quently harden the coal. However, this coat-
ing method is easily generalized to alkvw for
different ways of hardening the particle coats.
With the use of appropriste reapents, this
technigue is also compatible with schemes
that thermally or optically mitiate the hard-
eming of the coats. Figure & shows confocal
images of a polvstyrens bead encapsulated
with an agarose coat that was hardened by
lowening its temperaturz. In Fig. 7, we show
an optical micrograph of 2 poppy seed encap-
sulated m a poly{styrencsulfonic acid) coat
that was photopolymenzed. The selective
withdrawal peometry may also be inverted by
inserting the straw through the bottom of the
withdrawal container, with the straw tip po-
sitioned below the mterface. Now the denser
agueous fluid s the primary fluid being with-
drawn, and the particles to be coated are
placad in the oil {upper fluid). This inversion
extends the applicability of this coating tech-
nique to hydrophobic particles in oil-soluble
reagents as well as to heavy particles in the
upper fluad that will sediment to the mierfa-
cial boundary.

The selective withdrawal coating tech-
nigque complements other currenily available
technigues, such as surface-induced polymer-
tzation (/&) which can also produce coats of
uniform thickness on imegularly shaped par-
ticles but which often requare modification of
the particle surface and therzfore may not be
feasible. In our techmique, as illustrated m the
description of the polyamide coating, the par-
ticles cam be completely separated from the
caustic reapents thal mitiate the polymenza-
trom at the outer interface. Moreover, surface-
induced polymenzation requires the reagent
io be stable m the solution being polymer-

%

Fig. 7. Optical micrograph of a poppy seed
ed in a polylstyrenesutfonic aci

Coat. The poppy seed appears as a dark sob
object 0.9 mam in diameter; the coat is 0.2 mm
thick. The prepolymer used is styrene sulfonic
aCid sodium salt (30% wiv in D_0) and trieth-

di 5% wivin D mixed
ot i, e
(100 mM) a5 the izer—electron do-
nor initiating system (18). After the selective
withdrawal process, the coated partides were

ollected in a ic container and imadiated
for 20 min with a halogen Lamp. Scale bar, 0.5
TTim.
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tred This is ol always possible (as with the
polyamide coat installation, the tmchlonde
reagent is unstable in aquecus solutions), and
selective withdrawal can solve this problem
by iniiaiing polymenzation with a reagent
that i= stable in the fluid sumounding the coal.
Finally, many polymer coatings are either
difficult [e.g.. the photopolymerized poly-
{styrenesulfonic acid) coat shown in Fig. 7]
or impossible (eg.. the thermally hardened
aparase coat shown in Fig. 6) to prepane using
technigues such as surface-induced polymer-
ization and must be hardenad m bulk. For
these cases in particular, selective withdrawal
presemds a valuable advantage over currently
available coating techniques.

The selective withdrawal technigue can be
readily optimized. With a single tube we
estimate that 1000 particles can be coated
per hour. Prelimimary experiments have
demonstrated that this techmique can be
scaled up by uvsing an array of tubes in
parallel. Injecting particles directly mto the
region below the spout can make the meth-
od suitable for particles with higher density
than the prepolvmer. As described abowe,
inversion of the selective withdrawal ge-
omeiry can extend the applicability of this
technigue to hydrophobic particles in oil-
soluble reagents. Because of its flexibility
in polymeration schemes, its ability to
coal particles of many different types, and
its ability to tune the thickness of the coats,
this technigue is an atiractive option In a
range of applications and a valuable addi-

tion to the reperoire of currently available
coaling technigues.
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Anthropogenic Warming of
Earth’'s Climate System

Sydney Levitus,'* John L. Antonov,! Julian Wang,®
Thomas L. Delworth,? Keith W. Dixon,? Anthony ]. Broccoli?

