1. Introduction

With ove 1000 tmes the heat capacity of the atmosphee, the World Ocean is the
largest repogtory for changes in globd heat content [Levitus et al., 2003. Monitoring
ocean heat content is therefore fundamental to deecting and undestanding changes in the
Earth’s heat bdance. Past estimates of the global integral of ocean heat content anomaly
(OHCA) indicate an increase of 14.5 x10% Jfrom 1955 b 1998 fom the surface to 3000
m [Levitus et al., 2009 and 9.2 ¢ 1.3)x 107 J from 1993 b 2003 i the uppe (0 — 750
m) ocean [Willis et al. 2004] These increases provide strong evidence of globd
warming. Climate modds exhibit smilar rates of ocean warming, butonly when forced
by anthropogenic influences [Gregory et al., 2004 Barnett et al., 2005;Church ¢ al.,
2005;Hansn 4 al., 2005]

While there has been agenera increase in theglobd integral of OHCA during the
last hdf century, there have dso been subgantial decadal fluctuaions induding a short
period of rapid cooling (6 x 107% J of heat logt in the 0-700 mlayer) from 1980 b 1983
[Levituset al., 2003. Mog climate modds, however, do notcontain unforced decadd
variability of this magnitude[Gregory et al., 2004 Barnett et al., 2005, har Figure S1;
Church & al., 2005;and Hansen € al., 2005]and it has been suggested tha such
flucduaionsin the observationd record may bedue to inadequae sampling of ocean
temperatures [Gregory et al., 2004] We have detected anew cooling event tha began in
2003 and is comparable in magnitudeto theorein theearly 1980s Using high-
resolution satellite data to estimate sampling error, we find that both the recent event and
the cooling of the early 1980sare sgnificant with respect to these errors.

2. Heat Content Anomaly

Using abroad aray of in Stu temperature data from expendable
bathythermographs(XBTs), ship boad condictivity-temperature-depth (CTD) sensors,
moored buoy thermistor records (primarily from Tropical Atmospheae Ocean aray), and
autononousprofiling CTD floas (primarily from Argo) theglobd integral of OHCA of
theuppe 750 mis estimated from the start of 1998 through theend of 20 (Figure 1).
Theglobal integral is computed from 1/4 degree mappel fields of annual averaged
OHCA asin Willis et al. [2004] except that in the present analysis the adtimeter daa are
notused. Fom 1993 b 2003, he heat content of the uppe ocean increased by 8.1 &
1.4)x 107 J. Thisincrease was followed by a decrease of 3.2 & 1.1)x 107 J between
2003 and 2005. e decrease represents a subdantial loss of heat over a 2-year peiod,
amouning to about one fifthof the longterm uppe-ocean heat gain beéween 1955 and
2003 eported by Levituset al., [2005]

From 1993 b 2005, he average rate of uppe-ocean warming as determined by a
linear least squares fit is 0.33 +0.23 Wm? (of the Earth's total surface area). This
convention is chosen to enphasize the observationdly suppoted relationship beween
ocean heat content and the Earth’s energy balance [Pielke, 2003;Levituset al., 2005;
Wonget al., 2006] Theuncertainty represents the 95% confidence interval and reflects
both the randomerror in each annud estimate as well as the interannual variability in the
curve that is notexplained by alinear trend. To calculate the uncertainty, the effective
degrees of freedomwere computed by dividing the length of thetime series by the



decorrelation length scale of theresiduds from the fit. The recent decrease in heat
content amounts to an average cooling rate of -1.0+ 0.3 Wm? (of the Earth's total surface
area) from 2003 b 2005, ad results in alower estimate of average warming from 1993 b
2005 han that recently reported for the 1993 b 2003 peiod [Willis et al., 2004] It is
important to notk tha this decrease causes greater uncertainty in the long-term warming
rate because the cooling reflects interannual variability that is not well represented by a
linear trend. This cooling event, as well as the cooling in the early 1980s, illustrates the
importance of accounting for interannual variability when deermining long-term rates of
ocean warming. This interannual variability complicates the task of detecting upper ocean
warming dueto anthropogenic influence, which is assumed to have atime scale of many
decades.

