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Time is fi xed and an acoustic broadband 

Transmission Loss (TL) fi eld is comput-

ed for each ocean realization of the ESSE 

ensemble, using the coupled normal-

mode model of Chiu et al. (1996). The 

450-Hz sound source is at 300-m depth, 

near the deepest point on the slope. The 

mean and standard deviation of the 

coupled physical-acoustical fi elds along 

the section are shown in Figure 6. The 

mean sound speed fi eld is characteristic 

of the shelfbreak front in summer (tilted 

front and surface thermocline). The TL 

fi eld shows the sound attenuation in 

the surface mixed layer over the shelf 

and the funneling of sound in the sub-

surface duct (colder shelf waters). The 

largest error standard deviations in the 

sound speed on July 26 are in the core 

of the front (30–40-m depth and range 

of 2–7 km), along the tilted front, and in 

the surface thermocline on the shelf. The 

largest error standard deviations in TL 

are close to the source, near the foot of 

the front and on the shelf. At the receiver 

vertical line array near 41-km range, 

they vary from 2 to 3 dB.

Figure 6. Cross-sections on July 26, 1996 in the mean and error standard deviation of the sound-speed (top) and broadband TL (bottom), as 

estimated by ESSE along the main acoustic section (western section of the PRIMER experiment). Note that if we also model uncertainties in 

the bottom attenuation coeffi  cient (not shown), we fi nd that the mean TL remains similar, but the TL error standard deviation increases sub-

stantially in the surface mixed layer above the shelf. Th is is a result of the uncertain attenuation at each acoustic bottom bounce and shows the 

importance of seabed uncertainties in acoustic predictions.
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Physical-Biogeochemical 
Uncertainties in Massachusetts Bay
Uncertainty predictions are carried 

out for Massachusetts Bay’s ecosystem, 

using HOPS, ESSE, and physical and 

biological data collected during sum-

mer 1998 (Beskitepe et al., 2003). The 

physics hindcast is initialized for August 

20, 1998. Biogeochemical fi elds are also 

initialized for that period. The initial 

physical-biogeochemical covariance is 

estimated in two steps. Vertical EOFs of 

profi les of temperature (T), salinity (S), 

chlorophyll a (Chl), nitrate (NO
3
), and 

ammonium (NH
4
) are fi rst multiplied 

with dominant eigenmodes of horizontal 

correlation functions, to lead to a three-

dimensional eigen-decomposition of the 

T, S, Chl, NO
3
, and NH

4
 covariance ma-

trix. This “observed” decomposition is 

then used to perturb the initial state and 

estimate the “non-observed” uncertainty 

by dynamical model integration. ESSE 

is then started from this dynamically 

adjusted error subspace on August 25. A 

hindcast of 600 perturbed runs, forced 

with physical stochastic noise, is then 

carried out for September 2, 1998. 

The hindcast is illustrated on Figure 

7 by uncertainties of Chl at 20-m depth 

(around the sub-surface Chl maxima). 

Shown are the mean Chl at 20 m, its er-

ror standard deviation estimate, and 

eight Chl histograms (PDF estimates) at 

various locations. Such PDF estimates 

fully characterize uncertainty. Mean am-

plitudes (top right) are largest along the 

coastline in Cape Cod Bay, in response 

to wind-driven upwelling, and south of 

Stellwagen Bank (marker 5) that is an ac-

cumulation region where whales are of-

ten found in late summer. Uncertainties 

(top right) are largest in the center and 

mouth of the Bay and near recent coastal 

upwellings. Near Stellwagen Bank, maxi-

mum uncertainties are more at the edges 

than at the peaks of the Chl maxima. 

This location is due to uncertainties in 

the burgeoning fall blooms and advec-

tive features (stronger currents are also 

along these edges). Looking at the PDF 

estimates, PDFs 1, 5, 6, 7, and 8 are 

steeper than a Gaussian of identical stan-

dard deviation, while PDFs 3 and 4 are 

closer to a Gaussian. PDF 2 is a bit fl at-

ter than a Gaussian because it combines 

two PDF peaks from nearby locations 

(south: lower Chl in a Gulf of Maine in-

fl ow; north: higher Chl in the eddy fi eld 

of the coastal current). PDFs 5 and 7 are 

skewed towards lower Chl values because 

they are near the low Chl jet exiting Mas-

sachusetts Bay from the center of Cape 

Cod Bay. PDF 8, east of Cape Cod, is 

skewed towards positive values because it 

is near the high Chl content of the Gulf 

of Maine coastal current, fl owing in and 

out of Massachusetts Bay.

CONCLUSIONS
The computational aspects of data-driv-

en modeling and prediction of uncer-

tainties were outlined and exemplifi ed by 

regional interdisciplinary applications. 

The representation, attribution and 

propagation of four-dimensional oceanic 

uncertainties presents many interest-

ing challenges and requires increased 

theoretical and applied research efforts. 

These efforts include ocean observa-

tion campaigns dedicated to uncertainty 

modeling, interdisciplinary data assimi-

lation, ocean stochastic modeling, new 

computational methods, adaptive mod-

eling, and adaptive sampling research.
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Figure 7. Chlorophyll a (Chl) mean and uncertainties at 20-m depth in the Mass Bay region on September 2, 1998, as hindcast by 600 Error Subspace Statis-

tical Estimation (ESSE) ensemble members. ESSE was initialized on August 25, 1998. (Top left/right) Mean/Error Standard Deviation of Chl. (Bottom) Eight 

PDF estimates (normalized histograms, numbered 1 to 8) corresponding to the eight marked locations on the horizontal maps. Bars on the histograms are 

colored according to the center Chl value. Th e minimum, mean, standard deviation, and maximum values are given on each histogram (illustration by R.G. 

Hero, University of California, Santa Cruz).
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