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An update on Earth’s energy balance in light of the
latest global observations
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Tristan L'Ecuyer®, Paul W. Stackhouse Jr4, Matthew Lebsock' and Timothy Andrews®

Climate change is governed by changes to the global energy balance. At the top of the atmosphere, this balance is monitored
globally by satellite sensors that provide measurements of energy flowing to and from Earth. By contrast, observations at
the surface are limited mostly to land areas. As a result, the global balance of energy fluxes within the atmosphere or at
Earth's surface cannot be derived directly from measured fluxes, and is therefore uncertain. This lack of precise knowledge of
surface energy fluxes profoundly affects our ability to understand how Earth's climate responds to increasing concentrations
of greenhouse gases. In light of compilations of up-to-date surface and satellite data, the surface energy balance needs to be
revised. Specifically, the longwave radiation received at the surface is estimated to be significantly larger, by between 10and
17Wm=2, than earlier model-based estimates. Moreover, the latest satellite observations of global precipitation indicate that
more precipitation is generated than previously thought. This additional precipitation is sustained by more energy leaving
the surface by evaporation — that is, in the form of latent heat flux — and thereby offsets much of the increase in longwave

flux to the surface.

of the planet and to and from Earth’s surface. Geographical dis-

tributions of these energy flows at the surface are particularly
important as they drive ocean circulations, fuel the evaporation
of water from Earth’s surface and govern the planetary hydrologi-
cal cycle. Changes to the surface energy balance also ultimately
control how this hydrological cycle responds to the small energy
imbalances that force climate change'.

The seminal importance of Earth’s energy balance to climate has
been understood for more than a century. Although the earliest
depictions of the global annual mean energy budget of Earth date
to the beginning of the twentieth century?’, the most significant
advance to our understanding of this energy balance occurred after
the space age in the 1960s. Among the highlights obtained from
early satellite views of Earth was the measurement of Earth’s albedo
(the ratio of outgoing flux of solar energy to incoming flux from
the Sun) at approximately 30% (ref. 4), thus settling a long-standing
debate on its magnitude — values ranged between 89% and 29%
(ref. 5) before these measurements. The sign and magnitude of the
net effect of clouds on the top-of-atmosphere (TOA) fluxes® was also
later established with the space-borne observations of the scanning
instrument on the Earth Radiation Budget Experiment (ERBE)’,
which better delineated between clear and cloudy skies. ERBE, and
later the Clouds and the Earth’s Radiant Energy System (CERES)®
and the French Scanner for Radiation Budget’, confirmed that the
global cloud albedo effect was significantly larger than the green-
house effect of clouds. Although this was a major advance at the
time, determining the influence of clouds on atmospheric and sur-
face fluxes had to wait until the recent satellite measurements of the
vertical structure of clouds became available from the A-train'.

E arth’s climate is determined by the flows of energy into and out

The global annual mean energy balance

The current revised depiction of the global annual mean energy
balance for the decade 2000-2010 is provided in Fig. B1. Although
the fluxes given are meant to be an average for that decade, the net
flux at the TOA (the difference of incoming minus outgoing fluxes)
varies on a variety of timescales' ' that include relatively large but
episodic changes by volcanic eruptions and a much smaller, more
systematic increase associated with increases in ocean heat storage
as Earth warms. For the decade considered, the average imbalance
is 0.6 = 340.2 — 239.7 — 99.9 Wm™ when these TOA fluxes are con-
strained to the best estimate ocean heat content (OHC) observations
since 2005 (refs 13,14). This small imbalance is over two orders of
magnitude smaller than the individual components that define it and
smaller than the error of each individual flux. The combined uncer-
tainty on the net TOA flux determined from CERES is +4 Wm™
(95% confidence) due largely to instrument calibration errors'>'.
Thus the sum of current satellite-derived fluxes cannot determine
the net TOA radiation imbalance with the accuracy needed to track
such small imbalances associated with forced climate change'.
Despite this limitation, changes in the CERES net flux have been
shown to track the changes in OHC data'®". This suggests that the
intrinsic precision of CERES is able to resolve the small imbalances
on interannual timescales'>'s, thus providing a basis for constrain-
ing the balance of the measured radiation fluxes to time-varying
changes in OHC (Supplementary Information). The average annual
excess of net TOA radiation constrained by OHC is 0.6+0.4 Wm™
(90% confidence) since 2005 when Argo data'* became available,
before which the OHC data are much more uncertain'®. The uncer-
tainty on this estimated imbalance is based on the combination of
both the Argo OHC and CERES net flux data'.
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Box 1| Updated energy balance
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Figure B1| The global annual mean energy budget of Earth for the approximate period 2000-2010. All fluxes are in Wm™2. Solar fluxes are in yellow
and infrared fluxes in pink. The four flux quantities in purple-shaded boxes represent the principal components of the atmospheric energy balance.

