivity 

Relationship to equilibrium change: 

ΔN  ≈  F – λΔT	  

At equilibrium ΔN = 0 and one can solve 

An important caveat is that λ is a function of the response time λ(τ) and also the rate of 
change of T. 
 
λ estimated over 10 years does not equal λ when you give the Earth a century to respond, 
for example due to changes in ocean circulation and associated clouds. 
 

ΔT  ≈  F/ λ	  

[16] It makes little difference to the result for forcing if
we evaluate N at the tropopause instead of the TOA. The
intercept of 7.2 ± 0.3 W m!2 is statistically indistinguish-
able. This is because only the first few months of integration
are affected by the stratospheric adjustment; once the
stratosphere is in a steady state, the net heat fluxes at the
tropopause and TOA must be equal.
[17] However, there is a difference in the final steady

state: The net radiative flux at the tropopause in years 21–
30 is !0.5 ± 0.2 W m!2, while at the TOA it is indistin-
guishable from zero, being !0.1 ± 0.2 W m!2 (the
uncertainty is the interannual standard deviation). The
problem is that across the tropopause, unlike the TOA,
there may be sensible and latent heat exchange in addition
to radiative heat exchange. Apparently there is an increase
in upward non-radiative heat flux of "0.5 W m!2 at the
tropopause arising from climate change, 7% of the forcing.
For a correct estimate of a based on net radiative flux, we
must evaluate N at the TOA. Our method thus does not use
tropopause radiative fluxes, avoiding the need to diagnose
the tropopause, an arbitrary and possibly systematically
biased procedure [cf. Shine et al., 2003].
[18] The regression slope for N against !T gives a =

0.99 ± 0.07 W m!2 K!1. The uncertainty from the regres-
sion uses the RMS deviation in N (the dependent variable)
from the fitted line to obtain an estimate of the uncertainty
of the points. There are two possible problems with this.
First, there is interannual correlation of variability so the
points are not independent. This leads to an underestimate
of uncertainty but not to a bias. Second, the choice of
dependent variable is arbitrary. N and !T both have random
noise, but regression assumes there is no uncertainty in !T.
This tends to flatten the slope and underestimate its uncer-
tainty. To gauge the size of the effect, we regress !T against
N, obtaining a slope of !0.94 ± 0.06 K W!1 m2, whose
reciprocal is 1.06 ± 0.07 W m!2 K!1. The effect is not
serious. However, the product of the two slopes equals the
square of the correlation coefficient, so the difference is
greater when the points have more scatter. Correction for
this could be made by a more elaborate procedure based on
statistical properties of variability in the control experiment.
Ordinary regression is adequate when statistical uncertainty
is low.
[19] For the average of years 21–30, !T = 7.18 ± 0.05 K

(interannual standard deviation). This gives an a more
precise than the value from regression, but the two are

statistically consistent (Table 1). By using the time-depen-
dent part of the experiment, our method has obtained the
same value for climate sensitivity as the normal method
does from the final steady state. Its precision could be
improved by using an ensemble of short integrations.

4. CO2 Forcing in an AOGCM

[20] Experiments with an instantaneous doubling (exper-
iment 2S, ‘‘S’’ for ‘‘sudden’’) and quadrupling (4S) of CO2

have been run with HadCM3 starting from its control
(Figure 2). These show similar behaviour to HadSM3 with
4 # CO2 (Figure 1) but due to the larger heat capacity of the
ocean they approach equilibrium more slowly. In the ninth
decade of 4 # CO2 HadCM3 has !T = 4.9 K, about 70% of
the steady-state !T of HadSM3. The values of a from
experiments 2S and 4S are consistent, but significantly
larger than the a from HadSM3 with 4 # CO2 forcing i.e.
the climate sensitivity to CO2 is smaller in HadCM3 than in
HadSM3 (Table 1). The values of F for HadCM3 and
HadSM3 are consistent.
[21] A longer HadCM3 4 # CO2 experiment (4R, ‘‘R’’

for ‘‘ramp’’) was done whose 4 # CO2 initial state was
obtained by ramping up CO2 from its control value.
Following stabilisation of CO2, !T rises for many centuries
as the deep ocean slowly takes up heat [cf. Senior and
Mitchell, 2000; Voss and Mikolajewicz, 2001], passing the
steady-state for the 4 # CO2 HadSM3 experiment. Aver-
aged over years 1100–1200 the rate of temperature rise is
"10!3 K yr!1. A clearer indication of continuing disequi-
librium is that N = 0.7 W m!2 (Figure 2).
[22] The effective climate sensitivity calculated by meth-

od B also rises with time, similar to findings by [Senior and
Mitchell, 2000] for HadCM2. Averaged over years 1100–
1200, !T2#

eff = 4.1 ± 0.1 K (uncertainty is the interdecadal
standard deviation).
[23] When we plot N against !T for experiment 4R

