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Introduction

• The Earth’s energy budget :
– How the solar energy is redistributed and 

converted into different other forms of energy
– Involves multiple fluxes, transport and storage 

terms with magnitudes of ~10s or ~100s W.m-2

– Anthropogenic radiative perturbation (forcing)  of 
the order of ~1 W.m-2 or less.

– Precise knowledge of the different terms of the 
Earth’s energy budget is crucial for accurate 
climate simulations

• Motivation for the study 
– Update previous study of the global annual mean 

energy budget by Kiehl and Trenberth (1997)
– Take advantage of advances in modeling and 

satellite remote sensing
– Perform a more comprehensive assessment of 

errors
– Separate energy fluxes over ocean and land 

domains
– Provide a baseline for evaluating global climate 

models 

IPCC 4th Assessment Report (2007)



Overview of the Earth’s energy budget
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Overview of the Earth’s energy budget

• Local atmospheric energy budget: 

• Globally, over long time scales, RT (i.e. TOA 
imbalance) is small

• TOA imbalance due to anthropogenic greenhouse 
emissions estimated at 0.85 ± 0.15 W.m-2 (Hansen 
et al., 2005)

• However, RT experiences an important annual 
cycle (~20 W.m-2), globally and locally, due to:

– Changes in albedo
– Changes in solar insulation
– Note: orbital perihelion occurs on 3 January, orbital 

aphelion on 3 July. 

• Locally, in the atmosphere, divergent energy fluxes 
dominate the tendency of the total atmospheric 
energy

• The atmosphere is the dominant contributor to the 
mean poleward transport of energy outside of the 
tropics

Schematic of the local energy balance 
(only the dominant terms are shown)
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Updated energy budget

Trenberth, K. E., J. T. Fasullo and J. 
Kiehl, 2009: Earth’s global energy 
budget. Bull. Amer. Meteor. Soc,

Kiehl, J. T. and K. E. Trenberth, 1997: 
Earth’s annual global mean energy 
budget. Bull. Amer. Meteor. Soc

[cited in IPCC’s Third Assessment Report, 2001]
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Estimating the terms of the energy budget

CERES period (03/2000-05/2004) mean fluxes• TOA fluxes:
� satellite observations

• Atmospheric fluxes:
� reanalysis datasets

• Land surface fluxes :

� land surface model integration

• Ocean surface fluxes :
� ocean temperature observations

• Surface fluxes are also estimated 
from the residual of the equation: 

• Globally:

Units: petawatts (PW)
- Spatially integrated quantity
- Globally (land + ocean): 1 W.m-2 = 0.510 PW
- Over ocean (~70% of Earth’s surface): 1 W.m-2 = 0.372 PW 
- Over land (~30% of Earth’s surface): 1 W.m-2 = 0.138 PW 
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Estimating TOA energy fluxes

• Earth Radiation Budget Experiment (ERBE)
– Period: Feb. 1985 – Apr. 1989
– 3 satellites: Earth Radiation Budget Satellite (ERBS), NOAA-9 & NOAA-10
– Observations used by Kiehl, J. T. and K. E. Trenberth (1997)

• CERES instruments
– FM1 & FM2 aboard Terra satellite
– Dec. 1999 – May 2004
– Morning equatorial crossing time
– Also CERES instrument aboard Aqua

• Launched in May 2002
• Afternoon equatorial crossing time

– Compared to ERBE, CERES provides enhanced scanner resolution, higher instrument 
stability and calibration accuracy

• Differences CERES/ERBE
– Different time periods (natural variability)
– Different instruments/retrieval methodologies
� Impossible to differentiate both 



Adjustments to TOA observations

• TOA radiance measurements are adjusted 
(“tuned”) to match estimates of the global 
imbalances (RT)

• ERBE:
– TOA imbalance small � set to zero

• CERES:
– CERES imbalance: 6.4 W.m-2

– Current estimates of global imbalance:
0.85 ± 0.15 W.m-2 (Hansen, 2005)

– Adjustments to observations + albedo scaling
– CERES imbalance after adjustment: 0.9 W.m-2

• Uncertainty:
– Climatological mean fluxes estimated from a limited 

number of years
– Error associated with interannual variability

Reduced to 0.9 W.m -2

after adjustment



Other datasets

• Atmospheric fluxes and storage
– Temperature/moisture fluxes and atmospheric heat content
– Estimated from reanalysis datasets: NCEP-NCAR, ERA-40 (JRA-25 ?)

• Land surface fluxes
– Radiative and turbulent (latent/sensible heat) fluxes
– Derived from simulation simulations from the Community Land Model (CLM) forced by 

observations
– Over land, the annual mean Fs is approximately 0 W.m-2

• Ocean surface fluxes and energy storage
– Ocean temperature taken from 3 datasets:

• World Ocean Atlas 2005 (WOA)
• Ocean analysis of the Japanese Meteorological Agency (JMA)
• Global Ocean Data Assimilation System (GODAS)

– Computation of OE, �>OE/�>t and div(FO) and Fs

– Independent estimate: Fs computed as a residual in the atmospheric energy budget equation 



Part I: Global Mean and
Land–Ocean Exchanges



Global mean annual cycle

• Net TOA radiation (RT)
– Maximum in Feb., after perihelion (3 Jan.) 

because of albedo changes 
– Rapid decline in boreal spring
– Minimum in June

• Albedo
– Semiannual cycle
– Maxima in May and Nov.

