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Comparisons of gyre-scale acoustic and direct thermal measurements of heat
content in the Pacific Ocean, satellite altimeter measurements of sea surface
height, and results from a general circulation model show that only about half
of the seasonal and year-to-year changes in sea level are attributable to thermal
expansion. Interpreting climate change signals from fluctuations in sea level is
therefore complicated. The annual cycle of heat flux is 150 + 25 watts per
square meter (peak-to-peak, corresponding to a 0.2°C vertically averaged tem-
perature cycle); an interannual change of similar magnitude is also detected.
Meteorological estimates of surface heat flux, if accurate, require a large
seasonal cycle in the advective heat flux.

Changes in oceanic heat storage are a major
expected element of future climate shifts.
Coupled atmosphere-ocean models are used
for understanding the present climate and
predicting future states. Testing the ocean
component of the coupled models by direct
observations is very difficult, however, be-
cause climate-scale variability is masked by
an intense 100-km spatial-scale variability
(the so-called mesoscale) as well as higher
frequency internal waves.

Two recently developed observational
methods, satellite altimetry and acoustic to-
mography, are especially suitable for detect-
ing climate-scale changes because they pro-
vide large-scale averages. Altimetry depends
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on the travel time of radio waves reflected at
the sea surface. Tomography relies on the
travel time of sound waves through the (elec-
tromagnetically opaque) ocean interior. The
high horizontal resolution of altimetry com-
plements the vertical resolution of acoustic
tomography (/). Here we demonstrate that
the combined data can extract changes in
ocean heat storage on the scale of an ocean
basin, the northeast Pacific. Fifteen months of
acoustic data from the Acoustic Thermome-
try of Ocean Climate (ATOC) project in com-
bination with altimeter data from the
TOPEX/POSEIDON mission (2) were com-
pared with an oceanic general circulation
model and then used to constrain the model.

Physical Setting

We use sea level change (itself of intrinsic
interest) as a convenient measure for compar-
ing the different ATOC observations. Sea
level change can be inferred from the acous-
tic measurements (under certain assumptions)
for comparison with the direct altimetry mea-
surements, but it is not possible uniquely to
do the opposite—to infer heat content from
the altimetry measurements for comparison
with the “direct” (neglecting salinity) acous-
tic measurements.

Sea level fluctuations have many causes
(3). Daily tides are associated with a diver-
gence in horizontal volume flux with no
attendant significant change in density. Di-
rect atmospheric heating and cooling of the
water column and exchanges of fresh water
are associated with expansion and contrac-
tion on time scales from days to millennia.
Local changes in temperature and salinity,
and hence of density, are also associated
with lateral shifts due to ocean currents.
Changes with no immediate density signa-
ture, as with the tides, are “barotropic” and
are not directly relevant to inferences about
stored heat; otherwise, changes are “ba-
roclinic.” For example, the observed secu-
lar rise in sea level (4) is a combination of
the melting of glaciers (barotropic) and
thermal expansion. Determining the rela-
tive contributions of barotropic and ba-
roclinic processes on the myriad time
scales of climate change is complex.

Theoretical studies provide some clues as
to the relative importance of barotropic and
baroclinic fluctuations. A recent model study
(5) suggested that wind-driven changes in
ocean circulation are largely baroclinic in the
tropics, but barotropic at higher latitudes. Ob-
servations with sparse current meter moor-
ings in the North Pacific (6) show that on a
time scale of 100 days the relative contribu-
tion of barotropic processes varied between
10 and 70%, depending on the location. Here
we examine the evidence on time scales from
months to years.

Observations and Model

Acoustic component. Ocean acoustic tomog-
raphy (7) has the ability to sample and aver-
age the large-scale oceanic thermal structure,
synoptically, along several sections and at
regular intervals. In late October 1995, the
ATOC program deployed an acoustic source
at a depth of 939 m on Pioneer Seamount, 100
km west of San Francisco, California (§).
Transmissions began in December 1995, and
the transmitted signals have been received on
U.S. Navy Sound Surveillance System
(SOSUS) and other arrays. The arrays con-
sisted of those mounted on the sea floor (for
example, k, 1, n, and o in Fig. 1) and two
40-hydrophone vertical line arrays (vl and

Table 1. Annual harmonic amplitude (in centimeters) and, in parentheses, phase (in days) of range-
averaged sea level anomaly (n) along the acoustic sections.