(Figure 2) we find they are not linearly related. By analogy

Table 1. Comparison of Results for the Climate Sensitivity from
Various Experiments

M Experiment F W m!2 a W m!2 K!1 !T2# K

A HadSM3 4 # CO2 — 1.04 ± 0.01 3.59
C HadSM3 4 # CO2 7.0 ± 0.3 0.99 ± 0.07 3.8
C HadCM3 2S yrs 1–90 3.9 ± 0.2 1.26 ± 0.09 3.0
C HadCM3 4S yrs 1–90 7.5 ± 0.3 1.19 ± 0.07 3.1
B HadCM3 4R yrs 1100–1200 — 0.91 ± 0.02 4.1
C HadSM3 solar reduction !1.2 ± 0.2 1.6 ± 0.4 2.4
A HadSM3 solar increase — 1.47 ± 0.05 2.5
C HadSM3 solar increase 3.7 ± 0.3 1.3 ± 0.2 2.9
C HadCM3 solar increase 4.2 ± 0.4 2.0 ± 0.3 1.9

The ‘‘M’’ column gives the method. Only method C gives a forcing; A
and B require it as input. The standard F2# = 3.74 ± 0.04 W m!2 was used
to convert between !T2# and a.

Figure 2. The evolution of global average TOA net
downward radiative flux with global average surface air
(1.5 m height) temperature change in HadCM3 experiments
with fixed 2 # CO2 (2S) and 4 # CO2 (4S and 4R). The
dashed line is a regression for years 500 onwards of
experiment 4R, and the dotted line illustrates the calculation
of !T2#

eff for year 1000.
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Equilibrium climate sensitivity 

Relationship to equilibrium change: 

ΔN  ≈  F – λΔT	  

At equilibrium ΔN = 0 and one can solve 

An important caveat is that λ is a function of the response time λ(τ) and also the rate of 
change of T. 
 
λ estimated over 10 years does not equal λ when you give the Earth a century to respond, 
for example due to changes in ocean circulation and associated clouds. 
 
Beware of confusing terminology about ”transient climate sensitivity” . 
 

 ΔTtransient  ≈  F/ λtransient   : the temperature change using a transient sensitivity 
 

 ΔTtransient  ≈  (F-ΔN)/ λtransient  : the transient temperature change	  
 

ΔT  ≈  F/ λ	  



Global energy balance 

Murphy et al., 2009 

55e21 J boils the Great Lakes
All the coal ever burned about 15e21 J direct
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Murphy et al., 2009 

~10 years later: 
 
 
had to expand the vertical scale 
  by 40%! 
otherwise, qualitatively similar 

55e21 J boils the Great Lakes
All the coal ever burned about 15e21 J direct



CERES data in global budget 

•  In 2009 I tried to constrain the 
outgoing radiation wedge with 
CERES and ERBE data 

 
•  It is very important to subtract 

changes in forcing 

•  I was always clear that this short-
term λ is not λ for equilibrium 
temperature 

•  I was perhaps too optimistic in 
accuracy 

changesmust be removed before analysis. This has been done
by normalizing the shortwave fluxes to the incident solar
radiation (also provided by ERBE andCERES). This amounts
to fitting albedo variation, a physical response of the Earth, as
opposed to reflected solar radiation, a quantity that varies even
if the Earth is unchanged. Note that long-term changes in solar
input are included as a forcing.
[20] One question is the proper direction of the regres-

sion: whether temperature or outgoing radiation is consid-
ered the independent variable for the regression analysis or
a neutral regression model is used. We favor ordinary
regression of outgoing radiation against temperature for

two reasons. First, we use l to predict net outgoing
radiation from observed temperature changes and ordinary
regression against temperature matches this use. Second,
time response favors regression against temperature on
relatively short time scales. If temperature variations are
changing outgoing radiation then temperature should be the
independent variable whereas if radiation variations are
affecting temperature then temperature should be the
dependent variable. Although both are true to some extent,
they can be partially separated by time response: outgoing
radiation changes are mostly immediate whereas surface
temperatures lag radiative forcing. Autocorrelation analyses