Therecent downturn in OHCA roughly coinddes with the spin up ofArgo
[www.argo.ne] in 2002. Argo has dramatically improved sampling and introduced
alarge amountof daa from new ingruments, namely autononousprofiling CTD floats.
In order to test for potentia biases dueto this change in the observing system, globdly
averaged OHCA was dso computed without profiling float daa (Figure 1, gray line).
The cooling event pesisted with removd of all Argo daa from the OHCA estimate,
albeat more weakly and with much larger error bars. This result suggests that the cooling
eventisrea and notrelated to any potential bias introdued by thelarge changesin the
characteristics of the ocean ob®rving system duiing the advent of the Argo Roject.
Estimates of OHCA made usgng only daa from profiling floas (not shown) aso yielded
a recent cooling of smilar magnitude

Therelatively small magnitudeof the globally averaged sgnd is dwarfed by much
larger regiond variationsin OHCA (Figure 2). These variationssometimes exceed the
equivalent of alocal air-sea heat flux anomely of 50 W/m? applied continuousy over 2
years and 9 are too large to becaused by this mechanism done Changes such as these
are aso due to mesoscale eddy advection, alvection of heat by large-scale currents, and
interannud to decadd shiftsin gyre circulation that are assodated with dimate
phenomenasuch as El Nifio [John®n 4 al., 2000] the North Atlantic Oscillation [Curry
et al., 2001] the Pacific Decadal Oscillation [Deser et d., 1999] and the Antarctic
Oscillation [Roemmich & al., 2006] Owingin pat to the strength of these advection-
driven changes, the source of therecent globdly averaged cooling (Figure 1) cannotbe
localized from OHCA daadone

3. Uncertainty in the Global Integral

Assessing the significance of the comparatively tiny (order 1 W/m?) changes in the
globd average OHCA requires an estimate of how well thelarge regiond signds are
resolved by the often gparsely sampled in Stu OHCA daa. Snce late 1992 dense, high-
qudity measurements of sea surface height anomaly (SSHA) have been obtined via
satellite dtimeter. Mapsof SSHA from Aviso (a combined satellite dtimeter produa)
contain vaiability on <ales as small as ten days and 150 — 200 knfiDucet et al., 2000]
have dmog complete globd coverage (excluding ice-covered regions, and ae related to
ocean heat content [White et al., 1996;Gilson & al., 1998;Willis et al., 2004]
Admittedly, SSHA variability is not pefectly correlated with OHCA variability. SSHA
variationsare also influenced by ocean freshwater content owing to precipitation,
evaporation, and run-off, as well as by degp oaan variations(bdow 750 min this case).
Degspite these complicating factors, the correlation béween SSHA and OHCA holds
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reasonably well and is used hee to compute the uncertainty in thein dtu estimate of
OHCA.

Estimates of the unaertainty in OHCA are made for theyears 1955 b 2005 ly sub-
sampling the 13-year record of SSHA in the same mannea as thein dtu sampling patern
for agiven year, N. Theglobd integral of SSHA, for the 13-year record, is condructed
from maps made from the sub-sampled daa set [Willis et al., 2004]and compared to the
globd integral of SSHA based on he complete maps of Aviso daa. Taking thetime
series based on he complete maps as truth, the uncertainty for year N is expressed & a
standad deviation:

2005 1/2
> [SSH,q () - SSH,, )]

sanpling _error(N) =5.1x10” J [em™| =% 5 (1)

where the propottiondity condant between SSHA and OHCA is 5.1x10%Jem™ [Willis
et al.,, 2004] SSH,,, istheglobd average of SSHA from the complete mapsfor year i,

and SSH ,,  istheglobd average of SSHA from the Aviso data for year i sub-sampled

at observation locationsfor year N and then remapped. There is only onerealization ofthe
globdly averaged OHCA each year, therefore the standad deviation of the sampling
error and the Sandad aror are the same.

This method nog likely undeestimates the sampling error, as the 13-year record
of SSHA is missing variability from time scales longer than decadd and shorter than 10
days. The method dso assumes that the shorter time scale variability in the decades
preceding the 1990sis smilar to that from 1993 b 2005, which may notbetrue Hence,
the error estimate is probably mog accurate for the peaiod of satellite dtimetry, snce
1993. Despite these caveats, this process likely produces areasonéable estimate of the
sampling error in oneyear averages of OHCA prior to 1993 awell. It isworth noing,
however, tha lack of alonger atimeter record may precludeudng this techniqueto
determine accurate unaertainties for the longterm warming rate reported by Levitus et al.
[2005]tha has been the subject of recent debate [Gregory et al., 2004;Gille, 2006}

The standad error on the annudly averaged globd mean from Aviso SSH maps
[Willis et al., 2004]is 0.2x 107 J. This term is combined with the slandad error from
the sampling error computed ebove assuming these two arors are indgpendent, to yield
the sandad eror on he OHCA estimate (Figure 3) for agiven year N:

standard_error_ OHCA(N) = [(0.2 x10%J )2 + sampling _error (N)? "’ (2)

The time-period from 1955 to 2005 can be broken into three different epochs with
regards o in situ sampling of OHCA. The first epoch, prior to the advent of XBTSs,
ended around 1967. Globally averaged uncertainty during this gpoch (Figure 3) is an the
same order as the decadal signal [Levitus & al., 2005] making it difficult to quantify
decadal changes in the globally averaged OCHA prior to 1968.

