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ØThe state, variability and
change of the climate are to a
large extent driven by energy
transfer between the different
components of the Earth's
system.

ØEnergy flows alter clouds, and
weather and internal climate
modes can temporarily alter the
energy balance for periods of
days to several decades.

EARTH CLIMATE.

The most practical way to monitor climate state, variability and 
change is to continually assess the energy, mainly in the form of 

heat, in the Earth system. 



von Schuckmann at al., 2016

EARTH ENERGY IMBALANCE

Perturbations of the equilibrium Earth energy budget arise from 
internal or external climate variations and can create a postive or 

negative Earth energy imbalance, manifested as a radiative
flux imbalance at the top of the atmosphere



EARTH ENERGY IMBALANCE: Climate forcing

Effective radiative forcing Earth energy imbalance

von Schuckmann et al., 2016 
(up-dated from IPCC, 2013)

Dieng et al., 2017
EEI forcing due to:
Internal climate variability
(e.g. ENSO, PDO) (+/-)

Times-scales: subseasonal to decadal Times-scales: decadal and  longer

External climate forcing: 
§ Changes in solar output (+/-)
§ Milankovitch cycle (+/-)
§ Large volcanic eruptions (-) 
§ Human induced changes (+)

d(OHC)/dt (in situ)
d(OHC)/dt (satellite)
Net flux at TOA (satellite)



Earth energy budget from 1970-2011

IPCC, 2013

Cummulative energy
flow into the Earth
system (ES)

Climate feedback 
(climate sensitivity)

Balanced by 
Ø warming of ES  
Ø increase in outgoing

radiation inferred from
changes in global Earth
surface temperature

Global warming is unequivocal and contemporary increases in the Earth 
energy imbalance are directly attributable to increases in carbon dioxide and 
other greenhouse gases in the atmosphere from human activities (IPCC, 2013)



EARTH’S ENERGY IMBALANCE (EEI): INDEPENDENT ESTIMATES

All estimates show  positive values for the EEI from 0.4 up to 1 W/m2

manifested as an accumulation of heat in the Earth’s climate system.

Period EEI estimate 
[W/m2]

Reference

1960-2015 0.4 ± 0.1 Cheng et al., 2017
1993-2008 0.8 - 0.9 ± 0.1 Trenberth et al., 2011; Trenberth and 

Fasullo, 2011; Hansen et al., 2011; 
Balmaseda et al., 2013b

1993-2008 0.57 ± 0.1 Hansen et al., 2001
1993-2015 0.4 ± 0.1 von Schuckmann et al., 2017 
2001-2010 0.50 ± 0.43 Loeb et al., 2012
2001-2011 0.5-1 Trenberth et al., 2014
2005-2010 0.58 ± 0.15 Hansen et al., 2011
2005-2013 0.7 ± 0.1 Dieng et al., 2017
2005-2015 0.7-0.9 ± 0.1 Trenberth et al., 2016, 

Johnson et al., 2016
2005-2016 0.7± 0.1 von Schuckmann et al., 2018



von Schuckmann at al., 2016

EARTH ENERGY IMBALANCE



Loeb et al., 2012

Josey et 
al., 2015

Determining Earth’s energy imbalance: 
Different approaches
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IPCC, 2013
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content

CLIVAR research focus 
CONCEPT-HEAT



Palmer and 
McNeal, 2014
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Correlation in total system energy & ocean 
heat content as a function of trend length

Climate models suggest that the 
global ocean becomes the dominant 
term in the Earth’s energy budget on 

timescales longer than about 1 year 

IPCC, 2013

The Earth energy imbalance can currently best be estimated from changes in
ocean heat content, complemented by radiation measurements from space
(von Schuckmann et al., 2016, NCC)



Close correspondence: 
Rate of ocean heat content change and net flux at TOA

Estimate of the ocean 
energy budget

Cheng et al., 2017

Change in TOA net radiation and rate of global ocean heat storage from 
independent global climate observing systems should be in phase and of the same 

magnitude on annual and longer time scales (e.g. Loeb et al., 2012)

All other forms of heat storage are factors of 10 smaller at that time scale 
(Trenberth et al., 2009; Loeb et al., 2012, Palmer and Mc Neal 2014, von Schuckmann et al., 2016). 

