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Main Science Issue 
How well can we track the flow of energy in the climate system?  

What challenges limit our ability to track the flow? 

A Summary of: 
Fasullo and Trenberth 2008 J. CLIM a,b 

Trenberth and Fasullo, 2008 JPO 
Trenberth and Fasullo 2010 Science  
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•  A strong meridional gradient 
exists in the solar radiation 
absorbed (ASR) due largely to 
basic geometry. 

•  The gradient is amplified by 
the latitudinal gradient in 
albedo which varies 
approximately in proportion to 
olat such that RSR!100 W m-2 

•  In equilibrium, ASR=OLR 
globally but this also 
mandates a strong meridional 
gradient in the net flux since 
OLR varies with Teff

4 which 
does not exhibit as strong of a 
meridional gradient as ASR.  
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•  At the surface, there is also a 
net flux of radiant energy into 
the ocean but much of that is 
balanced by the latent heat 
flux (there is also a strong upwelling 
LW flux but this is largely balanced by a 
compensating downwelling LW 
component). And so there is a 
much greater divergence and 
transport of energy in the 
atmosphere than the ocean. 

•  The atmosphere redistributes 
this energy (latent/dry static 
energy) poleward through 
stationary and transient 
eddies  to balance RT. 
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•  The TOA budget is determined 
by absorbed solar radiation 
(ASR) and outgoing longwave 
radiation (OLR) to provide net 
incoming radiation (RT) 

•  There are large divergence 
terms in the atmosphere and 
oceans and their integrated 
contributions result in the 
meridional transport of energy. 

•  FS is the net upward surface flux 
and includes radiative and 
turbulent fluxes. 

•  Mean divergences are 
constrained by FS and RT (at equil) 

Fasullo and Trenberth 2008 JCLIM 

Reanalyses 

Satellite 

dAE 
dt 

dOE 
dt 

WOA/GODAS/JMA/ECCO/HADEN3 

Why shouldn’t one use reanalyses for each term? 
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•  So there is a strong positive net 
TOA flux into low latitudes (<40) 
and out of the higher latitudes. 

•  In the deep tropics, there is 
substantial energy entering the 
ocean, and most of this escapes 
in the subtropics. 

•  Thus poleward of ~40o, 
atmospheric divergences 
balance RT in the annual mean. 

•  The various line types 
correspond to different data 
sources and different time 
periods. Main features are 
robust.  

Fasullo and Trenberth 2008 JCLIM 
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•  As a consequence of the 
strong latent component to 
atmospheric transports and 
large thermal contrast 
between high and low 
latitudes, atmospheric 
transports dominate those of 
the ocean for all extra-
tropical latitudes. 

•  The transports are 
approximately symmetric 
across hemispheres but are 
somewhat greater in the NH 
due to stronger baroclinicity 
and eddy transports. 

Fasullo and Trenberth 2008 
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•  RT is tuned to dOE/dt. 

•  At the surface, the various 
terms must balance and thus 
the energy and water cycles 
are linked. 

•  Changes in atmospheric 
radiative cooling are balanced 
primarily by latent heating 
(hydrologic variability). 

•  This constraint is particularly 
useful for understanding the 
forced response associated 
with CO2. 

Trenberth et al. 2009, BAMS 

CERES 

GPCP 

Surface Obs 
WOA 

CLOUDSAT 
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•  By examining TOA fluxes the 
land-ocean transport can be 
computed assuming that 
excess energy is stored in the 
ocean (tendency of land in the mean 
is small) 

•  FS over land is very small in 
the annual mean and so 
RT=del*FA 

•  For ref: 0.5 PW ! 1 W m-2 
(global) 

Fasullo and Trenberth 2008 JCLIM 
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•  A robust feature of the energy 
and water cycles is that they 
experience strong land-ocean 
contrasts. 

•  It is possible to compute P-E 
from the atmospheric “budget” 
of reanalyses to compare with 
river runoff observations. This 
serves as an important check 
on the reanalysis wind and 
humidity profiles.  

(*Note: P and E from reanalyses 
is very poor generally and so 
the budget is computed from 
Q and U fields.)  

Trenberth et al. 2007, HydroMet 
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•  The seasons are driven 
primarily by the changing 
inclination of the Earth’s axis 
relative to its orbital plane 
around the Sun. 

•  However, the Earth’s orbit is 
also elliptical and this is a 
key driver of the annual 
cycle in total energy content. 

•  If one were to infer the 
sensitivity of surface 
temperature to the change 
in energy content of the 
system from the annual 
cycle, what would one find? Orbital distance varies by ~3% 

Solar Insolation varies by ~7%( or 25 Wm-2) 
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•  With the changing solar 
insolation, there is also 
a change in RT. 

•  The various satellite 
products from CERES 
and ERBE are robust in 
depicting this annual 
cycle with a signal to 
noise ratio of 10:1. 

•  The changes in albedo 
with the annual cycle 
are caused mainly by 
spatial gradients in 
albedo and thus do not 
relate directly to 
variability within the 
system.    
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•  Computing the ocean heat content tendency from 
FS (derived from RT and the atmospheric budget) 
provides a constraint on ocean heat content.    