Upon the commencement of widespread useof XBTs in 1968, asecond epoch
began that continued until 2002. Uncertainty in globally averaged OHCA drops by a
factor of six from 1955 to 1968 (Figure 3). The decreasein uncertainty is due to the
increase in the number of obseavations from 4,500 in 1955 to 31,900 in 1968, an increase
that was fueled by the introduction of the XBT. During the second epoch, the error
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decreases anly slightly with time (Figure 3) but is generally small compared to decadal
changes in globally averaged OHCA. In particular, the 6 x 10%* J decreasein heat
content during the early 1980s that was reported by Levitus & al. [2005] lies well outside
the range of uncertainty presented here.

A third epoch began around 2003 with the ramp-up of Argo. The goa of this
international project is  deploy and maintain an array of 3000 autonomous profiling
CTD floats designed to accurately measure temperature and sdinity in the upper 2000 m
of the global ice-free ocean a 10-day intervals and 3’ x3° spetial resdution. From 2002
to 2005 there was a factor of three decrease in the standard error of OHCA that resuted
directly from Argo data. The uncertainty in the globa average of annual OHCA is row
at ahistoric low of 0.6 x 10°2J. Thus, the magnitude of the recent cooling is dsowell
outside the range of uncertainty. While the number of in situ samples is @out the sane
in 2002 and 2005, the latter year is sanpled by well-dispersed Argo floats and has a
much more even distribution of data compared to 2002 (Figure S1). In addition, because
Argo floats report back in real time, near rea-time estimates & OHCA are now possble.

4. Vertical Structureof Cooling

The depth structure of globally averaged temperature change between 2003 and
2005 (Figure 4) dlows afew more insights into the recent cooling. Uncertainty in the
temperature change was computed by scaling the 1 x 10% J sendard error in the heat
content decrease using regression coefficients for temperature variability [Willis & al.,
2004]. The average uncertainty is &out 0.01 °C at agiven depth. The cooling signa is
distributed over the water column with most depths experiencing same cooling. A smrall
amount of cooling is doserved at the suface, although much less tan the cooling at
depth. This resut of suface cooling from 2003 to 2005 is mnsistent with global SST
products [e.g. http://www.jisao.washington.edu/data_ses/global _sganomts/]. The
maximum cooling occurs at about 400 m and substantial cooling is stll obseved a 750
m. This pettern reflects the complicated syperposition of regional warming and cooling
patterns with different depth dependence, as well as the influence of ocean circulation
changes and the assaiated heave of the thermocline.

The cooling signal is stll strong a 750 m and appears 0 extend deeper (Figure 4).
Indeed, preliminary estimates d 0 — 1400 m OHCA based on Argo data (not shown)
show that additional cooling occurred between depths d 750 m and 1400 m. As the
Argo target sampling depth of 2000 mis achieved by an increasing number of floats, he
array will better resdve future deeper changes in OHCA. Variations d pentada global
integrals & OHCA to 3000 m are similar in size and magnitude to annual 0-700 m
estimates [Levitus d al., 2005], suggesting that most of the interannual warming and
cooling signals ae found in the upper 700 m. Sill, deepening of the warm bowls in
subtropica gyres [Roemmich et al., 2006] and/or the warming of bottom water formed in
high latitudes [@sterhus and Gammelsred, 1999; Johnsan and Doney, 2006] could
partialy offse the upper ocean cooling. It seems unlikely, however, that the entire signal
could be compenséaed by theseprocesses over such ashort period of time.

Assuming that the 3.2 (+ 1.1) x 102 Jwas rot transported to the deep ocean,
previous work swggests that the sale of the heat loss B oo large to be stored in any
single component of the Earth’s dimate system [Levitus d al., 2005]. A likely saurce of
the cooling is asmell net imbalance in the 340 W/m? of radiation that the Earth



exchanges with space. Imbalances in the radiation budget of order 1 W/m? have been
shown to occur on these time sales and have been related to changes in upper OHCA
[Wong et al., 2006]. Thesefindings siuggest that the obsaved decrease in upper ocean
heat content from 2003 to 2005 could be the resut of anet loss d heat from the Earth to
spece. Nevertheless, turther work will be necessary to determine the exact causeof the
cooling.