Figure 2. Regressions of ERBE and CERES outgoing radiation minus changes in radiative forcing to
give the parameter l in equation (1). Each ERBE point is one 72-day ‘‘season’’ and each CERES point is
1 month. Temperatures include both interannual and seasonal variations. Solid lines are linear fits using
ordinary regression and dashed lines using orthogonal distance regression. Slopes are shown in Table 1;
r2 values are for ordinary regression. Vertical offsets are mostly due to absolute calibration differences
and different sampling of the diurnal cycle by the sun-synchronous Terra and nonsynchronous ERBS
satellites.
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ΔN  ≈  F – λΔT	  

λ  ≈  (ΔN – F)/ΔT	  
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CERES data in global budget: 2009 

•  Aside: this plot probably yields 
a pretty good longwave offset 
between CERES and ERBE 

•  The shortwave offset is less 
certain because we don’t know 
the forcings and random cloud 
changes as well as longwave 

changesmust be removed before analysis. This has been done
by normalizing the shortwave fluxes to the incident solar
radiation (also provided by ERBE andCERES). This amounts
to fitting albedo variation, a physical response of the Earth, as
opposed to reflected solar radiation, a quantity that varies even
if the Earth is unchanged. Note that long-term changes in solar
input are included as a forcing.
[20] One question is the proper direction of the regres-

sion: whether temperature or outgoing radiation is consid-
ered the independent variable for the regression analysis or
a neutral regression model is used. We favor ordinary
regression of outgoing radiation against temperature for

two reasons. First, we use l to predict net outgoing
radiation from observed temperature changes and ordinary
regression against temperature matches this use. Second,
time response favors regression against temperature on
relatively short time scales. If temperature variations are
changing outgoing radiation then temperature should be the
independent variable whereas if radiation variations are
affecting temperature then temperature should be the
dependent variable. Although both are true to some extent,
they can be partially separated by time response: outgoing
radiation changes are mostly immediate whereas surface
temperatures lag radiative forcing. Autocorrelation analyses

Figure 2. Regressions of ERBE and CERES outgoing radiation minus changes in radiative forcing to
give the parameter l in equation (1). Each ERBE point is one 72-day ‘‘season’’ and each CERES point is
1 month. Temperatures include both interannual and seasonal variations. Solid lines are linear fits using
ordinary regression and dashed lines using orthogonal distance regression. Slopes are shown in Table 1;
r2 values are for ordinary regression. Vertical offsets are mostly due to absolute calibration differences
and different sampling of the diurnal cycle by the sun-synchronous Terra and nonsynchronous ERBS
satellites.
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CERES data in global budget: update 

•  When plotted the same way with monthly 
averages, slopes stay the same 

  longwave    -2.4 versus -2.2 W m-2 K-1 

  shortwave    1.7 versus 1.8 

changesmust be removed before analysis. This has been done
by normalizing the shortwave fluxes to the incident solar
radiation (also provided by ERBE andCERES). This amounts
to fitting albedo variation, a physical response of the Earth, as
opposed to reflected solar radiation, a quantity that varies even
if the Earth is unchanged. Note that long-term changes in solar
input are included as a forcing.
[20] One question is the proper direction of the regres-

sion: whether temperature or outgoing radiation is consid-
ered the independent variable for the regression analysis or
a neutral regression model is used. We favor ordinary
regression of outgoing radiation against temperature for

two reasons. First, we use l to predict net outgoing
radiation from observed temperature changes and ordinary
regression against temperature matches this use. Second,
time response favors regression against temperature on
relatively short time scales. If temperature variations are
changing outgoing radiation then temperature should be the
independent variable whereas if radiation variations are
affecting temperature then temperature should be the
dependent variable. Although both are true to some extent,
they can be partially separated by time response: outgoing
radiation changes are mostly immediate whereas surface
temperatures lag radiative forcing. Autocorrelation analyses

Figure 2. Regressions of ERBE and CERES outgoing radiation minus changes in radiative forcing to
give the parameter l in equation (1). Each ERBE point is one 72-day ‘‘season’’ and each CERES point is
1 month. Temperatures include both interannual and seasonal variations. Solid lines are linear fits using
ordinary regression and dashed lines using orthogonal distance regression. Slopes are shown in Table 1;
r2 values are for ordinary regression. Vertical offsets are mostly due to absolute calibration differences
and different sampling of the diurnal cycle by the sun-synchronous Terra and nonsynchronous ERBS
satellites.
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CERES data in global budget: update 

•  With 10 years more data we can now 
use annual averages. 

•  They should work better 

•  But … they yield various slopes 
depending on the time period 

 
•  I think I underestimated the 

importance of internal variability 
2016 ENSO? 