•  While similar in form to that derived from FS, the 
magnitude of the annual cycles of OE from WOA 
and JMA are clearly excessive.  

•  GODAS variability is closer to that inferred from FS 
yet its boreal fall warming is also excessive.  

•  Thus there is an indication that systematic 
sampling/methodological biases in the ocean 
analyses project onto ocean heat content. This will 
be shown to be particularly problematic for analysis 
of interannual variability and trends. 
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•  A major challenge that 
remains in our understanding 
of the variability in the energy 
flow is the lack of well-
calibrated global observations 
over an extended record.  

•  There is little correlation 
between various estimates of 
land-ocean energy transports. 
ERA/I suggests most 
variability in other reanalyses 
is spurious. 

•  Datasets for which assimilated 
data are rare (i.e. oceans) 
would likely contain even 
larger uncertainty. 

Fasullo and Trenberth 2008 J. Clim. 
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Period over 
which dOE/dt 
was estimated 
for calibrating 
RT. 

Ishii et al 2006 

Willis et al. 2004 

Levitus 2005 (WOA) 

Really? 
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• A major focus of IPCC AR4 was to track 
the changes in energy storage in the 
climate system. 

• The oceans account for ~90% of the 
planetary imbalance for both time 
periods. The analysis suggests that 
depths 0-700m are primarily involved on 
decadal timescales (1993-2003). 

• Good closure between the ocean 
storage, total storage, and estimates of 
the planetary imbalance were obtained.  

But are these error bars too small? 

1993/2003 

1961/2003 
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Palmer et al OceanObs’09 

A Peak? 

No Trend? 

Palmer et al 2009 Significant differences exist among the various datasets. 
Error Bars are understated in general, even here. 



Climate-Gate: Energy Closure 2004-09 

"The fact is that we can't account for the lack of warming at the moment 
and it is a travesty that we can't."  

Kevin Trenberth: "It is quite clear from the paper that I was not questioning 
the link between anthropogenic greenhouse gas emissions and warming, or even 
suggesting that recent temperatures are unusual  
in the context of short-term natural variability.“ 



The Case for “Missing” Energy 

Top: Rates of change of global energy 
in W m-2  heavily smoothed.   

From 1992 to 2003 the decadal ocean heat content 
changes (blue) along with the contributions from 
melting glaciers, ice caps, Greenland, Antarctica and 
Arctic sea ice plus small contributions from land and 
atmosphere warming (red) suggest a total warming 
for the planet of 0.6±0.2 W m-2 (95% error bars) . 
After 2000, observations from TOA  (black) 
referenced to the 2000 values, show an increasing 
discrepancy (gold) relative to the total warming 
observed (red). 

Lower: The observed changes in T, MSL, and CO2 
• 12-month running means of global  mean surface temperature anomalies relative to 1901-2000 
from NOAA (red (thin) and decadal (thick)) in °C,  
•  carbon dioxide concentrations (green) in ppmv from NOAA, and  
•  global sea level from AVISO (blue, relative to 1993, scale at left in mm).  

Trenberth and Fasullo 2010 Science 
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•  Large decrease in global mean outgoing 
longwave radiation in 2008 – same 

•  Decrease in global mean reflected 
shortwave in 2008 (+0.19 Wm-2) 

•  Large increase in global mean net flux 
in 2008 (slightly larger +0.18  Wm-2) 

•  Majority of net flux increase (~69%) 
from decrease in longwave 

•  FLASHFlux showing realistic variability 



>/./#.6'#3&U/;)9'6:#3&/.))
VE@;#+/;X)G+#+/)6<)+,/)D3&:#+/)OPPQW)



D6""6J6"#Y'()D*M*G)1BM8)9HMG)

AIRS shows a strong deep tropospheric cooling when OLR falls. These are 
independent sensors -> The OLR drop is likely real. T is driving OLR. 

2008 Drop in OLR 

Courtesy Norm Loeb 
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Von  Schuckmann et al JGR 2009 

OHC 
0.77 W m-2 

 global ocean 
0.54 W m-2 

Global 

Fresh water 

Sea level 
(dashed) and 
thermosteric 
height. 
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Von  Schuckmann et al JGR 2009 

OHC 
Standard deviations of annual means 2003-2008 
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Ventilation from Antarctic Bottom Water (AABW) is primarily 
responsible for abyssal warming.  
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Uncertainties in the computation of  
upper ocean heat content are large. 

Shortly after publication of our 
‘missing’ energy article, came this 
new analysis of ocean heat content 
in Nature in May 2010. 

This analysis demonstrates the 
large influence of the bias 
correction employed for XBT data. It 
dominates the spread amongst the 
estimates.   
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Mean Trend=0.64±0.11 W m-2 (global) 

By computing heat content 
with all published XBT 
corrections and taking the 
composite mean behavior a 
more comprehensive estimate 
of the imbalance can be 
made.   

90% confidence 0.53-0.75 W m-2  
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