‘We compared the temporal variability of the heat content of the world ocean,
of the global atmosphere, and of components of Earth's cryosphere during the
Latter half of the 20th cemtury. Each component has increased its heat content
(the atmosphere and the ocean) or exhibited melting (the cryosphere). The
estimated increase of observed global ocean heat content (ower the depth range
from 0 to 3000 meters) between the 1950s and 19905 is at least one order of
magnitude Larger than the increase in heat content of any other component.
Simulation results using an atmosphere-ocean general ciroulation model that
includes estimates of the radiative effects of observed temporal variations in
greenhouse gases, sulfate aerosols, solar radiance, and volcanic aerosols over
the past century agree with our observation-based estimate of the Increase in
ocean heat content. The results we present suggest that the observed increase
in ocean heat content may Largely be due to the increase of anthropogenic gases

in Earth's atmosphere.

Studses using metrumental data to document
a warming of Earth’s climate system due to
increasing concentrations of greenhowse pas-
ez (GHGs) have focused on surface air tem-
perature and sea surface temperature ([).

These variables have proved invaluable for
documenting an average warming of approx-
imately 0.6°C at Earth’s surface (/) during
the past 100 years. Recent comparisons {24 )
with paleoclimatic proxy data mdicate that
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the observed increase in surface temperaturne
during the past century & unprecedented dur-
ing the past 1000 vears. The results of these
stiidies, in conjunction with similar results
found usimg gemeral circulation  model
(GCM) and enerpy balance model studies
{35} that mclude forcing by the observed
time-dependent increase in GHGs and sulfate
aerosols, as well as changes in solar imadi-
ance and volcanie aerosols, provide evidence
that the warming of Farth’s surface during
the past few decades & of anthropogenic
origin. Despite the agreement between miod-
¢ls and observations, it is concervable that
some of the surface wamming might be com-

"Mational Ovceanographic Data CenterifMational Ooe-
anic and Atmosphenc Administration (MODCMNOAR],
ZAir Resources . NODC/NOAS, ESOCS,
1315 East-West Highway, Silver Spring, MD 20910,
USA_ *Ceophysical Flusd Dynamics LaboratoryMOAS,
Post Office Box 308, Princeton, M| OBS42, LISA.

*To whom corespondence be addressed. E-
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pensaied for by a cooling of other pars of
Earth’s chimate system. Conversely, addition-
al warming may be occurring m other parts of
the climate system, such as the recently ob-
served warming of the world ocean (¥).

Here we address these issues by quantify-
ing the pamary components of the heat bal-
ance of the Earth system. We document a
warming of Earth’s climate system during the
latter half of the 20th century, based on in-
creases m the heat content of the atmospher:
and ocean, as well as estimates of the total
heat of fusion associated with the partial
mielting of several components of Earth's
cryosphere.  Further, we compare these
changes with increases in ocean heat content
simulated by an atmosphere-ocean GCM
(ACGCM) that is forced with estimates of the
radiative effects of observed temporal vana-
tions in atmospheric GHOGs, the direct effect
of sulfate acrosols, solar immadiance, and wol-
canic aerosols over the past century.

The estimated temporal vanmability of

1

ig- 1. Time sehes of
Valious components of
the observed and simu-
lated #obal heat con-
tenik ae 1047 |).
mllll'i“ﬁ Il
[caloulsted ower the

depth range from 0 to
3000 m) ocean |heat
content (9) is shown in
black; the open cirdes

ghumﬁﬂﬂ
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1955

1965

1975
Year

1985 1985

mean ghobal ocean heat content from a set of three simulations (experiment G55V using a coupled
cﬂhﬂ.hﬂbﬂdi‘lﬂﬂhtﬁdﬂﬁﬁﬂhfﬁﬂi‘h:ﬁaﬂ!ﬂf in

GHIGS, sulfate s=rosols, solar imadiance, volCanic a=rosols. The blue cunve denotes