Reconstructed
net flux at TOA 
(Allan et al., 2014)



von Schuckmann at al., 2016

The accumulation of thermal energy in the Earth system is the root 
cause of the various facets of observed climate change



Surface vs. subsurface monitoring

Dieng et al., 2017

GMST
AMO
PDO

Ø The increase in global mean Earth
surface temperature is one of the
“symptoms” of a positive EEI

Ø This picture is complicated by
substantial short-term variations owing
to internal climate variability within the
Earth system

11-year trends 
with 1 year
overlap

https://climate.nasa.gov/vital-signs/global-temperature/

Monitoring Earth’s surface temperature: A symptom of a positive EEI

annual mean
5-year mean



El Niño events
La Niña events

Steady increase of ocean heat content 
è No evidence that global warming has “paused”

Cheng et al., 
2017

2-monthly 
means

Surface vs. subsurface monitoring

Tracking changes in ocean heat content is the most robust indicator
for global warming monitoring



Surface vs. subsurface monitoring

Vertical re-distribution of heat
during ENSO:

The ocean loses heat when the 
surface layer is anomalously warm 
and gains heat when the surface 

layer is cool.

Roemmich and Gilson, 2011

Cheng et al., 2017

0-100m
100-500m

60°S-60°N
5°S-5°N, Pacific

Averaged Ocean Heat Content

Global mean temperature



Impact of variability on trend estimates

Cazenave et al., 2014, NCC

Annual global mean sea level
no correction correction

GMSL (altimetry)

Mass component for land water 
storage (ISBA/TRIP hydrolog. Model)

Sum of mass and thermosteric
(model + in situ)

Detrended global time 
series: baseline for 

correction
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Methods for global Ocean Heat Content (OHC) estimates 
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In situ
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TOA net flux

Ocean mass

2000 onwards

2002 onwards

Altimetry 1993 onwards

Methods for global Ocean Heat Content (OHC) estimates 

Earth system measurements:
Fundamental baseline for Earth energy imbalance estimates 

Golden period of Earth system measurements: from 2005 onwards 
- mostly constraint by nearly global coverage of Argo measurements -



OHC: Direct estimates from subsurface in situ measurements 

In situ measurements
< 1950 2000

1985

Global OHC integrated over 
different depth layers

Cheng et al., 2017

Estimate of the ocean
energy budget



OHC: Historical in situ measurements 

In situ
< 1950 2000

1960

Abraham et al., 2013

1985

Era of historical measurements



Observational coverage is historically 
sparse (particularly earlier in the record, 
south of 30°S and towards deeper levels) 

prior to the Argo era (from ~2005). Abraham et al. 
(2013)

Mapping approaches: 
how to deal with observational gaps

Boyer et al., 2016

Ocean heat content: Historical (pre-Argo) era



Global Ocean Heat Content: Historical & Argo era

Abraham et al., 2013

Linear trend
1993–2008

Boyer et al., 2016

§ Differences in upper-ocean heat storage between analyses due to 
mapping, bias correction, baseline climatology & data quality 
(è www.iquod.org)

§ Differences in “interannual to decadal variability” between analyses.
§ All estimates show a multi-decadal increase in OHC in both, upper and 

deep ocean regions.



Spread in the OHC analyses from historical data mainly reflects 

the sensitivity of the calculations to different choices of:

Palmer et al. (2010); Lyman et al. (2010); Abraham et al. 
(2013); Boyer et al., 2016; Cheng et al., 2017

Ø quality, types, and amount of data included

Ø correction for instrumental biases

Ø mapping approach

Ø climatological reference  

OHC: Historical in situ measurements 



•Significant contributions from  various 
independent efforts in terms of 
assembling, rescuing  and QCing historical 
ocean temperature profiles.

