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ABSTRACT

For the first time an ocean model is used to assimilate oceanic tomography data
in an upper ocean model of the northeast Pacific with the goal of estimating the
time independent density field, and thus the slow manifold circulation structure.

The assimilation procedure works by minimizing the cost function, which gener-
alizes the misfit between the observations and their model counterparts, in a least-
squares sense, plus a penalty term. This minimization is done consistently with the
constraint that the model dynamics must be exactly satisfied. The model consists
of integrating the model equations forward in time over the period which data are
going to be assimilated. Data misfits between the model and the observation are
then calculated and the adjoint equations of the model are integrated backward
using the data misfits as forcing. It is necessary to determine the gradient of the
cost function with respect to the control variables (the density field). The gradient
is found using the model and adjoint variables and it is used in a minimization
algorithm to determine a new density field. The minimization procedure utilizes a
limited memory quasi-Newton method.

The results indicate that the assimilation procedure works very well. For the
twin experiments, the final estimated density recovers the Levitus density field as
expected and as fast as in 10 iterations. For the experiments with the Navy layered
ocean circulation model (NRLM) output, the density can be estimated through
the assimilation procedures. The estimated density field improves the the Levitus

climatological density data which are biased and makes the subtropical gyre stronger

in the northeast Pacific region.



The proof of the identity between the discretization of the continuous adjoint
equations and the adjoint equations which are from discretized model equations with

the Arakawa C has been carried out.



1. INTRODUCTION
1.1 Overview of Oceanic Data Assimilation

The immensity and geometrical shape of the ocean, combined with difficulties
of observation, make measurements of the ocean both expensive and a formidable
technical challenge. As a result, not only are oceanic data relatively more sparse
than atmospheric data, they are nonuniform. Satellites provide good coverage of
the ocean surface and provide data such as sea surface temperature (S55T) and sea
surface height (SSH), but collection of these data was begun recently to establish
climatic trends. Even much less is known about conditions below the surface. In
the past, most of the oceanic data have been collected along ship tracks, from
moorings, or from drifting buoys. Since the oceanic data were sparse in space
and time, as well as inaccurate, or the sampling was not suited for determining.
oceanic variability of such phenomena as ocean currents,temperature and density, it
has been exceedingly difficult to conduct so-called objective analyses which refers to
procedures that are robust enough to work without human intervention and without
consuming an inordinate amount of computer time (Daley, 1991 and Thiebaux.
1987).

Nevertheless, the body of data available does contain some information about
the climatology of ocean. To make use of this information, there is a need to ex-
tract the maximum amount of information from a measurement and to combine it
with the time evolution of the data analysis system based on past observations. In
addition to observations, the laws of physics provide a basis for numerical models
used to simulate the ocean circulation. Such numerical models can be useful tools

for providing the dynamic predications and carrying temporal information forward.



9
Those ocean models can play on important role in reconstructing a realistic pic-
ture of ocean circulation. The technique for extracting and filtering the information
from data has become known as data assimilation. Data assimilation provides an
output analysis which is better than the model alone or just an analysis using the
data. In addition, data assimilation is one way to test and, improve a model. Like
other fields of physical oceanography, oceanic data assimilation has been greatly
influenced by the work of meteorologists. There has been extensive development
of data assimilation methods in meteorology and increasing application of those
in oceanography. The methods of data assimilation are now comprehensively de-
scribed by Ghil and Malanotte-Rizzoli (1991) and Daley (1991). More recently,
Bennett (1992) has summarized the rapid development of inverse methods and data

assimilation in physical oceanography over the last decade. The methods of data

assimilation will be discussed in the next section and in chapter 2 in more detail.

1.2 Ocean Circulation and Modeling

There is both observational evidence and theoretical confirmation that the time-
mean, direct wind-driven circulation over most of the ocean is restricted to the mixed
layer and the upper thermocline of the oceans. However, since density surfaces in the
oceans come in contact with the atmosphere somewhere on the globe, the density of
the ocean water and stratification are determined by air-sea interaction processes.
The deep circulation is forced by either the time-dependent eddy mixing processes
that receive their energy from the time-mean wind driven circulation by the effects
of the deep convections that are forced by the combined effects of intensive buoyancy
loss and wind mixing in the surface layers when the thermocline is eroded.

