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We quantify the interannual-to-decadal variability of the heat content (mean 
temperature) of the world ocean from the surface through 3000-meter depth 
for the period 1948 to 1998. The heat content of the world ocean increased by 
-2 x loz3joules between the mid-1950s and mid-1990s, representing a 
volume mean warming of 0.06"C. This corresponds to a warming rate of 0.3 
watt per meter squared (per unit area of Earth's surface). Substantial changes 
in heat content occurred in the 300- to 1000-meter layers of each ocean and 
in depths greater than 1000 meters of the North Atlantic. The global volume 
mean temperature increase for the 0- to 300-meter layer was 0.3I0C, corre- 
sponding to an increase in heat content for this layer of - loz3 joules between 
the mid-1950s and mid-1990s. The Atlantic and Pacific Oceans have undergone 
a net warming since the 1950s and the Indian Ocean has warmed since the 
mid-1960s, although the warming is not monotonic. 

The Intergovernmental Program on Climate 
Change (I), the World Climate Research Pro- 
gram CLIVAR (2), and the U.S. National 
Research Council (3) have identified the role 
of the ocean as being critical to understanding 
the variability of Earth's climate system. 
Physically we expect this to be so because of 
the high density and specific heat of seawater. 
Water can store and transport large amounts 
of heat. 

Simpson (4) conducted the first study of 
Earth's heat balance which concluded that the 
Earth system is not in local radiative balance, 
and therefore transport of heat from the trop- 
ics to the poles is required for the Earth 
system to be in global radiative balance. Iden- 
tifying the mechanisms by which heat is 
transported from the tropics to the poles is 
one bf the central problems of climate re-
search. In addition, Rossby (5)drew attention 
to the fact that because of its large specific 
heat capacity and mass, the world ocean 
could store large amounts of heat and remove 
this heat from direct contact with the atmo- 
sphere for long periods of time. The results of 
these studies are the subject of this research 
article. 

Until recently, little work has been done 
in systematically identifying ocean subsur-
face temperature variability on basin and 
global scales, in large part due to the lack of 
data [recent studies~include (6-8)]. The first 
step in examining the role of the ocean in 
climate change is to construct the appropriate 
databases and analysis fields that can be used 
to describe ocean variability. About 25 years 
ago, ship-of-opportunity programs were ini- 
tiated to provide measurements of subsurface 
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upper ocean temperature. Before the initia- 
tion of these programs, subsurface oceano-
graphic data were not reported in real time, as 
is the case with much meteorological data. 
During the past 10 years, projects have been 
initiated (9) that have resulted in a large 
increase in the amount of historical upper 
ocean thermal data available to examine the 
interannual variability of the upper ocean. 
Using these data, yearly, objectively ana-
lyzed, gridded analyses of the existing data 
were prepared and distributed (7)  for individ- 
ual years for the period 1960 to 1990. We 
have used the recently published World 
Ocean Database 1998 (10-13) to prepare 
yearly and year-season objectively analyzed 
temperature anomaly fields. Detailed infor- 
mation about the temperature data used in 
this study can be found in this series. Com- 
putation of the anomaly fields was similar to 
our earlier work (7), but some procedures 
were changed (7). 

To estimate changes in heat content at 
depths greater than 300 m, we prepared ob- 
jective analyses of running 5-year composites 
of all historical oceanographic observations 
of temperature for the period 1948 to 1996 at 
standard depth levels from the surface 
through 3000-m depth using the procedures 
described above. Constructing composites of 
deep-ocean data by multiyear periods is nec- 
essary due to the lack of deep-ocean obser- 
vations. Most of the data from the deep ocean 
are from research expeditions. The amount of 
data at intermediate and deep depths decreas- 
es as we go back further in time. 

Temporal Variability of Upper Ocean 
Heat Content 
Figure 1 shows the variability of yearly heat 
content anomalies in the upper 300 m for 
1948 to 1998 for individual ocean basins 
defined using the Equator as a boundary. 
Each yearly estimate includes the standard 
error of the mean anomaly value for each 

year plotted as a vertical bar. The anomaly 
fields for the Atlantic and Indian oceans, for 
both the entire basins and Northern and 