•But still... global database contains a 
relatively large fraction of biased, 
duplicated and substandard quality (e.g., 
lack of original and full-resolution) data and 
metadata that can confound climate-related 
research & applications.

Need for timely/effective action: 
a globally-coordinated approach.

Courtesy: Tim Boyer, NODC NOAA

Global data base: Millions of temperature profiles ($$ Tens of billions dollars)
•Historical obs. system not purposely designed for climate change monitoring

•Mix of instruments/evolving technology (various accuracies & biases)

Courtesy: IQuOD
Ocean heat content: Historical (pre-Argo) era



The IQuOD
initiative
International Quality-Controlled 
Ocean Database

Although internationally-coordinated efforts 
exist for the ocean surface and atmosphere-
ocean observations, no similar effort has 

been undertaken for the historical 
subsurface ocean observations to this date.

Overarching goal: 
An internationally-coordinated approach to maximize the quality, consistency and 
completeness of a long-term and irreplaceable subsurface ocean temperature 
archive for a wider range of Earth system, climate & oceanographic applications 
of societal benefit.
How: 
Development/implementation of an internationally-agreed framework 
By pooling expertise and resources into a single best practice community effort: 
•expect best outcome over the shortest timeframe 
•avoid duplication of human and infrastructure resources
•(particularly welcome in times of budget cuts)

Current	partners/expertise/levels	of	involvement
Argentina,	Australia,	Brazil,	Canada,	China,	France,	Germany,	India,	
Japan,	Mexico,	Norway,	Russia,	Spain,	South	Africa,	UK,	USA.

Courtesy: IQuOD

www.iquod.org

Ocean heat content: Historical (pre-Argo) era



Global Ocean Heat Content

trend 2005-2012: 0.5±0.1 Wm-2

von Schuckmann and Le Traon, 2011
von Schuckmann et al., 2014

Remaining challenges during
the Argo era

OHC: Argo era
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von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

Coverage is not yet truly global, as Argo does not cover:
Ø the deep ocean below 2000m depth
Ø the shelf areas and marginal seas
Ø pole wards of 60° latitude 
Ø the near surface layer

OHC: Argo era



0

0.2

0.4

0.6

0.8

1
KvS
IPRC
SCRIPPS

EN4
JAMSTEC

W
 / 

m
2

von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

OHC: Argo era

What can we expect to see from 
these different under-sampled 

regions?
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von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

OHC: Argo era

What can we expect to see from 
these different under-sampled 

regions?



Role of the deep ocean

Under-sampling of the ocean, especially below 700m and in the deep 
ocean may account for the main discrepancy

OHC updated from 
Levitus et al. (2002)

Growing disparity between the OHC changes in the upper 700m 
and down to 2000m after 2005: 

è warming has occurred in the 700–2000m layer

Abraham et al., 2013



Estimates of deep ocean contributions.

Abyssal warming from the 1990s to the 2000s (> 4000m; > 1000m SO)

Ø Thermosteric contributions strongest around Southern 
Ocean, where AABW is formed

Ø Most rates statistically significant at 95% confidence

Purkey and 
Johnson, 2010

Update in Desbryres et al., 2016



Balmaseda et al., 2013

The warming below 700 m 
remains even when the Argo 

observing system is withdrawn 
although the trends are 

reduced. 

In the last decade, about 30% 
of the warming has occurred 
below 700 m, contributing 
significantly to an acceleration 
of the warming trend. 

Estimates of deep ocean contributions from an ocean reanalysis



Role of deep ocean in Earth’s energy balance: Results from a climate model

Ø Approximately 30% of decades show a trend in net TOA radiation and 
SST that are of opposite sign.

Ø Ocean re-distribution of heat is the primary reason for the larger 
scatter between SST and total energy.