A recent compilation of observations (Supplementary Information)
provides the depiction of the global annual mean energy balance
shown in Fig. B1 for the period 2000-2010. The solar flux enter-
ing Earth is the most-accurately monitored of all fluxes through
the system* and varies least over time. Fluxes leaving Earth at the
TOA are also well documented, although inherently less accurate
with an uncertainty of #4 Wm™ on the net TOA flux that mostly
stems from calibration errors on measurements of the outgoing
fluxes'>'®. This uncertainty is almost an order of magnitude larger
than the imbalance of 0.58 +0.4 Wm~ inferred from OHC infor-
mation'*'. The outgoing TOA fluxes presented in Fig. B1 are the
TOA CERES fluxes adjusted within the measurement uncertainty
to match this OHC inferred imbalance'>".

A recent review of largely independent global estimates of the
surface longwave radiation flux*, also supported by new satel-
lite observations, concludes that this flux most likely falls in the
range 342-350 Wm2, which is larger by 10-17 Wm over previ-
ous estimates*"** that were mostly based on global weather and
climate model outputs that have a known lack of low clouds?®.
The uncertainty attached to this global annual flux is approxi-
mately 9 Wm (95% confidence), and has also been carefully
analysed”®**** and verified against independent surface observa-
tions (Supplementary Information).

Estimating the global net surface solar flux has also been
problematic over the years. Five different global estimates of this
flux suggest its most likely value is between 162 and171 Wm™.
The possibility of bias of a few Wm™ cannot be fully discounted,
as slightly elevated absorption within the atmosphere by unac-
counted gaseous absorption* and an underestimate of the contri-
bution by absorbing aerosol*, for example, are factors that could
reduce the stated value of the surface flux. A value of 1656 Wm™
is assumed, and the uncertainty attached to this flux (a 90% con-
fidence) is based in part on independent comparison with surface
measurements®.

The increased downward surface longwave flux dictates that
compensating changes to other surface fluxes are required to
achieve energy balance. One such adjustment is needed to the
latent heat flux. The annual global mean evaporation is balanced
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by the annual global precipitation amount, and the common
approach to infer the latent heat flux is to use global precipita-
tion measurements®. Thus an increase in precipitation implies
an increase in evaporation to sustain it and hence a larger flux of
energy from the surface associated with this evaporation. There
are at least two reasons why past estimates of global latent heat
flux deduced from global precipitation should be increased. (1)
The remote-sensing methods widely used to estimate precipita-
tion, especially over the vast oceans, have documented biases
that imply that the amount of precipitation is underestimated* >,
New global precipitation information from the CloudSat radar
suggests that precipitation has been underestimated by approxi-
mately 10% over tropical ocean regions* and by even larger frac-
tions over mid-latitude oceans®=*. (2) The total contribution from
snowfall to the global precipitation is also not precisely known
and has been excluded from previous global latent heat flux esti-
mates. Based on new estimates of global snowfall**, we estimate
the contribution to the total global latent heating is approximately
4 Wm™ (Supplementary Information). For these reasons, the value
of latent heat flux stated in Fig. B1 has been increased by 4 Wm™
over the Global Precipitation Climatology Project® estimate of
76 Wm™ and then increased by 10% (8 Wm™). The uncertainty
on annual oceanic mean precipitation lies between approximately
+10% and +20% (refs 51,56). The quoted uncertainty on the evap-
oration (+10 Wm™) derives from our very sketchy understanding
of the uncertainty in global precipitation.

The quoted value of the sensible heat flux is a combination of the
land*” and ocean (C. A. Clayson, J. B. Roberts and A. S. Bogdanoff,
manuscript in preparation) sensible heat fluxes (Supplementary
Information) with a simple weighting based on land/ocean sur-
face area. The flux value of 24 Wm™ is also larger than previously
assumed*"*? and remains highly uncertain, as exemplified by the
range of 14-34 Wm that results from different land flux esti-
mates”. No definitive measure of the uncertainty of this flux exists
and the uncertainty range given merely reflects a judgement on
where the value most likely lies. As yet, there are no estimates of
the sensible heat fluxes over the polar regions of sea ice and the
global values given in Fig. B1 exclude these contributions.
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The surface radiative fluxes summarized in Fig. Bl are an
average of five different estimates that use mixtures of global sat-
ellite data, surface measurements and atmospheric-state infor-
mation from global weather analysis products (Supplementary
Information). Measurements of solar flux incident at Earth’s sur-
face, like the TOA fluxes, reveal flux variations on decadal time-
scales'® arising from increasing and decreasing aerosols, decadal
variability in cloudiness and the effects of volcanic eruptions®. The
effects of large volcanic eruptions, such as the Pinatubo eruption
in 1991, reduce the surface shortwave flux received at the surface
by up to 5 Wm™ (refs 11,12) over 1-2 years, with suggestions that
these changes reduce precipitation over land and river runoft®.