Hemisphere basins of each Ocean; 
show a positive correlation. In each basin 
before the mid-1970s, temperatures were 
nearly all relatively cool, whereas after the 
mid-1970s these oceans are in a warm state. 
The year of largest yearly mean temperature 
and heat content for the North Atlantic is 
1998. In 1998 heat content reaches a value of 
-4 X loZ2J, equivalent to a volume mean 
temperature anomaly of 0.37"C. [Expanded 
versions of Figs. 1 and 4 with volume mean 
temperature scales as well as heat content 
scale and similar time series for heat content 
integrated through 1000-m depth can be 
viewed at Science Online (14) as Web figures 
1 to 3.1 

Both Pacific Ocean basins exhibit quasi- 
bidecadal changes in upper ocean heat content, 
with the two basins positively correlated. Dur- 
ing 1997 the Pacific achieved its maximum heat 
content. A decadal-scale oscillation in North 
Pacific sea surface temperature (Pacific Dec- 
adal Oscillation) has been identified (15, 16), 
but it is not clear if the variability we observe in 
Pacific Ocean heat content is correlated with 
this phenomenon or whether there are addition- 
al phenomena that contribute to the observed 
heat content variability. 

In order to place our results in perspective, 
we compare the range of upper ocean heat 
content with the range of the climatological 
annual cycle of heat content for the Northern 
Hemisphere and world ocean computed as 
described by (8) but using a more complete 
oceanographic database (10-13). There is 
relatively little contribution to the climatolog- 
ical range of heat content from depths below 
300 m. Our results indicate that the decadal 
variability of the upper ocean heat content in 
each basin is a significant percentage of the 
range of the annual cycle for each basin. For 
example, the climatological range of heat 
content for the North Atlantic is about 5.6 X 
loZ2 J, and the interdecadal range of heat 
content is about 3.8 X loZ2J. 

Changes in Temperature at 1750-m 
Depth in the North Atlantic Ocean 
Figure 2, A and B, shows the changes of 
temperature at a depth of 1750 m for 1970- 
74 minus 1955-59 (Fig. 2A) and for 1988-92 
minus 1970-74 (Fig. 2B). The difference 
field for the two earlier periods shows that 
much of the North Atlantic was warming 
between these periods, with the exception of 
a region of cooling associated with the Med- 
iterranean Outflow (17, 18). The difference 
field between the later two pentads demon- 
strates the opposite picture. The subarctic has 
cooled, with the magnitude of maximum 
changes exceeding 0.4"C in the Labrador 
Sea. Parts of the midlatitudes and subtropical 
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regions have also cooled substantially. Max- Heat Storage of the blorth Atlantic 
imum warming is associated with the 
tongue of temperature associated with the 
Mediterranean Outflow. The changes in sa-
linity at this depth (not shown) in both sets 
of pentadal differences are positively cor-
related with the changes in temperature, 
with the result that these changes in tem-
perature and salinity are at least partially 
density compensating. Tests of statistical 
significance (Student's t test) have been 
performed on these difference fields, and 
we find (not shbwn) that the changes over 
most of the North Atlantic are statistically 
significant, as was found for the earlier 
pentadal differences (18). The observed 
changes are not small and can make an 
appreciable contribution to Earth's heat 
balance on decadal time scales, which we 
quantify in the next section. 

Figure 3, A and B, shows the heat storage 
(computedas the time derivative of heat con-
tent) for the 0 to 300 m (Fig. 3A) and 0 to 
3000 m (Fig. 3B) layers of the North Atlantic 
between the 1970-74 and 1988-92 pentads 
(using the midpoints of the two pentads to 
compute the time difference between peri-
ods). This figure clearly indicates that maxi-
mum heat storage for this basin occurs at 
depths exceeding 300 m. 

Cooling occurred throughout the subarc-
tic gyre, with the maximum heat storage 
exceeding 6 W rn-' in the Labrador Sea. 
Warming occurred in the midlatitudes and 
subtropics, with values exceeding 8 W mP2 
in the midlatitudes of the western North 
Atlantic. We have computed the contri-
bution to the vertically integrated field 
shown in Fig. 3B from each 500-m layer of 
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Fig. 1. Time series for the period 1948 to 1998 of ocean heat content (loz2J) in the upper 300 m 
for the Atlantic, Indian, Pacific, and world oceans. Note that 1.5 X J equals 1 W - ~ e a r - m - ~  
(averaged over the entire surface of Earth). Vertical lines though each yearly estimate represent 2 1 
standard error (SE) of the estimate of heat content. Expanded versions of these figures with 
equivalent volume mean temperature scales added can be seen at Science Online (14). 

the North Atlantic. The cooling of the Labrador 
Sea is composed of nearly equal contributions 
of about 1.0 W mP2 from each 500-m-thick 
ocean layer down to 2500-m depth. The warm-
ing in the western midlatitudes is due to near-
ly equal contributions by the 0- to 500- and 
500- to 1000-m layers, with some small contri-
butions from deeper layers. The warming as-
sociated with the Mediterranean Outflow is 
mainly due to contributions from the 1000- to 
2000-m layer. 