Decadal Variations in Net TOA Radiation, SST Trend and Ocean Heating Rate

Palmer et al., 2011

Role of SST Role of full 
depth ocean

update in von Schuckmann et al., 2016



Role of the deep ocean: estimates from the indirect method

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

Reminder: The global sea level budget



Role of the deep ocean: estimates from the indirect method

Remote sensing Ocean in situ 
observing system

Remote sensing

GMSL(t) = GMSL(t)steric + GMSL(t)ocean mass

Total Sea Level
Ocean mass
Steric sea level (0-2000m)

Steric (0-2000m)

Steric (0-700m)

Steric (700-2000m)

GMSL-GMSLmass-GMSLsteric2000

Llowel et al., 2014

von Schuckmann et al., 2014

GMSL-GMSLmass-GMSLsteric2000

Studies show that uncertainties are still too 
large and time series still to short to obtain a 
significant estimate of rel. small (~0.1 W/m2) 
deep ocean heat content/thermosteric sea 

level changes below 2000m depth.
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von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

OHC: Argo era

What can we expect to see from 
these different under-sampled 

regions?



Role of other under-sampled regions ?

Residual of the Sea level budget: 2005-2010

Altimeter:
full grid

Altimeter:
Sampled on 
Argo profile 

positions
è Argo 

sampling 
issue

0.3±0.6 mm/years 1.6±0.7 mm/years

SLres = SLtotal – SLsteric(Argo) - SLmass

von Schuckmann et al., 2014



Role of other under-sampled regions ? SLres = SLtotal – SLsteric(Argo) - SLmass

Underestimating sea level changes in the Indonesian Archipelago 
affects the global mean by 20%

Total sea level (AVISO)
AVISO, but Ind. Archip. = NaN

2005-2010:
20%

2005-2010:
7%

Steric sea level (10-1500m)

von Schuckmann et al., 2014
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von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

OHC: Argo era

What can we expect to see from 
these different under-sampled 

regions?

??
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von Schuckmann et al. (2016)

Decadal OHC (upper 2000m) 
changes (2006-2012)

Still too large spread in different
estimates !!!

OHC: Argo era

Progress can be best achieved 
through concerted international 
collaboration and initiatives …



Assessment of different products under WCRP

Cazenave et al., 2018

International assessment of thermosteric sea 
level: Time series will be made available through 

ESSD (currently under review)

Future similar assessments are planned to…

… deliver regular up-dates
… increase the number of products
… include ocean reanalyses
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Global Ocean Heat Content: Indirect estimates

Macintoch et al., 2016

von Schuckmann et al., 2014

Dieng et al., 2015

è Budget can be closed within error 
bars – but error bars are still large
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Ocean heat content estimates from reanalyses

Comparison to net flux at TOA & Argo based estimates

Trenberth et al., 2016

monthly mean

annual mean



Storto et al., 2017

Ocean heat content estimates from reanalyses

Constraining the Global Ocean Heat Content through assimilation 
of CERES derived TOA energy imbalance estimates



Ocean heat content estimates from reanalyses

Storto et al., 2016

GOHC anomaly sensitivity to reanalysis components & atmos. forcing 

Initial conditions
In situ uncertainty

SST nudging
Sea ice nudging

Assimilation setup
Model physics uncertainty

Atmospheric forcing

Bias correction and preprocessing of in situ observations represent the most 
crucial component of the reanalysis, whose perturbation accounts for up to 
60% of the ocean heat content anomaly variability in the pre-Argo period



Palmer et al., 2015

The ORA-IP intercomparison project: OHC

5-year rolling trends
Ensemble mean of 15 ORAs

Intercomparison of ocean reanalyses under ORA-IP



Intercomparison of ocean reanalyses under ORA-IP

Evaluation / assessment of different ocean reanalyses products for steric sea level

èStill a large spread in the estimates
èParticularly strong for the halosteric changes ==> mass balance 

problems of ocean reanalyses products
èSince this evaluation, significant progress had been made and 

issues had been improved.
èFuture need to maintain and continue ORA-IP activity !!!!

