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A recent paper by Douglass and Knox (hereafter DK12) states that the global flux imbalance between
2002 and 2008 was approximately −0.03 ± 0.06 W/m2, from which they concluded the CO2 forcing
feedback is negative. However, DK12 only consider the ocean heat content (OHC) increase from 0 to
700 meters, neglecting the OHC increase at greater depths. Here we include OHC data to a depth of
2000 meters and demonstrate this data explains the majority of the discrepancies between DK12 and
previous works, and that the current global flux imbalance is consistent with continued anthropogenic
climate change.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The global energy imbalance, the difference between energy
entering and leaving Earth’s atmosphere, is an important global
warming metric because it indicates the amount of unrealized
warming in the climate system [1]. Reconciling changes in radi-
ation flux at the top-of-the-atmosphere (TOA) with heat fluxes on
Earth remains a challenge, in large part due to sparse measure-
ments of deep ocean heat content (OHC) [2]. Recent research has
determined that all radiative forcings [3] and heat content of the
entire ocean, at all depths must be considered to reconcile these
two quantities [4], including the upper 2000 meters of oceans in
particular [5].

DK12 [6] conclude that the global flux imbalance between 2002
and 2008 was −0.03±0.06 Watts per square meter (W/m2); how-
ever, the authors only considered the OHC of the upper 700 meter
ocean layer. Neglecting the deeper oceans and other global heat-
ing (such as of the land, atmosphere, and ice [LAI]) results in
significantly underestimating the global heat flux (see Section 3).
Additionally, in concluding that the carbon dioxide (CO2) forcing
feedback is negative, DK12 fail to consider significant impacts on
the earth’s energy imbalance from other significant radiative forc-
ings such as anthropogenic and volcanic aerosols [3,7–9]. DK12
also fail to estimate the impact of analyzing different time periods
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on their conclusion regarding the CO2 forcing feedback. For exam-
ple, for the period of 1991 to 2002, DK12 find a flux imbalance
of 0.33 ± 0.06 W/m2, which is of similar magnitude to the net
radiative forcing during that timeframe [10], and thus is inconsis-
tent with their conclusion of a net negative feedback. DK12 justify
their conclusion by claiming that the climate underwent a ‘cli-
mate shift’ from 2002 to 2008. However, including heating of the
oceans from 700 to 2000 meters and LAI nullifies the DK12 conclu-
sion even during the 2002–2008 timeframe. Moreover, in focusing
exclusively on short-term interannual and decadal changes, DK12
neglect long-term multidecadal climate changes.

2. Data and methods

As in DK12, the principal OHC data set used in this study is
an update [11] of that of Levitus et al. (2009) [12], Levitus et al.
(2012) [13]. However, contrary to the OHC data used in DK12, this
study uses data to a depth of 2000 meters rather than 700 me-
ters, representing a significant increase in overall ocean coverage.
This new dataset consists of a five-year (pentadal) average of OHC
measured to a depth of 2000 meters and summed over the world’s
oceans, from 1960 through the 2007–2011 period. Changes and
improvements to the basic data since 2009 are summarized in
DK12. LAI heating data used in this study originate from Church
et al. (2011) [3].

All data are expressed in units of 1022 Joules. To relate OHC to
radiative imbalance, similar to DK12, we use

FTOA = 0.62
[
d(OHC)/dt

]
(1)
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Fig. 1. Land, atmosphere, and ice heating (red), 0–700 meter OHC increase (light blue), 700–2000 meter OHC increase (dark blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Letter.)

Table 1
Global flux imbalance during selected periods.

Time period 0–700 meter OHC (W/m2) 700–2000 meter OHC (W/m2) LAI heating (W/m2) Net heat content increase (W/m2)

1970–2008 0.21 ± 0.063 0.082± 0.030 0.025 ± 0.0012 0.31 ± 0.078
1980–2008 0.23 ± 0.062 0.12± 0.017 0.027 ± 0.0019 0.37 ± 0.068
1990–2008 0.29 ± 0.082 0.14± 0.11 0.030 ± 0.0031 0.46 ± 0.063
2000–2008 0.35 ± 0.13 0.15± 0.020 0.029 ± 0.0068 0.53 ± 0.11
2002–2008 0.44 ± 0.17 0.26± 0.039 0.036 ± 0.0044 0.73 ± 0.16
where FTOA is the radiative imbalance at the top-of-the-atmos-
phere (inward) in units of W/m2, and time is in years. The factor
0.62 is a result of converting 1022 J/year to Watts and dividing
by Earth’s area to obtain the flux. In their calculation, DK12 also
included a term associated with the Earth’s geothermal flux; how-
ever, we have omitted this term because the geothermal flux is
relatively constant, whereas this analysis focuses on recent pertur-
bations.

3. Results

Fig. 1 shows the pentadal OHC data for the 0–700 meter
layer [11] (the only data considered by DK12), the 700–2000 meter
layer [11], and LAI heating from 1961 to 2008 [3].