Although much of the discussion on climate change has focused
on the TOA energy balance, the importance and relevance of the
energy balance at the surface has gained recent emphasis'?, in
part because changes to surface energy control the global precipi-
tation response to climate forcings"*»?’. The connection between
the energy balance and the global hydrological cycle follows from
a closer look at the surface energy balance summarized more
conveniently in Fig. B1. Evaporation at the surface (88+10 Wm™)
is the main process that consumes most of the net surplus solar
radiant energy (165+6 Wm™) followed by net emission from
the surface (398 — 345 = 53+9 Wm™) and then sensible heating
(24=7 Wm™). The heat transferred to the atmosphere through the
turbulent process of latent and sensible heating balances the net
atmospheric loss of radiant energy (-112+15 Wm™ = 74 + 398 —
239 - 345; Fig. Bl), given that the annual mean heat storage of
the atmosphere is negligible. As the latent heat flux to first order
balances the loss of energy from the atmosphere by radiation pro-
cesses, any long-term alterations to this radiation heat loss can be
expected to induce long-term changes to the global evaporation
and thus the global water cycle*?*.

The effect of clouds on the TOA fluxes has also been well
documented since the time of ERBE measurements. The so-
called albedo effect of clouds enhances the reflected solar flux by
47.5+3 Wm, whereas clouds reduce the outgoing longwave flux
relative to clear skies by approximately 26.4+4 Wm™ (a measure
of their greenhouse effect). This gives a net loss of radiation from
Earth by clouds of 21.1+5 Wm~?, mostly by reflection of sunlight
from clouds in the mid-latitude summer hemisphere’. What is
new about Fig. Bl is that it also includes results drawn from the
new satellite observations of CloudSat and CALIPSO, which pro-
vide the tools to quantify the effects of clouds on both the sur-
face and atmospheric energy balance” in a more definitive way.
The enabling information is the vertical profile of clouds, which
provides the cloud-base-height information needed to determine
the enhanced emission by clouds to the surface more directly?
(28+9 Wm™?), and thus has removed a lingering source of uncer-
tainty in estimating the surface longwave flux. The cloud profile
information also provides the basis for estimating the atmospheric
absorption of radiation by clouds (8 +7 Wm~2)¥. The influence of
clouds on both the outgoing TOA and downward surface long-
wave fluxes predominantly occurs in what is referred to as the
‘window region’ of the infrared absorption spectrum. This window
is a spectral region where the atmosphere is more transparent than
in adjacent stronger absorbing regions of the spectrum. This win-
dow is not completely transparent and the flux that passes through
has contributions from the atmosphere of varying amounts —
more in tropical regions and much less in higher, drier latitudes?.
Recent calculations® suggest that the contribution to the global
mean clear-sky TOA flux by emissions escaping through this win-
dow region is 66 Wm™, reduced to 20=4 Wm™ for the all-sky con-
ditions owing to absorption of this emitted radiation by clouds.

The energy balance and climate change
A comparison between the fluxes summarized in Fig. 1 and
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a TOA budget
. TOA imbalance
0.6£0.4

Observations 340.2+01 100.0+2 239.7+3.3
CMIP5
Min 3386 96.4 2324
(Mean) (343) (102.2) (238.6)
Max 3437 106.5 2435
b Surface budget
= | Surface
SW down SW u| SH LH LW up LW down imbalance

Observations 188+6 233 24+7 88+10 398+5 34569 0.6£17

CMIP5

Min 181.9 211 176 784 3919 3264
(Mean) (190.3)  (249) (20.9) (85.8) (397.5) (339.7)
Max 196.2 303 278 936 3981 3470