Temporal Variability of Heat Content 
for the World Ocean 
Figure 4 shows the heat content for 5-year 
running composites by individual basins in-
tegrated through 3000-m depth. Only the At-
lantic exhibits a substantial contribution to 
these basin integrals below 1000-m depth. 
We present the distributions through 3000-m 
depth for consistency. 

There is a consistent warming signal in 
each ocean basin, althoughthe signals are not 
monotonic. The signalsbetween the Northern 
and Southern Hemisphere basins of the Pa-
cific and Indian oceans are positively corre-
lated, suggesting the same basin-scale forc-
ings. The temporal variability of the South 
Atlantic differs significantly from the North 
Atlantic, which is due to the deep convective 
processes that occur in the North Atlantic. 
Before the 1970s, heat content was generally 
negative. The Pacific and Atlantic oceans 
have been warming since the 1950s, and the 
Indian Ocean has warmed since the 1960s. 
The delayed warming of the Indian Ocean 
with respect to the other two oceans may be 
due to the sparsity of data in the Indian Ocean 
before 1960. The range of heat content for 
this series is on the order of 20 X loz2J for 
the world ocean. 

Discussion 
Our results demonstrate that a large part of 
the world ocean has exhibited coherent 
changes of ocean heat content during the 
past 50 years, with the world ocean exhib-
iting a net warming. These results have 
implications for climate system research 
and monitoring efforts in several ways. We 
cannot partition the observed warming to 
an anthropogenic component or a compo-
nent associated with natural variability. 
Modeling studies are required even to be 
able to attempt such a partition. However, 
our results support the findings of Hansen 
et al. (19),who concluded that a planetary 
radiative disequilibrium of about 0.5 to 0.7 
W mp2 existed for the period 1979 to 1996 
(with the Earth system gaining heat) and 
suggested that the "excess heat must pri-
marily be accumulating in the ocean." Han-
sen et al. included estimates of the radiative 
forcings from volcanic aerosols, strato-
spheric ozone depletion, greenhouse gases, 
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and solar variability. Such information is 
critical for studies attempting to identify 
anthropogenic changes in Earth's climate 
system. This is because coupled air-sea 
general circulation model experiments that 
are used to assess the effects of increasing 
carbon dioxide frequently begin integration 
with a sudden increase of atmospheric carbon 
dioxide (e.g., twice the present value) rather 
than the gradual buildup observed in nature. 
This is done to minimize computer time re- 
quired for completion of the time integrations 
of these numerical experiments. Integration in 
this manner introduces what is known as a 
"cold start" error (20, 21). 

Global sea surface temperature time series 
(I) for the past 100 years show two distinct 
warming periods. The first occurred during the 
period 1920 to 1940 and was followed by a 
period of cooling; the second warming began 
during the 1970s. It is important to note that the 
increase in ocean heat content preceded the ob- 
served warming of sea surface temperature. It is 
not clear what physical mechanisms may be 
responsible for the observed increase in ocean 

heat content. The warming could be due to 
natural variability, anthropogenic effects, or 
more likely a combination of both. It may seem 
implausible that subsurface ocean warming pre- 
ceded the observed global mean warming of 
surfice air and sea surface temperature. This 
phenomenon is possible because the density of 
sea water is a function of salinity as well as 
temperature. Thus, relatively warm and salty 
water or cold and fresh water can reach subsur- 
face depths from a relatively small region of the 
sea surface through the processes of convection 
andlor subduction and can then spread out and 
warm or freshen a much larger region such as an 
entire gyre or basin. This is clearly occurring in 
the North Atlantic Ocean by the mechanism of 
deep ocean convection (Fig. 2). Lazier (22) has 
documented the cooling and freshening of the 
deep Labrador Sea that began with the renewal 
of deep convection in the early 1970s. Dickson 
et al. (23) have related the renewal of convec- 
tion in the Labrador Sea to the North Atlantic 
Oscillation (NAO) in sea-level pressure. 