Same WO an

additional set of three simulstions (experiment G5), which is simillar B0 experiment G55V except that

the radiative effedts of

in solar imadiance and volcanic s=rosols are omitted. For the two model

curves, their respeCtive means for 19551996 were removed before plotting, Mote that 15 = 1079 )
equats 1 watt—year m © (averaged over the entire surface of Earth)

Table 1. Comparnson of the beat balance of the dimate system.

elobal ocean and atmesphenc heat content,
based on instrumental data for the 195596
period, is shown in Fig. 1. The ocean heat
content time senes (calcwlated for the global
ocean over the depth range from § to 300 m)
and ifs computation were recently described
(¥). The atmospheric sensible heat content is
based om the National Centers for Environ-
miental ProtectionMational Center for Atmo-
sphenc Research (NCEP/MCAR) reanalysis
figlds (1) The ocean heat content curve is
based on analvses of 3-year nUnming COMmipsos-
ites of historical ocean data. The atmospheric
heat content is shown as anomalies averaged
for |-year periods. Other components of at-
mosphenic enerpy change, associated with
changes in the latent heat of evaporation and
geopotential height field, are an order of mag-
nitude smaller than the change m sensible
heat in the NMCEPR/NCAR analyses. The in-
crease in observed ocean heat content ks
18.2 = 107 ) (based on the linear trend for
the 19571994 penod bui prorated to 1955
1996), whereas the mcrease in atmosphenic
heat content is more than an order of magni-
tude smaller: 6.6 > 107" 1.

The meltmg and freering of land and sea ice
are physical processes thal can act as sources or
sinks of heat with respect to the atmosphere and
ocean components of Earth’s climate svstem.
U the basis of estimabes of the changes m the
arcal extent, thickness, or volume of these com-
ponents of Earth's cryosphere, we estimate the
total lateni heat of fusion (/7-17) that come-
spomids 1o thear partial melting since approxi-
mately 1950, Such estimates require additional
assumplions, such as assigning a salmaty and
temperature o the sea ice that melled or esti-
miating the total amount of ice that has mehed.
We document the assumpltions made in each of
our astimates of crvosphenc change { Table 1)
We emphasize thal we make assumptions that
will produce relatively high estimates of the
todal heat of fusion that cam be assoctated with
the melng of these parts of the cryosphene, and

Heat content noease

Comporent of the dimate Time period Observed or Azsumption made e il Bl
systemm and source of data of change estimated change in this calculation Fumi
‘Woaorld ocean (5) 19551996  Obsersed temperature increase - 18.2 = 1079 |
Global atmosphere (6) 19551996  Observed temperature increase - 66 x 1071 |
Decrease in the mass of 19551996 - Aszumed 1.8 mem per year ingrease in g1x 109

continenital glacers (1) sca bevel
Decrease in Antarctic sea ice 19501970  Estimated 217-km reduction P, = 947 x 10" kg bm ? A2 = 107 |
extent | 18) in sea ice edpe A, = 3134 2 W0° | kg ' 100% ice
coverage of 2-m thickness
Mountain glacier deorease (14) 1961-1987 3.7 = 107 km” decrease in o= 917 % 10" kg bm 7 11 = 107 )
micuntain glacier ice wolume A =334 x WF kg !
Decrease in Morthern Hemi 197E-1996  Areal change based on 10 ice coverage of 2-m thickness 46 = 10" |
=3 ice extent (17) satellite measurements
Decrease in Arctic porennial sea 1950s-1990=  40% deorease in sea ice Thickmess of the melted sea ioe = 13 m 2.4 10" |
ioe woleme (16) thickmess p, = 917 x 10" kg km ?
A =334 x W0 kgt
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that we are simply making “onder-of-magni-
tude”™ estimabes of thaese terms. Our results will
demonstrate that for the purpose of detemmining
which components of Earth’s climate system
dommated as sinks or sources of heal befweoen
the 19505 and 199Ms, these assumptions are not
critical. This is because the champge in oocan
heat comtent was by far the dominant sink of
hiat durimg this period.