Figure 1| Surface energy balance. Observed and climate model
deduced energy fluxes (all in Wm~2) in and out of the TOA (a) and at
the surface (b). The observed fluxes (containing error estimates) are
taken from Fig. B1and the climate model fluxes are from simulations
archived under the World Climate Research Programme's Coupled
Model Intercomparison Project phase 5 (CMIP5) twentieth-century
experiments. The fluxes from a 16-model ensemble are summarized in
terms of the range in model values (maximum and minimum fluxes) with
the ensemble mean fluxes given in parenthesis. 'SW in" and 'SW out’
refer to the incoming and outgoing (reflected) solar fluxes at the TOA
and ‘LW out' is the outgoing longwave radiation. Similarly ‘SW down’
and ‘SW up' refer to downward and upward (reflected) solar fluxes at
the surface, and ‘LW up’ and ‘LW down’ refer to the upward emitted flux
of longwave radiation from the surface and the downward longwave flux
emitted from the atmosphere to the surface, respectively. SH and LH
refer to latent and sensible heat fluxes.

fluxes derived from climate models (Supplementary Information)
provides both an assessment of the performance of these mod-
els in simulating the current energy balance of the climate sys-
tem and a useful basis for understanding the projected changes
to the energy balance associated with climate change (Fig. 2).
Models are commonly tuned to the TOA, so direct comparison
of TOA fluxes provides little insight into model performance.
As the surface solar flux is also correlated to the TOA reflected
solar flux®, that flux is also not entirely free of ‘tuning’ effects,
so a direct comparison with estimated surface solar flux also has
to be interpreted cautiously. The remaining surface fluxes, how-
ever, are completely uncoupled from the TOA fluxes* and com-
parison with observations reveals important insights about model
energy balances. The model fluxes given in Fig. 1 are expressed
as a multi-model average and a range indicated by maxima and
minima fluxes of the model ensemble. The inter-model global
mean fluxes lie within the uncertainty of the observed values,
and the global mean downward longwave surface fluxes taken
from climate models generally lie at the low end of the uncer-
tainty range of the estimated fluxes as noted in other studies®**2.
It is also notable that the model latent heat fluxes are closer to
the new revised flux (Box 1). Although model and observations
broadly agree in the global mean, important regional biases exist
in the modelled energy budgets that are not conveyed in global
mean statistics®.
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Figure 2 | The change in energy fluxes expressed as flux sensitivities
(Wm=2K™") due to a warming climate. TOA flux (a) and surface flux (b)
sensitivities derived from a 12-model ensemble from the Coupled Model
Intercomparison Project phase 5 150-year model simulations forced by

a 1% per year increase in carbon dioxide. Also included are multi-model
mean values (also in Wm=2 K™). All-sky short- and longwave fluxes refer
to the fluxes from Earth that combine both clear and cloudy skies. The
TOA flux sensitivities include the clear-sky OLR (OLR-C), the all-sky OLR
(OLR), the clear-sky outgoing solar radiation (OSR_C) and the all-sky
outgoing solar radiation (OSR). The NET TOA sensitivity is the sum of
the short- and longwave all-sky flux sensitivities at the TOA with positive
values implying a gain of heat within the system. The NET at the surface
is the combination of the net (downward minus upward) all-sky short-
(SW_NET) and longwave (LW_NET) fluxes plus the sensitivities of the
sensible (SH) and latent heat (LH) fluxes. A positive value of surface NET
also implies heat gained by the surface.

The magnitude of change associated with a warming forced by
increased concentrations of carbon dioxide can also be examined
using climate models that are forced with a prescribed change in
carbon dioxide. Small perturbations to the global annual mean
energy fluxes induced by the 1% per year increase in carbon
dioxide are approximately linear with respect to the global mean
change in surface air temperature (Supplementary Information),
and this linear sensitivity offers a convenient framework for com-
paring models of very different overall climate sensitivity. The
average of 12 different climate models indicates that a global
warming induced by carbon dioxide increases is forced by a small
TOA energy imbalance of +0.46 Wm= K (Fig. 2a). This imbal-
ance is formed by generally opposing increases in radiation emit-
ted to space (=0.39 Wm™ K™') and decreases in reflected solar flux
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(0.86 Wm™ K™), mostly apparent in the clear-sky flux changes
(0.77 Wm™ K™). The decrease in reflected solar flux is approxi-
mately equally divided between reduced reflection from decreased
snow/ice cover and by reduced reflection resulting from increased
absorption of solar radiation by water vapour. Models are much
less in agreement, however, about how the longwave fluxes change
and how clouds affect both the TOA short- and longwave fluxes
as evident in comparison of the all-sky and clear-sky longwave
fluxes (Fig. 2a).