Contrary to the results of DK12, there is no significant decrease
or flattening in total heat content during the past decade, as illus-
trated in Table 1, similar to results in Church et al. [3]. We find that
the OHC increase for the 700–2000 meter layer neglected by DK12
accounts for approximately 30% of the 0–2000 meter increase in
recent decades.

Our 0–700 meter result differs from that of DK12 over the
2002–2008 period because we use pentadal data whereas DK12
use quarterly data. This result highlights the fact that the DK12
conclusions are a result of their focus on short-term noise

Additionally, in their analysis DK12 only account for CO2 and
solar radiative forcing while ignoring the total sum of radiative
forcings impacting OHC. However, Solomon et al. (2011) recently
conclude that an increase in atmospheric aerosols between 2000
and 2010 caused a −0.1 W/m2 radiative forcing [7], offsetting
approximately 35% of the CO2 forcing and 30% of the net green-
house gas forcing during that period; DK12 did not account for
this aerosol forcing. Moreover, Vernier et al. (2011) find a ma-
jor influence of moderate strength tropical volcanic eruptions on
the stratospheric aerosol layer over the last decade [8]. DK12 also
excluded the forcing from non-CO2 greenhouse gases in their anal-
ysis. The radiative forcing considered by DK12 is compared to the
total net radiative forcing in Hansen et al. (2011) [9] in Fig. 2.
Fig. 2. Comparison of selective radiative forcing used by DK12 (black) and total ra-
diative forcing used by Hansen et al. (2011) (red) over the period 2000 to 2010. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this Letter.)

4. Discussion

DK12 noted that their results were inconsistent with a num-
ber of other studies: Lyman et al. [14], von Schuckmann and
Le Traon [15], Loeb et al. [5], Hansen et al. [9], whose heat
content increase estimates for recent years range from ∼0.37
to ∼0.63 W/m2. They are also inconsistent with the results of
Church et al. [3]. However, when including the 700–2000 me-
ter OHC and LAI heating data, our results are consistent with
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these previous studies. These deeper ocean data account for ap-
proximately 30% of the net global heating in recent decades, and
thus must be taken into account in any evaluation of global heat
flux.

A key conclusion in DK12, that the net CO2 feedback is neg-
ative, is also based exclusively on an analysis of data during one
of their proposed ‘climate shift’ periods (2002–2008) with a nega-
tive flux imbalance. However, this conclusion does not hold during
the ‘climate shift’ periods with a larger positive flux imbalance,
and thus the conclusion is not robust. Additionally, accounting for
the heating of the oceans from 700 to 2000 meters and LAI nul-
lifies the DK12 conclusion even during the 2002–2008 timeframe.
The CO2 feedback is effectively a constant value, and thus should
not be calculated using such a short timeframe when data over a
longer period are available. The DK12 feedback calculation is inval-
idated by focusing on noisy short-term data and failing to account
for all radiative forcings at work, as well as all heat reservoirs, in
particular the oceans below 700 meters.

The DK12 analysis suffered from only considering a portion
of the global heat content increase (0–700 meter OHC), and only
during the interannual and decadal timeframes of their proposed
‘climate shifts.’ However, focusing on short timeframes results in
larger data uncertainty than analysis of multidecadal trends (as il-
lustrated in Table 1); hence long-term trends may be difficult to
discern, particularly when a significant portion of the data (i.e.
700–2000 meter OHC) are neglected.

The DK12 conclusion regarding the CO2 feedback also failed to
consider all radiative forcings other than those associated with so-
lar irradiance and CO2, most notably volcanic and anthropogenic
aerosol emissions, and non-CO2 greenhouse gases.

Finally, DK12 estimated an 87% decrease in OHC trends in
2002–2008 as compared to 1991–2002. However, this is difficult to
reconcile with the global mean sea level (GMSL) record over their
period of analysis. We would expect any reduction or stagnation
of OHC in recent years to be accompanied by a corresponding flat-
tening/reduction in GMSL rise due to reduced thermal expansion
of the oceans. On the contrary, the rate of GMSL rise was statis-
tically indistinguishable during the proposed 2002–2008 ‘climate
shift’ (2.85 ± 0.46 mm/year) and the 1991–2002 ‘climate shift’
(2.78±0.50 mm/year), and was overall higher than the 1961–2008
average GMSL rise (1.95 ± 0.24 mm/year) [3].

To account for the difference between the expected decline
in the thermal expansion contribution to GMSL based on DK12
results and observed continued GMSL rise, ice sheets, glaciers,
and ice caps would have to be contributing significantly more of
the observed sea level rise than current best estimates suggest
(1.48 ± 0.26 mm/year) [16], implying either error in DK12’s analy-
sis or that cryospheric contributions have accelerated considerably,
raising the possibility that future sea level rise may be greater than
currently projected.

Overall, when considering OHC data to a depth of 2000 meters,
as well as land, atmosphere, and ice heating, our results are con-
sistent with the previous studies referenced above, most of which
consider OHC to 2000 meters. We find no evidence that the global
flux imbalance has declined significantly in recent years, or that
the CO2 feedback is negative or inconsistent with climate models.
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