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Capsule

An update of the Earth’s global annual mean energy budget is given in the light of new
observations and analyses. Changes over time and contributions from the land and ocean domains

are also detailed.

Abstract

An update is provided on the Earth’s global annual mean energy budget in the light of new
observations and analyses. In 1997 Kiehl and Trenberth provided a review of past such estimates
and performed a number of radiative computations to better establish the role of clouds and
various greenhouse gases in the overall radiative energy flows, with top-of-atmosphere (TOA)
values constrained by Earth Radiation Budget Experiment values from 1985 to 1989, when the
TOA values were approximately in balance. The Clouds and the Earth’s Radiant Energy System
(CERES) measurements from March 2000 to May 2004 are used at TOA but adjusted to an
estimated imbalance from the enhanced greenhouse effect of 0.9 W m™. Revised estimates of
surface turbulent fluxes are made based on various sources. The partitioning of solar radiation in
the atmosphere is based in part on the International Satellite Cloud Climatology Project (ISCCP)
ISCCP-FD computations that utilize the global ISCCP cloud data every 3 hours, and also accounts
for increased atmospheric absorption by water vapor and aerosols.

Surface upwards longwave radiation is adjusted to account for spatial and temporal variability. A
lack of closure in the energy balance at the surface is accommodated by making modest changes

to surface fluxes, with the downward longwave radiation as the main residual to ensure a balance.



Values are also presented for the land and ocean domains that include a net transport of energy
from ocean to land of 2.2 Petawatts (PW) of which 3.2 PW is from moisture (latent energy)
transport, while net dry static energy transport is from land to ocean. Evaluations of atmospheric

reanalyses reveal substantial biases.

Intent of article

This article provides an update on the Kiehl and Trenberth (1997) article on the global energy
budget that was published in BAMS. A figure showing the global energy budget in that paper is
widely used and appears in many places on the internet. It has also been reproduced in several
forms in many articles and books. But it is dated. A primary purpose of this article is to provide a
full color figure to update this work. At the same time, we expand upon it somewhat by detailing
changes over time and aspects of the land vs ocean differences in heat budgets that should be of
general interest. We also expand on the discussion of uncertainty and the remaining challenges in
our understanding of the budget. The article has 4 Tables and 1 figure and 5996 words plus

appendix and references.



1. Introduction

Weather and climate on Earth are determined by the amount and distribution of incoming
radiation from the sun. For an equilibrium climate, outgoing longwave radiation (OLR)*
necessarily balances the incoming absorbed solar radiation (ASR), although there is a great deal of
fascinating atmosphere, ocean and land phenomena that couple the two. Incoming radiant energy
may be scattered and reflected by clouds and aerosols or absorbed in the atmosphere. The
transmitted radiation is then either absorbed or reflected at the Earth’s surface. Radiant solar or
shortwave energy is transformed into sensible heat, latent energy (involving different water
states), potential energy and kinetic energy before being emitted as longwave radiant energy.
Energy may be stored for some time, transported in various forms, and converted among the
different types, giving rise to a rich variety of weather or turbulent phenomena in the atmosphere
and ocean. Moreover the energy balance can be upset in various ways, changing the climate and

associated weather.

Kiehl and Trenberth (1997) (hereafter KT97) reviewed past estimates of the global mean flow of
energy through the climate system and presented a new global mean energy budget based on
various measurements and models. They also performed a number of radiative computations to
examine the spectral features of the incoming and outgoing radiation and determined the role of
clouds and various greenhouse gases in the overall radiative energy flows. At the top-of-

atmosphere (TOA) values relied heavily on observations from the Earth Radiation Budget

> A list of all acronyms is given in the appendix.
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Experiment (ERBE) from 1985 to 1989, when the TOA values were approximately in balance. In
this paper we update those estimates based on more recent observations, which include
improvements in retrieval methodology and hardware, and discuss continuing sources of

uncertainty.

State-of-the-art radiative models for both longwave and shortwave spectral regions were used by
KT97 to partition radiant energy for both clear and cloudy skies. Surface sensible and latent heat
estimates were based on other observations and analyses. During ERBE, it is now thought that
the imbalance at the TOA was small (Levitus et al. 2005), and KT97 set it to zero. KT97
estimated all the terms but adjusted the surface sensible heat estimate to ensure an overall balance
at the surface. At the TOA, the imbalance in the raw ERBE estimates was adjusted to zero by
making small changes to the albedo on the grounds that greatest uncertainties remained in the
ASR (Trenberth 1997). In addition, adjustments were made to allow for the changes observed

when one of the three ERBE satellites failed. Improvements are now possible.