Acoustic section

Component
l k n o vl
Netim 2.5(273) 2.9(291) 2.1(284) 2.0(277) 2.5(272)
MNacoust 2.9(255) 2.5(257) 2.0(270) 2.3(302) 0.8( 59)
MNxsT 2.7 (304)
Neem 2.5(262) 3.3 (266) 1.7 (287) 1.0 (270) 0.7 (278)
Tatim 4.0(271) 4.9 (276) 4.0(281) 3.6(275) 3.6(282)
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Fig. 1. The ATOC acoustic array is superimposed on a map of the root-mean-square (rms) sea level
anomaly from 4 years (January 1993 to December 1996) of TOPEX/POSEIDON altimetric mea-
surements. Red lines indicate the sections used in the present study and are referenced by letter
labels. Yellow lines show additional sections along which the acoustic propagation has been
observed, but for which the data were not used here. Data assimilation was carried out in the region
bounded by the outer white rectangle, and heat content estimates were obtained inside the inner
white rectangle. Much, but not all, of the elevation anomalies represent seasonal thermal changes
within the ocean, with the acoustic data providing a stable spatial average that is otherwise difficult
to obtain. The ATOC region, being on the eastern side of the ocean, shows comparatively weak
variability. Nevertheless, it is evident that the different acoustic sections will, during any 10-day
period, have potentially very different anomalies.

v2). Vertical arrays permit the detailed study
of the received acoustic signals. The trans-

mission schedule typically consists of 4-day
periods, two to four times a month (9). Trans-

Fig. 2. Acoustic arrival 38 = 2374
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and 3000 km, respec- '
tively. Arrival patterns
are presented as “dot
plots,” where the dot
size is proportional to
the signal-to-noise ra-
tio. Predicted ray ar-
rivals (open circles)
were generated with a
climatology (75) and
then shifted in time to P
optimize the compari- 28
son. Only the early ar-
rivals, corresponding a6l
to steep rays, are 0
tracked (solid lines).

Rays propagating at

shallow angles arrive in quick succession and are more difficult to resolve. Receiver v1, a
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missions are spaced 4 hours apart during
transmission periods. A total of 772 transmis-
sions in 43 groups were made between De-
cember 1995 and March 1997 (/0). A recog-
nizable one-to-one correspondence exists be-
tween the observed and predicted ray arrivals
(Fig. 2). This result and other work (//) show
that at these ranges, ray arrivals are resolv-
able, identifiable, and stable. Ray arrivals
were tracked and then used to infer range-
averaged profiles of sound speed and temper-
ature along each section (/2). Despite the
presence of mesoscale eddies and internal
waves, the arrival times vary smoothly
through the months as a result of the spatial
integration.

The vertical resolving power of the
acoustic data is determined by the ray
structure. For sections k and 1, all identified
rays are steep and surface reflecting and
have lower turning depths between 2000
and 3500 m. For sections n and o, identifi-
able rays begin as surface reflecting near
the source and change to near-surface re-
fracting as they approach the receivers.
Section vl has both surface-reflecting and
purely refracting rays.

The travel times for section k (Fig. 2), and
with one exception, all other sections, de-
creased in the summer and increased in the
winter, consistent with the expected seasonal
heating and cooling of the surface layer. For
section v1, the situation was different: max-
imum heat content was recorded in March
1996. From a comparison of sections o and
vl (Fig. 3), we infer that the winter surface
layer cooling near the source, where the two
sections overlap, was more than offset by a
subsurface warming near receiver v1l, where
the rays do not sample the surface layer.

Altimetric component. The TOPEX/PO-
SEIDON altimeter (/3), in a 10-day repeating
orbit, produces precise and accurate measure-
ments of the sea surface topography (Fig. 1).
Sea surface topography can be used to deter-
mine motions that extend deep into the oce-
anic interior (/4), but its structure reflects a
complex combination of many different physi-
cal processes, barotropic and baroclinic. Other
data, such as acoustic or expendable tempera-
ture profiler (XBT) data, and theory [including
general circulation models (GCMs)] are used to
separate the various components by geography
and by space-time scales.

Direct temperature measurements. XBT
surveys from ships were conducted adjacent
to section v1 (Fig. 3). Such surveys provide a
direct measure of the heat content of the
upper ocean (<800 m). Repetition of the
surveys is, however, difficult to arrange. Cli-
matologies (/5) (multidecadal averages of
historical data) are able to provide rough
estimates of the mean seasonal cycle of heat
and salinity changes.

Modeling component. Ocean GCMs are
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a representation of Newton’s laws of mo-
tion and thermodynamics for the fluid
ocean driven at the sea surface through
exchanges with the atmosphere of stress
(winds) and buoyancy fluxes (heat and
fresh water). We used a GCM constructed
for ATOC (16) that “predicts” the fields
observed by acoustic tomography and al-
timetry.