Nerem et al. (24) showed for the period 
1993 to 1998 that a relative maximum in global 

mean sea level and sea surface temperature 
[based on TOPEXPoseidon altirnetric mea- 
surements and the Reynolds sea surface tem- 
perature analyses (25)] occurred at the begin- 
ning of 1998. This was associated with the 
occurrence of El pino. Global sea level began 
decreasing during the rest of 1998. Part of the 
reason for extreme values in North Atlantic heat 
content observed during 1998 may be related to 
the 1997 El pino, but additional analyses are 
required to understand the large increase in the 
North Atlantic heat content between 1997 and 
1998. In addition, we emphasize that the ex- 
treme warmth of the world ocean during the 
mid-1990s was in part due to a multidecadal 
warming of the Atlantic and Indian oceans as 
well as a positive polarity in a possible bidec- 
adal oscillation of Pacific Ocean heat content. 

One possible link between the Northern 
Hemisphere oceans and the atmosphere may 
be found in recent research culminating in the 
publication by Thompson and Wallace (26). 
Their work indicates that the NAO may in 
fact be part of a hemispheric mode of sea- 
level pressure termed the Arctic Oscillation. 

Fig. 2. Temperature difference (OC) at 1750-111 depth of the North Atlantic for (A) 1970-74 minus 1955-59 and (B) 1988-92 minus 1970-74. 

Fig. 3. Heat storage ( W  mP2) for the North Atlantic for 1988-92 minus 1970-74. (A) Integral between the surface and 300-m depth; (B) integral 
between the surface and 3000-m depth. 
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Fig. 4. Time series of 5-year running composites of heat content J) in the upper 3000 m for 
each major ocean basin. Vertical lines represent 21 SE of the 5-year mean estimate of heat 
content. The linear trend is estimated for each time series for the period 1955 to 1996, which 
corresponds to  the period of best data coverage. The trend is plotted as a red line. The percent 
variance accounted for by this trend is given in the upper left corner of each panel. Expanded 
versions of these figures with equivalent volume mean temperature scales added can be viewed at 
Science Online (74). 

These authors also relate changes at sea level 
associated with the NAO to changes at the 
500-mb height of the atmosphere. Recently, 
other investigators have related changes in 
the Northern Hemispheric stratospheric cir- 
culation to tropospheric changes related to 
the NAO pattern (27-31). Dickson et al. (23) 
have correlated convection in the Labrador 
Sea with the polarity of the NAO. To the 
extent that these relations are found to be 
statistically significant, it may be that chang- 
es we observe in global ocean heat content 
may be related to the hemispheric and/or 
global modal variability of the atmosphere, 
from sea level through the stratosphere. De- 
termining such possible links is a major part 
of understanding the mechanisms that govern 
the state of Earth's climate. 

Our final point relates to the large change in 

Atlantic heat storage from depths exceeding 
300 m. Because convection can result in mixing 
of water through the entire 2000-m depth of the 
water column in the Labrador Sea, changes in 
sea surface temperature may remain relatively 
small in this region despite a large heat flux 
from ocean to atmosphere. This flux is respon- 
sible for the large changes of heat content we 
have documented at 1750-m depth. This may 
be an important consideration when comparing 
the relative role of the tropics and high-latitude 
convective regions in effecting climate change, 
whether due to natural or anthropogenic causes. 
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A Drosophila Mechanosensory 

Transduction Channel 


Richard G. Walker,' Aarron T. Willingham,' Charles S. Zukerz* 

Mechanosensory transduction underlies a wide range of senses, including pro- 
prioception, touch, balance, and hearing. The pivotal element of these senses 
is a mechanically gated ion channel that transduces sound, pressure, or move- 
ment into changes in excitability of specialized sensory cells. Despite the 
prevalence of mechanosensory systems, little is known about the molecular 
nature of the transduction channels. To identify such a channel, we analyzed 
Drosophila melanogaster mechanoreceptive mutants for defects in mech- 
anosensory physiology. Loss-of-function mutations in the no mechanoreceptor 
potential C (nompC) gene virtually abolished mechanosensory signaling. nompC 
encodes a new ion channel that is essential for mechanosensory transduction. 
As expected for a transduction channel, D. melanogaster NOMPC and a Cae- 
norhabditis elegans homolog were selectively expressed in mechanosensory 
organs. 