The KT97 paper was written at a time when there was a lot of concern over “anomalous cloud
absorption”. This expression came from observations (Stephens and Tsay 1990; Cess et al. 1995;
Ramanathan et al. 1995; Pilewskie and Valero 1995) which suggested that clouds may absorb
significantly more shortwave radiation (approximately 2025 W m™) than was accounted for in
model calculations (such as the models employed by KT97). Since then both radiation
observations and models have improved (e.g., Oreopoulos et al. 2003), and so too have estimates

of key absorbers such as water vapor (Kim and Ramanathan 2008). Other observations have



suggested that the absorption by aerosols in KT were underestimated by 2 to 5 W m™

(Ramanathan et al. 2001; Kim and Ramanathan 2008) so that this amount is lost to the surface.

Major recent advances in understanding the energy budget have been provided by satellite data
and globally gridded reanalyses (e.g., Trenberth et al. 2001, Trenberth and Stepaniak 2003a,b,
2004). Trenberth et al. (2001) performed comprehensive estimates of the atmospheric energy
budget based on two first generation atmospheric reanalyses and several surface flux estimates,
and made crude estimates of uncertainty. The atmospheric energy budget has been documented in
some detail for the annual cycle (Trenberth and Stepaniak 2003a, 2004) and for El Nifio- Southern
Oscillation (ENSO) and interannual variability (Trenberth et al. 2002; Trenberth and Stepaniak
2003a). The radiative aspects have been explored in several studies by Zhang et al. (2004, 2006,
2007) based on International Satellite Cloud Climatology Project (ISCCP) cloud data and other
data in an advanced radiative code. In addition, estimates of surface radiation budgets have been
given by Gupta et al. (1999) and used by Smith et al. (2002) and Wilber et al. (2006). These are
based on earlier ISCCP data. Wild et al. (2006) evaluated climate models for solar fluxes and note
that large uncertainties still exist, even for clear-sky fluxes, although they also note recent

improvements in many models.

Many new measurements have now been made from space, notably from Clouds and the Earth’s
Radiant Energy System (CERES) instruments on several platforms (Wielicki et al. 1996; 2006).
Moreover there are a number of new estimates of the atmospheric energy budget possible from
new atmospheric reanalyses, to the extent that the results from the assimilating model can be

believed. Several analyses of ocean heat content also help constrain the problem and together
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Table 1b. Surface components of the annual mean energy budget for the globe, global land and
global ocean, except for atmospheric solar radiation absorbed (Solar absorb, left column), for
the ERBE period February 1985 to April 1989 in W m™. Included are the solar absorbed at
the surface (Solar down), reflected solar at the surface (Solar reflect), surface latent heat from
evaporation (LH Evap), sensible heat (SH), and LW radiation up at the surface (Rad.up), and
LW downward radiation to the surface (Back rad), net LW (Net LW), and net energy
absorbed at the surface (NET down). HOAPS version 3 covers 80°S-80°N and is for 1988 to

2005. The ISCCP-FD is combined with HOAPS to provide a NET value.

Global Solar | Solar | Solar LH |SH | Rad. | Back | Net | NET

absorb | down | reflect | Evap up rad | LW | down
KT97 67 168 |24 78 124 |[390 |324 |66 0
ISCCP FD | 70.9 164.9 | 24.0 - - 13959 (3448 | 51.1| -
NRA 64.4 161.9 | 45.2 80.2 | 15.31395.5]334.1 |61.5|4.9
ERA-40 80.7 155.8 | 23.1 82.3115.3]394.8 3403|544 ]3.8
JRA 75.0 168.9 | 25.6 85.1 | 18.8]1395.6 (3243 |71.3]6.3
Land
ISCCP FD | 69.9 147.2 1 42.9 - - | 377.8318.7|57.5]-
NRA 59.1 155.2 | 68.9 52.0127.1369.712959|73.8|2.3
ERA-40 86.0 134.3 | 42.9 40.9 | 25.8 | 370.3 | 304.9 | 65.3 | 2.3
JRA 72.2 1549 | 51.5 39.5127.3|372.7|286.7|86.0 | 2.1
Ocean
ISCCP FD | 71.4 171.5]17.0 - - | 402.7 [354.5|48.2|10.4
NRA 66.3 164.3 | 36.7 90.3 | 11.0 | 404.9 | 3479 |57.0| 6.0
ERA-40 78.8 163.5|15.9 97.3 | 11.5]403.6 |353.1 [ 50.5] 4.2
JRA 76.0 173.9 1162 | 101.5|15.8 | 403.9 | 337.9 ] 66.0 | -9.4
WHOI - - - 91.2 | 9.5 - - - -
HOAPS - - - 98.9 | 14.0 - - 54.1 -
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