5. Discussion

This work has several implications. Rrst, the updated time seies d ocean heat
content presented here (Figure 1) and the newly estimated confidence limits (Figure 3)
sypport the significance of previously reported large interannual variability in globally
integrated upper-ocean heat content [Levitus & al., 2005]. However, the physical causes
for this type of variability are not yet well understood. Furthermore, this variability is ot
adequately simulated in the current generation of coupled climate models used to study
the impact of anthropogenic influences an climate [Gregory et al., 2004; Barnett et al.
2005; Church et al. 2005; and Hansen et al., 2005]. Although thesemodels o simulate
the long-term rates o ocean warming, this lack of interannual variability represents a
shortcoming that may complicate detection and attribution of human-induced climate
influences.

Changes in OHCA dsoaffect sealevel. Sealevel risehas abroad range of
implications for climate sdence as well as considerable sacioeconomic impacts
[Intergovernmental Panel on Climate Change (IPCC), Climate Change 2001: The
Scientific Basis, 2004]. Diagnosing the causes o past and present sea level change and
closure of the sea level budget is therefore acritical component of understanding past
changes in sealevel as well as projecting future changes. The recent cooling of the upper
ocean implies adecreasein the thermosteric component of sealevel. Estimates d total
saalevel [Leuliette et al., 2004; http://sedlevel.colorado.edu], however, stow continued
sea-level riseduring the past 3 years. This siggests that other contributions o sex-level
rise swch as melting of land-bound ice, have accelerated. This inference is consistent
with recent esmates d ice mass bss n Antarctica [Velicogna and Wahr, 2006] and
accelerating ice mass bss o Greenland [Rignot et al., 2006] but closure of the global sea
level budget cannot yet be achieved. New sdellite obsavations from the Gravity
Recovery and Climate Experiment (GRACE; launched in March, 2002 and administered
by NASA and Deutsches Zentrum fir Luft-und Raumfahrt, GRACE will map Earth's
gravity field approximately once every 30 days during its lifetime) should soon provide
suficient obsevations d the redistribution of water mass b more fully describe the
causes d recent sea-level change.

Finally, the esimates presented here are made possible only by recent
improvements in the global ocean observing system. The sharp decreasein the error
since 2002 is due to the dramatic improvement of in situ sampling provided by the Argo
array of autonomous profiling CTD floats, and the real-time reporting of Argo data made
it possble to extend the estimate through 2005. Characterization of the error budget,
which is d paramount importance in the estimate of swch globally averaged quantities,
was mede feasible by the long-term maintenance of high quality dtimeter missons sich
as TOPEX/Poseadon and Jasan. The isstes relating to sea level riseand the global water
budget can only be addressel when the record of satellite gravity measurement from



GRACE achieves adequate duration. GRACE, Argo, and satellite dtimetry are core
components d the globa ocean obseving system. Failure to maintain any one of these
obseaving systems would seiously impair our ability to monitor the World Ocean and to
unravel its importance to the climate system.
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Figure 1. Globally averaged annual OHCA [10% J] in the upper 750 m estimated using
in situ data done from 1993 through 2005 (black line) and using in situ data excluding
profiling floats (gray line). Error bars from Figure 3) reflect the standard error estimates
disausseal in Section 3. Linear trends are computed from aweighted least square fit
[Wunsdh, 1996] and reflect the OHCA estimate made using dl available profile data
Errors for insd linear trend estimates ae quoted at the 95% confidence interval.
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Figure 2. Map of OHCA change [W m?] in the upper 750 m from 2003 to 2005.
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Figure 3. Sandard error for globally averaged OHCA [10% J] of the upper 750 m from
1955 through 2005. This quantity was estimated using saellite atimeter data maps and
the historical sampling patterns for in situ profile data in each year as dsaussel in the
text.
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Supplemental Online M aterial

For each year's sanpling pattern, dl data values were se equal to one and then
objectively mapped using the same technique as was usel to produce the OHCA maps.
The resuting maps vary between zero and one and illustrate the fraction of variance that
can be accounted for using the in situ data in the annual maps & OHCA. The maps for
2002 and 2005 (Figure S1) reveal the reasan that the in situ error for the global average
OHCA in 2002 is larger than in 2005. In 2002, large swaths d the sauthern hemisphere
and other regions ae badly under-sampled. However, by 2005, the growing Argo Project
array of profiling CTD floats is doing a much better job a sampling OHCA for the global
ice-free ocean [text adapted from Johnsan et al., 2006].
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Figure S1. Faction of spatially uniform variance in annual in situ OHCA maps for
2002 (top), apoorly sanpled year in terms o in situ data distributions, and 2005
(bottom), amuch better sampled year with the advent of the Argo Project (data for 2005
in this dot done only extend to the end of October).
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