Although modeling global ocean and climate will undoubtedly require sophisti-
cated ocean models, physical intuition about the ocean circulation may be gained

from simpler models. Consider the classical example of a homogencous ocean
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(p = p, = constant) of uniform depth H driven at its surface by wind stress.
In this idealized setting, after appropriate simplification of the equations of motion,
the steady response of the ocean to the applied stress can be determined directly.
The development of increasingly sophisticated and efficient models is a great
challenge; however, it may not be the single greatest constraint on future progress. In
order to be able to apply and validate the increasingly realistic models of the future,
an increasingly comprehensive observational description of the ccean circulation
itself, including its variability, and the exchange of momentum with the atmosphere
will be required. This will remain a problem for oceanographers, as already noted
above for the following reasons. First, data sets are difficult to collect and are sparse
and inhomogeneous. Furthermore, the great bulk of the ocean will continue to be
incompletely (even poorly) observed, unless efficient acoustic means of observing the
oceanic interior can be developed (Munk and Forbes 1989, see the next section).
One idea which is being intensively explored in regional and basin-scale ocean
models, and which may ultimately prove practical for application to global models
as well, is the application of optimal and suboptimal methods for combinations of
prognostic model-data synthesis. Several alternative approaches are under evalua-
tion. One family of approaches, broadly practiced in meteorology, is the systematic
combination of dynamical (usually model-produced) and observational information
to produce increasingly accurate representations (usually predictions) of large and
meso-scale motions (Ghil and Malonotte-Rizzoli 1991). Assimilative techniques from
the atmospheric sciences, appropriately adapted for the ocean case, are being used
with simulated data to explore the impact of assimilation on steady and transient
ocean response. Of particular interest is the determination of which space/time
scales of oceanic motion are effectively “constrained” by assimilation of different

kinds of data.
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Another approach that is complementary to the combined analysis of oceanic
models and observations is the formulation of an optimal control or inverse prob-
lem. Formulated in this way, poorly-known model parameters, along with some
estimate of how well their values are constrained by the data, can be explicitly
calculated. The computational requirements associated with the optimal control
approach can be severe and expensive. Nonetheless, efficient implementations of
the optimization approach are possible (e.g., based on adjoint equation techniques).
Applied to simple ocean models, the resulting formulation allows the optimal es-
timation of parameters, such as the bottom friction and forcing functions such as

the wind stress, and provides a particularly attractive approach (Yu and O’Brien,

1991).

1.3 Acoustic Monitoring of Global Ocean Climate

The oceans play a major role in the dynamics of climate through their large
capacity for the transport and storage of heat, moisture, and C'O;. The oceans .
are driven by the atmosphere, and their response to changes in atmospheric forcing
represents one of the most important couplings within the complex system of climate
feedbacks. The ocean-atmosphere coupling has a strong impact both on the response
characteristics of the climate system of external forcing and on internal natural
climatic variability.

Detecting climate changes expected as a consequence of the increase of atmo-
spheric greenhouse gases has become increasingly important. Several attempts have
been made to analyze historical data records and to compare them with the ex-
pected signal in both ocean surface and air temperature and ocean hydrographic
data. Munk and Forbes (1989) have proposed measuring the changes in travel times
of long-distance acoustic transmissions from Heard Island in the southern Indian

Qcean to receivers scattered around other ocean basins. The change in travel times
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over a period years would be used as a climate change detection strategy since
they are primarily a measure of the average temperature change along the acous-
tic ray paths. The “acoustic thermometer” (Spiesberger, 1983) has the advantage
of producing integrated quantities, which significantly reduce the noise level from
measurement at individual locations and , thus, minimize the higher-frequency noise
problems. Spiesberger and Metzger (1991) have demonstrated the practical feasi-
bility of this method across the basin scale (3000 km).

1.4 Thermohaline Circulation

The oceans carry heat from the tropics to polar latitudes and carry cold water
from the poles towards the equator. The details of these transport processes, which
are restricted to certain depth ranges, are hidden in the Sverdrup circulation. They
have to be resolved if the ocean’s role in climate variability and climate change is
to be understood.

It is known that the ocean carries ahout as much heat towards the poles as
the atmosphere does, but since its time scales are so much larger, the ocean has a
larger capacity to act as a damping mechanism for rapid fluctuations in our climate.
Conversely, much of the long-term variability of the climate may be related to the
ocean as it slowly releases heat stored from ecarlier rapid climate changes.