The surface warming of the models is sustained by an
equivalent small imbalance of the surface energy budget of
+0.45 Wm™ K. Although this imbalance closely matches the
TOA imbalance in value, it is mainly constructed from changes to
three fluxes that dwarf the changes in the other surface fluxes. The
change to the downward longwave flux at the surface is approxi-
mately 7 Wm~2 K-, mostly occurring as a clear-sky flux change?*
(Fig. 2b). This is the largest change of all fluxes in Earth’s climate
system and is partially offset by the increase in upward longwave
flux resulting from the surface warming, resulting in a net (down-
ward minus upward) longwave flux increase of +1.52 Wm= K™
(inter-model mean). This increased net flux to the surface is the
driving force of the surface warming and is largely balanced by
the increased flux associated with evaporation (-1.29 Wm=2 K™).
Thus an important, distinguishing difference emerges between
both the energy balance of the mean climate state (Fig. B1), and a
perturbed climate forced by greenhouse-gas increases. The source
of evaporation and its change in the mean climate state is driven
by the amount of solar radiation at the surface and changes to it,
whereas the change in evaporation in a greenhouse-gas-forced cli-
mate change is driven mostly by surface longwave flux changes
(Fig. 2b)*. Changes to the surface net solar flux can also fuel both
changes in evaporation and changes to surface temperature, and
thus the emitted longwave flux from the surface. There is, how-
ever, little consensus across the models presented in Fig. 2b as to
how much change occurs in the net surface solar flux in a warm-
ing climate. As with the TOA solar fluxes, this disagreement in
both magnitude and sign mostly occurs with cloudy-sky fluxes,
and reflects the range in shortwave cloud feedbacks that operate
in models™.

The challenge ahead

Satellite observations combined with other data (Box 1) now con-
vincingly support previous observation-based estimates of the
surface downward longwave flux. The revised estimates of these
fluxes range between 342 and 350 Wm™?, and are between 10 and
17 Wm™ larger than past estimates that have relied primarily on
global models. Recent satellite observations of global precipitation
also indicate that Earth produces more precipitation than previ-
ously accounted for. Thus the flux of latent heat leaving the surface
that sustains this increased precipitation is also larger than has
been assumed. This elevated flux offsets much of the revised larger
longwave flux to the surface.

The net energy balance is the sum of individual fluxes. The cur-
rent uncertainty in this net surface energy balance is large, and
amounts to approximately 17 Wm-2 This uncertainty is an order of
magnitude larger than the changes to the net surface fluxes associ-
ated with increasing greenhouse gases in the atmosphere (Fig. 2b).
The uncertainty is also approximately an order of magnitude larger
than the current estimates of the net surface energy imbalance of
0.6 £0.4 Wm?inferred from the rise in OHC'*'. The uncertainty
in the TOA net energy fluxes, although smaller, is also much
larger than the imbalance inferred from OHC. The variations of
these fluxes on interannual timescales'?, however, closely follow
variations in changes to OHC over time'**!¢. This link makes it
possible at least to anchor the TOA net fluxes to these changes in
OHC and place a tighter constraint on the TOA energy balance.
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No attempt has yet been made to examine the extent that changes
in the surface energy balance over time similarly track changes in
OHC as would be expected.

Surface energy budgets, like the one reported here, are at pre-
sent constructed from information about individual fluxes created
independently by different groups. Inconsistencies typically arise
when these different components are brought together to form
a balance. Because previous energy-balance studies have gener-
ally failed to address the uncertainties in these flux components,
subsequent adjustments to surface fluxes to achieve balance have
little merit. As well as information on OHC, other sources of typi-
cally unused information exist about different combinations of
these fluxes that could be better exploited. For example, informa-
tion about the atmospheric water balance from measurements of
water vapour and winds provides a way of constraining regional
differences between precipitation and evaporation®-*, as do ocean
salinity measurements®”. The measurement of gravity fluctuations
from the Gravity Recovery and Climate Experiment mission®
also provide information about accumulation of snow over vast
ice masses and an alternative way of constraining the contribu-
tion of snow to the latent heat flux* (Supplementary Information),
among other uses. To produce a more accurate depiction of the
energy balance of Earth, all such available resources need to be
integrated, together with more sophisticated ways of assimilat-
ing these data and appropriate constraints. Essential observations
such as precipitation, TOA radiative fluxes, ocean surface winds,
and clouds have to be sustained if progress is to continue. But
even with these steps in place, the precision needed to monitor the
changes in fluxes associated with forced climate change remains a
significant challenge.
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