Estimates of the melting of continental
glaciers (Antarctica and Greenland) range
from 1.8 to 1.8 mm of global sea lavel
change per vear (). Using a value of 1.8 mm
per year, the amount of heat requirsd to melt
continental glacier ice cormesponding to this
increase o s:a kevel during a 41-year peniod
is 8.1 x 10°" 1.

The most recemt estimates of mountaim
glacier vanability document that the “loss of
glacier volume has boen more or bess contin-
wous since the 19th century™ (14 During the
19611997 period, there was a loss of 3.7 =
10* km® of moumtaim glacier volume. We
compute a value of 1.1 *x 10 ] for the
amount of heat required to melt this volume
of freshwater ice.

A 407 decrease i the thickness of peren-
nial Archic sea ice during the past 40 years
has recently boen estimated from ice draft
measurements made from nuclear submarmes
{15, 16). Assuming an area of 6.85 x 10*
km* for ice extent, the observed decrease m
ice thickness of 1.3 m (/) comesponds (o a
decrease im ice wvolume of 8.9 X 104 km?®. The
amount of heat required o melt this volume
of sea ice is 2.4 = 10'* 1.

A net decrease in the areal coverage of
Morthern Hemisphere sea ke cover from
1978 to 1996 has been estimated from satel-
Iite measurements (/7). Assuming that the
area of decreased sea ice exient had 1%
coverage of 2-m-thick sea ice, we estimaie a
total latent heat of fusion of 4.6 X 101 1.

A decline m Antarctic sea ke extent has
been sugpested to have occumed between the
carly 1930s and the mid-1970s (/%) The
validity of this estrmale has been questionad
{19}, and we cannot resolve this issue. As we
shall see, this comtribution, if real, represents
only a2 minor contribution o Earh’s heat
balance dunmg the 193596 period. Based on
recently available historical whaling recornds.
which provide a record of circumpolar sea ice
extent, it is now estimated that the Antarctic
sea ice boundary refreated poleward by an
average of 287 of latiude between the 1950s
and 1970s, whereupon the boundary stabi-
Ized. Assuming that the area of decreased sea
ice extent had 100% coverage of 2-m-thick
sea ice, 8 maximum of 3.2 x 10™ ] of latent
hieat of fusion is associated with this change.

Our analysis of components of Earth's
hieat balance quantitatively demonstrates that
during the latter half of the 20th century,
changes m ocean heat content dominate the
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changes in Farth’s heat balance.

The ohserved mcrease in oceamic heat
content is compared to changes in ocean heat
content from a coupled model of Earth's
climate system. The coupled ocean-atmo-
spherc-ice mode] used, developed at the Gen-
physical Flukd Dynamics Laboratory
(GFDL), is higher in spatial resolution than
an earlier version used In many previouws
studies of climate varability and change (20,
27y but employs similar physics. The coupled
midzl 5 global in domam and consists of
GCMs of the atmosphere (spoectral model
with rhomboidal 30 truncation, correspond-
ing to an approximate resolution of 3.75°
longitede by 225" latitude, with 14 vertical
levels) and ocean (1.875" longiude by 2.25°
latitude, with 18 vertical levels). The modal
atmosphere and ocean commumicaie through
fluxes of heat, water, and momentum at the
air-sea interface. Flux adjustments (which did
not vary interanmually) are uwsed to facilitate
the simulation of a realistic mean state. Over
oceamic repions, a thermodynamic sea e
misdel is used that inchades the advection of
ice by surface ocean cuments.

Results are presented from two ensembles
of integrations (each of which has three mem-
bers). In the first ensemble {denoted G55V,
the radiative effects of the observed temiporal
vanations im GHGs, sulfate aerosols, solar
imadiance, and volcamic asrosols over the
past century are incladed (22). The ensemble
members differ in their initial condifions,
which are chosen from widely separated
poinds in a 900-year-long conirol integration.
The second ensemble (denoted (G5) differs
from the first by omitting the radiative effects
of changes in solar imadiance and volcanic
aerosols, while retaining the effects of chang-
es in (GHGs and sulfate aerosols.