•  If we knew them, internal changes 
might be considered “forcing” and 
subtracted 

•  Subtle questions about whether 
anomalously warm years represent 
internal variability or a hint of a 
warmer world 



Annual or monthly anomalies 

•  Longwave radiative feedback should be straightforward, models are at -2.2 W m-2 K-1 

•  Why is the slope from annual averages so large? 

•  Again, questions about internal variability or a hint of a warmer world 

-2.4 W m-2 K-1	  
-3.2 W m-2 K-1	  

natural	  forcing	   	   	   	  feedback	  



Can we use time history to constrain climate feedback? 

•  Larger λ requires smaller 
aerosol forcing, and vice 
versa. 

•  There is no unique 
solution purely from 
energy balance. 

•  Look for a λ that is 
simultaneously plausible 
for the 1970s and the 
2000s. 
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Can we use time history to constrain climate feedback? 

•  λ > 2.4 requires recent 
aerosol forcing near zero, 
probably not physical 

•  A new ocean heat content 
analysis is not far off my 2009 
paper with same λ

•  Suggests a little over 1 W m-2 
aerosol forcing 1980-2000 

•  Main result of 2009 paper 

•  Dashed: next slide will show 
that λ is far more important 
than uncertainties in OHC 
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Can we use time history to constrain climate feedback? 

•  λ > 2.4 requires recent 
aerosol forcing near zero, 
probably not physical 

•  Central estimates 
 

•  λ ≤ 0.6 implies a rapidly rising 
aerosol forcing, probably 
inconsistent with emissions.  

•  Unfortunately 0.6 to 2.4 does 
little to narrow range in λ. 
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Can we measure those aerosol forcing trends? 

Range of 0.5 W m-2 

•  MISR data with simple 
radiative transfer model 
trend 2001-2012 

•  Satellites can see the 
regional changes. 

 
•  Significant changes in 

the global average are 
in the noise. 

All-sky shortwave with constant monthly local cloud climatology from MODIS, Optical depth, Angstrom 
exponent, SSA from MISR. Constant asymmetry parameter.

Accurate trends would require aerosol optical depth to <0.005 decade-1 



Some regional emission analysis 

•  (nothing to do with CERES) 
•  (lots to do with the energy budget) 

 
•  What parts of the world contribute to these wedges?  



Some regional emission analysis 

•  (nothing to do with CERES) 
•  (lots to do with the energy budget) 

 
•  What parts of the world contribute to these wedges?  
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Conclusions 

•  The overall Earth energy budget to date does not imply a unique climate 
sensitivity, depending on allotting energy to aerosol forcing or climate feedback. 

•  Climate feedbacks (decadal) between about 0.8 to 3 W m-2 K-1 are compatible 
with CERES data, depending on how the data are chosen and averaged. 

•  Climate feedbacks (decadal) between about 0.6 to 2.5 W m-2 K-1 are compatible 
with energy balance, depending on recent trends in aerosol forcing. 

•  Long-term feedback is probably smaller (higher climate sensitivity).   

•  There are difficult questions in how to identify and treat internal climate 
variability in both the CERES or energy budget data. 



One slide: Longwave feedbacks 

IPCC AR5 model spread 
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•  Model feedback 
Planck:      -3.2 W m-2 K-1 
Water+lapse: 1.0 W m-2 K-1 
 

•  CERES slope: -2.2 W m-2 K-1 
 (not exactly the same thing: 
e.g. clouds have IR effects) 



Aerosols: a global picture 
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Absolute long-term changes are daunting 

•  Aerosol optical depth:  0.005 decade-1 

•  Total energy: (e.g. CERES): < 0.04% decade-1 

•  Cloud cover:     perhaps 0.1% decade-1 

•  Single scattering albedo:  perhaps 0.01 decade-1 

Subjective: Say that ± 0.15 W m-2 is significant 
What stability is required for the 15 years Terra has been in orbit? 



Planck feedback 

d/dT(εσT4) 	   	  ε = mean emissivity 
 
  = 4εσT3	  
 

   = 4εσT4/T	  
	  
	  	  =	  4(Eout)/T	  
	  
	  	  Eout	  /	  T	  ≈	  0.75	  W	  m-‐2	  K-‐1	  
	  
Planck	  feedback	  ≈	  3	  W	  m-‐2	  K-‐1	  
	  
	  	  	  
 
 
 
 



Absolute long-term changes are daunting 

Example: many measurements depend on a cloud filter 

•  Relative changes in the MISR and MODIS cloud filters: 

•  12% changes over the tropical oceans. 

(as of 2013 download; newer data versions may help this)	  



Aerosols: a global picture 
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