Comparison of the Data

Each of the measurement types—acoustic,
altimetric, and XBT—can be used to produce
an estimate of components of the sea level
anomaly, M,couse Mairm a0d Nypy, respec-
tively, over all or part of the domain. The
available climate estimate, m,,, is restricted
to the mean seasonal cycle (/5). Another
estimate, Mgy, comes from the GCM.

The altimetric and GCM records roughly
track the climatological annual cycle, albeit
with different amplitudes (Table 1) and with
obvious evidence of both higher frequency
and interannual variability. Acoustic results
also track m_, . for all sections except v1, but
they do not exhibit the short period fluctua-
tions of M. and Mgcy,. Differences be-
tween M, and M, ... (2.4 cm rms) result
from salt and barotropic contributions to m
present in m,,,; . as well as from uncertainties
in the altimetric and acoustic estimates.

The amplitude of m,,, at the annual
period is, on average, half that of m,, .
Similarly myg1, which is consistent with the
acoustic data during the overlapping period,
has an mms difference from m,,; . of 2.9 cm,
larger than the likely errors in the altimetric
(~1 cm rms) and XBT (~0.2 cm rms for the
800-m thermal contribution) measurements
(17). A small number of salinity measure-
ments along section vl suggest a consider-
able (~2 cm rms) salt contribution to n on
seasonal to interannual time scales, especially
in the transition zone between the low-salin-
ity waters of the California Current and salt-
ier subtropical waters offshore.

Short-period fluctuations in v, and
MNgenm are primarily caused by wind-forced
barotropic Rossby waves. These waves are
not sensed either by the acoustic (I8) or
temperature measurements. A study (/9)
comparing XBT and altimetric data over a
period of 4 years along a trans-Pacific section
concluded that about 80% of the variance of
Nanim a0d Myt Was coherent at wavelengths
of 500 to 3000 km, which could be interpret-
ed as implying a barotropic variance contri-
bution of about 20%.

Insufficient information exists to sepa-
rate fully the salt, thermal, and mass con-
tributions to the low-frequency sea level
anomaly from data alone (6), but a partial
estimate can be obtained from the GCM
prediction. Of the total GCM sea level vari-
ability in the ATOC region, 28% lies in the
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barotropic mode at periods exceeding a few
months, and this serves as our a priori
estimate of low-frequency mass contribu-
tions to ... All estimates of sea level
variability are consistent if in this area 1/3
to 1/2 of the low-frequency variance is
contributed by processes not reflecting heat
content changes.

Model-Data Combinations

Because the observations and the model
produce independent estimates of the oce-
anic fluctuations with distinctly different
expected errors, we can attempt a statistical
best estimate of the oceanic state through
their formal combination (20). Let x__., (?)
represent the true oceanic state vector de-
fined as a set of physical quantities (typi-

cally velocity, temperature, salinity, and
surface pressure) on a three-dimensional
grid that, along with initial and boundary
conditions, provides sufficient information
to calculate the oceanic state one time step,
At, in the future:

Xocean(t + AL) = L[Xocean(?), u(t), q(2)]
ey

Operator L represents the GCM (a lengthy
computer code), vector u(f) comprises known
elements of initial and boundary conditions,
and vector q(f) comprises unknown elements
of initial and boundary conditions, indetermi-
nate model parameters (for example, mixing
coefficients), and other errors in the physics
of the model. We assumed that the second
moment matrix, Q(f) = cov[q(9)], is at least

Sea Surface Height (cm)

Jan 93

Jan 95

Jan 97

Fig. 3. The range-averaged sea level anomaly along the acoustic sections inferred by several
independent methods: (i) thick black lines indicate the ATOC acoustic measurements converted to
equivalent sea surface height for comparison with the altimeter data, (ii) thin black lines are from
the TOPEX/POSEIDON altimeter data, (iii) dashed lines represent the climatological thermal
anomaly converted to sea surface height, (iv) blue lines are the GCM estimates, and (v) the asterisks
along section v1 are the XBT data. Uncertainties are indicated for the acoustic estimates: the
possible errors are largest along section v1 because the upper ocean variability is unresolved due
to a lack of surface-reflecting rays near the receiver.
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Fig. 4. The upper panel depicts the GCM-predicted temperature change,  depicts the same quantities, but after combination of the GCM with the
averaged over the top 4000 m, from January 1996 to January 1997. The  acoustic and altimetric data. The data require significant changes in what
arrows indicate the corresponding change in velocity at 610 m. White  the GCM alone computes.

regions indicate depths less than 4000 m in the GCM. The lower panel
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approximately known. All GCMs set q(¢) =
0, producing an estimate, Xg.,,(f), of the
oceanic state, which differs from x____ (7).