The global ocean heal content (calculated
ower the depth range from O to 3000 m) for the
(55Y ensemble is shown in Fig. 1. Based on a
lincar trend, the simulated heai content m-
creased by 19.7 = 107 ) over the period 1955
b 1996, This is m excellent agreement with the
observed estimate (182 > 1072 J). However, it
misst be stressed that substantial uncertainties
exst in the specification and parameterzations
of the mode] radistive forcing, particularly with
respect o the effects of sulfate acrosols and
volcanic activity. In addition, the ocean heat
content estimales are based on a data set char-
actermad by coveraze that vanes with time (23],
Thus, the chose agroement betwoen the simulat-
ed and observed oozan heal confent increases
mist be evaluated in the light of these uncer-
tambies. Mevertheless, this agreement 5 ex-
tremely encowragme with respect to the ability
of the GFDL AOGOM 1o simulate the observad
minlidecadal changes in the heat balance of the
OCEn.

The secomd ensemble of mtegrations ((G5)
differs from the first by omitting the radiative

effects of changes in solar imadiance amd
volcanic aercsols. As shown im Fig. 1, the
simulated increase of ocean hest content in
(5 is approximately T0% larper tham in
(G55Y or than the observed estimate. Based
on an addstional set of experiments (24), the
difference in ocean heat content increase be-
tween GSSY and G5 is primanly due to the
radiative effects of volcanic activity. The dif-
ference betwoen G55Y and G5 highlights the
important role that volcanic activity appears
to play in ¢cean heat content durimg the late
20th century. In the G55V ensemble, volca-
noes contributed an average plobal adjusted
radiative forcing of —0.5 Wm * at the tropo-
pause over the penod 19601999 (25). This
offsets an important fractson of the anthropo-
genic forcing during the same period.

It iz imporiant to evaluate whether the
trend im simulated ocean heat content from
the 1950s o the 19%0s for emsemble GSSY
(Fig. 1) could arise purely from internal vari-
ahality of the coupled ocean-atmosphere sys-
tem. To assess this, all possible 41-year
trends were calculated in a 900-vear integra-
tion of the coupled mode]l without the radia-
tive effects of changes in GHOs, sulfaie agm-
sols, solar imadiance, and volcanic aerosols.
Mo simubated 4 | -year trend in that integration
{out of 860 possible 41-year trends) was as
larpe as that simulated n any of the three
ensemble members over the period 1935
1996, thereby demonstrating that the simulat-
@d trends in ocean heat conient could mot
anize {in this model) solely from interactions
within the ccean-atmosphere-ice systeme The
simulated trends require a sustained, positive
thermal forcing, such as thal expected from
increasing concentrabions of GHGs.

Although there = excellent agreement be-
fween the srmulated and observed ocean heat
conbent mereases over the long term {from
the 1950s to the 19%0s), substantial differenc-
25 exist on the decadal scale. In particular,
simulated decadal variations are smaller in
amplitede than the observed variations, amd
there are differences in phase. The causes of
these differences need to be identified Pos-
sible causes include an underestimation by
the model of the intemal variability of the
ocean-atmosphere svstem on decadal scales
and uncertamties in the estimates of past
radiative forcing. Inadequacies m the ocean
observational data may also play a role.

Owur observaiional results make clear that
each individual component of Earth’s climate
svstem that we have examined has warmed
over the latter half of the 20th century and
that the dominant change in heat content i
associated with the warming of the world
ocean. The agreement between our model
results and observational estimates of ocean
heat content suppons the hypothesis that in-
creases in radiative Forcing are the source of
the wamming observed between 19535 amd
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