• Over land
– Annual cycle of albedo
– Albedo max. in NH winter, min. in NH summer

• Note:
– Ocean energy budget reflects that of the 

Southern Hemisphere while land energy budget 
reflects that of the Northern Hemisphere

– Seasons in Southern Hemisphere (~ocean) in 
phase with Earth’s orbital perihelion/aphelion

– Amplification of ASR seasonal cycle in the 
Southern Hemisphere
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Global mean annual cycle

• Globally:
– ASR maximum and OLR minimum account for 

RT maximum in February
– OLR peak in August
– ASR minimum in June

• Over ocean:
– Seasonal cycle of RT largely dictated by ASR
– Small annual cycle of OLR 

• Land only
– Global OLR changes mostly due to land 

contribution
– In phase with surface temperature in the NH

RT: net TOA radiation (RT = ASR – OLR)
OLR: outgoing longwave radiation
ASR: absorbed solar radiation
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Global mean annual cycle

• Total atmospheric energy tendency �>AE/�>t
– Visible seasonal cycle
– Maximum in June (late NH spring)
– In phase with NH surface temperature

• Atmospheric total energy divergent flux
– ~ 0 globally
– Positive (divergent) over ocean, negative 

(convergent) over land
– Suggests net ocean� land energy transport 
– This transport peaks during NH winter

GLOBAL

OCEAN

LAND



Global mean annual cycle

• Ocean energy storage OE

– The seasonal peak in OE follows the austral 
summer

• Total ocean energy tendency �>OE/�>t



Global mean annual cycle

• Net surface energy flux Fs

– Similar to RT (with opposite sign)
– Max. in austral winter
– Min. in austral summer

• Over ocean:
– In phase with the global annual cycle
– Much larger amplitude than over land

• Over land:
– Small amplitude
– Out of phase by ~5 months



Part II: Meridional Structures 
and Poleward Transports



Annual cycle (ocean+land)

• Albedo
– Largest variability in the polar regions
– In the tropics, seasonality out of phase with higher 

latitudes and associated with changes in cloud 

• Outgoing longwave radiation (OLR)
– Amplitude of seasonal cycle ~20% of that of ASR
– In the mid-latitudes, OLR lags ASR by 1-2 months

� reflects the lag between the influence of radiative
heating and surface temperature

– In the tropics, variation related to changes in cloud cover

• Absorbed solar radiation (ASR)
– Annual cycle dictated to the 1st order by the seasonal 

change in solar irradiance

• Annual zonal means:
– Albedo lowest in the tropics, maximum at the poles
– ASR is greater than OLR between 35°N-35°S, and low er 

poleward of 35°N-35°S
� The imbalance is compensated by energy transport from 

the tropics by the ocean and the atmosphere

Note: - units are PW.deg-1

- Stippled: CERES>ERBE; hatched: CERES<ERBE

Albedo
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Annual-
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OLR 



• Net TOA radiation RT
– Larger incoming flux in the summer hemisphere, 

consistent with lower albedo

• Divergence of the atmospheric transport of energy
• Total atmospheric energy tendency

– Small in magnitude compared to RT and Fs

– Larger values in Spring and Fall, when change in the 
atmospheric energy storage is largest

• Net surface energy flux
– Same order of magnitude as RT

– Strong net upward flux during winter (surface cooling)
– Strong net downward flux during summer (surface 

warming)

Annual cycle (ocean+land)
RT

Div(F A) 
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Fs



Zonal-annual means

• Net TOA radiation (RT):
– maximum on the equator
– Negative poleward of latitude 30°

• Net (upward) surface fluxes (Fs):
– High negative values on the equator, due to 

precipitation and cloud cover
– Maximum around latitude 30°

• Atmospheric transport of energy (FA):
– Divergent in the Tropics, div(FA)>0
– Convergent in mid/high latitudes, div(FA)<0
– Relatively lower at the equator, due to zonal circulation 

• Total atmospheric energy tendency (�>AE/�>t):
– Much smaller magnitude than the other terms 



Annual cycle (land only)

• Comparison land/ocean:
– Fluxes generally greater over ocean as ocean area 

exceeds land area at most latitudes
– Note: units are PW.deg-1

• Over land:
– Fs is small
– Primary balance between RT and div(FA)

• Over ocean:
– Fs is large
– Primary balance between RT and Fs
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Annual cycle (ocean only)
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• Comparison land/ocean:
– Fluxes generally greater over ocean as ocean area 

exceeds land area at most latitudes
– Note: units are PW.deg-1

• Over land:
– Fs is small
– Primary balance between RT and div(FA)

• Over ocean:
– Fs is large
– Primary balance between RT and Fs



Meridional energy transport

• Integrated the atmospheric divergence with 
latitude

• Peak transport in the winter hemisphere
• Mid-latitude transport dominated by the 

atmosphere

• Ocean transport small outside the Tropics
• Cross-equatorial transport from both the 

atmosphere and the ocean from the winter to the 
summer hemisphere

• The annual-zonal mean shows:
– Maximum transport ~ latitude 30°
– Larger transport by the ocean in the NH

Total 
transport 

Atmosphere  

Ocean 

Annual-
zonal 
mean 



Thank you…