The radiative heating of the atmosphere causes motion because it leads to density
differences. Perhaps this can be said in a less tutorial manner; also, it is customary to
define symbols as they are used, e.g. gp that are important. These density changes
are proportional to the depths of the ocean by turbulent diffusion, subduction, and
convective mixing. As a result of this, a pressure field and associated thermohaline
circulation develops in the world ocean.

The quantity —g¢p is called the buoyancy, the minus sign being used because a

particle is said to be the more buoyant when it has less weight. The ocean moves
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because of buoyancy contrasts, but these are due to differences in temperature and
salinity. These differences are created by the fluxes of heat and water at the ocean
surface. For example, evaporation decreases buoyancy in two ways: by cooling and
by increasing salinity. Temperature differences generally make greater contributions
to density differences than salinity differences in the ocean. The circulation that
is driven by the buoyancy flux is called the thermohaline circulation. The com-
plete ocean circulation consists of both wind-driven circulation and thermohaline
circulation.

The thermohaline forcing, like the mechanical wind-driven ones, is external, but
the pressure field formed by these factors is internal. The largest contribution to
the development of thermohaline circulation is due to thermal processes; the heating
and cooling of ocean waters.

The general circulation of the world ocean, especially below the surface layer,
is intimately linked with the distribution of oceanographic characteristics such as
density, temperature, etc.. These characteristics have long been used as indicators,
or tracers of motion, although they show only the qualitative aspect of the circu- A
lation. This is because the world ocean is filled with inhomogeneous waters whose
characteristics vary continuously within the world ocean. On the other hand, the
distribution of these characteristics is rather regular and is mainly the result of ad-
vection and diffusion of the properties. Thus, by fixing the water characteristics at
the source of water masses formation and tracing changes in these characteristics
in space, objective qualitative conclusions can be drawn about the spread of these
water masses.

An interesting feature of a surface-driven thermohaline circulation is the extreme
asymmetry between rising and sinking regions. Whenever conditions produce sur-

face water dense enough to sink to the bottom, it does so and spreads over the

bottom.
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Thermohaline circulation and its role in the general dynamics of currents were
investigated at the early stages of development of oceanography. The following
question was energetically posed at the time: What type of circulation, wind-driven
or thermohaline, plays the dominant role in the total circulation? Now, it is known
that both types are important and that they are related to each other. This makes
the analysis of ocean currents more complicated that that of atmospheric motions.

The observed effects of thermohaline forcing (which directly governs the density
of the ocean waters) and mechanical forcing lead to formation of the resultant field
of density of the world ocean. The density field, thus formed, determines the pres-
sure field. However, it is impossible to divide the ocean circulation into wind-driven
and thermohaline since the motion components are generated by different, but in-
terdependent, factors. The resultant currents cannot be represented by a simple
linear superposition of thermohaline and wind-driven currents even if they could be
separately determined by some method. The interaction of wind-driven and ther-

mohaline forcing in the generation and maintenance of the ocean currents has not

been investigated sufliciently.

1.5 Objectives

In considering the thermohaline circulation, it is natural that the advection of
heat and salt by the circulation or their combined effect, density changes, is central
to the problem and cannot be neglected. Therefore, the model used must be so-
phisticated enough to account for active thermodynamics and the salinity structure.
Examples of this are the Occan General Circulation Model (OGCM) and the U.S.
Navy layered ocean model for which tremendous computational effort and hence

huge quantities of supercompnter time are needed. An alternative way to study the

thermohaline structure is as follows:
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Formulate and modify a model from a nonlinear, reduced gravity model which
has been used successfully to study two preferential cyclonic ocean eddy generation
sites along the California coasts (Liu and O’Brien, 1995) and to investigate the
variations in the thermocline depth of the northeast Pacific ocean during 1970-1989
(Meyers et al. 1995). In contrast with the models which assume a constant density
in a layer, horizontal variations in the upper layer density are considered. This
assumption instantaneously leads to the thermohaline forcing which is not included
in the above mentioned models. On the other hand, oceanic tomography data imply
both wind-driven and thermohaline information. In this study, an effort is made to
develop a method to estimate the density field as well as the thermohaline structure
in the upper Northeast Pacific ocean, from a simple model associated with acoustic

tomography data, using variational data assimilation.