Observations, be they acoustic or altimet-
ric, can be viewed as measuring the departure
of the GCM prediction from the real ocean.
We define y(#) to be measurements of the
model-data difference:

Y1) = E(0)Xrol?) + 0(2) 2)
where x

error . XGCM ~ Xocean? E(?) is a known
“observation” matrix specifying the relation
between model elements and the observa-
tions, and the measurement error, n(f), is
assumed to have zero mean with known co-
variance R(?).

Those elements of the model that are un-
certain (including initial and boundary con-
ditions and inadequate physics) lead to errors
in calculating the oceanic state that are de-
tectable in the observations, thus permitting
correction of the model elements. Converse-
ly, for those elements of the oceanic state that
are poorly observed or not observed at all, the
model will provide a realistic estimate, and
the combination of the model and the data
produces a better estimate than either could
alone.

We use a scheme (2/) based on linear
estimation theory and on a coarse resolution
representation of x___ (f) consisting of four
vertical temperature modes, 8° samples in
the horizontal, and monthly samples in
time. Smaller unresolved scales as well as
salt and barotropic effects become part of
the observational noise, n(¢), and their dy-
namical consequences are accounted for in
the control term, q(¢); that is, R(¢) and Q(¢)
are now taken to represent the covariances
of the deficiencies in the reduced-state lin-
ear model as well as those in the GCM. A

100}

Heat flux (W/m?2)
o

o
o

Jan 96

Jul 96 Jan 97

Fig. 5. Heat content change inside the region
spanned by the acoustic array (inner box in Fig.
1) from the GCM (blue line) and the GCM-
altimeter-acoustic estimate (red line and asso-
ciated error bar), converted to an equivalent
sea surface heat flux per unit area for compar-
ison with estimates from the NCEP (black line).
The difference between NCEP and the GCM-
altimeter-acoustic estimates (dashed line) indi-
cates the advective component at the lateral
boundaries of the region or errors in either or
both of the atmospheric or oceanic fields.
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priori covariances for the various problem
unknowns are based on the comparisons
already described (22).

Circulation and Heat Budget

The above model-data combination produces
a best estimate of the heat content, barotropic,
and salinity changes. Comparison of the Jan-
uary 1996 to January 1997 temperature
change from the GCM alone (Fig. 4, top
panel) to that from the GCM-altimeter-acous-
tic combination (Fig. 4, bottom panel) shows
that the GCM alone approximately simulates
interannual variations in heat content chang-
es, for example, the broad diagonal bands of
warmer and colder water crossing the basin
from southwest to northeast. But, in general,
the GCM underestimates the magnitude of
these changes, which can be as large as 0.2°C
averaged over the top 4000 m. Changes in the
current fields reflect large (up to 5 cm/s at
610-m depth) fluctuations in the tropical Pa-
cific velocity field (Fig. 4). Substantial inter-
annual changes are also observed at midlati-
tudes, away from the relatively quiet north-
eastern Pacific. About 50% of the sea level
variance on time scales of months to years
and spatial scales exceeding about 1500 km is
contributed by the change in heat content.
Altimetric-acoustic differences apparently re-
sult from a barotropic mass redistribution,
with variable salt anomalies a contributing,
but smaller, factor.

The top-to-bottom heat content anomaly
in the region spanned by the ATOC array,
168° to 240°E, 16° to 56°N, converted to
equivalent sea surface heat flux (Fig. 5)
shows that the GCM underestimates the
strength of the seasonal cycle as compared
with the combined GCM-altimeter-acoustic
combination. This deficiency, present in al-
most all state-of-the-art ocean models, results
from missing information on the mixed-layer
physics and errors in the surface boundary
conditions. The heat budget (23, 24) of this
region can be further elucidated by compar-
ing these heat content estimates to the surface
heat flux from meteorological analyses. As-
suming that the two estimates are perfect,
their difference would be proportional to the
advective component of heat flux entering the
region. If atmospheric estimates of direct heat
transfer are reliable to = 30 W/m? (25), the
difference indicates a surprisingly large (3)
seasonal cycle in the advective components
(180 W/m? peak-to-peak surface equivalent).
The result is consistent in magnitude and
phase with previous tomographic estimates
(24) of 50 to 150 W/m? advected into a
triangle centered at 160°W and 35°N. Advec-
tive heat transports here appear to be an
important component in the regional heat
budget, accounting for about half the season-
al variation in oceanic heat storage.

Climate models attempting to describe

and predict the coupled ocean-atmosphere
heat budget are now quantitatively testable on
scales exceeding 1000 km at the equivalent
accuracies of less than 2 cm rms in sea level.
These values place stringent demands on the
models for accurate calculation of barotropic
and baroclinic components. They require
great care in dealing with the exchange of
fresh water across the air-sea interface and
raise serious questions about the accuracy of
conventional meteorological estimates.
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