Our capacity to hear a whisper across a 
crowded room, detect our position in space, 
and coordinate our limbs during a stroll through 
the park is conferred by the mechanical sens- 
es. ~echanosensory transduction is the pro- 
cess that converts mechanical forces into 
electrical signals. When mechanoreceptors 
are stimulated, mechanically sensitive cation 
channels open and produce an inward trans- 
duction current that depolarizes the cell. The 
opening of mechanosensory transduction chan- 
nels in vertebrate hair cells takes place within 
a few microseconds after the onset of a stim- 
ulus, too quickly for the generation of second 
messengers (I). Mechanical stimuli are there- 
fore hypothesized to directly gate these chan- 
nels. This mode of activation is in sharp 
contrast to other sensory modalities, such as 
vision, olfaction, and taste, which use stereo- 
typical G protein-coupled cascades to mod- 
ulate transduction channels. 

Most models of mechanosensory signaling 
propose that transduction channels be anchored 
on both sides of the membrane, so that relative 
movements between the extracellular matrix 
and the cytoskeleton produce the mechanical 
tension that gates these channels. In the gating- 
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spring model of mechanosensory transduction 
in vertebrate hair cells (2, 3), deflection of the 
mechanically sensitive hair bundle produces 
shear between adjacent stereocilia that stretches 
the gating springs. This increase in tension 
"pulls" the transduction channels open, depo- 
larizes the cell, and triggers neurotransmitter 
release. Although biophysical data support this 
model for transduction in hair cells, the molec- 
ular identity of the mechanically gated ion 
channel remains unknown. This is largely due 
to the paucity of sensory tissue and the small 
number of transduction channels in each hair 
cell (4). 

Genetic approaches are ideally suited for 
identifying rare molecules involved in mech- 
anosensory transduction (5-10). The isolation 
of genetic mutations does not depend on any 
assumptions about the nature or abundance of 
the target molecules, other than loss of their 
function results in a recognizable phenotype. 
The most extensive genetic dissection of mech- 
anosensory behavior was based on screens for 
Caenorhabditis elegans touch-insensitive mu- 
tants. These studies identified genes involved in 
the development, survival, function, and regu- 
lation of touch receptor neurons (11). Of par- 
ticular interest were those that likely function in 
the mechanoelectrical transduction process. 
This group included degenerins, collagen, sto- 
matin, and tubulins, a finding consistent with 
the expectation that mechanosensory signaling 
involves finely orchestrated interactions be- 
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tween ion channels, extracellular matrix, and 
cytoskeletal components (12). 

Degenerins (MEC-4, MEC- 10, DEG- 1, 
UNC-8, and UNC-105) are a family of C. 
elegans ion channels related to vertebrate 
epithelial sodium channels (13). Because of 
their critical role in the touch receptor neu- 
rons, degenerins have been proposed to func- 
tion as mechanosensory transduction channels 
(13). More recently, a C. elegans transient 
receptor potential (TRP) family member, 
OSM-9, was shown to be involved in mech- 
anotransduction because it is expressed in 
sensory dendrites of a subset of ciliated sen- 
sory neurons and is required for osmosensa- 
tion and nose touch (14). Although these 
genetic studies demonstrated the requirement 
for degenerins and OSM-9 in mechanorecep- 
tion, there are no electrophysiological data 
supporting a role for these channels in the 
actual transduction process. 

Drosophila is an attractive model to dissect 
mechanosensation because it is possible to 
combine genetic manipulations with electro- 
physiological recordings from mechanorecep- 
tor neurons (7). The fly's mechanosensory rep- 
ertoire includes touch, proprioception, and 
hearing, mediated by the complement of senso- 
ry bristles, campaniform sensilla, chordotonal 
organs, and type I1 mechanoreceptors (15). 
Of these, sensory bristles are particularly 
amenable to physiological manipulation in 
the intact animal. Each mechanosensory bris- 
tle organ is composed of a hollow hair shaft 
whose base impinges on the dendritic tip of a 
bipolar sensory neuron (Fig. 1A). The shaft 
thus acts as a tiny lever arm in which deflec- 
tions of the external bristle compress the 
neuron's dendritic tip and gate the transduc- 
tion channels (16). The mechanosensory den- 
dnte is bathed in an unusual high-Kt, low- 
Ca2+ fluid (1 71, which provides a large pos- 
itive driving force into the neuron; opening of 
transduction channels depolarizes the cell and 
promotes neurotransmitter release. 

To identify components of the mechano- 
transduction machinery, we screened Drosoph-
ila touch-insensitive and proprioceptive mu- 
tants (7) for defects in the physiology of mech- 
anosensory responses. Those mutants that most 
likely defined transduction molecules were then 
characterized. 

Wild-type mechanosensory response. To 
gain electrical access to the sensory neuron, 
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