Storto et al., 2015



Intercomparison of ocean reanalyses under ORA-IP

Promising results obtain through the use of an ensemble mean and spread approach

Storto et al., 2015



Further evaluation under the physical budget 
constraint of the Earth energy imbalance

von Schuckmann et al., 2018
1993-2015 trend: 

0.8 ± 0.2 W/m2

Improved budget constraint closure when changes in 
the 700-2000m depth are taken into account.

Ocean heat content estimates from reanalyses

Ensemble mean of 3 ORAs
& 2 in situ products



CLIVAR research focus CONCEPT-HEAT:
Consistency between planetary energy balance and ocean heat storage

An overall goal is to bring together different climate research communities
all concerned with the energy flows in the Earth’s System to advance on the 

understanding of the uncertainties through budget constraints:

Ø Atmospheric radiation
Ø Ocean Heat Content
Ø Earth’s surface fluxes
Ø Climate variability and change
Ø Data assimilation &

operational services (R&D)
Ø Climate projection
Ø Global sea level

Remote 
sensing In situ

Reanalysis 
systems

Numerical 
model

Co-chairs: K. von Schuckmann, T. L’Ecyuer



CONCEPT-HEAT: OUTCOMES so far… 2013-2018

Fundraising Sessions
• Pre-COP21: Our common

future under climate change
• AGU 2016 & 2017
• Ocean Science 2017
• GEWEX international science 

conference

Scientific collaborations
2014-2015: ISSI working group
2016: Publication of EEI perspective
2014-2016 ESA project OHF
2016-current: WCRP sea level budget
2016-current: Transport constraints
2016-current: synthetic profile exp.
2017: Publication on review on fluxes
Future: WCRP wide collaborations

2013: CLIVAR-ESA
2014: 1st ISSI meeting
2014: Pan-CLIVAR session
2015: 2nd ISSI meeting
2015: CLIVAR C-H
2017: C-H/GDAP workshop
2018: WCRP workshop

Workshops



WCRP workshop 
“The Earth’s Energy Imbalance and its implications”

13 – 16 November 2018, Toulouse, France

Objective: 

The main objective of the workshop is to initiate a new WCRP-wide activity 
on  “The Earth’s Energy Imbalance and its implications” and to thus 

strengthen and extend the community on the Earth’s energy imbalance 
through a community wide discussion on links across all the WCRP core 

projects and relevant activities. 

Session 1 – Global estimates of Earth’s Energy Imbalance
Session 2 - Regional Energy Budgets and Energy Transports
Session 3 - Earth energy imbalance evaluation and budget closure for climate 

models and reanalyses
Session 4 -Wrap-up and way forward

ABSTRACT SUBMISSION OPEN, deadline: 13. July 2018

More information: http://www.clivar.org/events/2018-wcrp-
workshop-earth’s-energy-imbalance-and-its-implications-eei#sot



Some insight into regional sea level



Some insight into regional sea level

Regional sea level trends: 
which areas are steric driven?

Storto et al., 2018



Some insight into regional sea level

Evaluation of the sea level budget at regional scale

Rietbroeck et al., 2016



Practical exercise (Python notebook)

Calculate mean ocean heat content: 2-D maps and time series

è Start python notebook

è Open « OHC_time_series_GREP.ipynb »

è Before starting: clean cells by selecting "Cell", and "clear" in the menue. 

è Step-by-step: The execute each cell through the "RUN" button (if a number
occurs in the brackets left side, the cell is excecuted. If « * » occurs in the brackets left side, 
exceution is under progress)



Practical exercise (Python notebook)

Calculate regional trend for ocean heat content

è Start python notebook

è Open « GLOBAL_OHC_trend_1993_2016.ipynb »

è Before starting: clean cells by selecting "Cell", and "clear" in the menue. 

è Step-by-step: The execute each cell through the "RUN" button (if a number
occurs in the brackets left side, the cell is excecuted. If « * » occurs in the brackets left side, 
exceution is under progress)



THANK YOU.


